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Abstract

A model has been derived to predict the frictional pressure gradient along a heated channel. It
focuses mainly on flow boiling at high-pressure conditions (10 MPa). Based on a force-
momentum balance, the overall pressure gradient is divided into three components: friction,
acceleration and gravity. This model analyzes the frictional pressure drop for all heat-transfer
modes encountered inside a heated channel: single-phase heat transfer, subcooled boiling,
saturated (bulk) boiling, forced convective evaporation and film boiling. The heating effect is
introduced through a change in flow structure in two-phase flow (i.e., the phase distribution),
particularly the significant differences in entrained liquid fraction between adiabatic and boiling
two-phase flow (two separate correlations have been derived in this study). One of the major
components in this model is the relation between shear stress and velocity gradient. Based
primarily on the theory in single-phase flow, this relation is extended to two-phase flow boiling
through the assumption of a homogeneous mixture having the characteristics of a single-phase
flow. In the forced-convective evaporation region (mainly wispy-annular flow), a four-layer
structure is introduced to analyze the liquid film and two-phase core. A number of assumptions

and modifications to the expressions for single-phase flow are introduced to account for the



presence of two phases. Empirical corrections, however, are used for the effects of surface
roughness and viscosity difference between near-wall fluid and bulk fluid on two-phase frictional

pressure drop.

Experimental data for validating the present model were obtained in a vertical tubular test section,
installed in a high-pressure steam-water facility at the Chalk River Laboratories of AECL
Research. A strong effect of surface heating on frictional pressure drop was observed. With
increasing heat flux, the frictional pressure drop decreases in single-phase flow, increases in
nucleate boiling, and decreases in forced convective evaporation. The effect of heat flux in the
film-boiling region (post-dryout conditions) appears to be small. However, the frictional pressure
gradient is much smaller in the film-boiling region than in the pre-CHF region for the same flow
conditions (i.e., pressure, mass flux and quality). For most flow conditions, a maximum in two-
phase frictional pressure drop is encountered at a quality lower than the value corresponding to
the occurrence of dryout. In addition to heating, other effects on frictional pressure drop (such

as pressure, mass flux, etc.) have also been examined.

Comparisons between model predictions and experimental data have shown relatively pood
agreement for most conditions, with an overall root-mean-square error of 12% and an average
error of 8%. The overprediction is mainly observed at conditions corresponding to nucleate
boiling and forced convective evaporation at high qualities. Both the forced-convective

evaporation data at low qualities and the film-boiling data are predicted with good accuracy.

An assessment of 19 empirical correlations has been carried out to examine their validity for flow
boiling. All of them are shown to be valid for pre-dryout conditions only and overpredict the
pressure drop significantly at the post-dryout conditions. A multi-correlation approach has been
set up to use different empirical correlations for various heat-transfer modes. Good agreement
with experimental data has been obtained when either the Reddy et al., Chisholm, or Beattie
annular-flow correlation is used for the pre-dryout conditions. Beyond dryout, the Beattie post-
dryout correlation predicts the experimental data very well. None of the assessed correlations
is capable of (i) capturing the transition between the maximum pressure~-drop and the dryout

points, and (ii) predicting the decreasing trend of two-phase pressure drop as the heated surface



approaches dryout. When the predictions are examined in detail, a systematic trend of
underprediction at both pre-dryout and post-dryout conditions and/or overprediction at conditions

between the maximum pressure-drop and the dryout peint is noted.
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NOMENCLATURE

Symbol  Definition Unit
A Flow Area m*
B Chisholm Parameter -

B,..... B, Chexal-Lellouche Constants -
Bo Boiling Number ( = ¢/(G Hg,) ) -
C G, Chisholm Parameters -
C

Distribution Parameter -

Cp Specific Heat Capacity JkglK!
D Tube Diameter m
E Entrained-Liquid Fraction -
F Liquid-Film Fraction (or Enhancement Factor, Chisholm Integral Term) -
Fr Froude Number ( =G*(g D p%) ) -
f Friction Factor -

G Mass Flux kg.m™2.s71



Acceleration due to Gravity (= 9.806)
Heat-Transfer Coefficient
Enthalpy

Latent Heat of Vaporization
Superficial Velocity

Slip Ratio

Thermal Conductivity

Length

Constant

Nusselt Number (=h D /k )
Constant

Pressure

Peclet Number (=G D Cp /k)
Prandtl Number (=p C,/ k)
Volumetric Flow Rate

Surface Heat Flux

Internal Heat Generation

Tube Radius

Reynolds Number (=G D /p)

Radial Distance

Martinelli-Nelson Multiplier for Pressure Gradient due to Acceleration
Tube Perimeter (or Suppression Factor)

Stanton Number (=q /(G G, (T - T)) )

Temperature

Axial Velocity

Shear-Stress Velocity

Drift Velocity

Mass Flow Rate

Weber Number (=G* D/ (p ©))
Martinelli Parameter

Quality

m.s>
W.an =K
Tkg!
Jkg!

n.s

wW.m K

m

kPa, MPa

w.m™



y Radial Distance from the Tube Wall

Z Chisholm Shear-Force Function

z Axial Distance

Greek Definition

o Void Fraction

3 Liquid Volume Fraction

AP Pressure Drop

d Liquid-Film Thickness

9, Laminar Sublayer Thickness
Absolute Roughness Height (or Eddy Viscosity, emissivity)

r Chisholm Property Index

1 Mixing Length

K Prandtl Single-Phase Constant (=0.4)

u Dynamic Viscosity

\Y Kinematic Viscosity

¢° Two-Phase Multiplier

W Groeneveld-Delorme Parameter

p Density

o Surface Tension

T Shear Stress

0 Angle of Tube Orientation from a Horizontal Plane

Subscript Definition

A Apparent

a Acceleration, Actual Vapour Mass

adia.

Adiabatic Flow

kPa, MPa

rad



boil
bub
Ber

core

Cp

cony

dffb
drop

film
g
go
H
he
heated
i
iafb
in
iT
iw
Lf
LT
1
lam

lo

mix

Bulk Fluid Condition

Boiling Flow

Bubbly Flow

Berenson Correlation

Critical Condition (or Core Condition in Annular Flow)
Core Condition in Annular Flow
Constant Fluid Property Value
Convection

Due to Drag

Dispersed Flow Film Boiling
Droplet Flow

Equilibrium

Friction, Saturated-Liquid Condition
Film Condition

Gravity, Gas/Vapour, Gas-Only Flow
Total Flow as Gas or Vapour
Homogeneous Flow

Heated Section

Heated Tube

Interfacial

Inverted Annular Film Boiling

Inlet

Turbulent Fluctuation of Phase i
Wave Fluctuation of Phase i
Laminar Film

Laminar-Turbulent Transition
Liquid, Liquid-Only Flow

Laminar Sublayer

Total Flow as Liquid

Maximum

Mixture



NS No-Slip Conditions

NVG At Onset of Net-Vapour Generation Point
nb Nucleate Boiling

pool Pool Boiling

rad Radiation

sat At Saturation

sp Single-Phase

sub Subcooled

Tc Turbulent Core

Tf Turbulent Film

th Thermodynamic

tp Two-Phase

t Turbulent-Liquid/Turbulent-Gas Mixture

unheated Unheated Tube

\ Vapour

va Actual Vapour

ve Equilibrium Vapour

v Vapour Film

vV Viscous-Liquid/Viscous-Gas
w Near-Wall Condition

Superscript  Definition

+ Non-Dimensional Parameter

Fluctuating Component in Turbulent Flow

Abbreviation Definition

CHF Critical Heat Flux



DNB
DP
NVG
ONB
(ONAY
FDO
ms

SNB

Departure from Nucleate Boiling
Differential Pressure

Onset of Net-Vapour Generation
Onset of Nucleate Boiling
Onset of Significant Void
Post-Dryout

Root-Mean-Square

Suppression of Nucleate Boiling




LIST OF TABLES

Table Caption Page
5.1 Constant, C, in Equations (5.16) and (5.17) for Various Flow Structures 5-14
5.2 Recommended Values of C, in the Chisholm and Sutherland Correlation 5-15
5.3 Coefficient, B, Used in Chisholm’s Correlation to Fit Baroczy’s Curves 5-16
54  Values of Coefficient, B, Used in the Chisholm Correlation 5-16
5.5 Values of F in Equation (5.21) 5-17
6.1 The Beattie Correlations for Various Flow Patterns 6-34
8.1  Test Matrix Included in the Present Experiment 8-8
10.1  Prediction Accuracy of Present Model at Each Measuring Station 10-4
11.1  Prediction Accuracy for Various Correlations 11-7
11.2  Prediction Accuracy of Correlations at Each Measuring Section 11-9
11.3  Prediction Accuracy for Various Combinations of Correlations 11-12

11.4  Prediction Accuracy for Various Combinations of Correlations

at Each Measuring Section 11-16



LIST OF FIGURES

Figure Caption

2.1
2.2
2.3
24
2.5
2.6
2.7
2.8
29
3.1
3.2
3.3

Relation Between Dynamic Viscosity and Temperature for Water
Velocity Distributions Inside Tubes

Velocity Profiles Inside Smooth Tubes for Various Reynolds Numbers
Universal Velocity Profiles for Various Reynolds Numbers

Fully Developed Turbulent Velocity Distributions in 2 Rough Tube
Mixing-Length Variation in Rough Pipes

Velocity Gradient of Flow Inside a Heated Tube

A Force-Momentum Balance on a Control Volume of Flow inside a Tube
Moody’s Graph for Friction Factor in Pipes

Flow Regimes in Vertical Co-Current Flow

Flow-Pattern Variations in Heated Channels

Void-Fraction Distributions in Bubbly Flow

Page

2-2
2-4
2-10
2-14
2-15
2-16
2-17
2-18
2-22
33
3-4
3.5



3.4
35
3.6

3.7
3.8

4.1
4.2
5.1

5.2
53

5.4

55

5.6
5.7

5.8
59
5.10
5.11
6.1
7.1
7.2
73

7.4

Entrainment Flow Rate in Steam-Water Flow

Flow-Regime Map for Vertical, Co-Current, Upward Flow

Flow-Regime Map for Steam-Water Flow at a Pressure of 6.89 MPa
Inside a Heated Channel

Axial Distributions of Void Fraction and Quality Inside a Heated Channel
Multiplier, 1,, to Two-Phase Pressure Gradient due to Acceleration

of Homogeneous Flow

Boiling Curve

Effect of a Change in Thermodynamic Quality on the Flow-Boiling Curve
The Lockhart-Martinelli Graph of Two-Phase Multipliers for Air-Water Flow
Inside Horizontal Channels

The Martinelli and Nelson Graphs for a Steam-Water Flow

Average Two-Phase Multipliers for Steam-Water Flow Inside a Horizontal-
Heated Channel

The Thom Graph of Local Two-Phase Multiplier for Steam-Water Flow

in a Vertical Heated Channel

The Thom Graph of Average Two-Phase Multiplier for Steam-Water Flow
Over a Vertical Heated Channel

The Baroczy Generalised Graph of Two-Phase Multipliers

Baroczy’s Correction Facters of Two-Phase Multiplier for Mass Fluxes
Other Than 1356.3 kg.m™.s™1

3-10

3-11
3-13

3-24

47

4-8

5-5
5-7

5-7

5-8

5-9
5-9

5-10

The Kirillov et al. Graph of Two-Phase Multiplier for Vertical Steam-Water Flow 5-12

The Dormer and Bergles Correlations for Pressure Drop in Subcooled Boiling
Effect of Heating on Two-Phase Multipliers in Annulus

Effect of Heating on Non-Dimensional Pressure Drop in Helium Flow
Predictions of Beattie’s Combined Flow-Regime Correlation and Data
Force-Momentum Balance over a Control Volume

An Energy Balance over a Control Volume

Effect of Relative Roughness on Coefficient, B, in the Chisholm Correlation
for Two-Phase Frictional Multiplier

Velocity Distribution for Single-Phase Flow in Tubes

5-34
5-35
5-39
6-38
7-4
7-5

7-8
7-13



7.5
7.6
7.7
7.8

7.9

7.10
7.11
7.12

7.13
7.14
7.15
8.1
8.2
8.3
8.4
8.5
8.6
8.7

8.8
8.9
9.1
9.2
9.3

9.4

9.5

Flow Structure of Various Heat-Transfer Regimes at High-Flow Cenditions 7-16
Velocity Distribution in Forced Convective Evaporation (Annular Flow) 7-25
Comparison of Ishii-Mishima Correlation with Low-Pressure Air-Water Data 7-32

Comparison of the Ishii-Mishima Correlation with High-Pressure Steam-

Water Data 7-33
Comparison of Proposed Correlation with Some High-Pressure

Steam-Water Experimental Data 7-35
Effect of Surface Heating on Entrained Liquid Flow 7-36
Relation Between Entrained-Liquid Fraction and Heat Flux 7-37

Comparison of Proposed Correlation with Experimental Data of
Boiling Annular Flow 7-39
General Setup for Present Analysis 7-43

Solution Scheme of Calculating Pressure Drop Across Each Each Control Volume 7-45

Evaluation Procedure in Each Sub-Model 7-48
Schematic Diagram of the MR-1 Loop 8-2
Schematic Diagram of Test Section 8-4
Pressure-Tap Connection Using a CONAX Fitting for Electrical Insulation 8-5
Attachment Technique of Thermocouple 8-5
Connection of Test Section to the Main Flow Loop 8-0
Trace of Pressure-Drop Reading Across the Last 50 cm of the Test Section ¥-Y

Temperature Trace of a Thermocouple Reading Indicating Dryout

with Corresponding Variations in Power and Mass Flow Rate 8-10)
Temperature Traces of Thermocouples Indicating Upstream Dryout 8-11
Temperature Traces of Thermocouples in the Post-Dryout Region 8-12

Ilustrations of Pressure and Surface-Temperature Distributions Along Test Section 9-2
Various Pressure Gradients Calculated Along Test Section 9-5
Comparison of Various Pressure-Drop Components in a Heated Channel
with High Inlet Subcooling 9-6
Comparison of Various Pressure-Drop Components in a Heated Channel
with Low Inlet Subcooling 9-9

Single-Phase Total Pressure Drops for Various Fluid Temperatures and



9.6
9.7
9.8
9.9

9.10

9.11
9.12

9.13
9.14

9.15

9.16

9.17

9.18

9.19

9.20

9.21

9.22

9.23

9.24

9.25
9.26

Mass Flow Rates

Friction Factor of Test Section for Adiabatic Flow

Single-Phase Pressure Drops over a Heated Channel

Friction-Factor Ratio Between a Heated and Unheated Channel

Relation Between Stanton and Peclet Numbers for Conditions at Point of
Net-Vapour Generation

Quality at Point of Net-Vapour Generation for Constant Pressure and
Mass-Flux Conditions

Flow Patterns Covered in the Present Experiment (Shaded Area)

Effect of Heat Flux and Thermodynamic Quality on Measured and
Frictional Pressure Drops

Effect of Heat Flux and Thermodynamic Quality on Two-Phase Multipliers
Effect of Heat Flux on Two-Phase Multiplier for High Inlet-

Temperature Conditions

Two-Phase Multiplier at Both Pre-and Post-Dryout Conditions with

High Inlet Subcooling

Two-Phase Multiplier at Both Pre- and Post-Dryout Conditions with

Low Inlet Subcooling

Inside Surface-Temperature Distributions at Post-Dryout Conditions
Two-Phase Multiplier at Conditions where Upstream Dryout is Encountered
inside Surface-Temperature Distributions for Upstream Dryout Conditions
Total and Frictional Pressure Drops for Various Inlet Qualities at High Flows
Effect of Inlet Quality on Two-Phase Multiplier for High Flows

at Pre-Dryout Conditions

Effect of Inlet Quality on Two-Phase Multiplier for Medium Flows

at Pre-Dryout Conditions

Effect of Inlet Quality on Two-Phase Multiplier for High Flows at Pre- and
Post-Dryout Conditions

Measured Total Pressure Drops for Various Mass Fluxes

Effect of Mass Flux on Two-Phase Multiplier for Low Heat-Flux Conditions

Measured Total Pressure Drops for Various Mass Fluxes at a Heat Flux of

9-10
9-12
9-13
9-15

0-17

9-18
9-21

9-22
9-24

9-25

0-26

9-27

9-28

§-30

9-31

9-32

9-33

9-34

9-35

9-36
9-37



9.27
9.28

9.29

9.30

9.31
9.32

10.1
10.2

10.3

10.4

10.5

10.6

10.7

10.8

10.9

10.10

10.11

10.12

1.55 MW.m>

Effect of Mass Flux on Two-Phase Multiplier for Medium Heat-Flux Conditions
Measure Total Pressure Drops for Various Pressures at a Mass Flux of

4.4 Mgm™.s™1

Effect of System Pressure on Two-Phase Multiplier at Medium Mass Flux

and Heat Flux

Effect of System Pressure on Two-Phase Muttiplier Including Post-Dryout
Conditions

Effect of Vapour-Mass Quality on Two-Phase Multiplier

Effect of Void Fraction on Two-Phase Multiplier for High Flow and

Low Inlet Subcooling Conditions

Comparison between Predicted and Measured Pressure Drops

Overall Prediction Error with respect to Thermodynamic Quality

at the Outlet Section

Overall Prediction Error with respect to Mass Flux at the Outlet Section
Guecall Predictior{ Error with respect to Pressure at the Qutlet Section

Overall Prediction Error with respect to Heat Flux at the Outlet Section
Comparison between Predicted and Measured Total Pressure Drops for Various
Heat Fluxes at a Mass Flux of 4.3 Mg.m™2.s™ and Pressure of 9.6 MPa
Comparison between Predicted and Measured Total Pressure Drops for Various
Heat Fluxes Using a Modified Correlation for Entrained-Liquid Fraction
Comparison between Predicted and Measured Total Pressure Drops for Various
Heat Fluxes at a Mass Flux of 7 Mg.m™2.s™! and Pressure of 9.6 MPa
Comparison between Predicted and Measured Total Pressure Drops for Various
Heat Fluxes at a Mass Flux of 7 Mg.m™2.s™ and Pressure of 7 MPa
Comparison between Predicted and Measured Total Pressure Drops for Various
Mass Fluxes at a Heat Flux of 0.8 MW.m™ and Pressure of 9.6 MPa
Comparison between Predicted and Measured Total Pressure Drops for Various
Mass Fluxes at a Heat Flux of 1.55 MW.m™2 and Pressure of 9.6 MPa
Comparison between Predicted and Measured Total Pressure Drops for Various

Pressures at a Mass Flux of 4.4 Mg.m™2s™ and Heat Flux of 1.5 MW.m™

9-38
9-39

9-40

9-41

9-42
9-43

9-44
10-3

10-4

10-5

10-6

10-7

10-8

10-9

10-10

10-11

10-12

10-13

10-14



10.13

11.1

11.2

11.3

11.4

11.5

11.6

1.7

11.8

11.9

11.10

11.11

Comparison between Predicted and Measured Total Pressure Drops for Various
Pressures at a Mass Flux of 6 Mg.m™2.s5™ and Heat Flux of 1.8 MW.m?
Comparison between Predicted and Experimental Pressure Drops

for Reddy et al. Correlation

Comparison between Predicted and Experimental Pressure Drops for the
Combination of the Reddy et al. and the Beattie PDO Correlations
Comparison between Predicted and Experimental Pressure Drops for the
Combination of the Chisholm and the Beattic PDO Correlations
Comparison between Predicted and Experimental Pressure Drops for the
Combination of the Beattie Annular-Flow and the Beattie PDO Correlations
Comparison between Predicted and Experimental Pressure Drops for the
Combination of the Reddy et al. and the Beattie PDO Correlations at an
Inlet Quality of -3%

Comparison between Predicted and Experimental Pressure Drops for the
Combination of the Reddy et al. and the Beattie PDO Correlations at an
Inlet Quality of -22%

Comparison between Predicted and Experimental Pressure Drops for the
Combination of the Reddy et al. and the Beattic PDO Correlations at a
Mass flux of 7 Mg.m™2.s™

Comparison between Predicted and Experimental Pressure Drops for the
Combination of the Reddy et al. and the Beattie PDO Correlations at a
Mass flux of 9.9 Mg.m™.s71

Comparison between Predicted and Experimental Pressure Drops for the
Combination of the Reddy et al. and the Beattie PDO Correlations at a
Pressure of 7 MPa

Comparison between Predicted and Experimental Pressure Drops for the
Combination of the Beattie Large-Bubble and the Beattie PDO Correlations at a
Mass flux of 7 Mg.m™.s™

Comparison between Predicted and Experimental Pressure Drops for the
Combination of the Beattie Large-Bubble and the Beattie PDO Correlations at a
Mass flux of 9.9 Mgm™s™

10-15

11-8

11-13

11-14

11-15

11-17

11-18

11-19

11-20

11-21

11-23

11-24



1. INTRODUCTION

A pumped system is often employed for circulating and transporting flow mediums (solid, liquid,
and vapour, either by themselves or in combination with others) through various components
from one location to another. The most common examples of this system are municipal water
and natural-gas pipelines. All piping components (including the straight pipes) installed in the
flow system have a common characteristic of reducing the system pressure. This is mainly
caused by friction between flow medium and channel wall, a change in static head due to a
variation in channel elevation, and an additional turbulent effect introduced by local obstructions
(such as valves) and a change in flow direction (such as an elbow). Ideally, this reduction in
pressure can be minimized by increasing the pipe size, maximizing the number of long straight
pipes in a horizontal orientation and minimizing the number of valves and elbows in any flow
system. However, it is not always feasible, due to the restriction of the geographical layout and
the control of flow circulation. To ensure a smooth operation and maintain a desired flow rate,

the pump capacity has to be matched properly with the system requirements.



Economically, the cost is much higher for pumps with large than small capacity. This is
especially true for those pumps designed for special applications (e.g., coolant circulation through
a nuclear-reactor core, or crude-oil and/or natural-gas transportation through pipelines). There
are many causes for this escalation in cost: e.g., design complexity, material and labour
requirement, small specific market demand, and energy consumption during operation, It is,
therefore, essential to match properly the pump and system requirements for both design and

analysis purposes, so that the pump capacity (and therefore the cost) can be minimized.

Pressure drop has been widely investigated for single-phase flow, as demonstrated in the chapters
on laminar and turbulent flows in many text books. This information, however, is usually limited
to adiabatic flow. Some studies have examined the effect of heating (or large temperature
difference between channel wall and bulk fluid) on pressure drop in a single-phase flow. This
effect uppears to be small at low heat-flux (or small temperature difference) conditions, but
becomes significant at high heat-flux (or large temperature difference) conditions. Various
methods have been introduced to account for this effect, but the deviation among their predictions

is large.

For the past two decades, many studies have focused on pressure drop in two-phase flow. This
is mainly in response to the need of information for analyzing problems related to the oil-gas
transportation and nuclear-reactor operation. In most studies, two-phase pressure drop was
measured with adiabatic two-phase flow. The results have often been employed in analyses of
flow inside heated channels as well, primarily based on the assumption that the effect of heating
on two-phase pressure drop is negligible. Although this assumption may be valid for low heat-
flux conditions, other studies have shown a strong effect of heating on two-phase pressure drop
at high heat fluxes. While several empirical correlations were developed to account for this
effect, no specific prediction method or model is applicable to high-pressure and high-flow

conditions encountered in a nuclear-reactor operation.

As described above, an accurate prediction of pressure drop is essential for hydraulic analysis of

a flow system. To improve this accuracy, it is important to properly account for the heat-flux
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effect on pressure drop. This study focuses on the two-phase pressure drop in a heated channel,
in particular to one with a high surface heat flux that leads to a large temperature difference
between channel wall and bulk fluid. It is the objective of this study to derive a peneralised
model for predicting the pressure drop along a heated channel during flow boiling at high-
pressure and high-flow conditions. This model will be used for applications related to the

nuclear-reactor, boiler, process, chemical, and electronic industry.

The discussion begins in Chapter 2, where the fluid-flow phenomena related to single-phase
pressure drop are presented. Both the single-phase flow structure and the velocity distribution
are described. The present study focuses mainly on the frictional pressure gradient, but the
equations for the pressure gradients due to acceleration and gravity are also discussed for both
unheated (adiabatic flow) and heated channels, Most textbooks on fluid flow and heat transter
may be used as a reference for additional information (e.g., Streeter and Wylie | 1975] and Ozisik
[1985]). In view of the general nature of these books, a detailed discussion is presented here of
the effect of temperature gradient between the channel wall and the bulk fluid on the frictional

pressure drop. Some recent investigations of this effect in single-phase flow are also described.

Chapter 3 presents a general description of two-phase flow, including the flow-pattern {or phase-
distribution) determination, vapour mass quality and void fraction. A review of two-phase
pressure-drop prediction methods is given, which includes the differences between single-phase

and two-phase flow, and calculation methods for the pressure gradients due to acceleration and

gravity.

A description of heat-transfer modes and transition points encountered during flow boiling inside
a heated tube is presented in Chapter 4. The relation of heat flux and wall temperature (or wall
superheat) is shown with the boiling curve. It is followed by a presentation of corresponding

prediction methods for heat-transfer rates.

A literature review of previous studies on two-phase frictional pressure gradient is presented in

Chapters 5 and 6. It examines the empirical prediction methods (Chapter 5) and modelling
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studies (Chapter 6) for flow inside unheated and heated channels. Chapter 5 provides a
description of various definitions in expressing the two-phase pressure drop, and a discussion of
both the graphical prediction methods and correlations. Experimental studies are presented for
both adiabatic flow and flow boiling that indicates either a negligibie or strong effect of surface
heating on pressure drop. Chapter 6 examines the analytical models commonly used in predicting
the two-phase frictional pressure gradient. These models are separated into five categories based

on the underlying assumptions and methodology.

The derivation of a generalised model for predicting pressure drop in a heated channel is
presented in Chapter 7. It is based on the force-momentum balance approach, with the frictional
pressure drop expressed in terms of the wall shear stress. The mixing-length approach, as in
single-phase flow, is used to determine the shear-stress and velocity distributions. Iteration of
the volumetric flow rate, based on the integration of velocity gradient, is employed to provide
the solution. Due to the complexity of the flow phenomenon, several simplifying assumptions
have been introduced. It is the goal of this study to provide a simple but relatively accurate

model! for a wide range of conditions.

Experimental data have been obtained with steam-water flow in a vertical tube to validate the
model. Chapter 8 provides the experimental set up and the procedure for these tests. A
description of the high-pressure steam-water test loop and the test section is also presented. This
experiment covers a wide range of flow conditions (pressures of 5, 7 and 9.6 MPa, mass fluxes
of 1 to 10 Mg.m2s™, and inlet qualities of -25% to0 -1%). A number of observations made

during the experiment are described.

Chapter 9 analyzes the experimental results. The data are shown as functions of various
parameters and are closely examined for specific trends. Wherever available, the results are
shown for different ranges of flow conditions, to indicate either similarity or differences. Besides
the measured parameters, the effects of calculated parameters such as vapour-mass quality and

void fraction on pressure drop are also discussed.



Comparisons between model predictions and experimental data are shown in Chapter 10. The
overall prediction accuracy of the model is presented in a general comparison.  Specific
parametric trends are discussed. An in-depth examination of the predictions for one independent
variable (with other parameters constant) is also carried out. This provides the range of

conditions that are valid for the present model.

An assessment of 19 different correlations for two-phase frictional pressure drop is presented in
Chapter 11. Comparisons between correlation predictions and experimental data @re made, to
examine the validity of the correlations for flow boiling (both pre- and post-dryout conditions).
A multi-correlation method is also introduced, to extend the application of these correlations.
These comparisons focus on both the general and specific prediction accuracy of the correlations.

A close examination of the comparison is performed for the best available correlation.

The study is concluded in Chapter 12, where highlights of the model and experimental results
are discussed. Specific contributions to the improvement of various prediction methods are

emphasized. The limitations of the present mode! and some recommendations for future work

are also described.



2. SINGLE-PHASE FLOW

The single-phase pressure drop is affected by a number of parameters (e.g., pressure, flow rate
and fluid temperature). Two of the most important parameters are the flow structure and the
velocity distribution, and both of them have a strong impact on the pressure-drop calculation.
They are described in Sections 2.1 and 2.2, respectively. Single-phase pressure drop is discussed

in Section 2.3.

2.1 SINGLE-PHASE FLOW STRUCTURE

Single-phase flow is generally categorised by its structure: laminar or turbulent. These structures
represent different degrees of randomness within the flow streams. Laminar flow occurs when
each stream flows orderly and in paraliel with its neighbours. Even with a non-uniform velocity
distribution, there is no mixing or crossing over. Turbulent flow, on the other hand, represents

a completely random flow structure. Interaction between various flow streams is frequent and
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continuous, and a strong mixing between the high- and low-velocity fluids significantly affects
the velocity distribution. In a flow system, a criteria based on the Reynolds number is generally

accepted as a means of identifying the flow structure. The Reynolds number is defined as

Re = . (2.1

where G is the mass flux in kg.m2.s!, D is the tube diameter in m and p is the dynamic viscosit
g p y y

of fluid in kg.m.s!

. Laminar flow is often assumed when the Reynolds number is less thun
2300 (values from 2000 to 4000 have been suggested in various studies). Otherwise, the flow
is considered to be turbulent. While a variation in fluid temperature does not affect strongly the

mass flux and diameter, it has a large impact on the dynamic viscosity of liquid. Figure 2.1
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Figure 2.1: Relation Between Dynamic Viscosity and Temperature for Water,

2-2



shows the relation between dynamic viscosity of water and temperature. The dynamic viscosity
of water changes from 133.9 x 10 t0 90.7 x 10® kg.m™..s" (a reduction of over 30%) when the
temperature varies from 200 to 300°C (473.15 to 573.15 K). This difference is even larger at
low-temperature conditions (less than 100°C). With the reduction in dynamic viscosity, the
Reynolds number is increased accordingly. Therefore, the effect of heating, which primarily

raises the temperature of the fluid, has a strong impact on the turbulence level.

2.2 VELOCITY DISTRIBUTION

For flow inside a tube, the fluid can be hypothetically divided into cylindrical layers travelling
concentrically with the channel wall as the boundary. Since the channel wall is stationary, the
fluid layer at the wall is also assumed to be stationary under the no-slip condition. Away from
the wall, the velocity increases and approaches a maximum at the centre-line axis, as shown in
Figure 2.2. This velocity distribution also results in a shear-stress distribution between the fluid
layers, since shear stress, T, is proportional to the variation in velocity, u, with respect to a

change in radial distance from the wall, y; i.e.,

. 2.2)
dy

where u is the radial velocity in m.s”! and y is the radial distance from the channel wall in m.,
Contrary to the velocity distribution, the maximum shear stress occurs in the near-wall region
where the steepest variation in velocity is encountered. On the other hand, there is no shear
stress in the fluid at the centre-line axis, since the velocity gradient is zero. These represent the

two boundary conditions employed in a channel flow.



LAMINAR FLOW TURBULENT FLOW
Figure 2.2; Velocity Distributions Inside Tubes.

22,1 Laminar Flow

The fluid layers flow in an orderly fashion beside each other and the retardation effect of the wall
on flow velocity diminishes slowly in laminar flow. Therefore, a gradual change is exhibited in

the radial-velocity distribution. The shear stress is expressed as

du

fiad (2.3)
dy

T =0

where p is the dynamic viscosity of the fluid, and the velocity gradient becomes



du _ T (2.4)

dy

Expressing the radial shear-stress distribution in terms of the pressure gradient (see Section 2.3),

the velocity distribution is obtained from

¥ ¥y
u=ff_dy=;1_£+cﬂ+pg (R-y) dy (2.5)
p 2l dz dz 1

where P is the pressure in Pa, z is the axial distance in m, p is the fluid density in kgam>, g is
the acceleration due to gravity in m.s and R is the tube radius in m. Integrating Equation (2.5)

gives the velocity distribution as

- 2
=__l£f.+G.d_u+pg Ry—f___ (2.6)
2ul dz dz 2

At the tube centre axis, the local velocity is

e P @7
2pl dz dz 2

which represents the maximum point of the velocity profile. If the axial velocity gradient is

small (e.g., in incompressible flow), the velocity distribution can be further simplified into

-1{dpP y? 2.8)
U= —|— +peg|Ry - Z_
Zp[dz P& ™Y 2



The velocity ratio with respect to the maximum velocity at the centre axis, u_,,. depends only

nax*

on the radial location, and is written as

o2y iq=1- L’ (2.9)
u, R R R

2.2.2 Turbulent Flow

The randomness within turbulent flow enhances the mixing of high- and low-velocity tluids, and
equalizes the velocity distribution within the central region. In the near-wall region, however,
the velocity gradient increases drastically, due to the surface effect that brings the local flow
velocity to zero at the wall (no-slip condition). This is illustrated in Figure 2.2. Despite the
reduction in velocity gradient in the turbulent core, the shear stress remains significant, since the

turbulent effect hampers any free movement of the flow.

In most analyses, turbulent flow in tubes is assumed to consist of three sublayers: laminar, buffer
and turbulent. The boundary between sublayers has been determined empirically from

Nikuradse’s experimental data and is presented with respect to a non-dimensional distance from

the wall

yr=JH | (2.10)

where v is the kinematic viscosity of the fluid in m%s and u* is the shear-stress velocity in

m.s’!

ut = | (2.11)
p



2

where T, is the wall shear stress in N.m™~. The laminar sublayer is assumed for y* less than 5,

turbulent core is considered for y* larger than 30, and the buffer zone covers y* from 5 to 30.

In a number of recent studies, the buffer zone was not considered (i.e., only two sublayers) to
simplify the analysis (e.g., Matthew [1986] in single-phase flow and Abolfadl and Wallis [1985,
1986| in two-phase annular flow).  Although this approach is less accurate at the
laminar/turbulent flow transition region, the differences in velocity and shear-stress calculations
are small. The transition point between the laminar sublayer and the turbulent core is assumed
at y* = 11.6, which is obtained by solving the velocity profiles at both the laminar sublayer and

the turbulent core.
In the laminar sublayer, the shear stress is caused by the viscous effect only. The velocity
distribution is expressed as the same form of Equation (2.6) covering the thickness of the laminar

sublayer, 8.

In the buffer zone, the shear stress is affected by both the viscous and turbulent effects. It is

expressed as

t=(nepe) (2.12)
dy

A relationship of eddy viscosity, €, was derived by Deissler [1952] for the buffer layer. It is

expressed as
e = nzuy(l - e—pnzuyl}l) (213)

with a constant n of 0.1.



In the turbulent core, the viscous effect diminishes and the shear-stress distribution in Equation

{2.12) can be simplified to

T=pe % (2.14)
y

Several mathematical formulations of eddy viscosity in turbulent flow have been introduced. Von

Karman defined the eddy viscosity, &, as

e =2 lduldy) (2.15)
(d?u/dy®?

where x is the single-phase coefficient having a value of 0.4. Other definitions consist of
empirical constants that have to be determined with experimental data. Among them, the Prandtl
mixing-length theory is the most widely used, and has been described in detail by Schlichting

[1960]. In this theory, the eddy viscosity is expressed as

du

dy

¢ =2 (2.16)

The mixing length, 1, is stated by Schlichting [1960] as

"... distance in the transverse direction which must be covered by
an agglomeration of fluid particles travelling with its original mean
velocity in order to make the difference between its velocity and the

velocity in the new lamina equal to the mean transverse fluctuation

in turbulent flow.”

It is a proportionality factor that cannot be measured experimentally, but a number of correlations

have been derived from experimental data of wall shear stress and velocity profile.
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lgnoring the viscous effect, the shear-stress distribution is expressed as

du

dy

du (2.17)
dy

2

and the velocity gradient becomes

du _ T (2.18)

Expressing the radial shear-stress distribution in terms of the pressure gradient, the velocity

distribution is

¥ ¥
T -1{dP du R-y
= —dy = | —]= + GZ= + d (2.19)
“- ] Y \jz (dz+ & ng @

Empirical representation of the velocity distribution is often used to simplify the analysis. Similar
to the velocity profile in laminar flow, the velocity distribution in turbulent flow is also a

function of radial location and can be represented with a power-law relationship

.—u— ) [-y— Jm (2.20)

Nikuradse indicated that the exponent, m, varies from 1/6 to 1/10, depending on the Reynolds
number. Figure 2.3 shows the variation of velocity profile inside smooth tubes [Bhatti and Shah,
1987]. This relationship is a convenient way to present the velocity distribution and provides a
continuous function with respect to the distance away from the wall. However, strictly speaking,
it is only valid for the core region, where turbulent flow is fully established. Close to the

surface, a laminar sublayer exists and the velocity distribution corresponds closely to laminar
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Figure 2.3: Velocity Profiles inside Smooth Tubes for Various Reynolds Numbers [Bhatti and
Shah, 1987].

flow. Since the turbulent intensity in the flow becomes strong and the laminar flow cannot be
sustained, this sublayer exists only a very short distance from the wall. Between the turbulent
core and laminar sublayer, there is a small transition zone, referred to as the buffer zone. Over
this zone, a quasi-laminar (or quasi-turbulent) flow is observed and the velocity distribution
becomes difficult to identify. Often, an assumed profile (usuaily linear) is used to relate the

laminar and turbulent distributions.
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2.2.3 Definitions of Mixing Length for Smooth Pipes

Prandtl introduced the simplest definition of mixing length by assuming a linear proportionality

with distance away from the wall; i.e.,
l=xy (2.21)

A value of (1.4 is assumed for the single-phase coefficient, k. This definition was shown to have
limited validity at the near-wall region only. Based on the Von Karman definition (Equation

(2.15)), the mixing length is expressed in terms of velocity gradient; i.e.,

- x duldy
d’ujdy*

(2.22)

This equation predicts a zero mixing length at the centre axis of pipes (where the velocity
gradient becomes zero), which has not been observed in experimental results. Furthermore, both
definitions are invalid within the laminar sub-layer region, where zero mixing length is

anticipated.

An empirical function was introduced by Schiichting [1960] and represents closely the mixing

length calculated from experimental data. It is written as

)
L2014 - 008 (1 - .Y_I - 0.06 [1 - ZJ‘ (2.23)
R R R

At the near-wall region (where y is small), this equation can be simplified to a similar form as

the Prandtl definition (i.e., Equation (2.21)), but it is also invalid at the laminar sublayer.
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Many other definitions have been proposed. but none of them seems to be valid for all regions.
Recently, a composite mixing-length definition was introduced by Matthew [1986], who
employed a two-layer (rather than three-layer) analysis by ignoring the buffer region (i.e., direct
transition from the laminar sublayer to the tarbulent core). In terms of dimensionless parameters

(defined as in Equation (2.10) with respective parameter), the mixing length is expressed as
[1*=0 (2.24)

for y* less than the laminar sublayer thickness, 8, and

y* -8

[*=x(y* -8yt - —
2 (R*-8])

for y* greater than §;". The constants ¥ and §;" were optimized with experimental data and are

0.41 and 6.99, respectively.

2.2.4 Universal Velocity Profile for Smooth Pipes

Based on the Prandtl definition of mixing length (Equation {2.21)), the velocity distribution in

turbulent flow can be obtained by integrating the shear-stress expression. It is written as

u 1 Iny* + constant (2.26)
K

*

U

This distribution can also be presented with respect to the maximum velocity, u,,, at the centre

axis (where y = R) to eliminate the constant term. It is expressed as
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1 R’
— In
» K’ y

(2.27)

which is often referred to as the velocity-deficiency equation.

Based on the experimental data of turbulent flow inside a smooth tube, the velocity distribution

can be expressed as

wre S HY Ly @28)

in the laminar sublayer (i.e., y* £ 5),

u*=5Iny’ - 305 (2.29)
in the buffer zone (i.e., 5 <y < 30), and

u'=251Iny* +55 (2.30)

in the turbulent core (i.e., y* 2 30). The composite velocity distribution of Equations (2.28) to

(2.30) 1s referred to as the universal-velocity profile,

If the buffer zone is ignored (a two-region flow), the thickness of the laminar sublayer can be

derived by solving Equations (2.28) and (2.30). It is expressed as

(2.31)
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This is different from the empirical value presented by Matthew | 1986]. who suggests a constant
of 6.99 rather than 11.6. The universal velocity distribution law for smooth tubes is illustrated

in Figure 2.4.

2.2.5 Velocity Profiles for Rough Pipes

The velocity profile for flow inside a rough pipe depends on the height of the roughness
projections. For projections that do not extend beyond the laminar sublayer thickness, there is
no effect on the velocity profile, and the pipe is considered to be smooth. Once the projections
protrude into the buffer or turbulent zone, the laminar sublayer cannot be established due to the

additional turbulence effect caused by the surface roughness. Therefore, the turbulent velocity

35
30
7
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L J -23"10
15 o = 721x10°%
7 o =40x10%) Nikuradse
Pl o = 11x10;
10 - v o = 20x10
) o =2210°
5 / 'Rﬂid’ﬂfdt
.
g 7 2 3 4 [

yu*

N
Figure 2.4: Universal Velocity Profiles for Various Reynolds Numbers [Schlichting, 1960].
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distribution is extended from the characteristic height of the roughness element to the centre axis
of the flow. An equation similar to the one for a smooth surface is used to calculate the velocity
distribution. However, the characteristic height of the roughness is used as the boundary-layer

thickness; i.e.,

“ =25 1n (Z J+ 8.5 (2.32)
u’ £

where € is the roughness height in m. This equation is referred to as the Karman-Prandtl
equation. The constant value of 8.5 was determined empirically with Nikuradse’s experimental
data. Figure 2.5 shows the data of Nikuradse for pipes with various relative-roughness values.

The velocity-deficiency law (Equation (2.27)) is valid for both smooth and rough pipes.

® Nikuradse Measuraments

0 02 04 06 08 10
y/R

Figure 2.5: Fully Developed Turbulent Velocity Distributions in a Rough Tube.
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In addition to the empirical approach, a number of studies have attempted to model the eftect of
surface roughness on velocity distribution (e.g., Han [1991]) by modifying the mixing-length
expressions. This appears to contradict the experimental results shown in Figure 2.6 {Schlichting,
1960], where the same radial mixing-length distribution is valid for several pipe-roughness

values.

2.2.6 Effect of Heating on Velocity Distribution

A temperature gradient between the heated surface and the bulk fluid changes the velocity
distributions in both laminar and turbulent flow [Rohsenow and Hartnett, 1973, Kakac. 1987 and

Buhr et al.,, 1972]. It tends to steepen the velocity gradient for a liquid flow at the near-wall

0.16
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012
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0.08 —
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0.06 - O /D = 0.0009862
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0.04 - o </D=0.0163399
Re =1 000 000
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el P 1 ! | Lo 1
0 0.2 0.4 0.6 08 1.0

NONDIMENSIONAL DISTANCE, y/R
Figure 2.6: Mixing-Length Variation in Rough Pipes [Schlichting, 1960].
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region of 4 heated surface (Figure 2.7) (caused by a reduction in fluid viscosity). Due to the
rather uniform velocity distribution at regions beyond the laminar sublayer, the effect of

temperature gradient is less severe in turbulent {low, compared to laminar flow.

For a fluid of a low Reynolds number, a localized effect may be encountered. This was shown
by Buhr et al. [1972], who observed a change in radial velocity distribution from a power-law
(Equation (2.19)) to a saddle shape in a turbulent flow of mercury with increasing surface heat
flux. For a gas flow, however, the viscosity increases with increasing ternperature. Therefore,

the velocity gradient is reduced near the heated surface, but increased in the core.

UNHEATED
CHANNEL

LAMINAR LIQUID FLOW TURBULENT LIQUID FLOW
Figure 2.7: Velocity Gradient of Flow Inside a Heated Tube.
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2.3 SINGLE-PHASE PRESSURE DROP

Pressure drop is a measure of the change in forces applied by the flow on the tlow boundary.
Considering the control volume in a uniform tube as shown in Figure 2.8, a force-momentum

balance results in

|p dP _ d . - 233
L[p [P“EBZ}A fstwﬁz dS+L_&:7.(Gu) Oz dA+Lp5 sinB &z dA (

where A is the cross-sectional flow area in m?, § is the tube perimeter in m and 6 is the angle
of tube orientation from a horizontal plane. For a constant flow velocity, mass flux, wall shear

stress and fluid density (i.e., adiabatic flow inside an unheated tube), this equation is reduced to

GA(U + (8U/d2) dz)

A (P + (3P/82) dz)

pgsinédzA

Figure 2.8 : A Force-Momentum Balance on a Control Volume of Flow inside a Tube.
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4P _ S
dz A

+ G 5y sing (2.34)
dz

W

The overall pressure gradient consists of three components: friction, acceleration and gravity.

Assuming a constant pressure gradient over the cross-sectional area, the radial shear-stress

distribution can also be calculated using Equation (2.34); i.e.,

T =

r | dP du
dz dz

- ___+G_+pgsin6) (2.35)

2.3.1 Pressure Gradient due to Friction

The frictional pressure gradient is mainly caused by the skin friction between the fluid and the
channel surface. As indicated above, it is expressed in terms of the wall shear stress based on

the force-momentum balance; i.e.,

41

i I (2.36)
dz ) A" D

The wall shear stress can be evaluated analytically for laminar flow with the velocity profile.

However, an empirical approach is used for turbulent flow as the velocity distribution remains

uncertain. The frictional pressure gradient is assumed to be proportional to the kinetic energy

of the flow, and is expressed as

2

_{ar ) _f pu (2.37)
dz ), D 2
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where f is the friction factor that is obtained empirically. This is often referred to as the D Arcy-
Weisbach equation. Comparing Equations (2.36) and (2.37), the relation between wall shear

stress and friction factor is

Ty JE . (2.3%)
j p 8

2.3.1.1 Flow Inside an Unheated Channel (Adiabatic Flow)

For laminar flow, the friction factor is expressed as

_ 64

T %

(2.39)

This equation was derived analytically (e.g., see Streeter and Wylie [1975]) and is referred to as
the Hagen-Poiseuille law. It indicates a linear relationship between the friction factor and the

Reynolds number, and is independent of the surface roughness.

For turbulent flow, however, no analytical solution is available and the friction factor is obtained
empirically. Based on Nikuradse’s experimental data, the friction factor for smooth pipes is

implicitly presented as

1
. =0861In(Reyf )-08 (2.40)
i

and for rough pipes in the fully developed turbulent-flow region



L oot14-08mE (2.41)
D

i

where /D is the relative roughness of the pipe surface. A number of simplified equations, which
express friction factor explicitly in term of Reynolds number only, have been presented for
smooth pipes (e.g., Guislain [1980] and Kakac [1987]). These equations, however, have a limited
range of validity. For example, the Blasius equation for the friction factor of a smooth pipe is

written as
f=0316 Re 05 (2.42)

and is valid for Reynolds numbers up to about 100 000.

In the transition region between laminar and fully developed turbulent flow, the friction factor
is affected by both relative roughness and the Reynolds number. Based on the data of

commercial pipes, Colebrook [1939] presented the friction factor as

- _oge | B[P . 251 (2.43)

3 37 Ref

which has been used as the reference equation for pipe-flow calculation. Since the friction factor
is implicitly presented, its evaluation is rather difficult. To simplify the evaluation procedure,
Moody [1944] devised a graph that shows the friction factor as a function of Reynolds number
and relative roughness based on the Colebrook equation. Moody’s graph is shown in Figure 2.9
and is particularly useful for hand calculations. A number of explicit equations have since been
presented for the friction factor over the transition and the fully developed turbulent-flow regions
[Kakac, 1987). Gregory and Fogarasi {1985) compared the friction factors evaluated with 12
different equations and found that the Chen equation [1979] agrees the closest with the Colebrook

equation. The Chen equation is expressed as
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2312 Flow Inside A Heated Channel

(2.44)

A temperature gradient between a heated surface and bulk fluid can significantly affect the

pressure drop. This is mainly caused by changes in the near-wall viscosity and velocity

distribution. These changes, however, have a compensating effect on each other, since a rise in

temperature gradient reduces the near-wall viscosity but increases the near-wall velocity gradient

(see Figure 2.7). In view of the moderate effect on velocity gradient, but strong effect on

viscosity, a reduction in pressure gradient is anticipated in turbulent flow of liquid.
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Due to the coupling effect between the conservation equations of momentum and energy, an
analytical solution of the effect of heating on pressure gradient is difficult to achieve. Most

analyses were performed on a purely empirical or semi-analytical basis.

Colburn {1933] examined a large number of data of various fluids. He observed that the heating
effect can be accounted for by simply employing the fluid properties based on the film
temperature, rather than the bulk-fluid temperature, in the friction factor for adiabatic flow (e.g.,

Equations (2.39) to (2.44)). The film temperature was expressed as
T. = i (2.45)

The subscripts "b" and "w" correspond to parameters evaluated at the bulk and near-wall fluid

conditions, respectively.

Sieder and Tate [1936] found that the use of film-temperature properties does not apply for all
conditions. They recommended a correction to the adiabatic friction factor based on the viscosity

ratio between near-wall and bulk fluids. Their correction factor is expressed as

nt

f ;wa!ed _ By (246)

funhmn’d pw

Based on their data, the optimized values for the exponent, m, were -0.25 for laminar flow and
-0.14 for turbulent flow. These values also agreed with the experimental data of Davis [1943]
and Jens and Lottes [1951]. The result of Deissler’s numerical analysis of laminar liquid flow,
however, indicated a value of -0.58 as the exponent [Deissler, 1951]. The difference may be

caused by the inclusion of the pressure drop due to acceleration in the Sieder and Tate analysis.



Rohsenow and Clark [1951] showed that the value of -0.14 agreed rather well with their overail
pressure-drop data of high-pressure water flow inside a horizontal tube (pressure drop due to
gravity is not present). When only the pressure drop due to friction was considered (i.e., subtract
the pressure drop due to acceleration from the total pressure drop), an exponent of -0.6 was more
appropriate than -0.14. Owens and Schrock [1960], however, found that their frictional pressure-

drop data were best correlated with a value of -0.4.

Maurer and LeToumneau [1963] measured the pressure drop of water flow for a wide range of
conditions inside a rectangular channel. They noted a relatively good agreement between their
data and the correction factor of Equation (2.46) with an exponent of -(.25. Furthermore, a flow-
rate effect on the exponent and a density effect on the friction factor were also observed from

their data. A modification to the correction factor was introduced

m n

Fhewed _| Po | | Po (2.47)

f unheated pw p W

where n was -0.5 and m was expressed as
m = =10 funheated

The flow-rate dependency for the exponent was not observed by Dormer and Bergles | 1964], who
indicated that a value of -0.35 was suitable for their low-pressure data. Recently, Petukhov
[1970] compared a relatively large number of experimental data obtained with various types of

oil flow. A different correction factor was introduced for the heating effect

heawed _ 1| 5 _ P (2.48)

o
=
3

f unheated



This correction factor was suggested for the ranges of bulk-fluid Reynolds number from 10% to
23x10*, bulk-fluid Prandtl number from 1.3 to 10, and viscosity ratio (p,/p,) from 0.35 to 1.
Since the result becomes invalid for a viscosity ratio, p,/u, less than 0.143 (negative friction
factor), this equation should only be used within these ranges. Furthermore, the calculated values
of this equation are similar to those obtained from Equation (2.46) with an exponent of -0.11
over these ranges. This would mean that the pressure gradient due to acceleration was probably
included in Petukhov’s analysis. Recently, Hoffman and Wong [1992] also noted the invalid
trend of the Petukhov equation, and used Equation (2.46) with an exponent of -0.3 in their

analysis. However, no justification was provided for selecting this value.

Until now, no clear recommendation has been available for the correction of the heating effect
on single-phase frictional pressure drop (or gradient). This has been mainly due to the difficulty
in measuring accurately the small pressure drops with various types of cooling fluid. However,
this correction can have an impact on the prediction of two-phase frictional pressure drop which

is often based on the single-phase value.

2.3.2 Pressure Gradient due to Acceleration

The pressure gradient due to acceleration is a measure of the momentum change within the flow

along the channel, and is expressed as

—[f} e it (2.49)
dz |, dz

In single-phase flow, it is an important component for flow inside a diverging or converging
channel where the momentum changes with varying flow area. For an adiabatic liquid flow
inside a straight tube, however, this component is not present, since both the mass flux and the

flow velocity remain constant. When the channel is heated, the fluid density is no longer



constant axially and hence the fluid momentum changes as well. This is particularly severe in

a gas flow, where the pressure gradient due to acceleration can be a significant component.

2.3.3 Pressure Gradient due to Gravity

The pressure gradient due to gravity represents the head loss due to the weight of fluid. It is

expressed as

-(ﬁ J = p g sin (2.50)
dz

4
For a vertical channel (where 8 is 90°), this gradient is equivalent to the weight of fluid between

two points (it is not present in a horizontal channel where 0 is (0°). For a varying density

condition (such as a heated channel), a mean fluid density is used.



3. TWO-PHASE FLOW

Two-phase flow consists of a simultaneous flow of two different states of matter (i.e., vapour and
liquid, liquid and solid, as well as vapour and solid). It is much more ditficult to analyze than
single-phase flow, since the interaction between the two phases is still uncertain. Similar to
single-phase flow, the primary factor influencing two-phase flow is the randomness of flow
structure (i.e., laminar or turbulent). A variety of combinations of flow structures can be
encountered between the two phases (e.g., laminasr-liquid/laminar-vapour flow, laminar-

liquid/turbulent-vapour flow, etc.).

In a heated channel, two-phase flow is encountered after boiling (or flashing) has been initiated.
One significant difference in two-phase flow between heated and unheated channels is the
continuous variation of quality (or fluid enthalpy) for the former, as opposed to a constant quality
for the latter, along the axial distance. For the same local conditions, the basic structure of two-
phase flow is similar in a heated channel to an unheated channel, except in the near-wall region,

where a large temperature gradient exists between the heated surface and bulk fluid.
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The first three sections of this chapter describe some of the major purameters affecting two-phase
pressure drop: flow patterns (Section 3.1), vapour mass quality (Section 3.2) and void fraction
(Section 3.3). Since this study focuses mainly on two-phase pressure drop, only an overview of
these parameters is presented with the recommended prediction methods. The general discussion

on two-phase pressure drop (due to friction, acceleration and gravity) is introduced later in
Section 3.4.

3.1 FLOW PATTERNS

The distribution of phases inside a channel depends on the flow conditions and temperature
gradient within the fluid. It is often referred to as the flow pattern or the flow regime, and has
a significant influence on both the hydrodynamic and heat-transfer aspects of two-phase flow.
For example: the heat-transfer rate at the heated wall is higher for a liquid-to-wall than vapour-to-
wall contact, due to a higher thermal conductivity for liquid; the same is true for pressure drop,
since viscosity is also higher for liquid. Owverall, there are five different patterns identified in
vertical channels, and six in horizontal channeils for adiabatic flow |Hewitt, 1977]. The main
difference between vertical and horizontal flow patterns arises from the effect of gravity on the

horizontal flow. This effect tends to bring the liquid flow towards the bottom of the channel at

low mass-flux values.

3.1.1 Flow-Pattern Description

Detailed descriptions of various flow patterns have been presented by Collier {1981} and Hewitt
and Hall-Taylor [1970]. They have been summarised for horizontal flow in a previous study
[Leung, 1983]. A brief description of flow patterns in vertical flow (Figure 3.1) is presented in
this study. Although various terminologies have been used to describe the flow patterns, they

can be roughly categorised as bubbly, slug, churn, annular, and wispy-annular in adiabatic flow.
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Figure 3.1: Flow Regimes in Vertical Co-Current Flow {Collier, 1981].

In a heated channel, the flow regime varies continuously, due to a change in local conditions
along the chunnel. Figure 3.2 presents the flow-pattern variations for high- and low-quality
flows. While the flow patterns of adiabatic flows are also observed inside a heated channel, two
additional regimes (inverted-annular and dispersed-droplet flows) can be encountered at

conditions beyond the critical heat flux (CHF).

3.1.1.1 Bubbly Flow

Flow inside an Unheated Channel

Bubbly (or bubble) flow comprises a dispersion of bubbles travelling within the liquid. The size
and distribution of these bubbles depend mainly on the flow conditions, fluid properties, and the

method used to introduce the phases in adiabatic flow.
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Figure 3.2: Flow-Pattern Variations in Heated Channels.

For a low-quality flow, the bubbles are generally small. The high shear force of liquid breaks
up the large bubble and prohibits coalescence among small bubbles. On the other hand, the
concentration of bubbles is usually high in the vicinity of the surface in both adiabatic and
boiling flow. A saddle-shaped profile of vapour volumetric fraction is often encountered (Figure

3.3).
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Figure 3.3: Void-Fraction Distributions in Bubbly Flow.

For a high-quality flow, the bubble size tends to be large and the distribution of bubbles is more
uniform across the flow area than the low-quality flow (Figure 3.3). Bankoff [1960] suggested
the use of a power-law relation for vapour volumetric fraction. The transition between these two
cases is still uncertain, but is known to be affected by the primary flow parameters, such as

pressure and flow velocity.

At very high flow velocity, the bubble concentration becomes high and a well-mixed bubbly

mixture is formed inside the channel. This is often referred to as the froth flow.

Flow inside a Heated Channel

In a heated channel, bubbles can be formed through bulk or surface nucleation. The distribution
of these bubbles in the channel is not only affected by the same dominant factors as in adiabatic

flow, but also by the temperature gradient within the fluid.
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Bulk nucleation occurs within the liquid core and is mainly caused by a change in pressure where
the bulk fluid exceeds the saturation temperature (i.e., flashing). Bubbles are preferentially
created on any impurity inside the fluid. They are often large and grow rapidly. This type of
nucleation is more significant at low-pressure than high-pressure conditions, since pressure drop

over the channel is much higher at low pressure.

Surface nucleation is the main source of bubble generation. It occurs in cavities of a surface that
reach a certain liquid superheat. At low liquid-superheat conditions, bubbles form and collapse
frequently. None of them is able to attain a fully developed shape, since the fluid enthalpy is
still below saturation. With an increase in liquid superheat, bubbles sustain from collapse and
remain in the vicinity of the heated surface, With increasing bubble population, a saddle-shaped
distribution is formed (see Figure 3.3). The density of bubbles in the core region increases with

increasing fluid enthalpy; the bubble distribution changes from a saddle to a power-law profile.

3.1.1.2 Slug Flow

With an increase in bubble population, bubble coalescence becomes more prevalent. This
increases the bubble size and the buoyancy force on the bubble, hence the bubble velocity. For
a low liquid velocity, where the shear force is weak, bubble coalescence occurs rapidly, forming
a large vapour slug. The bullet-shaped slug travels at a much higher velocity than the liquid.
As the liquid upstream of the slug moves downstream through the liquid film between the slug
and the surface of the channel, a stagnant liquid flow, or even flow reversal, can be encountered
in the near-wall region. Due to the high turbulence level in the wake of the siug, a stream of

trailing bubbles is often encountered.

In a heated channel, the liquid film between the surface and the vapour slug is at saturation and
only limited amount of superheat is permitted. Due to the low flow velocity, bubbles may still

be generated in the liquid film, since the heat-transfer rate is significantly reduced. For high



heat-flux conditions, the liquid film could break down, leading to a burnout situation (this will

be discussed in a later section).

3.1.1.3 Churn Flow

Churn flow has a similar structure as the slug flow, but it occurs mainly at high liquid velocity.
A transition from slug to churn flow is also encountered as the vapour velocity increases. Due
to the high turbulence level, an irregular-shaped pocket of vapour with liquid bridging across the
flow area is formed, rather than a bullet-shaped slug. It occupies a much smaller cross-sectional
flow area than the slug, and has a wavy liquid-vapour interface. While this pocket also travels
at a higher velocity than the liquid, unlike the slug flow, no stagnant flow or flow reversal is
encountered in the near-wall region. The displacement of liquid upstream of the vapour pocket
results in a liquid film with high velocity. This increases the heat-transfer rate in a heated
channel and hence suppresses the bubble formation at the surface. Due to the wavy liquid-vapour

interface, the interfacial shear stress is also high.

3.1.14 Annular Flow

At high vapour velocities, the licid bridges (which are characteristic of churn flow) collapse and
the vapour phase in the core becomes continuous and is surrounded by a liquid film. This is
referred to as annular flow. For most conditions, part of the liquid from the collapsed bridge is
entrained inside the vapour core. Therefore, while only liquid is observed in the film, a mixture
of liquid droplets and vapour flows in the core. The structure of the liquid/vapour interface
depends strongly on the flow conditions. It is smooth at low flow but becomes wavy as the flow
increases. With an increase in wave amplitude, the high-velocity vapour can shear off the crest
of the wave. This leads to an increase in droplet population in the core, and a reduction in the

liquid-film thickness with increasing vapour velocity. With an increase in entrained liquid



fraction (droplet concentration), droplet deposition back to the film becomes important as well.

An equilibrium entrained liquid fraction exists for each set of flow conditions (Figure 3.4).

A phenomenon similar to that in single-phase liquid flow occurs in a heated channel. That is.
the velocity gradient is increased and the liquid viscosity is reduced at the near-wall region.
However, the change in velocity gradient also reduces the local velocity of the liquid phase at
the region close to the interface. This increases the interfacial shear stress, and in turn, the

entrainment rate.

3.1.1.5 Wispy-Annular Flow

Wispy-annular flow can be encountered at high velocity (both liquid and vapour) conditions. Its

structure is similar to annular flow, but it has a very high concentration of entrained droplets in
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Figure 3.4: Entrainment Flow Rate in Steam-Water Flow [Hewitt and Hall-Taylor, 1970].

3-8



the vapour core. In some cases, the entrained droplets coalesce together, forming filaments of
liquid in the core. The liquid film may contain entrained vapour bubbles. An unstable

liquid/vapour interface has also been observed, and results in an increased entrainment rate.

The effect of heating on the liquid-film flow is similar to that encountered in annular flow.
However, the entrainment rate becomes high and the deposition rate may be considerably reduced
(due to droplet coalescence), resulting in a rapid depletion of the liquid film. In the vapour core,
a suppression of turbulence is anticipated due to the high concentration of entrained droplets and

liguid filaments.

3.1.1.6 Dispersed-Droplet and Inverted-Annular Flows

Dispersed-droplet and inverted-annular flow are primarily encountered in a heated channel where
the surface is so hot that continuous liquid contact cannot be sustained (see Figure 3.2). For
adiabatic flow at high quality and high void fraction, the liquid film can be undercut by the high
shear force of vapour, and dispersed-droplet flow may also be observed. This is referred to as

the hydrodynamic dryout [Beattie, 1975].

Dispersed-droplet flow corresponds mainly to high void fraction where liquid content is low. It
has the reverse structure of bubbly flow, with a continuous vapeur flow (instead of a continuous
liquid flow) and entrained liquid droplets (instead of bubbles). The size of droplets depends on

the flow conditions and fluid properties.

Inverted-annular flow is observed in low void fractions. It has the reverse structure of high void-
fraction annular flow, with a continuous liquid core surrounded by a thin vapour film. Liquid
entrainment in the vapour film and vapour entrainment in the liquid core are possible. In most

cases, the liquid/vapour interface is agitated.



3.1.2 Flow-Pattern Transition

The transition between various flow patterns depends very much on flow conditions (such as
pressure, mass flow rate or flow velocity, and quality), flow geometry (such as diameter and
length), and surface temperature (in a heated channel). Different techniques (such as high-speed
photography and X-ray photography) have been employed to identify the flow patterns and their
transition boundaries. The data have been compiled into flow-pattern maps presenting the
approximate boundaries of various flow patterns with respect to different tlow parameters.
Mandhane et al. [1974] provided the most comprehensive flow-pattern maps for horizontal flow
based on a large amount of low-pressure data of various types of fluid mixtures. A generalised
flow-pattern map was introduced by Hewitt and Roberts [1969] for vertical flow (Figure 3.5),
It was based on both the low-pressure (atmospheric) air-water and high-pressure (3.5 and 7 MPa)
steam-water data. Taitel et al. [1980] introduced several criteria for flow-pattern transition based
on a force balance of the phases. Mishima and Ishii [1984], on the other hand, derived the

transition based on a mechanistic model,

For heated channels, the flow-pattern maps

108
were often presented in terms of equilibrium SL
10
quality and mass velocity [Bennett et al., §
1965, Bergles et al., 1968]. Figure 3.6 @ 10°-
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Figure 3.6: Flow-Regime Map for Steam-Water Flow at a Pressure of 6.89 MPa Inside a Heated
Channel [Bennett et al., 1965].

Freon-113, compared to an unheated channel.

3.2 VAPOUR-MASS QUALITY

Vapour-mass quality of a two-phase mixture is one of the most important parameters in two-

phase flow analysis. It is defined as the mass flow-rate ratio between vapour and total flow; i.e.,

xy= e 3.
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where W is the mass flow tate in kg.s’! and the subscripts "g" and "1" refer to the vapour and
liquid phases, respectively. For an adiabatic flow where the phases are introduced separately into
the system, this quality can be determined by measuring individual mass-flow rates. 1t is

constant throughout the flow channel when mass transfer and heat transfer are not present.

For a heated channel, however, the vapour-mass quality varies along the flow direction and is
difficult to measure or calculate. Hence, the thermodynamic quality is often used and is

calculated based on an energy balance

H, - Hf
Hfg

Xy = (3.2)

where H;, Hyand Hy, are fluid enthalpy, saturated-liquid enthalpy and latent heat of vaporization,
respectively, in Jkg!. The thermodynamic quality can vary from negative values (at subcooled
conditions) to values greater than 1 (at superheated conditions). A qualifying condition is often
introduced to limit the range of calculated thermodynamic quality between 0 and 1. This limiting

quality is referred to as the equilibrium quality.

Equilibrium conditions can never be completely achieved in a heated channel, due to the
superheating of near-wall liquid along the surface and the subcooling of bulk fluid in the core.
Figure 3.7 illustrates schematically the differences between thermodynamic and vapour-mass
qualities for a flow inside a heated channel. Among various heat-transfer modes, only the forced-

convective evaporation approaches thermodynamic-equilibrium conditions. For others, equations

must be introduced to calculate the vapour-mass quality.

Mechanistically, the mass quality begins to rise from 0 at the point where vapour is first
generated. Therefore, it is essential to locate the initiation point of bubble formation, referred
to as the point of onset of nucleate boiling. Strictly speaking, two-phase flow should be
considered at conditions beyond this point. However, the bubbles formed at conditions close to

this point are generally small, attach only to the wall, and collapse either during growth or once
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Figure 3.7: Axial Distributions of Void Fraction and Quality Inside a Heated Channel.

they are detached from the surface. There is no net-vapour flow in the core and the vapour-mass
quality remains very close to 0. The effect of this bubble formation on hydrodynamics may not
be significant, but can be significant on heat transfer. As the fluid enthalpy increases, the
departed bubbles sustain from condensation and remain in the flow. This is called the point of
onset of net vapour generation (NVG). Further discussions on the points of onset of nucleate

boiling and onset of net vapour generation are provided in Chapter 4.

Vapour-mass quality is calculated primarily with empirical equations for conditions beyond the
point of onset of net vapour generation. Most studies used a profile-fit function, which describes
the relation between the thermodynamic quality, x,,, and vapour-mass quality, x,, based on the

measurements of void fraction. This function accounts for the deviation of local equilibrium

3-13



quality to that at the point of onset of net vapour generation, Xnver Levy [1967] has suggested

the following function:

X

- th 33

X, = Xy = Xyyg €XP - -1 (3.3)
Xnve

This equation provides the correct asymptotic trend of (i) zero vapour-mass quality when the
local thermodynamic quality equals that at the point of net vapour generation. and (ii) vapour-
mass quality approaching thermodynamic quality when the thermodynamic quality is very much
larger than that at the point of net vapour generation. However, the calculated VAPOUr-miss
quality approaches rapidly to 1 as the thermodynamic quality at the point of net vapour

generation becomes small. A modification was introduced by Kroeger and Zuber [ 196%] with

th
Xy~ Xyyg €XP - 1
= NVG (3.4)
a
X
th
1 - Xy €xp -1
Xnve

Both Equations (3.3) and (3.4) are invalid for film boiling or superheat conditions (i.e., x,>1).
The vapour-mass quality is calculated from a model or a thermal non-equilibrium equation (see,

for example, Groeneveld and Delorme [1976]).

Several models have been developed to predict mechanistically the vapour-mass quality in
subcooled-boiling flows [Lahey and Moody, 1975, Sami and Duong, 1987]. They account
separately for the heat transferred from the surface to the fluid through convection, evaporation,
condensation and liquid agitation, and require empirical interfacial relationships. The vapour-
mass quality is calculated by integrating the vapour generated from the point of net vapour

generation to the point of interest. These complex mechanistic models are particutarly useful for
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(i) transient analysis where the empirical approach is usually invalid, and (ii) steady-state
applications outside the data base, as the models tend to provide more realistic parametric trends

than empirical equations for vapour-mass quality.

3.3 VOID FRACTION
Void fraction is defined as the cross-sectional area ratio of vapour and total flow; i.e.,

A A
oa=_f=__2% (3.5)
A, A *A

where A is the flow area in m® and subscripts "F", "g" and "f" correspond to total flow,
pas/vapour flow and liquid flow, respectively. It is a key parameter in the evaluation of two-
phase pressure drop (to be described in the next section), but is very difficult to obtain for high-
pressure steam-water flow in a heated channel. Most void-fraction measurements were carried
out at low-pressure adiabatic conditions. This introduces the question of the validity of

extrapolating equations based on low-pressure data to high-pressure conditions.

The simplest void-fraction prediction method is the homogeneous-flow model, which assumes

both liquid and vapour travelling as a mixture at the same velocity. It is expressed as

xa pl

7
x, P+ (L-x)p,

(3.6)

The separated-flow model assumes the two phases travelling individually at different velocities,

and uses the slip ratio, K, which is a velocity ratio (u,/u)) between the two phases:
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o = *a Py 3.7
X, p,+ K1 -x) Pe

The slip ratio was often determined empirically and was expressed in terms of cross-sectional

average parameters or fluid properties [Zivi, 1964 and Thom, 1964]. For example, Zivi | 1964]

expressed the slip ratio as

1/3
Py

K=| .
Pe

(3.8)

Based on the assumptions, the homogeneous-flow model seems to be more appropriate for bubbly
flow and the separated-flow model for annular flow. However, both models have only limited

ranges of validity, since a combination of flow regimes is often observed.

An improved separated-flow model, based on the relative velocity between each phase and the
homogeneous velocity (referred to as the drift velocity, ugj), was introduced by Zuber and Findlay

[1965]. The void fraction is calculated with

X, 0, G

_ 3.
GC,yp, v (1 =x)py) +p,p, Uy

where C, is the distribution parameter. Like the slip ratio, the distribution parameter and the drift
velocity are functions of flow patterns, geometries and flow conditions [Collier, 1981, Hewitt,
1982]. Zuber and Findlay [1965] suggested a value of 1.13 as the distribution parameter for a

tube flow and -he following definition as the drift velocity for churn-turbulent bubbly flow
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/4

cg(p,-p,)

i (3.10)
Py

U, = 1.41

where G is the surface tension in N.m™'. Levy [1967], however, recommended a coefficient of

1.18 rather than 1.41 for the drift velocity to calculate void fraction in subcooled boiling.

While a constant distribution parameter represents most void-fraction data, Rouhani [1969]
observed also a dependency of flow rate and velocity distribution. He used the Levy

modification to the drift velocity, but expressed the distribution parameter as

(1 -x,) (9.806 D)
(G/p[)]fl

(3.11)

C,=1 + 0.2

Different expressions have been introduced for both the distribution parameter and drift velocity.
An assessment of 18 different correlations for void fraction showed that the Rouhani correlation
agreed closely with over 9000 experimental data in adiabatic flow [Friedel, 1980]. Similar to the
evaluation of vapour-mass quality, the void fraction can also be calculated with a mechanistic

model |Lahey and Moody, 1975, Sami and Duong, 1987].

Recently, an extensive study was carried out by Chexal et al. [1991] to derive values for the
distribution parameter and the drift velocity for various flow conditions (e.g., upward flow and
downward flow), geometries (e.g., tubes, annuli and rectangular channels) and fluids (e.g., air-
water, steam-water and Freon flow). For a vertical upward flow of steam-water mixtures, the

distribution parameter is expressed as

Bl
C" = 7 (312)
B, + (1 - By) o
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where the Chexal-Lellouche fluid parameter, B,, is defined as

B, = I -exp(-58,0) (3.13)
1 ~exp(-By)

with

B, SR (3.14)
P(P, - P)

where P and P_ are the system and critical pressure, respectively, in Pa. The flow parameter, B,

is defined as

Bg = 35 + (1 _Bs) (Pg/p;)m (3.15)

10 + 157 p, / p,

B3 - (3]())
1 - B,
where
B, = min(0.8, (1 + exp(-Re/60000))™") (317
x GD
Re = Re, = - ( if Re, > Re,) (3.18)
§ !
Mg
1-x)GD
Re =R€f= ( a) (lfRegSRef) (3!9)
My

Predictions from the Chexal et al. correlation agree closely with the experimental data of

Bartolomei et al. {1982], obtained at high-pressure steam-water conditions in a vertical tube
[Chexal et al., 1991].
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The effect of surface heating on void fraction appears to be small, as indicated in the analysis
of Yamazaki and Yamaguchi {1976] for the same local conditions. Abramyan and Bartolomei
11985], however, observed an increase in void fraction with increasing heat flux at subcooled-
liquid and low-quality regions. This increasing trend diminished at high qualities. Ying and
Weisman | 1989] indicated a small effect of heating on void fraction in Freon-113 flow. The
difference in void fraction between a heated and an unheated channel is large at low-flow
conditions, but becomes small as the flow rate increases. Using the same distribution parameter
and drift-velocity calculation, predictions evaluated from the Chexal et al. correlation agree
relatively well with the experimental data of both adiabatic and heated steam-water flow [Chexal
et al., 1991].

34 TWO-PHASE PRESSURE DROP

Two-phase pressure drop is more complicated than single-phase pressure drop, primarily due to
the complex nature of phase distribution that affects the velocity and shear-stress distributions
within the cross-section of a channel. Nevertheless, the basic one-dimensional analysis can still

be applied.

For a channel where no fluid is extracted from the wall, the variation in phasic mass flow is

primarily due to a change in phase; i.e.,
dw, = —dW, (3.20)

where

W, = A, Pty = W x (3.21)

a
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W, =4,p,u=W{(l -x)) {

(I
i
£

—

As described in Section 3.2, the vapour-mass quality, x_, can be measured in adiabatic flow, but
must be calculated from an energy balance, correlations or semi-analytical models tor flow-

boiling conditions.

In general, the force-momentum balance within the control volume, as illustrated in Figure 2.8,

is also valid for two-phase flow. Equation (2.33), however, has to be modified to account for

the presence of two phases. It is expressed as

dP _ d
L[P [P’*g _,J};A_LT“,5245+LE(G,¢¢,+Ggug)8sz

+J:1plpg sinB &z dA

(3.23)

A number of definitions have been introduced for two-phase density, Pip and the one based on

volumetric fraction is often used
Pp =0 p, + (1 -0)p, (3.24)

The calculation of void fraction, o, has been discussed in Section 3.3. Integrating Equation 3.23,

the pressure gradient becomes

dP

S d .
_E=Ktw+'d_z(acgug +(1-0)Gu)+(ap, +(1 -0)p,)gsing (3.25)

and, similar to single-phase flow, consists of three components: friction, acceleration and gravity.

Equation (3.25) can be further expanded to



2 2
AP _S_ c2d| % (17X)
dz A" dz|ap, (1-o)p,

+(0Lpg+(1 -a)p,)gsind

by introducing the following definitions

W (1 -x) _ G(l-x)

POTA(L - ) 1 - o

(3.26)

(3.27)

(3.28)

(3.29)

(3.30)

A slightly different equation for pressure gradient can be derived from the conservation equation

of energy. It is due to the different distribution of the unrecoverable pressure loss (see Collier

j1981] or Hewitt [1982]).

3.4.1 Two-Phase Pressure Gradient due to Friction

In general, the two-phase pressure drop is higher than single-phase pressure drop, especially at

low-pressure conditions. This is primarily caused by the increase in flow velocity (or velocity

gradient and hence shear stress at the wall) as a result of an increase in vapour volume, and the

subsequent increase in liquid velocity due to the reduction in liquid flow area.
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In a heated channel, the difference in pressure gradient between single- and two-phase flow is
not consistent. Previous experiments have indicated that frictional pressure drop can be larger
or smaller in two-phase flow than in single-phase flow, depending on the flow pattern

encountered inside the channel for the same local conditions.

As shown in Equation (3.26), the general definition for two-phase pressure gradient due to

friction is the same as single-phase flow; i.e.,

_ ﬁ =;S'_ T, (3.31)
dz 1p A

However, the prediction of this pressure gradient has been proven to be more complex than in
single-phase flow. A number of prediction methods, including graphical methods, empirical
correlations and semi-analytical models, were derived. While some methods predict the two-
phase frictional pressure drop directly, others provide an estimation of the wall shear stress

instead. A literature review on two-phase pressure drop due to friction will be presented in
Chapters 5 and 6.

3.4.2 Two-Phase Pressure Gradient due to Acceleration

Two-phase pressure gradient due to acceleration is the result of a change in momentum flux. It
is a significant factor in two-phase flow with phase change [Martinelli and Nelson, 1948, Thom,
1964], but may be neglected in adiabatic flow when little or no vapour generation takes place

[Delhaye et al., 1981} and the density gradients are small.

In Equation (3.26), the two-phase pressure gradient due to acceleration is expressed as



2 2
(dP) _grd| Fe U7 (332)
dz )i dz| ap, (I-o)p,

and is derived for a separated flow (i.e., the phases flow separately from each other). For a well-
mixed (homogeneous) flow, the same analysis as in single-phase flow can be applied, and the

two-phase pressure gradient due to acceleration is written as

() g2df L 33
dz i dz| py

where the density for homogeneous flow is defined as

1 X, . (1-x,)

(3.34)

_p; pg pl

Equation (3.32) is widely used in analyses because the separate-flow assumption is more typical
of a real-flow situation. However, the homogeneous-flow equation (i.c., Equation (3.33)) appears
to agree closely with the experimental results in steam-water [Andeen and Griffith, 1968] and
air-water flow [Baumeister et al., 1972]. This is probably due to the uncertainty within the

experimental data.

For forced-convective flow boiling, Martinelli and Nelson [1948] derived a multiplier, 1,, for the

homogeneous-flow equation as

2

Yo pr o) (3.35)
ap, (I-o)

ry =



This multiplier was presented graphically as functions of pressure and quality in Figure 3.8, and

was used by Thom [1964] and Andeen and Griffith [1968].

For annular flow with a significant amount of entrained droplets in the vapour core, Hewitt and
Hall-Taylor [1970] suggested a medification to the separate-flow equation. This modification
accounts for the momentum change of the droplets in the high-velocity vapour flow. They

expressed the two-phase pressure gradient due to acceleration as

2 21 82 201 _v 32
[P gad| e O-BRAE? E1-x) 336
dz N7 dz apg ﬁp[ (l _B _a)p[
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volume fraction occupied by the liquid film. N W J !
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liquid-film thickness between a heated and an unheated channel is anticipated, thus increasing
the uncertainty in using this equation. Hence, the use of a simplified equation (Equation (3.32),

without considering the momentum of the entrained droplets) may be preferable.

3.4.3 Two-Phase Pressure Gradient due to Gravity

Two-phase gravitational pressure drop is synonymous with the hydrostatic-head difference

between two locations, and is expressed as

{2 =p, g sing (3.37)
dz ) o

for homogeneous flow, and

[ 4P =, g sing (3.38)
dz |, ?

p
for separate flow. The homogeneous-flow density, py, and two-phase density, Pyp> are defined
in Equations (3.24) and (3.34), respectively. In vertical flow, the angle 6 is 90° and hence sin
6 becomes 1. Except for the cases of low flow and natural circulation, this component is
generally the smallest among the three components, and can be neglected at high flow and high

void-fraction conditions.



4. FLOW BOILING

Pressure drop in a heated channel is affected by the radial (or transverse) temperature gradient
within the flow. Depending on the heat-transfer mode (which has a strong effect on flow
distribution), it can be higher or lower than that in adiabatic flow. Therefore, to properly account
for the heating effect on pressure drop, it is essential to predict accurately the heat-transfer rates
(and hence the surface temperature) for various heat-transfer modes, including the transition

points between them.

Section 4.1 describes the heat-transfer modes and transition points encountered inside a heated
tube. The boiling curve, which shows the relation between heat flux and surface temperature (or
superheat) for specific conditions, is presented in Section 4.2. The prediction methods of heat-

transfer coefficient for various heat-transfer modes and transition points are discussed in Section
43.



4.1 HEAT-TRANSFER MODES AND TRANSITION POINTS

A number of heat-transfer modes can be encountered in flow boiling, depending on the flow
conditions. The present discussion focuses on those inside a heated tube where heat flux is the
controlling parameter. This includes the single-phase forced convection to liquid, nucleate
boiling, forced-convective evaporation, film boiling and single-phase forced-convection to vapour
(see Figure 3.2). Information on cases where surface temperature is the controlling parameter

can be obtained from, for example, Groeneveld et al. [1989].

4.1.1 Single-Phase Forced Convection to Liquid

The surface temperature increases when heat is supplied to a tube that is cooled with a forced
flow of fluid. For single-phase flow, it is generally maintained at a stable level slightly above
the bulk-fluid temperature. Boiling on the surface is suppressed if the heat-transfer coefficient
is high. When heat transfer through single-phase forced convection is unable to remove all
supplied heat from the surface, the excess heat vaporizes the near-wall fluid to form bubbles.
The initiation point of bubble formation is referred to as the point of onset of nucleate boiling
(ONB), which serves as a transition point from single-phase forced convection to liquid to

nucleate boiling.

4.1.2 Nucleate Boiling

As more heat is supplied or the bulk-fluid enthalpy is increased, both the size and population of
bubbles will increase. Once the combined drag and buoyancy force overcomes the surface-
tension force, the bubbles depart from the surface, but will be condensed immediately in the
relatively cold bulk fluid. Therefore, the bubble concentration is high in the near-wall region,

but non-existent in the core (see Figures 3.2 and 3.7). A further increase in heat flux or bulk-
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fluid enthalpy allows the bubbles to sustain from condensation in the flow. The initial point of
sustainable bubbles in the flow is referred to as the point of net vapour generation (NVG). The
heat-transfer mode corresponding to this bubbly-flow regime is classified as nucleate boiling.
Since the liquid temperature at and before the NVG point are usually below saturation, it is

identified as the subcooled nucleate-boiling region.

For a highly subcooled flow in tubes of a high surface heat flux, the bubble population in the
near-wall region becomes so dense that liquid contact can be disrupted. Within a localized area,
the surface is cooled by a slow-moving vapour film (film boiling). This leads to a sharp drop
in heat-transfer rate, but a rapid increase in surface temperature, causing possible destruction to
the heating surface (burnout phenomenon). Figure 3.2a illustrates the direct transition from
nucleate boiling to film boiling. The surface heat flux corresponding to burnout is called the
critical heat flux, which is the transition point between, in this case, nucleate boiling and film

boiling. Hence, this phenomenon is also referred to as the "departure from nucleate boiling"
(DNB).

Bulk boiling begins at (or slightly before) the saturation point, where bubbles can travel across

the cross-section of the channel (saturated nucleate boiling).

4.1.3 Forced Convective Evaporation

The transition from bubbly flow to either slug or annular flow takes place as the vapour content
increases inside the channel. In general, bubbly-to-slug flow transition is associated with low
flow-rate conditions, whereas bubbly-to-annular flow is observed at high flow rate. The
corresponding heat-transfer mode for annular flow is the forced-convective evaporation, and the
transition between saturated nucleate boiling and forced-convective evaporation is culled the point

of suppression of nucleate boiling (SNB).



4.1.3.1 Low Flow-Rate Conditions

At low flow and increasing quality (and thus bubble population), the bubbles coalesce together
to form large bubbles. With a further increase in bulk fluid enthalpy or quality, these bubbles
group into a large pocket of vapour (or a slug), having a similar cross-sectional size to the
diameter of the tube. Due to the velocity gradient in the flow, the slug travels with a bullet-
shaped leading edge. The thin liquid film between the slug and the heated surface is often
maintained at a low velocity (close to or at laminar-flow level), and a flow reversal (where the
liquid at the film flows down and the bulk fluid flows in an upward direction) can occur
periodically. With a high surface heat flux, the liquid film can be vaporized, exposing the
surface to the low-velocity vapour, which has a much lower thermal conductivity and capacity
than the liquid. This reduces the heat-transfer rate and can lead to a sharp increase in surface

temperature, which may cause destruction of the heated surface.

The tail of the slug has a high turbulence level. Therefore, the trailing edge is often irregular and
followed with a dense cloud of small bubbles. With a further increase in heat flux (but still
below the critical level) or bulk fluid enthalpy, the liquid bridge between two adjacent slugs is
reduced to a point where it can no longer be maintained. A transition from slug to annular flow
then occurs. Since the quality and void fraction is high, the liquid film will be evaporated shortly
thereafter. This is called the dryout phenomenon, which is less destructive than DNB or burnout.

Nevertheless, it can also endanger the integrity of the heated surface.

4.1.3.2  High Flow-Rate Conditions

At high flow, the size of bubbles is usually small, due to the high turbulence level that deters
bubble coalescence. As the bubble population grows, the mixture core displays a foam-type
structure, where bubbles closely interlock with each other through a thin liquid interface. With
increasing heat flux or fluid enthalpy, these interfaces at the channel core will eventually burst,

gjecting a stream of liquid droplets into a continuous vapour core. This is the transition from a
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bubbly into a wispy-annular flow. Because of the high liguid velocity, the liquid film is quickly

established between the vapour and the heated surface.

Unlike annular flow, the wispy-annular flow consists of a large amount of entrained droplets in
the vapour core and a high-velocity liquid film, which maintains the high heat-transter rate. Very
often, nucleation is suppressed on the surface. For a high vapour flow in the core. the velocity
difference between vapour and liquid film becomes large and roll waves begin to form at the
liquid/vapour interface. As the magnitude of waves increases, the high velocity vapour flow can
shear off the crests of these waves, bringing more entrainment into the vapour core. Both the
entrainment and the evaporation processes deplete the liquid film rapidly. When the liquid film
becomes very thin, the entrainment process terminates but the liquid film is continuously depleted
by evaporation. Dryout occurs when the liquid film is completely evaporated and a sharp rise

in surface temperature results.

In general, the surface heat flux, corresponding to either dryout or burnout phenomena, is referred
to as the critical heat flux. It serves as the transition point between forced-convective evaporation

and film boiling (see Figure 3.2b).

4.1.4 Film Boiling

In film boiling, the heated surface is primarily cooled by a vapour film. Heat transfer from the
surface to liquid is by means of conduction, convection and radiation through the vapour. Due
to the poor heat-transfer rate, the surface temperature is high in film boiling and results in a large
gradient in fluid temperature between the near-wall and core regions. The phase distribution in

film boiling depends strongly on the flow quality and is described in the following two sections.



4.14.1 Inverted Annular-Flow Film Boiling

Inverted annular-flow film boiling consists of a liquid core and is usually preceded by a bubble-
crowding type of CHF phenomenon (see Section 4.1.2) with low void fraction. Due to the highly
unstable conditions, a wavy liquid-vapour interface is exhibited. Liquid entrainments in the
vapour film may be encountered as the vapour velocity increases. The crests of the liquid-core
waves and entrained droplets are a contributing source of heat removal as they impinge on the
heated surface. The size of the liquid core decreases due to vaporization and liquid entrainment.
At high void fraction, the liquid core breaks up into droplets, and the heat-transfer mode becomes

dispersed-flow film boiling (see Figure 3.2a).

4.14.2  Dispersed-Flow Film Boiling

The dispersed-flow film boiling consists of a mixture of droplets inside a vapour core. Other
than developed through a gradual change from the inverted annular-flow film boiling, it can also
be preceded by forced-convective evaporation (see Section 4.1.3) and a subsequent film dryout.
The main difference between these two development processes is the associated heat flux and
surface temperature, which are much higher for the transition from inverted annular-flow film
boiling than from forced convective evaporation in a tube of a uniform axial heat-flux
distribution. Other differences, such as the size and distribution of droplets, also affect the heat

transfer and hydrodynamic characteristics.

4.1.5 Single-Phase Forced Convection to Vapour

The cooling of the heated surface relies only on forced convection to vapour and on radiation
after all the liquid has been vaporized (i.e., x,, > 1). Although forced convection to vapour has
the same basic characteristics as the forced convection to liquid, the heat-transfer rate is

drastically reduced, due to the poor heat transport capability of vapour.
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4.2 BOILING CURVE

The efficiency of heat-removal capability in each heat-transfer mode can be illustrated with a plot
of heat flux against temperature difference, between heated surface and bulk fluid, for a constant
pressure, mass flux and thermodynamic quality. This type of plot is usually referred to as the

flow-boiling curve (Figure 4.1). The heat-transfer coefficient (or heat-transfer rate) is defined

as
h=_9 4.1)
Tw - Tb

o HEAT-FLUX CONTROLLED SYSTEM

"""""""" SURFACE-TEMPERATURE CONTROLLED SYSTEM

CRITICAL HEAT FLUX /
2
P |
[T
3
XI

SURFACE TEMPERATURE (OR SUPERHEAT)
Figure 4.1: Boiling Curve.



where q is the surface heat flux in W.m, T, and T, are the surface and bulk-fluid temperature,
respectively, in K. Figure 4.2 shows the variation in boiling curve for various thermodynamic

qualities.

For single-phase forced convection to a liquid, the heat-transfer rate is relatively efficient. A
change in slope, indicating that the heat-transfer coefficient (gradient) becomes more efficient
than that of single-phase flow, is shown at the point of onset of nucleate boiling. This change
continues until the point of net vapour generation is reached. A steep rise in heat flux is
associated with a small increase in temperature difference. This signifies the fully developed
nucleate-boiling region, where the heat-transfer rate is the highest. The region between single-
phase heat transfer and fully developed nucleate boiling is categorised as the partial-boiling mode
(mainly at subcooled conditions). At positive flow qualities, nucleate boiling is primarily
encountered under low-flow conditions, while forced-convective evaporation is observed at high

flow.
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Figure 4.2: Effect of a Change in Thermodynamic Quality on the Flow-Boiling Curve.
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Nucleate boiling or forced-convective evaporation terminates at the critical heat flux (CHF). The
heat-transfer mode beyond CHF is governed by the method of heating at the surface (see Section
4.1). For a heat-flux controlled surface, a sharp rise in surface temperature is usually observed
once the local heat flux exceeds CHF (the solid line in Figure 4.1), and film boiling is
encountered inside the channel. At z very high flow rate, however, the rise in surface
temperature is gradual beyond CHF. It is due to (i) high vapour velocity that maintains a
relatively efficient heat-transfer rate, and (ii) a high content of liquid droplets, which act as a heat
sink in the vapour core. This is often referred to as the developing film-boiling region. With

increasing heat flux, the fully developed film boiling is approached.

The transition from film boiling to forced convection to vapour depends on the flow enthalpy,

and is usuvally very gradual.

4.3 PREDICTION OF HEAT-TRANSFER RATE AND TRANSITION
POINTS

The heat-transfer rates for various heat-transfer modes and the transition points can be predicted
with correlations or models. Frequently, there are a large number of prediction methods
available, making it difficuit to select an appropriate one for the application. Most of these
prediction methods are valid only for a limited range of conditions. A review of prediction

methods used in heat-transfer analysis was presented by Groeneveld and Snoek [1986].

4.3.1 Single-Phkase Forced Convection to Liquid

A large number of heat-transfer correlations have been presented for single-phase flow. They

are expressed in terms of the Nusselt number, Nu, as



Nu="D (4.2)
3

where h is the heat-transfer coefficient in W.m=2.K™!, D is the tube diameter in ni, and k is the
thermal conductivity of the bulk fluid in W.m'.K'!, In laminar flow, the Nusselt number is
independent of the pressure and mass flux, but is affected by the method of heating. It is
expressed [Bhatti and Shah, 1987], for a constant-temperature surface, as

Nu = 3.6568 4.3)
and for a constant heat-flux surface as

Nu = 4.3636 (4.4)

In turbulent flow, most correlations are expressed as functions of Reynolds and Prandtl numbers,
One of the most well-known correlations is the Dittus-Boelter correlation [1930], where the

Nusselt number is expressed as

Nu = 0.024 Re%8 pro4 (4.5)
with the Prandtl number defined as

ncC

preb (4.6)

where C, is the specific heat capacity in JkgL K. All fluid properties are evaluated with the
bulk-fluid temperature. The Dittus-Boelter correlation is one of the simplified correlations that
is valid for a smooth tube. For a rough tube, the Nusselt number is also expressed in terms of

a friction factor, to account for the effect of tube roughness on heat transfer. Bhatti and Shah
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[1987] listed a large number of available correlations for single-phase heat transfer, both with and
without the friction-factor term. They recommended the Gnielinski correlation [1976], which is
a modification of the Petukhov correlation [1970], for the general applications. The Gnielinski

correlation is expressed as

(f/8) (Re - 1000) Pr

Nu =
1+ 12.7 (f/8)* (Pr¥#3-1)

(4.7)

for a range of Reynolds numbers from 2300 to 5x10%, and Prandtl numbers from 0.5 to 2000.

This equation was also expressed in a simplified form as
Nu = 0.0214 (Re®8-100) Pro (4.8)

for Prandtl numbers less than 1.5 and, otherwise,

Nu = 0.012 (Re®¥ -280) Pr®4 4.9)

All correlations are derived with the assumption that the temperature difference between near-
wall and bulk fluid is small. For a large temperature difference, the variation in fluid properties
and its effect on the heat-transfer coefficient must be considered. Colburn [1933] indicated that
this effect can be accounted for by simply using the properties based on the film, rather than the

bulk-fluid temperature in his equation,

Nu = 0.023 Regy Prop | (4.10)
where the fluid properties are evaluated based on the film temperature defined as

_T,+T,

T = —5— @.11)



Sieder and Tate [1936] recommended a correction to the Nusselt Number based on the bulk-fluid

properties. The same correction factor for pressure drop is suggested; i.e.,

n

Nu _| P (4.12)
Nug, | By

with m being -0.14. The subscript “cp" refers to constant fluid-property values. Petukhov
[1970], however, suggested a value of -0.11 as the exponent for a heating flow. Similar to the

correction for pressure drop, different values of exponent have been recommended in various
studies [Bhatti and Shah, 1987].

The correction for varying fluid properties on heat transfer is generally small. Therefore, a
simple heat-transfer correlation with modified coefficients may be valid for compensating the

effect. Rohsenow and Clark [1951] presented the Nusselt number as
Nu = 0.019 Re%® pr1s3 (4.13)

for their high-pressure heat-transfer data of steam-water flow. Dormer and Bergles [1964], on

the other hand, showed that their low-pressure data of steam-water flow was well-represented
with

Nu = 0.0157 Re%85 pp04 4.14)

With a large scatter among various data bases, it is difficult to identify the effect of varying
properties. Whenever possible, ad hoc experimental heat-transfer data should be used to calculate
the surface temperature. Otherwise, the effect of varying fluid properties on heat-transfer

coefficients can be ignored for small viscosity ratios (less than 1.2) between the near-wall and
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bulk fluid. For large viscosity ratios, however, the Petukhov correction for the Nusselt number

is recommended.

4.3.2 Point of Onset of Nucleate Boiling

The point of onset of nucleate boiling (ONB) is the initial point of bubble formation on the
surface. Several correlations (e.g., Bergles and Rohsenow [1963] and Jens and Lottes [1951])
were suggested to predict the point of ONB. They are only valid for conditions within their
respective data bases. An analytical equation was derived by Davis and Anderson [1966]. It is

expressed as

.5

80g¢g T,
AT, Dong = T = Todong = | —ad st (4.15)
Hfg k, Pe

where o is the surface tension in N.m™, T, and T_,, are the wall and surface temperature in K,
respectively, k) is the thermal conductivity of liquid in W.aa™.K™ and p, is the vapour density

3

in kg.m™. This equation was validated with a number of experimental data at both low- and

high-pressure conditions.

4.3.3 Partial Boiling (or Developing Nucleate Boiling) Region

Partial boiling represents the transition region between single-phase flow and nucleate boiling.
A complex evaluation procedure for heat-transfer coefficients in this region has been introduced
by Bergles and Rohsenow {1963]. It requires the evaluation of wall superheats and surface heat
fluxes at both single-phase flow and nucleate boiling. The wall superheat at partial boiling is
determined by interpolation. Groeneveld et al. [1989] introduced a simplified approach to by-

pass this region, forcing a direct transition from single-phase heat transfer to fully developed

4-13



nucleate boiling. The heat-transfer rate is based on the maximum value between heat-transfer
coefficients of single-phase forced convection to liquid and of nucleate boiling for the same
conditions. A similar approach was used by Zyatnina et al. {1989). Although the transition
based on this approach is abrupt, the difference in heat-transfer calculation is generally small

between this simplified approach and the complex procedure of Bergles and Rohsenow.

4.3.4 Point of Net Vapour Generation (Onset of Significant Void or Bubble Departure)

The point of net vapour generation (onset of significant void or bubble departure) is the location
where the departed bubbles from the heated surface do not immediately collapse due to
condensation, but travel a relatively far distance from the surface. A number of studies have
been performed to derive prediction methods for the point of net vapour generation [Levy, 1967;
Staub, 1967; Ahmad, 1969]. These prediction methods, however, are valid for specific conditions

only. In particular, the inlet subcooling has been shown to be a dominant factor affecting the

accuracy of these methods.

Saha and Zuber [1974] considered the point of net vapour generation to be either a thermally or
hydrodynamically controlled phenomenon, depending on the flow conditions. They compiled a
set of data obtained in tubes, annuli and rectangular channels with water, Freon-114 and Freon-22
as coolants. When these data were presented in terms of Stanton number, St, and Peclet number,
Pe, a systematic trend was noted despite a large data scatter. The Stanton number decreases with
increasing Peclet number and becomes constant for Peclet numbers larger than 70 000. Based
on this trend, a correlation was presented by Saha and Zuber for predicting the point of net

vapour generation. It is expressed as

_ 455

St = —
Pe

4.16)

for Peclet numbers less than 70 000, and
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St = 0.0065 (4.17)

for Peclet numbers larger than 70 000. The Stanton and Peclet numbers are defined as

q
St = (4.18)
GC, (T, - T,

sat

and

Pe=____ " 4.19)

The value of 0.0065 corresponds to a relative apparent roughness (g,/D) of 0.02 for the bubble
layer attached on the heated surface. In terms of thermodynamic quality at the point of net

vapour generation, the Saha and Zuber correlations can also be expressed as

DC
Xy = 00022 L2 (4.20)
Hy k;
for Peclet numbers less than 70 000, and
Xy = -154 2 4.21)
GH

1z

for Peclet numbers larger than 70 000. In view of the small number of data used to establish the
constant value of 0.0065 (for Peclet number values between 70 000 and 400 000), this correlation
may not be valid for large Peclet numbers (such as those beyond 400 000).
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A subsequent analytical study by Avdeev [1988] resulted in the same set of equations. The
constants, however, are slightly different. A value of 400 (instead of 455) is used in the equation
for Peclet numbers less than 57 000 (70 000 in the Saha and Zuber correlation), and 0.007 (rather
than 0.0065) for the other. The data used to validate Avdeev’s analysis consi;s‘ted mainly of high-

pressure water data and covered Peclet numbers up to 800 000.

The predictions of the Saha and Zuber and the Avdeev correlations followed the general trend
exhibited in their data bases. The uncertainty of these predictions is quite high (£25% in Saha

and Zuber analysis and +100% in Avdeev analysis), and may be due to an inlet-subcooling effect

which is not accounted for in both correlations.

4.3.5 Nucleate Boiling

Many prediction methods for nucleate boiling have been developed, either in the form of
correlations or graphs. They were usually derived for specific flow conditions: subcooled or
saturated boiling. For subcooled boiling, most correlations were empirically based, resulting in
a very limited range of application (e.g., Jens and Lottes [1951} and Thom et al. [1965]). Unless

used for similar flow conditions, they are not recommended and have been superseded by new

prediction methods.

For saturated boiling, a wide variety of prediction methods are available. Shah [1982] presented
a graphical method for evaluating the heat-transfer ratio between nucleate boiling and single-
phase liquid-only flow. This graphical method was later transformed into correlations. Chen
[1963] divided the heat transfer during forced-convective nucleate boiling into two components:
forced convection and pool nucleate boiling. The contribution of each component was
determined from two empirically derived factors: enhancement and suppression. This correlation

is still the most widely used and has been recommended by Collier [1981], Hsu [1982] and
Hewitt [1982].
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Several new prediction methods have since been derived using the same approach as used by
Chen (e.g., Gungor and Winterton [1987], Kandlikar [1987} and Kenning and Cooper [1989]).
Based on larger data bases (in terms of ranges of conditions and fluid types) than those used for
deriving the Chen correlation, improvements were introduced for the heat-transfer prediction of
pool nucleate boiling and for the empirical factors. Due to the large data scatter within each data
base and the differences between various data bases, the uncertainty among the predictions of
these new methods is also higher than the Chen correlation. Cooper [1989] recommended that
the Chen correlation should be used, since there is no significant advantage in using other

prediction methods in nucleate boiling.

The Chen correlation is expressed as

iy = F Boomy + S By (4.22)
where
h = 0.023 k) Re%% ppot 423)
conv ~ V- 5 ¢ Pr ! )
p 079 o045 (049
hyoo = 000122 | L2~ ATO3 ApOTS (4.24)
0.5 029 ,,024 (.24
o pl Hfg £

The enhancement factor, F, and suppression factor, S, were presented graphically by Chen [1963].
They were later optimized into two sets of equations [Bjornard and Griffith, 1977]. The
enhancement factor was expressed as a function of the Martinelli parameter, X

. With

F=1 (4.25)
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for X' <0.1, and

it -

F =235 (X, +0.213)"7% (4.26)

for X! >0.1. The Martinelli parameter, X,, is defined as

A 5 .1
x =| 1% Pl | 4.27)
1 X, D, ™

The suppression factor is expressed as a function of the two-phase Reynoids number, Re,, with

§ = 1 3 (4.28)
1 +0.12 Re,;
for Re,, < 32.5, and
s = - 4.29)
1 +0.42 Re,,
for 325 < Re[p = 70.0, and
S =01 (4.30)
for Re,, > 70.0. The two-phase Reynolds number is defined as
125 -
ge, = &~ U " %) 431)
s 10000 p,



4.3.6 Point of Suppression of Nucleate Boiling

The transition from saturated nucleate boiling to forced-convective evaporation occurs smoothly.
In general, a combined phenomena of the two heat-transfer modes can be encountered at the
transition region; i.e., a high bubble population at the liquid film and large amounts of droplets
at the vapour core. A correlation was presented by Collier [1981] to predict the heat flux

corresponding to this point. It is expressed as

2
98 hfo C Ty (P P g) (4.32)
he ki X, Py P,

Govp =

where hy, is the single-phase heat-transfer coefficient for the total flow as liquid.

4.3.7 Forced-Convective Evaporation

Most heat-transfer prediction methods for nucleate boiling, derived from the mechanistic approach
(such as the Chen correlation), are also applicable for forced-convective evaporation. Therefore,

a separate prediction method is usually not needed.

4.3.8 Critical Heat Flux

The critical heat flux (CHF) point is the transition between forced convective evaporation and
film boiling at high-quality flow (or between nucleate boiling and film boiling at low-quality
flow). Many prediction methods for CHF exist in the literature (over 400, as indicated by
Groeneveld et al. [1986]). The majority were derived for water-cooled wbes and have relatively
narrow ranges of validity. Extrapolation is usually not recommended, but has become common

practice. This can result in unrealistic CHF predictions (e.g., negative CHF) for those
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correlations having incorrect parametric and asymptotic trends. Recent efforts have focused on

deriving prediction methods that are applicable for a wide range of conditions.

The CHF for a tubular geometry is primarily a function of pressure, mass flux, quality and
diameter, provided that the heated-length/diameter ratio is large. Various minimum heated-
length/diameter ratios, ranging from 10 to 100 {Tong, 1972], depending on the flow conditions,
were introduced as criteria. Collier [1981] indicated that a ratio of 80 is generally sufficient for
dryout occurrence to be independent on the heated length, based on a constant dryout-quality
condition (or local condition approach). The tube diameter, on the other hand, was shown to
have a strong effect on CHF; the CHF increases with a decrease in tube diameter for dryout
qualities greater than 0. Hence, most prediction methods use the tube diameter to characterize

the geometry effect on CHF.

Among various prediction methods, the CHF look-up table has been widely used for general
applications. This technique was initiated by Doroshchuk et al. [1975] and showed a significant
improvement over the CHF correlation approach. Their table, however, did not cover all
conditions of interest for a safety analysis of nuclear reactors. Groeneveld et al. [1986] expanded
the CHF look-up table to a wider range of conditions. The predictions of their CHF table agreed
closely with the experimental data in both their own and other independent assessments (e.g.,
Smith [1986]). Although the CHF table of Groeneveld et al. was derived from data for steam-
water flow, it has also been found valid for other fluids as well, based on valid fluid-to-fluid
modelling parameters [Groeneveld et al., 1992]. Recently, both CHF tables of Doroshchuk et
al. and Groeneveld et al. have been updated and improved with a larger data base and wider
ranges of application than their respective previous versions [Kirillov et al., 1991, Groeneveld
et al., 1993]. An assessment of these tables with a large data base (over 22 000 data) indicated
that the new CHF table of Groeneveld et al. [1993] is better than other available prediction
methods [Leung and Groeneveld, 1993].

The CHF look-up table provides CHF values for discrete values of pressure, mass flux and

quality covering the ranges of 0.1 to 20.0 MPa, 0 to 8 Mg.m.s”!, and -0.5 (subcooled conditions)
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to 1.0, respectively. Linear interpolation between tabulated values is used for in-between
conditions. Extrapolation is generally not needed, as the table covers a wide enough range of
conditions for practical engineering applications (except perhaps for the fusion-reactor analysis,
where mass flux is much higher than available). Part of the 1993 CHF table, which corresponds

to the conditions of interest in this study, is shown in Appendix I.

All CHF tables were derived for vertical upward flow inside uniformly heated 8-mm tubes.
Groeneveld et al. [1986] introduced a number of correction factors to be applied with the CHF
look-up table for other geometries and flow conditions. For the diameter effect on CHF,

Groeneveld et al. [1993] recommended the following correction factor
p Y05
CHF, = CHF ., [§ ) (433)

where CHFp,_g, . is the CHF value for an 8-mm tube and can be obtained from the look-up table,

and D is the diameter in mm.

439 Film Boiling

Precise prediction of film-boiling heat transfer over wide ranges of conditions is a nearly
impossible task, since the dominant heat-transfer mechanisms vary with a change in flow

conditions. The heated surface is cooled by:

a) forced convection to the vapour,
b) conduction to liquid (either in droplet or continuous form) through vapour,
c) liquid impingement on the heated surface, and

d) radiation to the liquid.



Accurate evaluation of these heat-transfer components requires knowledge of parameters such as
droplet size and void fraction. Because of the high sheath temperature, measurement of these
parameters is nearly impossible. Simplifying assumptions are routinely made to ease the
evaluation procedures; this naturally results in less accurate predictions of film-boiling
temperature. It is for this reason that the mechanistic models are less successful in predicting

the film-boiling heat transfer over a wide range of conditions.

The prediction of film-boiling heat transfer is further complicated by different post-dryout flow
regimes: dispersed flow and inverted annular flow. For dispersed-flow film boiling (also known
as the liquid deficient regime), the vapour phase flows continuously with the droplets travelling
at a similar velocity to the vapour. It occurs usually at high mass flux and high-quality
conditions. For low-quality inverted-annular-flow film boiling, the liquid phase flows
continuously in the core surrounded by the vapour phase. With increasing vapour velocity, waves
are formed at the liquid-vapour interface. If the velocity is high, the wave crests could be
sheared off and entrained into the vapour stream as droplets. Some of these droplets may be able
to impinge and cool down the surface. The transition region between the two patterns is
characterised by the entrained droplets and elongated slugs of liquid in the core, surrounded by

the vapour phase.

Generally, three types of film-boiling heat transfer correlations can be encountered in the
literature: empirical correlations, thermal equilibrium correlations and phenomenological
correlations. The empirical correlations are simply based on the fitting of experimental results
to various flow parameters. Most of them express heat flux as a function of wall superheat with
a number of empirical factors (e.g., Collier [1962] and Lee [1970]). They are usually more
accurate than other types of correlations within the ranges of their data base. However, their
prediction accuracy deteriorates rapidly when extrapolated outside the data base. This is because

the empirical correlation often exhibits incorrect asymptotic trends when extended beyond the

valid range.



The thermal equilibrium correlations (e.g., Dougall & Rohsenow [1963]) assume that (i) heat
transfer is due to forced convection between the wall and the vapour, and (ii) the liquid and the
vapour are in thermal equilibrium; i.e., the liquid and vapour temperatures are equal to the
saturation temperature. This assumption is reasonable for medium to high qualities and high
mass flows, where the interfacial heat transfer is efficient. For high heat flux and low flows,
however, the interfacial heat transfer is insufficient and large vapour superheats can occur. This
has been confirmed in experimental studies (Groeneveld [1972); Forslund & Rohsenow [1966]).
Thermal equilibrium correlations are generally valid for the dispersed-flow film-boiling regime
only. In inverted-annular flow film boiling, the vapour travels at lower velocity and can become

highly superheated.

Phenomenological correlations are an improvement over the above two types, because they are
based on physically correct assumptions. Hence, they tend to have the correct asymptotic trends.
These correlations generally assume that the phases are in non-equilibrium (i.e., saturated-liquid
and superheated-steam), and predict the vapour superheat as a function of flow, quality, heat flux,
geometry and fluid properties. Examples of non-equilibrium correlations include the Tong-Young
correlation [1974], Groeneveld-Delorme correlation [1976], and Chen et al. correlation [1979].
Their predictions, in general, provide closer agreement with the experimental results than those
based on the thermal equilibrium assumption. However, these correlations are complex and

usually require many iterations.

In inve ted-annular flow film boiling, the heat transfer becomes more conduction controlled and,
hence, depends strongly on the vapour film thickness. For high subcoolings, the vapour film
becomes very thin, resulting in an increase in conduction heat transfer when compared to
saturated inverted-annular film boiling. Thin vapour films usually correspond to low vapour
velocity, due to the surface friction. Pool film-boiling equations presented by Bromley [1950]
and Berenson [1961], with modifications to account for subcooling, vapour velocity or void
fraction have been suggested for this regime [Groeneveld & Rousseau, 1983]. Due to the much

lower convective heat-transfer rates in inverted-annular flow film boiling, high sheath-temperature
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values are often encountered. As a result, heat transfer through radiation from the heated surface

to the liquid core becomes significant.

Despite the advantage over other types of correlations, phenomenological correlations are usually
valid for a single flow regime. Since they tend to have the correct asymptotic trends,
extrapolation outside the data base range is often carried out. However, the prediction accuracy
becomes poor when the correlation is being used in a different flow regime. To avoid this loss
of accuracy, phenomenological correlations for different flow regimes have been combined into

a hybrid type of correlation, which has a much wider range of validity.

Usnually a hybrid correlation involves two different correlations, which cover both the dispersed
flow and inverted-annular flow regimes. (In some cases, the natural convection equation is also
included.) To select the correlation, the heat transfer coefficients for both correlations are first
evaluated. The maximum value of heat transfer coefficient is chosen and used to calculate either
the surface heat flux or the surface temperature. Groeneveld et al. [1989] recommended a
combination of the Groeneveld-Delorme correlation and a modified Berenson equation. The
modifications in the Berenson equation were introduced to account for the effect of subcooling
(which improves the heat transfer) and void fraction (which decreases the heat transfer). The

Groeneveld-Delorme correlation is expressed as

.8774
k, o,
h4g, =0.008348 “b"{ Re, | x,+(1-x,) = py06112 (4.34)

where p, is the vapour density at the actual vapour temperature, T,,. The vapour-film properties

are evaluated with the vapour-film temperature

Tva * Tw

435
T, = —— (4.35)



The actual vapour temperature is obtained from the actual vapour enthalpy, which is calculated

from
H, =H,+ Hfg exp( —tan y) (4.36)

where

20006 -0.09232
D

_ 0.2031 Pe q
v =0.13864 Pr,*!|Re |x, + (1 —x,g).a —k—fq,ﬂ (4.37)

g e
-(1.3072-1.0833 x,+0.84955 x7)
with y =0 for y < 0, y = y for 0 < y < 7/2, and y = n/2 for y > m/2.

The modified Berenson equation is expressed as

.25
3
by = 0425 k'’ Py - ) H,, - H) (4.38)
er ny AT, a0
AT
higy = hgor | 1+ 25522 (1 - & )3 (4.39)

T,

where T, is the bulk-fluid temperature in K, and oy is the void fraction based on the

homogeneous-flow model

oy = Pt %a (4.40)
pl xa + (1 -xa) pg



At high sheath temperatures, radiation heat transfer becomes significant. Several methods can
be used to evaluate the radiation heat transfer. The simplest one is the two grey-planes method,
which assumes a continuous cylindrical liquid core and grey surface for both the wall and the
liquid. The vapour phase is treated as an optically thin medium. Other methods are usually
more complicated, and require the knowledge of parameters such as absorptivity, and
transmissivity of vapour. These parameters are not well known for high pressure steam. Hence,

the two grey-planes method is used

x4 _ T:r4

=567x10°__" i (4.41)
Graa e, + 1, ~ 1

4.3.10 Single-Phase Forced Convection to Vapour

Several of the phenomenological film-boiling correlations for tubes are based on the superheated-
vapour equation of Hadaller and Banerjee [1969]. They are valid for both film boiling and
superheated vapour, and provide a smooth transition. Thus, an additional equation for the heat

transfer by forced convection to vapour is not necessary.



5. LITERATURE REVIEW OF EXPERIMENTAL
AND EMPIRICAL STUDIES ON TWO-PHASE
PRESSURE DROP DUE TO FRICTION

Numerous studies have focused on two-phase pressure drop due to friction. Most of them were
performed under adiabatic conditions, with the majority in air-water flow. This has resulted in
a number of correlations and semi-analytical models. Due to the large discrepancies among
various data bases, a considerable difference in predictions can be noted from different
correlations. Furthermore, the application of pressure-drop correlations for adiabatic flow to a

heated channel, where a temperature gradient is present, introduces additional uncertainty.

A large amount of experimental work was performed to study two-phase frictional pressure drop
for various flow conditions, geometries, channel orientations and fluids. In adiabatic flow, most
studies were carried out with air-water flow at low-pressure conditions in horizontal channels to

simulate oil-gas flow. For flow with heat addition, experiments were mainly performed with
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steam-water flow. Due to the high operating cost, various types of refrigerant have recently been
used as the modelling fluid for steam-water flow. The present discussion focuses primarily on
steam-water or refrigerant flow in vertical heated tubes. It is divided into two groups, based on
observations of the effect of heating on two-phase pressure drop. Other relevant experiments,

such as those with adiabatic steam-water flow, are also described.

In general, there are two groups of empirical prediction methods for two-phase frictional pressure
drop: graphs and correlations. Both of them are developed with experimental data, and each has

its advantages and disadvantages as compared against the other.

Various terminologies, often used to represent two-phase frictional pressure drop, are described
in Section 5.1. They are mainly the non-dimensional parameters with reference to single-phase
frictional pressure drop. Section 5.2 describes the empirical studies that lead to various graphical
prediction methods. Some adiabatic-flow studies are presented in Section 5.3. Since the present
study focuses mainly on flow boiling, only a representation of correlations is described. The
flow-boiling studies are presented in Sections 5.4 and 5.5. They are separated into two groups:

no heating effect (Section 5.4) and strong heating effect (Section 5.5).

5.1 DEFINITIONS OF TWO-PHASE MULTIPLIER

The most widely used parameter used to present two-phase pressure drop due to friction is
referred to as the two-phase multiplier, which expresses the ratio of frictional pressure drop

between two-phase and single-phase flows. Different definitions of frictional pressure drop in

single-phase flow, however, have been used.

The two-phase multiplier for liquid-only single-phase flow, which considers only the liquid

portion of two-phase flow travelling in the same channei (based on G; = (1 - x,) G), is defined

as



12 - (AP/AZ)IP (5.1)
(AP ] Az),
Similarly, the two-phase multiplier can be presented for only the vapour portion of two-phase

flow travelling in the same channel as single-phase flow (based on G, = x, G), ie.,

2 - (AP/AZ)tp (52)
¥ @P/Ay,
Equations (5.1) and (5.2) are often used in adiabatic flow, where no phase change takes place and

the mass flow rate for each phase is known.

For flow with heat addition, the total mass-flow rate of both phases is often considered as liquid
in single-phase flow (based on G), and the two-phase multiplier with total flow as single liquid

phase is expressed as

L (aP/4az), (5.3)
© @PThzy,

or, with total flow as single vapour phase,
2, _ (AP/ A7), 54

©  @PTh),,

The relation between Equations (5.1) and (5.3) can be derived with the D’Arcy-Weisbach
equation for pressure drop (Equation (2.37)) and the Blasius equation for friction factor (Equation

(2.42)). The two-phase multiplier for total flow as liquid becomes



05, = 07 (1 - x, ) 5.5

where n is the geometry-dependent exponent in the Blasius equation. Similarly, between

Equations (5.2) and (5.4), the two-phase multiplier for total flow as vapour is expressed as

2 2 2-n ’
Pgo = 04 X, (5.6)

In addition to the two-phase multiplier, another non-dimensional two-phase pressure-drop function

is often used in Russian publications. It is expressed as

AP, - AP
AP, = % 2 (5.7)
APgo - APIO
In terms of the two-phase multiplier, Equation (5.7} can be written as
2
* ¢Io -1 (5-8)

v ) APga/APlo -1

5.2 STUDIES LEADING TO GRAPHICAL METHOD

The graphical method presents plots of two-phase multiplier versus various parameters. It is an
ideal tool for simple calculation, but is difficult to use in computer applications. In most cases,

smoothing techniques and interpolation are required to maintain a systematic trend. This

introduces additional uncertainties in the predictions.



5.2.1 The Lockhart and Martinelli Method

Lockhart and Martinelli [1949] presented the first graphical presentation of two-phase multipliers
for adiabatic air-water flow inside horizontal channels. The two-phase multipliers are evaluated
for both the liquid-only (i.e., ¢12) and vapour-only (i.e., ¢g2) single-phase flows. They are shown

in Figure 5.1 against the Martinelli parameter, X2,

_(aP/42),
@PTA,

2 (5.9)

which is the pressure-drop ratio between liquid-only and vapour-only flow. Different Martinelli
parameters can be derived for various flow structures: viscous-liquid/viscous-vapour, viscous-
liquid/turbulent-vapour, turbulent-liquid/viscous-vapour, turbulent-liquid/turbulent-vapour. Based

on the D’ Arcy-Weisbach equation for pressure drop and the Blasius equation for friction factor,

T T 1 T 5i17 T T T T TFTTI1 T T TrTrn T T T TTTT

8

Ll irilt

YTWO-PHASE MULTIPLIER, ¢
o

L ¢
\V&

Lt 13 | L L 111l ] L1 i1l L |

0.01 01 1 10 100
MARTINELLI PARAMETER, X

s

Figure 5.1: The Lockhart-Martinelli Graph of Two-Phase Multipliers for Air-Water Flow Inside
Horizontal Channels.
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the Martinelli parameter for turbulent-liquid/turbulent-vapour flow is expressed as a function of

quality and fluid properties, i.e.,

\2 -1t n
x2 = a Pe il B (5.10)
xd pl ]“Ig

A systematic trend of decreasing ¢, with increasing X is shown in the Lockhart-Martinelli graph.
Since this graph was developed with only the low-pressure air-water data, it is not recommended
for other fluid mixtures. Furthermore, experimental data of two-phase frictional pressure drop
indicated a strong effect of mass flux, which was not included in the Lockhart-Martinelli

graphical method [Isbin et al., 1959, Muscettola, 1963].

5.2.2 The Martinelli and Nelson Method

Martinelli and Nelson [1948] extended the graphical approach used by Lockhart and Martinelli
[1949] to steam-water flow inside a horizontal-heated channel. The two-phase multiplier,
however, was based on single-phase flow evaluated with total flow as liquid (i.e., ¢;,%), and was
shown against the flow quality for various pressures. Figure 5.2 shows the Martinelli and Nelson
graph, which is valid for the turbulent-liquid/turbulent-vapour flow only. Since the actual data
base of Martinelli and Nelson was limited (primarily at conditions close to atmospheric and

critical pressures), the curves for other pressures were obtained from interpolation.

The two-phase multiplier increases with decreasing pressure and increasing quality (except
beyond ~90%, where a decreasing trend is shown). This increase is sharp at small quality (less

than 10%) and low pressures. The maximum two-phase multiplier is about 700 at a quality of

90% and atmospheric pressure.



Due to the variations of local conditions along 1000

E T T T v p— T T T 3
the axial flow direction, a non-linear pressure F -
drop is exhibited in a heated channel. An 3-53 L V\
average two-phase multiplier over the channel % 1001 by
is calculated by integrating the local two- E - . 3
- N
phase multiplier with respect to quality. It is g i //\——\
k /—-_"_"‘\
expressed as § 10 109 MFa 3
xd
oF = | 2 5.11
¢la_"5[""f¢ladxa 10 10 20 40 80 80 100
a 0 MASS QUALITY (%)

Figure 5.2: The Martinelli and Nelson Craphs

for a Steam-Water Flow.
To simplify the evaluation, Martinelli and

Nelson also presented graphically the average two-phase multiplier over the heated channel for
flow of x,;, = 0 (i.e., at saturation) at the inlet. Figure 5.3 shows the average two-phase multiplier

as functions of exit qualities and pressures.

g

The trends of the two-phase multiplier are

T T TTTTT T reryn I

similar to those presented in Figure 5.2 with

1 Bpiid

respect to pressure and quality.

8

The Martinelli-Nelson graphs were developed

L. 1t

with different fluid mixtures and flow

¥
1

conditions from the Lockhart-Martinelli

—
o

graphs. However, Cravarolo et al. [1963]

observed similarities between these graphs,

P | 1rill

and introduced a correction factor to

transform the Lockhart-Martinelli to

AVERAGE TWO-PHASE MULTIPLIER OVER CHANNEL

1 1ol

Martinelli-Nelson graphs. This correction 0.1

PRESSURE (MPa)

factor is expressed as Figure 5.3: Average Two-Phase Multipliers for
Steam-Water Flow inside a Horizontal-Heated
Channel.
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5.2.3 The Thom Method

(5.12)

Thom [1964] extended the graphical method of Martinelli and Nelson [1948] to vertical steam-

water flow boiling. The local two-phase multipliers (Figure 5.4) and the average two-phase

multipliers over the heated channel (Figure 5.5) were presented with experimental data covering

a much wider range of conditions than those

used by Martinelli and Nelson.

Both sets of graphs exhibit similar trends, but the Thom method predicts generally smaller two-

phase multipliers than the Martinelli-Nelson
method. Furthermore, the Thom graphs cover
a smaller range of pressures (from 1 to 22
MPa) than the Martinelli-Nelson graph (from
0.1 to 22 MPa). Thom showed a better
agreement between predictions and steam-
water data of Muscettola [1963] for his graph
than the Martinelli-Nelson [1948] graph.
However, both graphs did not account for the
effect of mass flux (which is significant) on

two-phase frictional pressure drop.

5.2.4 The Baroczy Method

Baroczy [1965] developed a generalised graph
that is valid for many types of fluids

(including steam-water, air-water, Freon-22

[ |

2
lo

L P ) b1l

TWO-PHASE MULTIPLIER, ¢

10
PRESSURE (MPa)

Figure 5.4: The Thom Graph of Local Two-
Phase Multiplier for Steam-Water Flow in a
Vertical Heated Channel.

5-8



flows). The two-phase multiplier is also

8

calculated with the single-phase flow

evaluated for total liquid flow rate. Figure

{
7
//
§*

AVERAGE TWO-PHASE MULTIPLIER OVER CHANNEL

I

I TTTTI

7

4

7/

2

Za

3 : *

N

5.6 presents the Baroczy graph for a constant
mass flux of 1356.3 kg.m2s!. To extend the

i
7/
/,//
§
&3’
|

method to multi-fluid applications, the two-

phase multiplier is shown against a property

index defined as

i
1

Cmlpg (5.13)
(pi/pg)

e

—t

PRESSURE (MPa)

Figure 5.5: The Thom Graph of Average Two-
Phase Multiplier for Steam-Water Flow Over a
with increasing property index. The variation Vertical Heated Channel.

Overall, the two-phase multiplier decreases

is larger at high than low qualities. In view

R NN T
- 100%  MASSFLUX,G=1358kgmts™
: \ o
80%
3-21@_\\\\\ / 40“* I =
- ) 30 =
RN 5
E =
§ 1m\\
: —~
P ———
1 11 11yl L.t EPrady 10111130 i
0. ] 0.0001 0.001 0.0

BAROCZY'S PROPERTY INDEX
Figure 5.6: The Baroczy Generalised Graph of Two-Phase Multipliers.
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of the strong mass-flux effect on the two-phase multiplier, Baroczy introduced four different
graphs of correction factor to the two-phase multiplier obtained from Figure 5.6 (which is valid
for a mass flux of 1356.3 kg.m2.s!). These correction factors are shown in Figure 5.7 and cover
the mass-flux values of 339.1, 678.15, 2712.6 and 4068.9 kg.m2.s”". There is no systematic trend

for these correction factors with respect to quality or property index.

A good agreement was shown by Baroczy between predictions and experimental data that were

used in the development. However, a large deviation was observed for other experimental data

-
.
[

MAS'S FLUX
= -2 e
(g.m=.57) QUALITY

e S

[y
F-Y

:
/

=
o
T

o
[
T

)

TWO-PHASE MULTIPLIER RATIO

- o
o n

=
[~}
T

TWO-PHASE MULTIPLIER RATIO
o N
-~
/8 |
% /

X(}(

-
-
]

o
[
T

0.0001 0.001 0.01 0.1 1
BAROCZY'S PROPERTY INDEX

Figure 5.7: Baroczy’s Correction Factors of Two-Phase Multiplier for Mass Fluxes Other Than
1356.3 kg.m 2.5,
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[Baroczy, 1965], especially at high qualities. This method is better than the Martinelli-Nelson

graph, mainly because of its inclusion of the mass-flux correction.

5.2.5 The Kirillov et al. Method

Kirillov et al, [1982] presented a graphical method for predicting the two-phase frictional pressure
drop in vertical steam-water flow. The frictional pressure drop was presented in terms of the
two-phase multiplier based on total liquid as single-phase flow. Figure 5.8 shows the two-phase
multiplier for various qualities (from 0 to 1), pressures (from 6.86 to 22.1 MPa), and mass fluxes
(from 0.5 to 3 Mg.m%s™).

The two-phase multiplier depends strongly on the flow conditions. An increasing trend of two-
phase multiplier is generally exhibited with increasing quality, decreasing mass flux and
decreasing pressure. With increasing qualities at low flow, a local maximum pressure-drop ratio
is shown. Kirillov et al. [1982] indicated that five pressure-drop regions (corresponding to
different flow patterns) have been introduced, but the flow-pattern transitions were not presented.
Hence, the relation between these local maximum two-phase multipliers and flow-pattern
transitions cannot be substantiated. The corresponding quality to this maximum point shifts from

1, the

high to low values with increasing pressure. At mass-flux values higher than 1 Mg.m2s
local maximum point becomes a point of inflection only and the two-phase multiplier consistently

increases with increasing quality.

The two-phase multiplier presented in Figure 5.8 is valid only for tubes of diameter larger than
17 mm. For a tube of diameter less than 17 mm, a correction factor was introduced by Kirillov

et al., and is expressed as
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Figure 5.8: The Kirillov et al. Graph of Two-Phase Multiplier for Vertical Steam-Water Flow.
(Each curve is labelled with the pressure in MPa.)
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2!
¢ lo

— = -4 (21 - 124D) x2 + 4 (2.1 - 124D) x, + 1 (5.14)
¢Io

where ¢, and ¢,/ are the two-phase multipliers for tubes of D < 0.017 m and D 2 0.017 m
(evaluated from Figure 5.8), respectively. The diameter effect diminishes at pressure greater than

17 MPa, and the correction factor becomes 1.

Kirillov et al. noted that the effect of surface heating on two-phase pressure drop is small. They
recommended the Tarasova et al. [1965, 1966] correction factor to the two-phase multiplier
obtained from Figure 5.8, This correction factor will be further discussed in a later section. It

is expressed as

q,z ki

Qoipeated _ 1, 0 0044 [i T (5.15)
2 G

¢lo,adia.

5.3 ADIABATIC-FLOW STUDIES

Most studies with adiabatic flow were performed with air-water flow, which falls outside the
scope of this review. However, several correlations derived from the works have been validated

with experimental data of flow boiling, They will be described briefly in this section.

5.3.1 The Chisholm Correlation

Chisholm carried out a number of analytical and experimental studies on two-phase frictional
pressure drop. He showed that the two-phase multipliers of the Lockhart-Martinelli graph can
be represented by [Chisholm, 1967]
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2

o

where X is the Martinelli parameter defined in

Equation (5.10). The constants, C, for various

1+CX +X?

(5.16)

517

Table 5.1: Constant, C, in Equations (5.16) and
(5.17) for Various Flow Structures.

flow structures are shown in Table 5.1. The | Liquid Vapour Constant, C
agreement between predictions of these || viscous viscous 5
equations and the curves is better for the || viscous turbulent 12
turbulent-liquid/mrbulent-vapour than for the || turbulent viscous 10

- turbulent turbulent 20
other conditions.

Chisholm and Sutherland {1969] extended the applications of Equations (5.16) and (5.17) by

introducing a varying parameter, C, for various flow geometries (e.g., elbows, valves and rough

pipes). The parameter, C, is expressed as

.5 5 .5 )
eipg | || Pi] | P (5.18)

C ={1+(C,-1)
p[ pg pl

The recommended values of C, are presented in Table 5.2. Using appropriate values for C,,
Chisholm and Sutherland showed that the combination of Equations (5.16) (or (5.17)) and (5.18)

can generate curves closely agree with those of Lockhart and Martinelli [1949] and Baroczy
[1965].

Equations (5.16) and (5.17) are valid only for adiabatic flow. Chisholm [1970] attempted to
extend these equations to flow boiling, and noted that numerical integration is required. To

simplify the applications, he derived a correlation that fits well with curves of various graphical

methods. This correlation is expressed as
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Table 5.2: Recommended Values of C, in the

2_ 2 oD (5.19
¢, =1HI-DBx (1 -x,) ;) ) Chisholm and Sutherland Correlation [1969].

C
where T is the property index defined as Reduction in pipe diameter )
Thick plate (thickness > 10 mm) L5
.5 /2 Enlargement in pipe diameter 0.5
r = _P_’_ & (5.20) Thin plate (thickness < 10 mm) 0.5
Py H 90° bends 1435D/L
Tees 1.75
s . Gate valve 15
This is similar to the one defined by Baroczy
Globe valve 23

[1965] (Equation (5.13)) who used a value of Friction in rough ubes:
0.2 instead of 0.25 for the exponent. The | G>1.5 Mgm s or 30>(p, / pp°*>9 1

coefficient, B, is defined as G < 1.5 Mgm™s7 and (p, / p)** < 9 1.5/G
Friction in smooth tubes:

G>2 Mg.m™257 or 30 > (p, / pp)*° >9 1
cCTr-2

B==1"4 G <2Mgm=s™ and {p,/ pp>° < 9 2/G
-1 o
(5.21)

C, T +1) -2
r-1

where C is the coefficient used in Equations (5.16) and (5.17), and C, is the coefficient used in
Equation (5.18) and is presented in Table 5.2, This correlation could be integrated analytically

for flow-boiling conditions, but is valid only for a rough pipe (n = 0).

In a later study, Chisholm [1973] extended Equation (5.19) to both smooth and rough pipes. The

generalised correlation is expressed as

03 =1+ (I2 - 1) (B xZ™ (1 - x,)02 4 x27) (5.22)

where the coefficient, B, is defined as
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_Cr-22"4+2
-1
Chisholm showed a good agreement between

B (5.23)

Table 5.3: Coefficient, B, Used in the Chisholm

Equati
the Baroczy [1965] curves and Equation Correlation to Fit Baroczy’s Curves.

(5.22) using the optimized coefficient, B, in

Table 5.3. The optimized values of 2.365 for Property Index, I Coefficient, B
the coefficient, B, and 0.25 for the Blasius r<9.s 55/ G%
exponent, n, provide also good agreement 95<I'<28 520 / (T G™)
between Equation (5.22) and the Martinelli- [=>28 15 000 / (I* G™)

Nelson curves. The coefficient, B, for
general applications in smooth tubes is shown
in Table 5.4.

For flow boiling, Chisholm [1973] did not indicate any effect of heat flux on the frictional
pressure drop. The average two-phase multiplier for a uniformly heated channel is calculated by
integrating Equation (5.22) from the saturation point to the outlet of the test section. It is
expressed as

2-n

zﬂ
X
< [ohd=1+@-n|BF. 2 (5.24)
0

—
¢ lo 3on

o

Table 5.4 : Values of Coefficient, B, Used in the Chisholm Correlation.

Property fndcx, I Mass Flux (kg.m2s™) Cocfficfént, B
< 500 4.8
<95 500 < G < 1900 2400 / G
= 1900 55 / G*3
95<T <28 < 600 520 / (I G*%)
> 600 21/T
> 28 15 000 / (F? G*%)
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where

F = 1 fx,fz_"m a - xa)(z -m/2 gy (5.25)

a
a0 0

X, i the vapour mass quality at the outlet of the 4416 5.5: Values of F in Equation (5.21).

test section and z, is the axial distance from the G e Vapour Exponent, n

point of saturation to the outlet. A tabulation of | Mas Quality ["0.25 0.20 0.10
X X 0.01 0.00943 | 0.00829 | 0.00642
the integral term, F, was presented by Chisholm 000 001720 | 001538 | ooi22
for various vapour mass qualities and Blasius || 0.03 0.02438 | 0.02202 | 0.01799
. . 0.04 0.03117 | 0.02836 | 0.02349
exponents, and is shown in Table 5.5. s T BT R
0.06 0.04393 | 0.04036 | 0.03408
The Chisholm correlation was also validated with || %7 0.04997 | 0.04608 | 0.03919
0.08 0.05582 | 0.05164 | 0.04421
the flow-boiling data of Becker et al. [1962a]. [T 0.06151 | 0.05706 | 0.04912
However, a systematic overprediction was | 0.1 0.06704 | 0.06234 | 0.05392
o 0.2 0.11540 | 0.10895 | 0.09714
indicated and could be caused by the effect of 03 315366 013601 03032
heating on two-phase multiplier. 04 0.18348 | 0.17540 | 0.16036
0.5 0.20562 | 0.19711 | 0.18122
0.6 0.22037 | 0.21159 | 0.19513
0.7 022788 | 0.21893 | 0.20213
5.3.2 The Friedel Correlation 08 022817 | 0.21915 | 0.20223
0.9 0.22101 | 0.21209 | 0.19536
1.0 0.20562 | 0.19711 | 0.18122

Friedel [1980] assessed 14 correlations for two-
phase frictional pressure drop using 12 868
experimental data, and found that none of them was applicable for a wide range of conditions.
Based on an expanded data base (with over 25 000 points), he subsequently derived a generalised

correlation that is independent of flow pattern [Friedel, 1979]. The Friedel correlation is

expressed as



bp = (1 - x)* +x;
lo a ngto
(5.26)
. 324 x‘?-']s (1 - xa)0.24 (pf/ pg)ﬁ.gl (pg / pf)0.19 a - pg / pf)().'.’
Fr 0045 1y, 0.035
where
2
Fr = __E_z_ (5.27)
gD prp
2
we = 87D (5.28)
Prp O
and
: -1
o, = e . L% (5.29)
pg pf

This correlation provides generally satisfactory predictions over a wide range of conditions,
However, the uncertainty of its predictions remains high: the standard deviation is 26%, 32% and
25% for upward, horizontal and downward flow of a single-component mixture, respectively, and
close to 52%, 43% and 54%, respectively, for two-component flow. This high uncertainty is

primarily due to the large scatter among the data.

The Friedel correlation was also validated against the data of Freon-113 flow in horizontal tube
[Ng et al.,, 1987]. Snoek and Leung [1986] assessed 11 different correlations using data of
steam-water flow in horizontal 37-element bundles having various axial heat-flux distributions,
The Friedel correlation provides the best agreement with their experimental data. Kohler and

Kastner [1987] showed also a good agreement between the Friedel correlation with their flow-

boiling data in tubes.
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5.3.3 The Storek and Brauer Correlation

Storek and Brauer [1980] derived an extremely complex correlation for two-phase frictional

pressure in adiabatic flow by examining the parametric trend of their data. Their correlation is

based on the homogeneous-flow model, but includes a correction for the turbulent effect. It is

expressed as

dP G?

("Jfl=¢"¢* 2p, D

where
) 5
o, = 64 . 0.3164 N 0.036
N = stistutdbl —_
Re, Re,? gl Re,EJ 1
O, = My hzno'25

(1 +51 (e/D)°3

_}
i

-1

4 -1

Y04
+ 1416 (ﬂ}
\ X

The parameters, C;, C,, and C; were correlated for vertical upward flow as

C, = 50 Fr;*
l Py

_.p4 08 _
- [ a2 |o (2] )
i x X x

)0.5

=2

1/4

37| Pg Ty

He
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.55
G et P | M
p[ ,’lg

C, = 0.01 Fr)? we, ™

and for horizontal flow as

c, =06 Fro® M

He

.6
c,=16r>| Lo | | 2
p.l pg

C, = 0.02 Fr)? we," [&
Py

The two-phase density is defined as

pg p[

Py

the two-phase Froude number is

GZ
gDy,

Fr, =

the two-phase Weber number is

:

(5.36)

(5.37)

(5.38)

(5.39)

(5.40)

(5.41)

(5.42)



the two-phase Reynolds number is
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and the two-phase viscosity is
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This correlation provides a better agreement with the experimental data than the Bandel [1973],
Chawla [1969], Lockhart and Martinelli [ 1949] and Bankoff [1960] correlations. It also predicts

closely the two-phase frictional pressure drops in heated channels with argon and nitrogen flow,

but the much simpler Cicchitti and Lombardi correlation [1960] gives equally good predictions

for the same data base [Miiller and Steiner, 1983].

5.34 The Reddy et al. Correlation

Reddy et al. [1982] examined 2397 pressure-drop data obtained by Bertoletti et al. [1963] and

Gaspari et al. [1968] with adiabatic and boiling steam-water flows in vertical tbes. A

correlation was derived with a medification to the homogeneous model. It is expressed as

(5.46)



where

C =0.0397 x*'™ G 045 (5.47)

for a pressure higher than 4136 kPa, and

C = 00139 (1 + Pi) £ [0V G s (5.48)

cr

for a pressure between 2068 and 4136 kPa.

Using the homogeneous void model and the Blasius friction factor in the comparison against the
adiabatic-flow data, this correlation provides better predictions than the homogeneous model, the
Dukler et al. [1964] and Chisholm correlations [1973], as well as the Martinelli and Nelson
{1948], Thom [1964], and Baroczy graphical methods [1965]. However, the difference in

accuracy between this correlation and the Chisholm correlation was small,

This correlation can be integrated analytically (as compared to numerical integration, required
by most correlations) for calculating the average two-phase multiplier over a heated channel.
Based on the average two-phase multiplier, it was shown to be better than the other correlations
when compared to flow-boiling pressure-drop data. However, this might not be a fair
comparison, since the test data were used in optimizing the coefficients of this correlation.
Furthermore, the assessment did not include cases with subcooled flow, since all of their data
were obtained with a two-phase inlet condition, which could have a strong impact on the flow

distribution and hence the pressure drop.



54 FLOW-BOILING STUDIES AND CORRELATIONS (NO HEATING
EFFECT)

Most flow-boiling studies did not consider the effect of heating on two-phase frictional pressure
drop. The same prediction methods for adiabatic flow are often used to evaluate the local two-
phase multiplier based on the local conditions in a heated channel. Several studies with this
approach have been described in Sections 5.2 and 5.3. Since the flow conditions (and hence flow
patterns) vary along the heated channel, a combination of specific correlations (which are valid
for individual flow pattern) has been recommended for predicting the overall pressure drop (e.g.,

the Jia and Schrock [1986] model for subcooled-boiling conditions).

5.4.1 'The Becker Correlation

Becker et al. [1961, 1962a, 1962b, 1962¢, 1962d] initiated an extensive program to study the
pressure gradient of water flow inside a heated vertical tube. Their experiments covered a wide
range of flow conditions and several tube-diameter values. Overall, the pressure drop was
affected by pressure and quality, but not by the mass flux, inlet subcooling, surface heat flux and

diameter. An empirical correlation was optimized with their data base and is expressed as
, x s
b =1 +2500| 5 (5.49)

where P is the pressure in kg.cm™, Compared against the predictions of other correlations,
limited success was indicated with the Lockhart-Martinelli graph at some conditions, but the
Martinelli-Nelson graph significantly underpredicted the data. This is surprising, since the latter

was derived with steam-water data and the former with air-water data.



5.4.2 The CISE Studies

Lombardi and Pedrocchi [1972] compiled close to 1400 two-phase pressure-drop data obtained
in vertical tubes, annuli and rod bundles, with the majority obtained in both heated and unheated
steam-water flows. Unlike others, the pressure drop over the channel was derived with an
energy, rather than a momentum, balance (see Section 3.4). For simplicity, the two-phase
pressure drops due to acceleration and gravity were calculated using the homogeneous-flow

model. Based on the observed parametric trends, the frictional pressure drop was correlated as

n 004 d
de =K G __053_5.1_5 z {5.50)
p
where
1 X 1 -x,
=_2 + {5.51)

Py Py Pr

The constants K and n are geometry-dependent values which are (.83 and 1.4, respectively, for
round tubes, and 0.213 and 1.6, respectively, for annuli and rod bundles. An assessment based
on the total pressure drop (i.e., summation of all three components) indicated a close agreement
between the predictions and the experimental data. The effect of heating cannot be examined,

since the constants in this correlation were optimized with data of both adiabatic flow and flow

boiling.

With the D’ Arcy-Weisbach equation for single-phase liquid flow in round tubes, this correlation

can be presented in terms of a two-phase multiplier

, 1666 p,
2 =
? fpf:;gﬁ G p92

(5.52)



This correlation, together with the Chisholm-Baroczy correlation, was found to provide the least
root-mean-square errors (which were between 27% and 65%, depending on the fluid mixture) in
an assessment of 14 correlations for two-phase frictional pressure drop based on a large data bank
of adiabatic flow [Friedel, 1980].

Lombardi and Ceresa [1978] modified the Lombardi and Pedrocchi correlation to improve the
parametric trend of two-phase frictional pressure drop at low-quality and high-quality regions.

They expressed the frictional pressure drop as

2G?
de = 5D (fg Py +flpl +ftp plp) dz (5.53)
Py

For a smooth tube, the friction factors for the gas/vapour phase, fg, and the liquid phase, f;, were

calculated for turbulent flow with

f, = 0.046 Re*? (5.54)

f, = 0,046 Re,** (5.55)

and for laminar flow (i.e., Re less than 2400) with

f, = 16 Re,' (5.56)
f, =16 Re,” (5.57)
where
Re, = GuD (5.58)
8



Re, =G D (5.59)
B,

The two-phase friction factor was correlated in terms of a dimensionless parameter

Lo<G'D| P (5.60)
pfp c pl

and a transition point

Lo, =a, 22 P (5.61)
%5 1,

It is expressed as, for Lo greater than or equal to Lo,

f, = K| Loy (5.62)
or otherwise

fp =K, Lo)® (5.63)
where

K, =K, (Lo,)"™® (5.64)
The weighting functions, p,, p; and p,, were correlated as

p, = x° (5.65)



p, = (1 - x)"4 (5.66)
p, =1 -p, ~p (5.67)

The recommended values for constants a,, a,, a,, a,, K; and n are 1.65x10%, -1, 40, 100, 0.046
and -0.25, respectively. However, Lombardi and Ceresa suggested re-optimizing these constants
using a specific set of experimental data to further improve the accuracy. While the parametric
trend of this correlation is improved, the prediction accuracy becomes worse than the Lombardi
and Pedrocchi correlation. The overall rms error for steam-water flow is about 13% in both

adiabatic-flow and flow-boiling conditions.

Bonfanti et al. [1979] re-optimized the constants in the Lombardi and Ceresa correlation to
improve the prediction at the low flow-rate region. Based on the same values for K;, n and a,,
a flow-dependent value was introduced for a; which is 20 for a mass flux less than 100
kg.m?s?, and 7 otherwise. The values a; and a,, on the other hand, become geometry
dependent. They are 1.25x10° and -1.25, respectively, for round tubes, and 1.65x10° and -1,

respectively, for rod bundles.

5.4.3 The Bandel and Schliinder Correlation

Bandel and Schliinder [1974b] observed similar characteristics between frictional pressure drop
and mass flux in a log-log plot for both the stratified-flow and annular-flow regimes in horizontal
flow. By modifying the single-phase pressure-drop equation to include the interface momentum

exchange, they derived a correlation for these flow regimes based on the following assumptions:

i) pressure drop is equal for both phases,
ii) friction factor at the wall for either phase is obtained with the Blasius equation
(ie. f, , = 03164 Re,*” and f, ,, = 0.3164 Re;*%), and

iii) interfacial friction factor is also proportional to Re0%,
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The pressure drops for the vapour and the liquid phases were expressed as

AP P, J:
il = (fo, * ) 22 (5.68)
[ Az l.tp § ’ 2 Dhs
AP P, j12 (5.69)
— = + . .
[ Az l.:p o * 1) 2D,

where f is the friction factor, p is the density in kg.m™, j is the superficial phasic velocity in m.s"
! and D, is the hydraulic equivalent diameter in m. The subscripts *g’, ’I’, ’i” and ’w’ represent
corresponding values of vapour phase, liquid phase, interface, and wall regions. From

assumption (i), the two-phase pressure gradient can be expressed as either

25 5
APY _(aP) _(AP) 1, Fe 1 D || A (5.70)
'"A‘z',p Az » \Az )\ 03164 |D, Ap o
or
25 75
AP _(aP) _(AP) ||, F, | b Ap (571
Az " Az 1 Az 5P 0.3164 Dh’, AF',

where Ag is the flow area in m? The functions, F, and F, for the interfacial friction factor were
correlated with their Refrigerant-22 data obtained inside a horizontal heated tube [Bandel and
Schlfinder, 1974a] and the Dukler data. For stratified flow, both Fg and F, are zero. For annular

flow, the function, Fy, is expressed as

Fo=ots |- Ze| | B (5.72)
g




for x, < 0.5, and

3
F, =016 (1 - x)" |2 (5.73)

Mg
for x, > 0.5, and the function,F,, is calculated with

F, = 031 x, (5.74)

where x_ is the flow quality and p is the viscosity in kg.m.sl. Two criteria were derived from
the balance of gravitational and frictional forces for the flow-pattern transitions to which this

correlation is limited. The functions for stratified fiow are valid when

FrEy = AP 1Az o a1 By (5.75)

P, 8 15 | m
and for annular flow when

&P iby 1 576
P & 10 x,

FrEu =

For the intermittent-flow regime, the pressure drop is evaluated by a logarithmic interpolation
between the transition criterion from stratified to intermittent flow and from intermittent to
annular flow. Compared against the experimental data of air-water, air-oil, steam-water, and
refrigerant flow, this combination of correlations shows a better agreement than the Lockhart-
Martinelli and the Chawla correlations. For steam-water flow, however, the prediction error is

large.



5.4.4 The Muller-Steinhagen and Heck Study

Muller-Steinhagen and Heck [1986] derived a simple correlation for predicting the two-phase
frictional pressure drop for various fluids. The correlation is based on a linear interpolation
between single-phase pressure drop of liquid and of gas with respect to quality over the range
of 0 to 0.7. It is superimposed in the single-phase pressure drop of gas to cover the range from

0.7 to 1. The Muller-Steinhagen and Heck correlation is expressed as

r
ﬁl [ﬁl w2, (i”_) _ (ﬁl 1x)1P
dz Fic. tp dz ic..lo dz ric.,.go dz ric. Jo
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and
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B, 5 Be

Muller-Steinhagen and Heck recommended that the application of their correlation should be

limited to flow conditions where Re,, is greater than 100, and to fluids with larger single-phase
pressure drop of gas than of liquid. For flow boiling, this correlation can be integrated
analytically to obtain the frictional pressure drop over the channel. The pressure drop due to

acceleration, however, must be calculated separately.

A comparison of predictions from this and 14 other correlations against their data bank of 9313
data indicates only relative success with this correlation. Among various correlations, the
predictions of the Bandel and Schiiinder correlation [1974a] have the lowest root-mean-square
(rms) error (32.6%) and the most data within the +30% error range (60%). The Muller-
Steinhagen and Heck correlation yields a rms error of 42%, with 50% of the data within the
+30% error range. [t is better than the performance of the Friedel correlation [1979] and many

others.

Paliwoda [1989] modified the correlation of Muller-Steinhagen and Heck and presented a
dimensionless form of the correlation. By integrating the dimensionless correlation, he derived
an equation to calculate the ratio of average two-phase pressure drop over a section of a

horizontal heated channel to the single-phase pressure drop corresponding to total flow as vapour.

5.4.5 The Kohler and Kastner, and Brand et al. Experiments

Kohler and Kastner [1987] and Brand et al. [1987] presented their measurements of two-phase
pressure drop in a vertical boiler tube. These data cover heat-transfer modes from single-phase
to post-dryout flows. However, the range of conditions are not extensive enough to provide
detailed information of the heating effect. For pre-dryout conditions, Kohler and Kastner

indicated that the frictional pressure drops are similar in adiabatic flow to those of flow boiling.



A steep drop in two-phase multiplier has been observed at dryout. Beyond dryout, the two-phase
multiplier is significantly smaller than that of adiabatic flow.

A comparison was made between their experimental data in the pre-dryout region, and the
predictions of the homogeneous-flow model as presented by Owen [1961], and the Lombardi and
Pedrocchi [1972], the Friedel [1979], and the Storek and Brauer [1980] correlations. The Friedel
correlation is the best for the pre-dryout data, and the Beattie correlation [1973] (the only
correlation available) agrees closely with the post-dryout data. A modification to the Friedel
correlation was also introduced by Kohler and Kastner [1987], to account for the effect of surface

roughness on two-phase frictional pressure drop.

5.5 FLOW-BOILING STUDIES AND CORRELATIONS (STRONG
HEATING EFFECT)

Prediction methods examined in Section 5.4 have not considered any direct effect of heating on
frictional pressure drop in flow boiling, although this effect is indirectly included through the
calculation of flow quality based on heat balance. These methods have the advantage of being
applicable to both adiabatic flow and flow with heat addition. However, further studies have

shown a particularly strong effect of surface heat flux on two-phase frictional pressure drop.

In early studies of flow boiling, the total pressure drop was often examined and presented for a
constant inlet condition (e.g., Owen and Schrock [1960]). Since the pressure drop due to
acceleration can be significant, especially at low-pressure conditions, the results are not always
useful for analyzing the frictional pressure drop only. Furthermore, the correlations derived from
these studies were often expressed in terms of boiling length. They become geometry dependent

and cannot be used for a local-conditions type of analysis,



5.5.1 The Dormer and Bergles Experiment

Dormer and Bergles [1964] obtained pressure-drop measurements for subcooled boiling at low-
pressure (0.2 to 0.55 MPa) but high mass-flux (up to 15 Mg.m’z.s'l) conditions along several
horizontal test sections. Their tests cover several tube-diameter and heated-length values, but the
overall heated-length to diameter (L/D) ratios are small. Most data were obtained with L/D ratios

less than 100, where the flow may still be in the hydrodynamic-developing region.

A strong effect of heating on total pressure drops (due to friction and acceleration) over the
channel was shown in the data of Dormer and Bergles, who indicated 3 regions of pressure drop
at various heat-flux values. The first region represents the non-boiling region (i.e., single-phase
flow) where total pressure drop decreases with increasing heat flux. These results have been
mentioned in Section 2.3.1.2, where a correction factor to the adiabatic pressure drop was
presented. The second region is the highly subcooled flow-boiling region, where a gradual
increase in total pressure drop is observed with increasing heat flux. Dormer and Bergles stated
that this increase is caused by the bubble agitation due to surface boiling. The rate of increase,
however, is reduced due to the reduction in near-wall viscosity. A sharp increase in total

pressure drop is shown for the third region, where low-subcooled flow boiling takes place.

After combining all data and smoothing out the trend, a graphical correlation was presented to
predict the two-phase pressure drop inside the heated tube. It is shown in Figure 5.9, which
presents the total pressure-drop ratio between boiling and adiabatic flow with respect to a ratio
between local heat flux and heat flux required to bring the fluid to saturation. In addition, the
heated-length to diameter ratio was included as a controlling parameter. This correlation is not

valid for conditions outside the experimental range.
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Figure 5.9: The Dormer and Bergles Correlation for Pressure Drop in Subcooled Boiling.

5.5.2 The Tarasova et al. Experiment

Tarasova et al. [1966] observed a heating effect at the same local conditions for high-pressure
steam-water flow inside tubes and annuli. The pressure gradient increases for subcooled and
saturated boiling (the bubbly-flow regime), but it decreases for forced-convective evaporation (the
annular or wispy-annular flow regime) in a heated channel. For the transition region, a local
maximum pressure drop followed by a local minimum is exhibited in the heated channel. For
adiabatic flow, however, only a point of inflection in pressure drop was noted over the same
region. At high system pressures, the two-phase frictional pressure drop decreases and the region
bounded between the local maxima and minima becomes wide. Figure 5.10 illustrates the effect

of heating on the two-phase frictional multiplier in an annulus.



11 T T v
HEAT FLUX
10— A OkW.m—
O 240 kW.m2
LA *’9;
@ 5
u /
g 7 =
5 é s Oa O] /
3 g E;Jf > o .
=
g .| K
T /
F
/,
3
2|4 PRESSURE=08MPa  _
MASS FLUX = 1.8 Mg.mt.s™
1 1 ] ] 1
Q 0.2 04 oe 08 1.0
QUALITY

Figure 5.10: Effect of Heating on Two-Phase Multipliers in Annulus [Tarasova et al., 1966).

Tarasova et al. presented correction factors for the heating effect on frictional pressure drop in
subcooled-boiling and in saturated-boiling regions. The correction factor for subcooled boiling

is expressed as

AP/ AD)y pues |, 20Z g | | P (5.83)
(AP/Az)rp.unheared 1315 - 2 Hfg ¢ pg
where
- H - Hgyg _ % " ‘ons (5.84)

Hyve —Hong  Zwvg ~ Zons

For saturated boiling, the correction factor is expressed as

AP .7
ip, heated  _ 1 + 0.0044 i (5.85)
APlp. urheated G



It is limited to the bubbly-flow region, where the pressure drop increased with increasing heat
flux. Correction factor was not provided for a regime where a decrease in pressure drop was

observed with increasing heat flux.

5.5.3 The Izumi et al. Experiment

Izumi et al. [1975] measured the pressure drop over a heated, horizontal, copper pipe cooled with
R-12 flow. The heated length of the pipe was 1.34 m and the pressure taps were installed
outside the heated length and were 1.59 m apart. For a constant two-phase inlet condition, the
total pressure drop was found to increase with increasing heat flux and mass flux, but with

decreasing system pressure. For adiabatic two-phase flow, Izumi et al. correlated their resuits

as

AP
ip = 1.515 (1 - a)—1.57 (5.86)
AP

H

with an accuracy of £10% error. The void fraction was evaluated with the Zivi equation

f3 .
1-x,|[p, (5.87)

X, pf

For a heated channel, the two-phase total pressure drop was corrected with an empirical factor,

which is expressed as

.91

APheated =1 + 493.63 q (588)
AP unheated G Tz




By integrating the empirical equation of two-phase total pressure drop over the entire heated

length, the experimental data for the heated channel were predicted within +15% error.

5.5.4 The Steiner and Schliinder Experiment

Steiner and Schliinder [1976a, 1976b] measured the wall temperature and pressure drop of a
horizontal, heated copper tube with nitrogen flow. The heating effect was assumed to influence
only the pressure drop, due to acceleration, but not the friction. Their data showed an increase
in total pressure drop (i.e., sum of the components due to friction and acceleration) with

increasing mass flux and increasing heat flux, but with decreasing system pressure.

Comparing the predictions of eight different correlations against their experimental data obtained
at low heat-flux values (less than 500 W.m‘z), the best agreement was shown for the Bandel
correlation. However, a large scattering was also observed and the data was consistently
underpredicted by about 30%. Steiner and Schliinder suspected a high uncertainty in their data,
due to pressure oscillations during the experiments, and the neglect of the entrainment effect in

the Bandel correlation,

5.5.5 The Boom et al. Experiment

Boom et al. [1978] measured total pressure drops inside an unheated and a heated channel with
helium-I flow. Over the range of qualities between 0 and 1, the two-phase frictional multiplier
increases consistently with increasing quality. The increase, however, is much larger at low-
quality and high-quality regions, but becomes small at medium qualities. Boom et al. noted that
this variation is related to the flow-pattern transition where the flow is bubbly at low qualities,
annular at medium qualities and mist at high qualities. In a heated channel, the frictional
pressure drop is significantly reduced. An increase in frictional pressure drop was observed with

decreasing system pressure and mass flux for both heated and unheated channels. The effect of
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tube diameter, however, appears to be small on adiabatic pressure drop. A comparison of the
predictions of the homogeneous model against their experimental data showed a reasonable

agreement for the adiabatic data, but not for the flow-boiling data.

5.5.6 The Bartolomei et al. Experiment

Bartolomei et al. [1979] measured pressure drops over a heated tube with subcooled-boiling flow
over a wide range of pressures. For single-phase conditions (i.e., no boiling was encountered
inside the channel), they observed a decrease in frictional pressure drop. However, the magnitude

of this decrease was not presented.

Once boiling is encountered inside the channel (Bartolomei et al. [1979] assumed boiling initiated
at the point where the surface temperature reached saturation), the two-phase frictional multiplier
increases with increasing heat flux, decreasing mass flux and decreasing pressure when other flow
conditions are constant. Bartolomei et al. noted that the predictions of the Tarasova et al.
correlation [1966] for a heated channel were much larger than their experimental data. They
suspected that the large error was probably caused by the neglect of void-fraction effect in

pressure drop in the Tarasova et al. correlation.

5.5.7 The Petukhov et al. Experiment

Petukhov et al. [1980] studied critical heat flux and two-phase pressure drop for both heated and
unheated channels with helium flow. The frictional pressure-drop data were presented in terms

of a non-dimensional parameter (Equation (5.7))

Ap* = APy ~ AP, (5.89)
v APga - AP[

o



where AP, is the two-phase frictional pressure drop, and AP, and AP,, are the single-phase

frictional pressure drop for total flow as liquid and vapour, respectively.

The non-dimensional pressure drop increases with increasing quality until reaching a localized
maximum point (referred to as the pressure-drop crisis). Beyond the maximum point, it decreases
with increasing quality. After reaching a minimum point, it increases with increasing quality
again. Similar trends have been observed in both the heated and unheated channels (Figure 5.11).
However, this non-dimensional pressure drop is larger inside the unheated than the heated
channel over the complete range of qualities at the same local conditions. Furthermore, the

pressure-drop crisis shifted to a lower quality for the heated channel.

A shift of the pressure-drop crisis to a lower quality was also observed for increasing mass flux
in both the unheated and heated channel. When compared against the predictions from the
homogeneous model, the pressure drops were generally underpredicted before the maximum

point, but overpredicted after the minimum point.
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Figure 5.11: Effect of Heating on Non-Dimensional Pressure Drop in Helium Flow (Not all Data
shown) [Petukhov et al., 1980].
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5.5.8 The Shoukri Experiment

Shoukri [1980] and Shoukri et al. [1981] studied the effect of heating on pressure drop for low-
pressure conditions (from atmospheric up to 1 MPa) in a horizontal tube. They observed a
difference in two-phase frictional pressure drops between adiabatic and heated flows, However,

this difference is not affected by the magnitude of heat flux.

Shoukri et al. [1981] expressed the difference as a ratio of two-phase frictional pressure drops
between heated and adiabatic flows, which is 1 at zero quality. With increasing quality at
constant pressure, mass flux and heat flux, the pressure-drop ratio increases from 1 and reaches
a maximum point, which is generally encountered at a ratio of 1.5. Beyond the maximum point,
it decreases and approaches back to 1. Shoukri et al. [1981] noted that the quality corresponding
to the maximum point is affected by pressure and mass flux. This trend has also been observed

by Hosler [1963] in his study of flow-pattern transition in a heated flow.

Compared with the flow-pattern map of Mandhane et al. [1974], Shoukri et al. [1981] found a
close relation between these maximum points and the slug-to-annular flow transition. At high-
flow and low-quality conditions (corresponding to the bubbly-flow region), Shoukri [1980]
observed a much larger increase in pressure-drop ratio (2.5 times the adiabatic frictional pressure
drop). He indicated that this large difference is the result of a nucleate-boiling effect that
increases the apparent roughness of the wall. Therefore, the effect of heating on pressure drop
is significant over the low-quality region (both the bubbly-flow and the slug-flow regions), where
an increase in pressure drop is shown for a heated channel. The rise in pressure drop terminates
at the transition from slug to annular flow. In the developing region of annular flow, the
pressure-drop gradient with respect to quality actually decreases, even though the magnitude of
pressure drop remains higher in the heated than the adiabatic flow. When annular flow is fully

developed, the differ ace in t.}o-phasc frictional pressure drops between heated and unheated

channels diminishes.



5.59 The Nicholson et al. Experiment (A Simulated Heated Channel)

Nicholson et al. [1982] observed flow-pattern variation and pressure drop of air-water mixture
inside an annulus with 2 porous inner tube. Air was injected from the inner tube to the flow to
simulate the bubble formation on a heated surface. While the boundaries of most flow patterns
are not affected by the injection technique, the intermittent regime has not been observed in the
flow simulating a heated surface. For increasing quality and constant mass flux, the ratio of two-
phase multipliers between a simulated-heated and adiabatic flow increases at low quality, reaches
a maximum point, decreases exponentially, and approaches a constant value at high quality. This

is similar to the trend observed by Shoukri et al. [1981].

The mass flux of injected air has a strong influence on the ratio of two-ﬁhase multiplier. For low
air mass-flux conditions, a large ratio of two-phase multiplier is obtained (indicating that the two-
phase pressure drop for the simulated-heated flow is higher than that of adiabatic flow) and the
quality corresponding to the maximum point becomes high (flow-transition point). At high mass
flux of air and high quality, the ratio decreases below 1 (indicating that the two-phase pressure
drop for the simulated-heated flow is lower than that of adiabatic flow). As noted by Nicholson
et al. [1982], the two-phase multiplier in flow boiling has different characteristics from adiabatic

flow. Hence, the traditional prediction methods are inappropriate.

5.5.10 The Arkhipov et al. Experiment

Arkhipov et al. [1983] measured two-phase pressure drops in a heated channel with helium flow.
In terms of the dimensionless parameter, AP, *, they observed the same trend as Petukhov et al.
[1980]. With increasing quality, they noted an increase in AP, )* until a local maximum point is
reached. Beyond the maximum point, the dimensionless parameter decreases at low mass-flux
conditions, but displays only an inflection at high flow. The quality corresponding to the
maximum point, X,p, is affected by both pressure and mass flux. Arkhipov et al. correlated this

quality in terms of a modified Froude number

5-41



Fr= = E Pr — Py (5.90)
P, 8§80

and the expression for the quality at maximum point is

2 +(p/p, - 765
e g (5.91)
2+ (py/py - 7.65)%°

Xpp = 0.38 +

10 + 0.25

An empirical correlation for two-phase frictional pressure drop was correlated based on their data

base. It is expected to be valid only for helium flow within the conditions of their data.

5.5.11 The Zeigarnik et al. Experiment

Zeigarnik et al. [1983] observed a different trend of two-phase pressure drop from Petukhov et
al. [1980] and Arkhipov et al. [1983] at low pressure and high mass-flux (up to 18.8 Mg.ms!)
conditions. At constant inlet conditions and with an increasing heat flux, the pressure drop
decreases at low heat fluxes (where single-phase forced convection was anticipated by Zeigarnik
et al.). It is followed with a relatively constant pressure-drop region at surface boiling. As bulk
boiling becomes intense, the pressure drop increases sharply. While no detailed measurements
were presented with increasing heat flux up to critical heat flux, a pressure-drop distribution

along the channel was shown at each measuring point with respect to the pressure at the inlet

end.

As compared to adiabatic single-phase flow, the pressure drop increases sharply at low heat flux,
but changes gradually at high heat flux. However, a decreasing trend was observed as the section
approaches the dryout conditions (critical heat flux). This, as Zeigarnik et al. explained, indicates

a decrease in momentum transfer between vapour core and liquid fiim.
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5.5.12 The Inasaka et al. Experiment

Inasaka et al. [1989] measured pressure drop with subcooled boiling flow at low-pressure, high
mass-flux and high heat-flux conditions. They employed two tubes of 1 and 3 mm in diameter,
and the heated length varied from 1 to 10 cm. In view of the small heated-length/diameter ratio,
a developing flow may be present inside the tubes. Their resuits indicated different trends in
pressure drop between the 3-mm and 1-mm tubes. They were similar to those of other published

data for the 3-mm tube, but were quite unique for the 1-mm tube.

Based on the constant inlet fluid temperature, the total pressure drop decreases with increasing
heat flux for the 3-mm tube at low heat-flux conditions. As the heat flux is increased, the
pressure drop reaches a minimum, which appears to agree with the prediction of the onset of
nucleate-boiling point with the Bergles and Rohsenow correlation. Beyond this minimum point,
the pressure drop increases gradually with increasing heat flux. Inasaka et al. also observed
another transition point where the rate of pressure drop increases sharply. This second transition
point corresponds closely to the bubble-detachment point, as predicted using the Saha-Zuber

correlation.

Comparison between the predictions of the Bergles-Dormer correlation and the experimental
results showed only minor success, because the mass-flux effect on pressure drop is not included
in the correlation. On the other hand, these results are overpredicted considerably with the
Lockhart and Martinelli correlation. The trend of these results, however, is similar to that of the

correlation.

The decreasing trend of pressure drop with heat flux is not shown for the 1-mm tube. For most
conditions, the difference in pressure drop is small between a heated and an unheated channel.
Both the Bergles-Dormer and the Lockhart-Martinelli correlations are not valid for these results.
Except for a few data at low-flow and low-quality conditions, the Lockhart-Martinelli correlation

overpredicts the results significantly.



5.6 DISCUSSION

5.6.1 Experimental Studies

The review of experimental studies showed that the effect of surface heating on two-phase
pressure drop is insignificant for some conditions, but can be a dominant factor at others. This

is caused primarily by (i) the test conditions and, sometimes, (ii) the pressure-drop measurements.

A number of experiments were carried out with high flows of high inlet subcooling (i.e., low
inlet temperature). The conditions at the test-section outlet corresponded mainly to bubbly flow.
For those studies that focused mainly on the low-quality bubbly-flow regions, the effect of
surface heating tended to be small on two-phase pressure drops. Once the high-quality annular-
flow data were included, this effect became significant. For example: the effect of surface
heating on two-phase pressure drop can easily be ignored for the low-quality data (e.g., less than
0.2) presented in Figure 5.10 by Tarasova et al. [1966]. The variation can be considered simply
as the uncertainties in the data base. However, once the low-quality and high-quality data are

combined, the trend becomes obvious.

In most experiments, the pressure drop was measured over a long heated length that covered
mainly single-phase liquid flow and bubbly flow (where the effect of surface heating on two-
phase pressure drop is insignificant). Even though annular flow (where the surface-heating effect
becomes dominant) could be encountered at the downstream end of the test section, the surface-

heating effect might not be noticeable.

The present review of experimental studies concludes that the two-phase pressure drop is affected
by surface heating. However, this effect is not strong at low-quality bubbly flows but significant
at high-quality annular flows at the present conditions of interest. Furthermore, the parametric
trend of two-phase pressure drop with respect to heat flux depends also strongly on the flow

conditions {as shown in the studies of Tarasova et al. [1966], Petukhov et al. [1980], etc.).
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5.6.2 Empirical Correlations

The review of empirical studies showed that a wide variety of prediction methods were proposed
for predicting two-phase pressure drop. Among them, the graphical method is the simplest to

use but the uncertainties of its predictions are high.

The adiabatic correlations examined in this review are generally valid for a wide range of
conditions and have been tested against flow-boiling data. Among them, the generalised Friedel
correlation [1979] was derived with the largest data base and has been shown to be valid for
various conditions and geometries. However, the data scatter is also large. The Chisholm
correlation [1973], on the other hand, was analytically based but relies very much on the
empirical coefficient (see Section 5.3.1). This correlation was also validated with data of wide
ranges of flow conditions and flnids. It tends to overpredict the flow-boiling data obtained at
pressures less than 4.13 MPa. The Reddy et al. [1982] equation was derived with both adiabatic-
flow and flow-boiling data obtained at conditions that are close to those of interest in this study.
It was shown to be valid within its own data base and has a better prediction accuracy than other
correlations. The difference between the Reddy et al. [1982] and the Chisholm [1973]
correlations, however, is small. Since the flow-boiling data were primarily obtained with a two-
phase inlet conditions at test section of relatively short heated length, the applications of the
Reddy et al. correlation may be limited to conditions within its data base. None of these
correlations includes the effect of surface heating on two-phase pressure drop. The two-phase
pressure drop in flow boiling is calculated by integrating the pressure-drop correlation with

respect to flow quality over the channel.

Several correction factors to adiabatic pressure drop were recommended to account for the effect
of surface heating on two-phase pressure drop. They are limited to the bubbly-flow region where
an increase in pressure drop was shown with increasing heat flux. No specific method was

suggested for other flow patterns that exhibit a decreasing trend of pressure drop with increasing
heat flux.



6. LITERATURE REVIEW OF MODELLING STUDIES
ON TWO-PHASE PRESSURE DROP
DUE TO FRICTION

Empirical correlations are usually the most accurate prediction methods for two-phase pressure
drop within their data base. However, the uncertainty of their prediction becomes high once
extrapolated beyond their range of validity. This is mainly due to the incorrect parametric trends
exhibited by most correlations. Phenomenological models, on the other hand, provide generally
correct parametric trends, but their predictions are less accurate than those of empirical
correlations over specific conditions. This is primarily due to the simplified assumptions

introduced in the calculation.

A number of models have been developed for predicting two-phase pressure drop. They are
generally flow-pattern dependent and can be categorised into two major types: homogeneous

flow, which assumes a well-mixed fluid with the same characteristic in both phases, and
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separated flow, which treats the phases individually. These two models represent mainly the two
extreme cases of two-phase flow; the real flow is somewhere in-between. More realistic

assumptions have been introduced to improve the prediction capability of various models.

Section 6.1 describes the homogeneous-flow model with various definitions of two-phase
viscosity. A number of separated-flow models have been proposed and are presented in Section
6.2. Section 6.3 introduces the modified homogeneous-flow model, which is based on the
homogeneous-flow equation and an empirical correction, to account for the difference in flow
structure. The mixing-length theory of single-phase flow is extended to two-phase flow. It is
primarily used in the vapour core of an annular flow, where a two-phase mixture is encountered.
Various mixing-length models are described in Section 6.4. The most complex modelling of two-
phase flow is the use of multi-fluid model, which requires a complete set of conservation
equations for both the liquid and gas/vapour phases. Several multi-fluid models are described

in Section 6.5.

6.1 HOMOGENEOUS-FLOW MODEL

In homogeneous flow, the two phases are assumed to travel at the same velocity and have similar
flow characteristics (e.g., velocity profile) as the single-phase flow. Therefore, this model
employs the equations derived for single-phase flow with modified fluid properties to account
for the presence of two phases. The application of the homogeneous-flow model is limited to
the fully developed bubbly and dispersed-droplet (post-dryout region) flows, where the two
phases travel at approximately the same velocity. Husain et al. [1978] observed that the
transition from homogeneous (froth and mist flow) to non-homogeneous flow (bubbly, plug, slug,
annular, stratified and wavy flow) occurs at a constant mass flux of 2716 kg.m?2.s! (2x10°

Ib.ft2h") in both low-pressure air-water and high-pressure steam-water horizontal flow.

The frictional pressure gradient for a single-phase flow is expressed as
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(6.1)

Assuming the same equation is valid, the frictional pressure gradient for two-phase flow is

expressed as

(dP Y _J» G?
a )}, D 2p,

and the two-phase multiplier becomes

2 _ (dP/dZ)lp _ -frp pl - ftp 1 + pl
o ~ - B Xg| — = 1
@Pldz),  fiPy, 1 P

where the two-phase density, Pip> is defined as

1 =xa+(1_xa)

p_,rp pg p[

(6.2)

(6.3)

(6.4)

The only unknown parameter in evaluating the homogeneous two-phase multiplier (Equation

(6.3)) in adiabatic flow is the two-phase friction factor, fip

A number of definitions have been introduced for fi,. The simplest one assumes the same

friction factor for both single- and two-phase flow (i.e., fip = fio) [Owens, 1961]. This results in

the following form of two-phase multiplier



02 =1 +x, | DL - (6.5)
pg

Another approach assumes that the two-phase friction factor can be calculated with the single-

phase equation (e.g., Blasius equation), but with the Reynolds number evaluated with a two-phase

mixture viscosity, instead of the single-phase liquid viscosity. It is expressed as

f, = aRe! (6.6)

where a and b are empirical constants, which are channel dependent, and the two-phase Reynolds

number, Re,, is defined as

GD
)

R (6.7)

ey =

For a smooth tube, the Blasius equation is assumed valid and the constants, a and b, become
0.316 and -0.25, respectively. Several definitions of two-phase mixture viscosity have been
introduced. McAdam et al. [1942] assumed the same form as two-phase density and the two-

phase mixture viscosity was expressed as

L%, 0o 6.8)

p;p pg l'l[

Cicchitti et al. [1960], on the other hand, suggested the weighted average value of two-phase

mixture viscosity, i.e.,

plp = xa pg + (l - xa) pl (6.9)



Dukler et al. {1964] derived a more complex form of equation than the above. The two-phase

mixture viscosity is expressed as

By =Py To by * (x)n (6.10)
pg p[

It was used by Ansari and Sylvester [1988] in a bubbly-flow model that was shown to predict

closely the two-phase pressure drop of oil-gas flow.

Since a large uncertainty remains in various definitions of two-phase mixture viscosity, the simple
one suggested by McAdam et al. [1942] is often adopted in calculations. Based on this equation

and the Blasius friction factor, the two-phase multiplier for a homogeneous flow is expressed as

-0,25
02 =] 1+x, | — -1 L+x, | L -1 ©.10)

6.2 SEPARATED-FLOW MODEL

The separated-flow model assumes that the two phases travel separately with different velocities.
Empirically, the equation for homogeneous flow can be used by including a parameter called the
slip factor to account for the difference in phase velocities. Analyticaily, two sets of equations
are introduced to describe separately the velocities of liquid and vapour. This model is often
used to describe annular flow in either vertical or horizontal channels and stratified flow in

horizontal channels. The present discussion focuses mainly on the annular-flow pattern.



6.2.1 The Levy Momentum Model

Levy [1952] derived equations of two-phase pressure drop and heat transfer analytically for two-
phase and two-component annular flows in horizontal pipes (no gravity effect). He assumed that
the phases travel separately with vapour in the core and liquid between the vapour and channel
wall. The momentum equation of laminar flow was used for viscous flow, and the one-seventh
power profile was employed for turbulent flow. No liquid entrainment in the vapour or vapour
bubbles in the liquid film was modelled. At the liquid-vapour interface, the two phases were
assumed to have the same velocity (i.e., no slip condition). The equations covered the viscous-
liquid/viscous-gas, the viscous-liquid/fturbulent-gas, and the turbulent-liquid/turbulent-gas

conditions.

The two-phase pressure drop was presented in terms of the two-phase multiplier for liquid-only

flow, §,, which was expressed, for viscous-liquid/viscous-gas flow, as

2 _( Y (6.12)
Ly [——Y ~ IT

where
2
v-1+%,2.x |1+|x, L (6.13)
B; K,
R
x o|) Fa P B (6.14)
xa pl pg

for viscous-liquid/turbulent-gas flow, as

07 = 1 (6.15)

(1 -a)



and, for the turbulent-liquid/turbulent-gas flow, as

2 7 VA 1
¢l =(120J 4 (6.16)
1 n U
(1 - a?) (0.125 - (1 -a”-))

Complex equations of void fraction, o, were derived for the above two cases. They will not be
shown here, since simpler and more accurate equations are available for estimating void fraction
(see Section 3.3). The Levy model follows the same trend as the Lockhart-Martinelli curves, but
predicts generally a larger two-phase multiplier. This was caused by the discrepancies to the
idealized assumption of the annular pattern, the effect of the flow-pattern transition, and the

assumption of steady-state and constant-property conditions.

6.2.2 The Calvert and Williams Annular-Flow Model

Calvert and Williams [1955] analyzed the two-phase annular flow in a vertical channel. Similar
to the Levy model, the phases were assumed to travel separately with no entrainment. The

analyses of both liquid-film thickness and two-phase pressure drop were provided.

The liquid film was assumed to consist of laminar and turbulent layers with single-phase velocity
profiles. In the turbulent layer, the Prandtl mixing-length theory was employed. The liquid film
thickness was determined by integrating the velocity profile from the channe!l wall to a location

where the calculated and input mass flow rate become the same (within tolerance).

Based on the assumption of equal pressure gradient in both the liquid film and vapour core, only
the two-phase pressure gradient in the vapour core was analyzed. It consisted of two
components: (i) the frictional pressure gradient of total flow with gas-phase properties in the

same channel, and (ii) the profile drag at the interface (i.e., interfacial pressure gradient). While



the first component was evaluated using the single-phase friction-factor equation, the second

component was calculated using (in British units)

/2
AP, - 2G P, C, 4, 2JG |(4: (6.17)
(60 m) 2 g D D

where C,, is the drag coefficient, and Ap is the projected area for drag. Based on their
experimental data of air-water flow, Calvert and Williams presented graphically the relationship
between the drag-force term (third term at the right-hand side of this equaiion) and the liquid-film

thickness.

Compared against their experimental data of two-phase pressure gradient in air-water flow, this
model agrees with data of low water flow rate (less than 25 kg.m2s™) only, but underpredicts
data of high water flow rate. Calvert and Williams indicated that the deviation was probably

caused by the neglect of wave entrainment in the analysis.

6.2.3 The Ueda Model

Ueda [1967a] derived an expression for wall shear stress in vertical upward flow. In his model,
a laminar liquid sublayer is assumed at the wall, and has the same velocity gradient as in single-
phase flow. The wall-shear stress is presented as a function of velocity at the transition point

between laminar sublayer and turbulent flow, ug, and is expressed as

P, u52 50 v,

T = >0 2 45 (6.18)




In annular flow, a much steeper gradient in the turbulent sublayer was proposed for two-phase

flow, compared to single-phase flow, for the same flow conditions. Based on the difference in

mean velocity of the liquid phase between single-phase and two-phase flow, the velocity, ug, was

derived, in part, empirically using Ueda’s data of vertical air-water annular and slug flows {Ueda,
1967b]. It is expressed as

where

L0 .
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This model has been extended to bubbly flow by considering the increase in mean liquid velocity
in the presence of gas bubbles. A different equation for uy was optimized using the bubbly-flow

data of Aoki and Inoue, and is expressed as

1.39 »
U = /B Uprean (6.29)
Remean
where
ur;ean = ul + 5'0 Fr:IS u.s (630)

Due to the large data scattering, the agreement between this model and the bubbly flow data is
relatively poor. In general, the two-phase multiplier decreases with increasing quality as the flow
pattern changes from bubbly to either slug or annular. This decrease is more distinct for low

than high liquid velocity.

6.2.4 The Chisholm Momentum Model

Chisholm [1967] analyzed the horizontal flow based on the momentum equation in addition to
the empirical approach described in Section 5.3.1. A set of general equations were introduced
for stratified flow where both liquid and gas phase contact the channel wall and each other.

Homogeneous and annular flows were considered as special cases of the general equations. A
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shear force was included between the two phases in his analysis. The two-phase multiplier based

on the liquid-only single-phase flow is presented as

AV a
2 1 1+g

2= e g 41 (6.31)
(DJ/D)HH A A, z?

where D, is the hydraulic diameter of liquid phase in two-phase flow (which is four times the
A, are the cross-sectional area occupied by the gas and liquid phase, respectively, and Z is the
shear-force function. A value of 14 for the shear-force function in the equation provides

satisfactory agreement with the two-phase multiplier of Lockhart and Martinelli.

In annular flow, the shear-force function becomes infinite and the two-phase multiplier is

expressed as

0> =l 1+ Ay (6.32)
A[

for a rough tube (where n = 0). On the other hand, the shear-force function for a no-slip flow

(i.e., homogeneous flow) is
7 = o (6.33)

P

and the two-phase multiplier for a rough tube becomes
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62 = |1 (1 -x)+x, 2L (6.34)

1 -x, P,

No comparison with other data, except those used in deriving the Lockhart and Martinelli
graphical method, has been shown. Due to the complexity of this equation and no apparent
improvement in prediction, Chisholm recommended his empirical equation (Equation (5.16))

instead of this analytical model.

Chisholm and Sutherland [1969] related the coefficient C to the phasic velocity ratio (or slip

ratio), K. The coefficient, C, is expressed as

c-L |2t g |fe (6.35)
KN p, P,

Chisholm and Suthertand noted that the derivation of slip ratio, K, is complex for various flow
conditions. Instead, they suggested an empirical correlation of the coefficient, C, for general

engineering applications. The coefficient, C, is expressed as

.5 .5 .5
P~ P, P, +E£ (6.36)

c={1+(C,-1) i)
Py P Py

where C, is an empirical function optimized for various channel! fixtures (see Table 5.2).

Kubie and Qates [1978] introduced an approximation to the Chisholm equation by relaxing the
restriction in the second term of Equation (6.31). This approximation results in the same form
as Chishoim’s simplified correlation (Equation (5.16)). Since the coefficient, C, also has to be

obtained empirically, this approximation does not provide any advantage over the Chisholm

correlation,
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6.2.5 The Wallis Simplified Annular-Flow Model

Wallis [1969a] introduced a simple annular-flow model where the interfacial friction factor is
based on a force balance of the vapour core and the assumption of negligible shear-stress

variation in the liquid film. The interfacial friction factor is expressed as

~dpldz D o*?

fi = — (6.37)
2P Js
where j, is the mean volumetric gas flux and is defined as
j, = 49 (6.38)
¢ D2

and Qg is the volumetric gas flow rate. With the available data base, the interfacial friction factor

has been correlated by

£, =0.005 (1 + 300 %) (6.39)

The pressure gradient is presented in terms of a dimensionless pressure-drop function, which is

expressed as

_ ~(dpldz + p, 8)

AP* (6.40)
g(p,-p g)
and from the force-balance equation of the vapour core
AP* = 10'2j'2 1 +75 (1 - a) (6.41)

2 o
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Based on the analysis of liquid film, the pressure gradient is also presented, for a turbulent film,

as

AP* = (1 -a)uo-z_’fL'z (6.42)
(1-a)

and, for a laminar film, as

1=

AP™ = 0684 (1 - o) + 21 (6.43)
(1 -a)
where
. 1/2

(gD (p, - p )"

112

it = Jy Py (6.45)
I "
A _ 32 jrny

(6.46)

gD (p;-p,)

Both the pressure drop and void fraction can be obtained by solving these equations.

Pressure drops predicted with this model were compared against low gas-flow rate data. Good
agreement was observed; in particular this model appeared to capture the transition from a

laminar to turbulent film accurately despite its simplicity.

At high gas-flow rate, however, the model overpredicted the pressure-drop measurements, This

could be caused by neglect of the entrainment process that led to overpredictions of film
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thickness and pressure drop. Wallis [1969b] discussed other effects that may have a strong
impact on the prediction of two-phase pressure drop in annular flow. Compared against the

predictions of a more complex model of Levy [1966], this model was less accurate but provided

reasonable predictions.

6.2.6 The Yelin Turbulence Model

Yelin [1985] considered the effect of both turbulent-velocity fluctuation and large-scale

fluctuations, induced by wave motion at the liquid-gas interface, on the shear stress, i.¢.,

[ I [
T = =0 p; (U Vip * Uy V;";v) (6.47)

where subscript i corresponds to the parameter for each phase (i is 1 for liquid and g for gas).
Similar to the turbulent term, the large-scale fluctuation was also expressed in terms of a large-
scale mixing length and the velocity gradient. By assuming that both the wave and gas phase
travel at the same velocity, the large-scale fluctuation was affected only by the liquid velocity

gradient. The two-phase pressure drop was presented in terms of a mixture friction factor

l1-x
L 03 iRe Ji ) + | =22 |+ n(BYM )

l1-a
Ve VA (6.48)

where
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Re = UmiD (6.51)
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and <u,,;,> is the cross-sectional mixture velocity, Ky is the von Karman constant for single-phase

flow. The expression, Ky, for the large-scale wave fluctuation was empirically derived as

K, =15a (6.52)

This model was validated only with the air-water data obtained at high-quality flow (x > 95%)

inside a glass tube.

6.2.7 The Kadambi Model

Kadambi [1985] employed a polynomial function for velocity distributions in both the liquid film
and vapour core of annular flow. The polynomial distribution provides wider applications than
the parabolic profile (which is valid for laminar flow only) and a continuous gradient at the wall
and centre-axis (as compared to the power law and mixing-length theory for turbulent flow). It
introduces smooth transitions between various sublayers (i.e., laminar, buffer and turbulent) in
turbulent flow, and maintains a continuous slope over any cross-sectional area. Expressed as a
function of Reynolds number, this distribution also provides a smooth transition from laminar to

turbulent flow.
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The non-dimensional velocity distribution for the liquid film is expressed as

L (s-n) 1’ L (=) n* (6.53)
i n-1 n-1

where u,; is the non-dimensional maximum liquid velocity that would exist at the centre of the
tube if the liquid fills the tube and flows with the same velocity distribution as in the two-phase
flow situation, s, is the ratio of actual wall shear stress to the shear stress that would exist if the
liquid flows through the tube with the same maximum velocity, but under laminar conditions, n
is the polynomial exponent and 7 is the non-dimensional radius (i.e., 1/R). Both the shear stress

ratio, s;, and polynomial exponent, n, are expressed in terms of Reynolds number

5 =1 (Re, < 2040)

s, = 2417221072 Re}™ (2040 < Re, < 2800) (6.54)
s, = 0.585+0.003172 Re,™ (Re, 2 2800)

n = -0.617 + 0.008211 Re,”"™ (6.55)

Note that the nearest integer value of Equation (6.55) should be chosen as n. Similarly, the non-

dimensional velocity distribution for the vapour core is expressed as

H

Uy = U; S, —m | 1 - S 1 M (6.56)

=l +e | — |+ —
Upg ~ U m-1}n; m-1[ 7

where the subscript "i" represents condition at the interface. The same definitions in Equations

(6.54) and (6.55) are used for s, and m, but with the vapour Reynolds number instead.

Based on these velocity distributions, the momentum equations, in dimensionless form, for liquid

film and vapour core are solved with the assumption of no slip at the liquid-gas interface (i.e.,
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u,=u;), the Wallis correlation [1969a] for the interfacial shear stress, and the Hutchinson and
Whalley correlation [1973] for the equilibrium concentration of entrained droplets in the vapour.
The agreement is generally good between predictions of this model and some experimental data

of adiabatic horizontal and vertical upward flow.

6.2.8 The Lu and Jia Two-Region Model for Subcooled Boiling

Lu and Jia [1988] developed an analytical model based on a two-region approach to predict
pressure drop in subcooled boiling flow. Their model solved the momentum equation and the
Navier-Stokes equations for the flow having a hypothetical semi-reversal annular-flow pattern
(i.e., a liquid core surrounded by a bubbly mixture along the heated surface). A number of
empirical parameters were used, but no justification was provided. The heat-flux effect was not
accounted for in these equations, but it was assumed to have an influence on the distribution of

bubbles in the channel.

A comparison of the predictions of this model, and the Jia and Schrock method [1986], against
limited sets of experimental data from Reynolds [1954], Owen and Schrock [1960], and Dormer
and Bergles [1964] indicates a better agreement for this model. The difference, however, is not
significant. When compared against their own experimental data, the difference between this

model and the Jia and Schrock method is further reduced.

6.2.9 The Yao and Sylvester Model

Yao and Sylvester [1987] derived a simple model for predicting two-phase pressure drop in an
annular-mist flow. Their calculation focused mainly on the gas-core region and did not include
the pressure drop due to friction between the liquid film and the channel wall (thin-film
assumption). The relative roughness of the gas-liquid interface is calculated using the Henstock

and Hanratty [1976] equation, which is expressed as
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with j, being the vapour superficial velocity. The mass flow rate of liquid film, Wy, is
calculated by subtracting the mass flow rate of entrained liquid from the total mass flow rate.

For the entrained-liquid fraction, the Wallis correlation [1969a] is used and is defined as

E =1 - exp(-0.125 (B -1.5)) | 6.61)
where
. 2
g = 0 iuky | Py (6.62)
o P,

A homogeneous mixture is assumed in the gas core. The interfacial friction factor is calculated

with the modified Zigrang-Sylvester explicit equation based on the above relative effective
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roughness of the liquid film. This model was compared against a limited number of water-gas

and oil-gas data. Although the average error is relatively small, a large scatter was present.

6.2.10 The Manzano-Ruiz Model

Manzano-Ruiz [1988] developed a semi-empirical model for predicting pressure drop in
horizontal annular flow. The effect of stratification is modelled with a thick liquid film at the
bottom of the channel and a thin, uniform, liquid film for the rest of the channel circumference.
A number of correlations were used as closure equations: the Ishii-Mishima correlation [1982]
for liquid entrainment, the Chen-Spedding correlation for void fraction in horizontal annular flow,
the Luninski et al. correlation for thickness of the thin liquid film, and the Wallis correlation for

interfacial friction factor (see Manzano-Ruiz [1988] for references).

Compared against the experimental data, this model shows only limited success and generally
overpredicts the two-phase pressure drop, particularly in air-water flow. Manzano-Ruiz indicated
that the differences are caused by the inaccuracy of the Ishii-Mishima correlation for liquid

entrainment,

6.2.11 The Skouloudis and Wurtz Power-Law Model

Skouloudis and Wurtz [1991] introduced two power-law functions for the liquid-film and core-
flow regions of annular flow. The entrained phases were assumed to flow homogeneously with
the continuous phases in both regions. While the tube radius, R, was used as the reference for
liquid film, an hypothetical radius, r,, was assumed for core flow. The velocity distributions

were expressed, for the liquid film, as

iU fm
L =[1 -L} (6.63)
ul.m R



and, for the gas core, as

In

e _11 -1 (6.64)
ug,m Ty

At the liquid-film/gas-core interface, both velocity and shear stress were assumed to be
continuous. The latter was determined with the mixing-length approach using the single-phase

expression for mixing length.

From a force-momentum balance of steady and adiabatic flow inside a tube, the axial pressure

gradient was presented as

4
__Z_J: = D“’ + (o P, +(1 -a)p,) gsind (6.63)

The pressure gradient due to acceleration was neglected. Based on a thin liquid-film assumption,
a linear shear stress distribution was assumed in the liquid film. The shear stress for the

hypothetical radius, r,, was calculated with

T, =71, — (6.66)

or
- 2n = 2
_ u —_— 0. 2r -
uc,max pC

where ¢, is a numerical factor that depends on the power-law exponent (i.e., n). For the liquid-

film region, the single-phase power-law exponent varies with respect to the liquid-film Reynolds

6 - 21



number. In the gas-core flow, an empirical expression was used to account for increasing

roughness due to wave formation at the interface. It was expressed as

r
i =2 log,, GD s (6.68)
n

for conditions with A/n = 1, where A is the single-phase power-law exponent corresponding to

the gas-core Reynolds number. The numerical factor, c,, was correlated as
¢, =124 (n - 19) (6.69)

for n = 2. Skouloudis and Wurtz showed that this factor is smaller than its counterpart in single-
phase flow, indicating a less steep velocity profile for a rough wall. The entrainment fractions
in both liquid film and core flow were required to solve the equations. Whenever available, the
experimental liquid-entrainment fraction was used in the vapour core. Otherwise, the liquid-
entrainment fraction was calculated with the Ishii and Mishima correlation [1982]. No correlation
was available for predicting the bubble-entrainment fraction in the liquid film. Several values
of bubble-entrainment fraction were tested against the experimental data. A value of 0.5% was
shown to be reasonable with the air-water data at 0.28 MPa and the low-quality data of steam-

water flow at 7 MPa.

6.3 MODIFIED HOMOGENEOUS-FLOW MODEL

The deficiency of the homogeneous-flow model lies mainly in the assumption of uniform phase
distribution and velocity, which seldom occur in real two-phase flow. Even for bubbly flow,
which exhibits similar flow characteristics as a homogeneous flow, the concentration of gas (or

vapour) phase is often high at a localized region (either in the core region for a well-developed
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flow or close to the wall for a developing flow). Furthermore, the velocity of the gas phase is
higher than that of the liquid phase, due to a lower density and viscosity. This difference in

velocity is often referred to as the "slip" velocity.

6.3.1 The Levy Steam-Slip Model

Levy [1959] derived a steam-slip equation from the momentum equations by assuming different

pressure gradients for the two phases in a heated channel. The general form of this equation is

expressed as

d [ (U-x) xlp 1 (1-x)

dx, I -o @ p, 2 (1 -a)

/ \
dP dP . (6.70)
- -|l=— | +(p, -p,)sint
__aGH, [mlm (a]m T
2DQ dP
\ dz ), )

It shows that steam slip is affected by the heat generation, Q, and latent heat of vaporization, Hy,,
in addition to common parameters for pressure-drop calculations such as void fraction and
quality. Since the pressure gradient for each phase cannot be obtained from experimental data
(which present usually the total pressure gradient), Levy derived a momentum-exchange model

to calculate the steam slip. The slip ratio, K, between vapour and liquid velocity is expressed

as

k-2%- |8 5% 6.71)

The two-phase multiplier, on the other hand, is calculated from

6-23



021 6.72)

(1-a)

This momentum-exchange model is valid for adiabatic conditions and heated flow with low heat-
generation rates. Its predictions deviate from the experimental results as the heat-generation rate
increases. Levy mentioned that this model is expected to be valid for high heat-generation rates

as well. However, this was not validated in any comparison against the experimental data.

6.3.2 The Bankoff Power-Law Model

Bankoff [1960] imposed a power-law distribution for both the local velocity and the local void

fraction, i.e.,

L (1 ]Im (6.73)
u, R
a [y In (6.74)
aﬂl R

where u,, and oy, are the maximum velocity and void fraction, respectively, at the centre axis,
y is the distance from the wall and R is the tube radius. By integrating these equations to obtain

the mass flow rate, the mass quality is presented as

| N

— =1

P (6.75)
X, P,

1 -

Rl =

where the average void fraction, o, is expressed as



L. 217 (6.76)
o, (n+1)2n+1)

and the flow parameter, K, as

2(m+n+mn)m-+n-+2man)

- (6.77)
(n+ 1) 2n+1)m+1)2m+1)

By assuming that both the single- and two-phase flows have similar characteristics, Bankoff
suggested a value of 7 for both exponents m and n. Based on a two-phase viscosity defined by

the Einstein expression for the apparent viscosity of a suspension of solid spheres in a liquid, the

two-phase multiplier is expressed as

/4 \7/4
U P (6.78)

Pe
a pg

Py

O =|1-T|1 -

Compared against the experimental data of void fraction, this model is valid for most conditions
and is better than the Levy momentum-exchange model. However, it underpredicts the two-phase
pressure drop over a limited comparison. A different value of exponent (i.e., instead of 7) for
the velocity distribution may improve the predictions. In addition, the comparison also indicated

that the flow parameter, K, appears to be pressure dependent and is given as

K =071 + 0.0001 P (6.79)

where P is the pressure in psia.



6.3.3 The Similarity Analyses Between Single- and Two-Phase Flow

Dukler et al. [1964] derived a set of equations based on a similarity analysis. They proposed that

the same flow characteristics between two systems are exhibited in both single- and two-phase

flow, provided that the systems are dynamically similar (i.e., having the same Reynolds and Euler

numbers). For the case of no slip and homogeneous flow, the friction factor (which is one-half

of the Euler number) is expressed as

f _ 8P pwsD
O AT

where the two-phase density for a no-slip flow is defined as
Pys = P, (1 —@) +p, &

For the case of slip flow, Dukler et al. presented the two-phase multiplier as

02 = P e B
Pys

where

a(d) = 1+ I

1.281-0.478(~In A)+0.444( ~In 1)*-0.094(~{n L)* +0.00843(~In 1)*

B pl A.z pg (1 _1)2

= +
Pys 1 - Py o

(6.80)

(6.81)

{6.82)

(6.83)

(6.84)



ve & o P (1-X) (6.85)
Q1+Qg xpy+p, (1 -x)

When compared against the experimental data, the equation for a slip flow is better than that for

a no-slip flow. However, the agreement with the data is poor, especially for steam-water flow.,

Obot et al. [1991] also employed the similarity approach to indicate the same characteristic in
frictional pressure drop between single- and two-phase flow. With experimental data of air-water
flow, a transition is exhibited between two regions and the two-phase pressure gradient decreases
with increasing quality. This is similar to the laminar-to-turbulent flow transition in single-phase
flow. Obot et al. mtroduced an empirical similarity parameter for single-phase flow and two
parameters for two-phase flow. Comparison between predictions and experimental data are

limited to the data used to derive the parameters only.

6.3.4 The Maroti Model

Maroti [1975] modified the homogeneous-flow model by introducing two additional friction terms
that were caused by: (i) the momentum difference between two phases, and (ii) the relative
motion of the dispersed phase (i.e., bubbles in bubbly flow and droplets in dispersed flow) due
to buoyancy. Both terms resemble the slip factor used in the separated-flow model. An
empirical constant was optimized with experimental data in the second term. Comparison of
predictions against experimental data indicated generally an underprediction of data at low flows,

and showed a strong quality effect at high flows with overprediction for data at high qualities,

Agreement is better at low-pressures.



64 MIXING-LENGTH MODELS

The mixing-length models described in this section focus primarily on the extension of the single-
phase theory to the two-phase region. It does not include any studies that use the same theory

on the single-phase liquid-film analysis (such as the Calvert and Williams model [1955]).

6.4.1 The Levy Annular-Flow Models

Levy [1962] extended the single-phase mixing-length theory to the analysis of two-phase flow.
Based on the momentum equation and neglecting the gravity and viscous effects, the shear stress

is expressed as

7 77 (6.86)

t=pu' v +up'v

From the mixing-length theory, the fluctuating components are presented as

ul =yl =1 B (6.87)
dy

ol =1 B (6.88)

[, =1 =1 (6.89)



1 =2 % doY (6.90)
dy

Based on the same modification, introduced by Van Driest, as for single-phase flow, i.e.,

T =1,

(6.91)
[=Ky(l -exp(-y/F))
and including also the viscous effect, the wall shear stress is presented as
¢, =k2y? B ABW (1 ey (oyipyR e B (6.92)
dy dy dy
The density distribution, on the other hand, is expressed as
E - Pm U (6.93)
Pr p,u+p, (u, -u
based on the boundary conditions that
pP=p u=0
’ (6.94)
P =P, u=u,

By introducing the density distribution into the equation for wall shear stress, a complex equation
was derived. It involves the mixing-length constant, x, the non-dimensional wall damping
constant and the two-phase viscosity. Levy recommended the use of values of single-phase flow
for the constants, but suggested the two-phase viscosity, based on the comparison with

experimental data of laminar flow, to be calculated with



pe=pl1+25 P Peg (6.95)
Py

The model shows only limited success when compared against the experimental data, although
the trend of predictions is similar to those exhibited by the data. This is mainly caused by the
mixed-flow assumption, which is not valid for a separated-flow pattern such as annular or slug

flow.

Levy [1966] included the interfacial shear and liquid entrainment in his annular-flow model for
predicting the wall shear stress (hence, pressure gradient) and liquid film thickness. Mixing-
length theory was used in both the liquid film (with only single-phase liquid) and the core flow
(with a mixture of vapour and droplets). A film-thickness function, F’, was correlated based on

the experimental data and was presented graphically. It is expressed as

r =1

(-dPldz) (bf2) Pg p| 8P | _ o (6.96)
0, G, | -dPidz

where n = 0 for (-dP/dz) 2 gp, and n = ¥ for (-dP/dz) < gp,. The slip ratio, K, was also
presented graphically, but was approximated with (pl/Pg)”3 for p/p, between 1 and 200.
[teration is required to evaluate the pressure drop and liquid-film thickness from the shear-stress
formulation and liquid-film flow rate. A good comparison has been shown with data used to
derive the function. Only a limited comparison was made with other data of vertical upward and

downward flow as well as horizontal flow.

Levy and Healzer [1981] introduced a different approach to the analysis of a wavy liquid film,
rather than relying on an empirical correlation of interfacial friction in annular flow. Based on
the assumption of a homogeneous mixture of a continuous gas phase and liquid droplets in the

core, their approach divides the liquid film into a continuous liquid sublayer and a wavy liquid
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sublayer. The single-phase mixing-length analysis is applied to both the core and the continuous
liquid sublayer, resulting in similar equations to those presented in Levy [1973]. In the wavy-
liquid sublayer (transition region), an exponential decrease of density was used from liquid
density at the edge of the continuous liquid sublayer to core density at the edge of the gas core.

An empirical parameter was derived to calculate the density variation within the wavy-liquid

sublayer.

A procedure for solving the liquid-film flow rate and pressure gradient was provided; however,
no estimation of interfacial friction factor was presented. A comparison of predictions against
experimental data of air-water and steam-water flows indicated that this model provides a trend
similar to that exhibited by the experimental data. While large discrepancies were noted between
data sets, this model agreed best with the data of Gill and Hewitt [1962], which were used to
derive the empirical parameter. In other comparisons, relatively good agreements were obtained
for the high gas-mass-flux data, where the empirical parameter approaches 1. The entrained-

liquid fraction was considerably overpredicted at high qualities in steam-water flow.

6.4.2 The Beattie Models

Beattie [1971] compared the experimental data of two-phase pressure drops from various studies
and observed different unique characteristics among the data. He found the Colebrook equation,
which was derived for a single-phase friction factor, to be applicable for two-phase flow as well,

provided that both the friction factor and Reynolds number are properly defined.

The turbulent level of the two-phase mixture in the core was analyzed using the mixing-length
theory. Two basic structures were assumed: bubble and droplet flows. The turbulence was
assumed to exist in the continuous phase only, and the local void fraction was assumed to be
linearly proportional to the local velocity of the continuous phase. Based on the shear-stress

distribution and the local void fraction, Beattie [1972] presented two equations for bubbly and



droplet flows. These equations were referred to as the voidage-deficiency equation and were

expressed, for bubbly flow, as

u a
] —a¥? =(1 -0 Y -_""* [ (6.97)
( ) ( ) ETE n

and for droplet flow as

*
A

_s {6.98)
¢ 2 k/3

o = lnl
R

where u” and u, are the dimensionless ';liquid and gas velocity defined as (t,/p)™" and
(’cw/pg)o's, tespectively, T, is the shear stress at channel wall, o and ¢, are the local void fraction
at position y and at channel centre axis, respectively, y is the distance from the channel wall,
is the mixing length constant (which is 0.4 for single-phase flow), and R is the channel radius.
The coefficients, a and c, are empirical constants derived for the local void profiles, which are

expressed, for bubble flow, as

o=au +b (6.99}
and, for droplet flow, as

o - cu, +d (6.100)

Although the constants b and d are not used in Equations (6.96) and (6.97), they can also be
derived empirically, Comparison against experimental data showed that the above relation
adequately represented the void-fraction profiles of bubble flow and core mixture in annular flow,
A non-linear void-fraction profile in the liquid-film region for annular flow was shown with

respect to relative distance from the wall or velocity. Beattie also presented the experimental
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results of radial void distribution obtained by Adorni et al. [1964] in a heated channel with flow
conditions up to dryout. While the radial void profile is non-uniform, the distribution remains
the same for increasing heat flux, with increasing average void. At dryout, however, the void
distribution flattened (i.e., becomes more uniform), signifying a sudden surge of vapour in the

near-wall region.

Beattie {1973] noted that the two-phase pressure drop is primarily affected by flow structure close
to the wall, and depends strongly on flow pattern. The Colebrook equation for the single-phase

friction factor

b o348 -410g| 28 4+ 2B (6.101)

I b Ref

was also shown to be valid for two-phase pressure drop, provided that the friction factor and the
Reynolds number are properly defined with two-phase properties. Beattie employed the Fanning

friction factor, which is four times the Blasius friction factor.

Based on the mixing-length theory and the near-wall flow structure, he derived different two-
phase friction factors, two-phase Reynolds numbers and two-phase multipliers for various flow
conditions: bubble, wavy gas/liquid interface, very small bubbles, flow with attached wall
bubbles, and dry wall. However, these equations (presented in Table 6.1) are limited to those
flows with similar characteristics to single-phase flow, where the friction factor, f, is proportional
to Re®? (Blasius type). Modifications to the exponent values must be introduced for other
friction-factor functions. In his calculation, the pressure drop due to gravity was evaluated based
on the separated-flow approach, but the pressure drop due to acceleration was based on the
homogeneous model. The comparison of the predicted values from these equations against a
limited data base showed relatively good agreement. For a complex geometry such as a rod

bundle, the hydraulic-diameter concept was suggested by Beattie.



Table 6.1: The Beattie Correlations for Various Flow Patterns [Beattie, 1973]

Sublayer |Example Eriction factor Reynolds number &
Structure
Bubble Rubble flow p,DdFdz 1+x fi - 1] Lo ] [ B3ut2mpp
26’(1+x‘[—pi-1]] [ { ] (“l*pl) Py ]]
Py l‘i 1+ (3-5 e * 2F-D Py 1]
(g * BPp,
Wavy Annular flow |as above L (1 1]] [1 ‘[ ]}
—_- +x|L- +x,
gasfliquid |with no be £ Paly
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interface |entrainment ™
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small obstruction DTG ? - Pe Pe
' L7
bubbles {bubble or 1”‘[35 Py 1]
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Dry wall [Post *burnout’ pl D dPid _!{1 o { P 1]} ] ( [1 . { P l]]
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o el
(3
Flow with | Boiling flow 2p,D dFjd P n complex
—_— Gp1+x]2 -1
attached G’(1+.\: [_-1 ] ;4[ / ]
(¥
wall
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While functions provided in Table 6.1 were found to be valid for a number of flow conditions,
they are not applicable for others, which have flow characteristics that differ significantly from
single-phase flow. Beattie [1974] found that, unlike most flow characteristics where three
sublayers are encountered over the flow area, only two sublayers (laminar and buffer) are

exhibited in these data. By extending the buffer sublayer to the core axis, the friction factor

becomes

= 8.15 log(Re /f ) - 1111

(6.102)




This equation is also valid for flows affected by the entrance effect or near the hydrodynamic
dryout phenomenon. At hydrodynamic dryout conditions, the liguid film is stripped away from
the surface due to high mass flux and quality. This is different from the thermodynamic dryout

phenomenon where the liquid film is evaporated away.

Based on the friction factor, the Beattie attached wall-void equation significantly overpredicted
the pressure-drop data of Gaspari et al. [1964]. No clarification was provided by Beattie.
However, this may have been caused by the differences in near-wall flow structure, where a thin-

film annular flow was present, rather than the anticipated attached wall-void phenomenon.
Beattie [ 1975] extended the analysis of sublayer flow structure to high-pressure steam-water flow.
He categorised the flow structures into five groups, each having a unique dimensionless

parameter:

)] Dry wall sublayer:

Re = 2 Ps 9> (6.103)
He
(i) Sublayer containing bubbles with rigid surface:
D <j>
Re = Py & (6.104)
B (1 +25P)

(ili)  Sublayer containing bubbles with non-rigid surface:



Do, <>

2.
ji; 1+_5_pi.+_p_’B
B N

Re

(6.105)

(iv)  Sublayer with a wavy gas-liquid interface extending to within the laminar sublayer:

Dp, <>

R:
¢ P;(I'B)*’Pgﬁ

v) Sublayer containing attached wall voids:

D p, <>
We = L
o

The average volumetric flow rate is evaluated from

<> =_§.

Pip

where the two-phase density is expressed as

X 1 -x
_ a a
ptp_ *

Py P

The gas volumetric flow ratio is defined as

xa p[

I3=xap,+(l -xa)pg

{6.106)

(6.107)

{6.108)

(6.109)

6.110)



The two-phase pressure gradient was presented in terms of the friction factor as

2
dp _ 21 Py > 6.111)
dz D

except for the dry-wall case, where tiie two-phase pressure gradient was written as

2
dp _27Py > (6.112)
dz D

Note that the Fanning friction factor is used in all of Beattie’s equations, and is 1/4 of the Blasius
friction factor. Based on the mixing-length theory and empirical velocity profile, Beattie
presented seven different equations for the Fanning friction factor under various flow conditions.

These equations are listed as follows:

1/yf =348 - 4log (2e/D + 935/(Re {f )) (6.113)
1/yf =8.15log(Re yf ) - 11.1 (6.114)
1/yf =16 log(Re yf ) - 43 (6.115)
1/yf =16 log(Re yf ) - 56.7 (6.116)
1/Jf =16 log(Re f ) - 724 (6.117)
1/f =566 log(We f) + 1.7 (6.118)



1/Vf =14 log(We f) - 104 (6.119)

The two-phase pressure gradient is determined by using the appropriate friction-factor definition
and non-dimensional parameter (i.c., Re or We) based on the sublayer structure. No definite
boundary of applications for these equations (i.e., Equations (6.113) to (6.119)) were given by
Beattie. For heated tubes, Beattie recommended the use of Equation (6.113) with Equation
(6.104) for low-quality bubbly flow, Equation (6.119) with Equation (6.107) for high-quality
flow, and Equation (6.113) with Equation (6.103) for post-dryout flow. Figure 6.1 shows the
comparison between the Beattie combined flow-regime correlation and the experimental data of
Gaspari et al. [1964]. The two-phase friction factor was calculated from Equation (6.111) for
pre-dryout flow and Equation (6.112) for post-dryout flow. The combined flow-regime
correlation seems to predict the experimental data quite well, except at conditions where only part
of the tube is beyond dryout. These experimental data, however, were mostly obtained with two-

phase inlet conditions in a tube of short heated length. Beattie [1977] grouped the above

0.01

TWO-PHASE FRICTION FACTOR

0.001

0.2 04 .
QUALITY

0.8

Figure 6.1: Predictions of Beattie’s Combined Flow-Regime Correlation and Data [Beattie, 1975].

6 - 38



equations into a generalised equation with the empirical coefficients expressed in terme < two

parameters.

In view of the assumed phenomenon associated with the Beattie derivation, the attached wall-void
expression (Equations (6.119) and (6.107)) used for the high-quality flow may not be appropriate.
Under those conditions, an annular flow is encountered and bubble nucleation is probably
suppressed. Therefore, the surface-tension effect (incorporated in the Weber number) may be less

significant than the dynamic effect.

The difficulty in using the Beattie equation arises from the need to know the near-wall flow
structure, which has to be determined experimentally. Beattic and Whalley [1982] introduced
a simplification by modifying the calculation of two-phase viscosity for bubbly and annular
flows. This simplification is possible since the same definitions for two-phase friction factor and
two-phase Reynolds number are applicable for these flow patterns. The only difference is the
definition of two-phase viscosity in the calculation of the two-phase Reynolds number. The two-

phase friction factor is defined as

_ p, D (dPidz),

» = XE (6.120)
and the two-phase Reynolds number is
Re, = DG (6.121)
P
where the re-defined two-phase viscosity is expressed as
bp =B (1-B) (1 +25P) +p B (6.122)



This modification is anticipated to be less accurate than the equation derived for a specific flow
pattern. However, a comparison of its predictions against a large data bank of adiabatic
experimental data indicated very good agreement, particularly for vertical steam-water flow. This
correlation is better than 11 others (excluding the correlation of Heat Transfer and Fluid-flow
Service (HTFS), which was derived from the same data base), including those recommended by
Baroczy [1965], Friedel [1979] and Chisholm [1978].

6.4.3 The Dobran Annular-Flow Model

Dobran [1983] separated the annular-flow liquid film into two regions: a continuous layer and
a wavy layer of liquid. While the momentum diffusivity (e,,) in the continuous layer is assumed
to be the same as in single-phase liquid flow and is related to the distance from the surface, the
one in the wavy layer is a function of the wave height (i.e., the difference in thickness between
the wave crest and continuous layer). As for single-phase flow, the velocity profile is presented
for the continuous layer based on the assumption of a thin liquid film. The shear-stress
distribution, on the other hand, is obtained by ignoring the inertia forces in the momentum

equation of this wavy layer

T P P (6.123)

where y* is the dimensionless distance from the wall

+ plu‘y
y ¥ —
B

(6.124)

u* is the friction velocity



12

T
uu = __i (6.125)
P

§* is the dimensionless film thickness

pyu”d
B

+

(6.126)

and T, and t,, are the interfacial and wall shear stress, respectively. The velocity profile in the
wavy layer is obtained by assuming that the thin liquid-film approach is also valid in this layer
and integrating from y* = 8§ to y* > §". In the vapour core, Dobran indicated that a
homogeneous flow should be assumed, but he used 100% core void fraction (i.e., no entrainment)

in his analysis.

Two empirical expressions were derived based on other experimental data of upward and
downward air-water flows: the thickness of continaous liquid layer and the momentum diffusivity
of the wavy layer. The Wallis [1969a] correlation for interfacial friction factor was used to
calculate the interfacial shear stress. Using these empirical expressions and velocity profiles,
Dobran derived the equation for calculating the dimensionless liquid-film mass-flow rate. The
dimensionless liquid film thickness and flow rate were calculated with this model, but they were
compared only against the data used to derive the empirical expressions. Even so, only limited

success was achieved in the comparison.

Dobran {1985] also included droplet entrainment in the core flow, which was estimated with the
Ishii and Mishima correlation [1982]. The inclusion of droplet entrainment improved the

preciiction accuracy of Dobran’s model.



6.4.4 The Abolfadl and Wallis Muiti-layer Models

Abolfadl and Wallis [1985] assumed different sublayers in the liquid film and vapour core of

annular flow. Similar to other analytical models, the cross-sectional flow includes a liquid film

and dispersed flow core with liquid entrainment. The liquid film is divided into two sublayers,

viscous and turbulent, and the core flow is assumed to be homogeneous. In the viscous sublayer,

the velocity is presented as

N 2
uff:__l (AP~ - H( - r )—acr;‘:elnr* ﬂ’.
2 Py

where u; is the dimensionless laminar-film velocity, defined as

122
* uprg
¥y = 12
(8D (p, - pp))

AP is the dimensionless pressure gradient, defined as

_ ~(dPldz +p, 8 cos )
g (p; - Py

®

ko, . . .
r is the dimensionless radius, defined as
*x

2r
rto=
D

N, is a dimensionless parameter, expressed as

(6.127)

(6.128)

(6.129)

(6.130)



_D(p, gD (p - p " (6.131)
H;

N,

o, is the core void fraction and r',,,, is the dimensionless average-core radius (i.e., 2 r../D).

The velocity at the turbulent-film sublayer is expressed as

2
or
ri(AP*-1)+ 2T
r*

12
] (6.132)
dr’
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where up is the dimensionless velocity at the laminar-turbulent flow transition calculated with
the laminar-film equation, H is a toggle function which is 1 for upward flow (i.e., du/dy > 0) and
-1 for downward flow (i.e., du/dy < 0), rt* is the dimensionless radius at the laminar-turbulent

flow transition (which is 1 - 8.;), and I" is the dimensionless mixing length defined as

21

[* =2t (6.133)
D
The dimensionless thickness of the laminar sublayer is calculated using
3,
N .
Re, = - L) J.luLf|dy" e (6.134)
2 4P
g 0

rather than based on the same definition as in single-phase flow, which is the most common
approach used in annular-flow analysis. In the core flow, only turbulent flow was assumed, and

the velocity was expressed similarly to the above equation, ie.,
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where u;" is the dimensionless interfacial velocity and p, is the core density, which is calculated

using

pc::acpg-i-(l _u‘c)p!

The dimensionless liquid film volumetric flux was expressed as

2 3 Rl
;e 2 [ugernar Sl [ upnar
pg » pg L

rcore

the dimensionless gas volumetric flux was

rCOft

Jo = fac ur, 2r* dr*
0

and the dimensionless entrained liquid volumetric flux was

lz rc‘orf
|2 [a-ay vt e
pg 0

The total dimensionless liquid volumetric flux was

x

JP=Jl ]

(6.136)
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An empirical function was introduced for the mixing length, which was assumed to cover both

the turbulent liquid-film sublayer and the turbulent core flow. It was expressed as

I*=C() F(r™) (6.141)

where

Fro) = 1 - r72 (6.142)

and, for o, 2 0.999,

Clo) = 0.12 (6.143)
otherwise,
Cla) =0.065 - 0.008 {n(1 - o) (6.144)

A comparison of predicted gas volumetric fluxes against experimental data indicated a much
closer agreement with this empirical two-phase mixing-length definition than the one defined for
single-phase flow. The interfacial friction factor, instead of being obtained from an empirical
correlation, was derived and calculated with the mixing length (Equation (6.141)). It was

expressed as

2
_sxnlf2 .
f=B-87 | L HUD " L gmpn Lgpi-gmye (6.145)
4 1-(1-5n” 3 2

with B defined as, for o, > 0.999,



B = 0.0072 (6.146)

and, for o, < 0.999,

g - (0.0065-0.008 [n(l - )’
) )

(6.147)

These equations were solved simultaneously to obtain pressure drop and film thickness for a
given set of gas, liquid and entrained-liquid flow rates. Comparisons with adiabatic data of air-
water, air-alcohol, and steam-water flows have indicated generally close agreement. However,

it appears that the low pressure-drop data were underpredicted while the high pressure-drop data

were overpredicted by this model in steam-water flow.

Abolfadl and Wallis [1986) modified the empirical mixing-length equation, which approaches the
value in single-phase flow as the entrained-liquid fraction approaches zero. While the mixing-

length expression and its F(r*) function remained the same, the C(ct.) function became, for
-In(1-0,) 2 9,

Cl,) =0.14 (6.148)
otherwise,
C(a,) = 0.0275 - 0.0125 in(1 - o) (6.149)

In turn, the interfacial friction factor had to be modified as well. In addition to the change in

mixing-length definition, a laminar sublayer was also introduced to the vapour core. Its thickness

was calculated with

on
S
o
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&
The criteria (i.e., 6) was obtained based on a small number of Gill and Hewitt [1962] data. The

velocity distribution in this sublayer was expressed as

»*

N
U, =4+ -%(AP‘ Sl+a) (1 -r) (6.151)

Comparison against the same data sets used in their previous analysis indicated slight
improvemenis for some data (e.g., steam-water upward flow), but also a reduction in accuracy
for others (e.g., air-water upward flow). This modification provides a correct parametric trend
to the model and hence should be used. The model was also extended to horizontal flow, with
new definitions for the mixing length and various velocity distributions. These definitions will

not be presented here, since horizontal flow is beyond the scope of the present study.

6.5 MULTI-FLUID MODELS

A multi-fluid model utilizes the complete set of conservative equations (i.e., mass, momentum
and energy) for the phases. The inter-relationships of these equations are often predicted with
closure relationships that rely on other analytical models or experimental results. In general, this
model provides a correct parametric trend (depending on the closure equations) and hence it is
a prime candidate for extrapolation. However, its complexity often deters potential applications,
since a high-speed computer is essential to solve all equations simultaneously. Furthermore, the
accuracy of the model depends also on the employed closure equations. Most often, this type
of model is set up for predicting dryout in a heated channel, and pressure drop is obtained as a

by-product in the solution.
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6.5.1 The Saito et al. Formulation

Saito et al. [1978) presented a multi-fluid formulation that can be used for two- to four-fluid
analysis. The predictions of their model have been compared against experimental data of
adiabatic air-water flow in a tube, and steam-water flows at dryout conditions inside a tube and

an annulus. Descriptions of closure equations were provided for various flow conditions.

The comparisons indicated only general agreement with the data, but the parametric trend of data
agreed with the predictions. As anticipated, the accuracy of this model was less than that of
empirical correlations. For flow inside a heated tube at dryout conditions, the model predicts a
decrease in pressure drop as the surface approaches dryout. A sensitivity study showed that the

predictions of pressure drop and dryout power are affected strongly by the entrained-liquid

fraction at transition to annular-dispersed flow.

6.5.2 The Fujita and Hughes, Two-Fluid, Two-Velocity Model

Fujita and Hughes [1979] developed a two-fluid, two-velocity mode! that considers only the
continuous phases (i.., liquid and gas/vapour) in the channel. The discrete phase was assumed
to blend homogeneously inside the continuous phase. The predictions of their model were

compared against the experimental results of Schrock and Grossman [1959].

While good agreement was indicated for both pressure and temperature distributions along the
heated channel, the predicted void fraction and slip factor were shown to be rather different from
the calculated results based on experimental data. This could be caused by the compensating

effect from other parameters, resulting in yet reasonable predictions of pressure drop and wall

temperature.
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6.5.3 The Adeniji-Fashola et al. Model

Adeniji-Fashola et al. [1986] introduced separate models for different flow pattemns. A drift-flux
formulation was used for bubble and churn-turbulent flows, and a two-fluid model for annular
flow. The transition point between these flow patterns was predicted using the Taitel et al.
[1980] criterion. A number of empirical parameters (e.g., interfacial shear stress predicted using
the Wallis correlation [1969a]) were introduced. Similar to the findings of Saito et al. [1977],
the entrained-liquid fraction at the transition point was shown to be most crucial to the overall

pressure-drop prediction.

Predictions obtained from this model were compared against only one set of experimental data
of Refrigerant-11 flow [Adelmessih and Yin, 1973]. The parametric trends of pressure drop with
respect to mass flux agreed with those observed from the experimental data. A set of inter-

related empirical parameters were optimized using this set of data.

6.6 DISCUSSION

A wide variety of analytical or semi-analytical models were presented; strictly speaking, they are
valid only for specific flow patterns. Although they can be used for flow boiling, only the Levy
steam-slip model [1959] includes the effect of surface heating on two-phase pressure drop fvia
the calculations of vapour-mass quality and void fraction). In this section, the strength and

weaknesses of some analytical models are discussed.

The homogeneous-flow model (expressed in equations as shown in Section 6.1) is the simplest
mode! to use and can provide reasonably good predictions for some flow patterns (low-quality
bubbly flow or high guality droplet flow). Its accuracy, however, depends strongly on the
definitions of (i) two-phase viscosity and (ii) two-phase friction factor. The use of the Blasius

equation as two-phase friction factor is not valid for high two-phase Reynolds numbers. On the
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other hand, the Colebrook equation may be more appropriate, as indicated by Beattie [1973,
1974, 19771.

The modified homogeneous-flow model extends the applications of the homogeneous-flow model
to a slightly wider range of conditions. It remains primarily valid for bubbly and droplet flow.
However, due to the empirical nature of the modification (such as slip ratio or void and velocity

profiles), this model should be restricted to the range of its data base.

The separated-flow model has only a limited range of application and is valid mainly for
idealized annular flow (with no entrainment) and horizontal stratified flow. Similar to the
homogeneous-flow model, its application is relatively simple but it does not result in good
prediction accuracy. This is caused by the limitations in predicting the interfacial parameters
(such as shear stress and velocity) based on empirical expressions. For annular flow, most
models were based on the thin liquid-film assumption (e.g., Calvert and Williams [1955], Ueda
[1967a] and Wallis [1969a]). This has limited the applications of this model further to only high-
quality flow. The effects of other parameters on this model were presented by Wallis [1969b]

for the applications in annular flow.

The mixing-length model is mainly used for analyzing annular flow. Although a relatively good
agreement between predictions and experimental data of pressure drop was shown in various
studies, its main limitation is the uncertainty in predicting flow parameters such as velocity
profile, interfacial shear stress, etc. This is due to the limited data base (available mainly at low-
pressure conditions) and large data scatter. In view of the complex nature of annular flow, the
mixing-length model is a relatively simple, and yet successful, approach (as compared to the

analysis based on two-phase eddy viscosity).



7. MODELLING OF PRESSURE GRADIENT
IN A HEATED CHANNEL

The literature survey presented in Chapters 5 and 6 has shown that no specific prediction method
is available to account for the surface-heating effect on two-phase pressure drop, despite ample
experimental data in support of this strong effect. A number of prediction methods for adiabatic
conditions have been extended to flow boiling, However, they were primarily tested with a
limited data base, making their application to other conditions questionable. For high-pressure
and high-flow conditions, the studies of Becker et al. [1961, 1962a, 1962b, 1962¢, 1962d] and
Reddy et al. [1982] have shown no heating effect on two-phase pressure drop. Their correlations
do not show any variations with respect to heat flux as displayed in the experimental data of
Tarasova et al. [1966] and Bartolomei et al. [1979]. Beattie [1975, 1977] showed that reasonable
predictions of flow-boiling pressure drop can be achieved if appropriate two-phase parameters

are defined.



Although the analytical models were set up in general form, none of them were developed
specifically for steam-water flow boiling, since they use the closure relations derived from low-
pressure air-water data. The only exception is the Lu and Jia two-region model [1988], which
is valid only for subcooled flow boiling. Skouloudis and Wurtz [1991] performed only limited
validations of their power-law model for annular flow with adiabatic steam-water data. They
introduced empirical modifications, such as vapour entrainment in the liquid film, to improve the
agreement between predictions and experimental data. Furthermore, these models are often based
on empirical parameters that have inappropriate asymptotic trends (e.g., two-phase mixing length
with values different from the single-phase flow at close to 0% or 100% in veid fraction). This

results in questionable extrapolation to conditions outside the data base.

Limited modelling studies on the effect of surface heating have been provided, but only for a
specific flow pattern (e.g., the Weisman and Du [1992] model for bubbly flow). No inter-relation
has been introduced to link various flow-pattern specific models; as a result, large discontinuities

at the boundaries of flow-pattern transitions may occur.

In view of the lack of validated prediction methods, an analytical model is developed in this
study for predicting flow-boiling pressure drop at high-pressure and high-flow conditions. A
number of options have been examined for modelling flow boiling (e.g., mixed-flow, two-fluid
and drift-flux models). The mechanistic approach is selected, rather than the full set of two-fluid
or drift-flux formulations. It can provide a reasonable simulation and yet is simple enough for
most applications. For this type of complex analysis, avoiding empirical constants completely
is not yet feasible, because the fluid-flow phenomena in both single- and two-phase flows, and
flow transitions, are still not fully understood. In the present model, these corstants are used as
the closure relationship to flow phenomena, and can be easily updated once more information
bécomes available. An empirical correlation, on the other hand, requires the re-derivation of

equations to accommodate any changes.

The general equations for momentum and energy balance are presented in Section 7.1, together

with the basic assumptions used in the present model. Section 7.2 presents the modelling
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methodology, which describes the area where simplifications are introduced into the model. The
modelling of single-phase liquid flow is shown in Section 7.3, which provides the equations for
calculating the shear stress and velocity. A solution scheme is also presented. Section 7.4
describes the approach for modelling flow boiling and the equations used in various heat-transfer
regimes. Closure relations are also presented with justification. In this study, two correlations
have been derived for predicting the entrained-liquid fraction in adiabatic flow and flow boiling
for the present conditions of interest. They are described in this section, together with a
comparison against the experimental data. The solution scheme for applying the model to predict

the pressure gradient due to friction is presented in Section 7.5.

7.1 GENERAL

The pressure gradient in a vertical channel is separated into three components: friction,
acceleration and gravity. Based on the force-momentum balance on a control volume with

steady-state flow (Figure 7.1), it is expressed as

-2z 4, - 0,82 5+-2.(GW) 81 A+ gz Ay .1

where P is the pressure in Pa, z is the axial distance in m, Ay, is the flow area in m?, S is the
channel wetted perimeter in m, T, is the wall shear stress in N.m2, G is the mass flux in
kg.m%s ™, u is the flow velocity in m. s, p s the fluid dens1ty in kg.m™ and g is the acceleration
constant due to gravity (=9.806) in m. s2. Equation (7.1) is valid for both single-phase and two-
phase homogeneous (with liquid/surface contact) flow, but has to be modified for two-phase
separated flow (i.e., separate equations are needed for liquid and vapour phases). The pressure
gradients due to acceleration and gravity are generally small at high-pressure and high-flow
conditions. Equations for these pressure gradients are presented in Chapters 2 and 3. Detailed

modelling of these two components is not expected to result in significant improvements in
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prediction accuracy. Therefore, a simplified
approach, as presented in Chapters 2 and 3, is

used in the calculation.

The present model focuses on the prediction
of frictional pressure gradient in a heated
channel. To simplify the calculation, the
momentum and energy equations are de-
coupled and are solved separately. Assuming
that frictional heating is negligible, an energy
balance is illustrated in Figure 7.2 over a
control volume for steady-state flow. It is

expressed as

P+dP Guo+d(Gu)

pEdz

Figure 7.1: Force-Momentum Balance over a
Control Volume.

2
AWH) 5, . dWVU) 5, & Wgdz =¢qS5,,08z +q,0zA -w (7.2)

dz dz

where H is the enthalpy in J.kg™, q is the surface heat flux in W.m2, S, is the heated perimeter

in m, q, is the internal heat generation in W.m?, and w is the work done by the fluid. Again,

this equation is valid for single-phase and two-phase homogeneous (with liquid/surface contact)

flow, and has to be modified for separated two-phase flow. Assuming further that (i) the changes

in fluid properties are negligible, (ii) the kinetic and potential-energy terms are much smaller than

heat input and enthalpy, and hence are also negligible, (iii) there is no internal heat generation

within the fluid, and (iv) there is no work done, the energy equation can be simplified for a

channel of constant flow area, and is written as

dWH) _
dz

q She

The fluid enthalpy can be expressed as

(7.3)



H=H +xH, (7.4)

W H + d(WH) Wuz+d(Wn?)

where H; is the saturated-liquid enthalpy in

J.kg!, Hy, is the latent heat of vaporisation in

Jkg! and x is the flow quality. Based on the Adza,

continuity equation (i.e., conservation of

mass) and assuming that the variations of Wbz

saturated-liquid enthalpy and latent heat of

vaporisation are negligible (i.e., dHydz~0 and

dHfg/dz~0, no flashing), Equation (7.3) is re-

written as

dx qS,, Figure 7.2: An Energy Balance over a Control

dx _ dohe 1.5 :
e W Hfg Volume

Equation (7.5) can be integrated for a uniformly heated channel and expressed simply as the heat-

balance over the channel; i.e.,

S,z
X =x, + q ;;:' = x, * Power z (7.6)
w fo w Hfg L,

where x,, is the inlet quality, and Power is the applied power in W. To account for flashing due

to a reduction in saturation temperature, Equation 7.6 is rewritten as

. P L) -
© = H, + (Power/W) (z/L,,) Hf am

Hfg

with H; and Hy, evaluated with the local pressure.



To account for the difference in pressure gradients between a heated and unheated channel in the
model, the changes in radial fluid-temperature and void-fraction distributions (especially near the
wall) due to the heating effect must be considered. The most significant difference is the near-
wall void fraction, which is zero in adiabatic flow but often reaches a maximum in a heated-
channel flow. For those flow patterns having similar characteristics in both heated and unheated
channels (i.e., single-phase liquid flow and annular flow with no surface boiling), the near-wall

viscosity variation due to differences in surface temperature must be included.

This mechanistic model considers the surface/near-wall fluid interaction as the primary cause of
pressure gradient inside a channel. This interaction, however, is affected by flow structures at
the liquid/vapour interface and the core flow that change the shear-stress and velocity
distributions. The same argument was used by Beattie [1973] and Beattie and Whalley [1982]
in their development of prediction methods for two-phase pressure gradient. Their comparison
against experimental data resulted in the limited success of this approach, and the derivation of

equations was restricted to several flow patterns only.

Different equations for predicting pressure gradient are needed for various flow structures. Their
derivations are presented in the following sections. They are followed by discussions on
transition criteria between these flow structures. While most derivations are analytically based,
empirical correlations will also be employed to provide (i) closure relationships and (if)

simplification to complex formulations,
The following basic assumptions are used in the present model:

1) Local parameters are assumed to vary in the radial direction only and not in the azimuthal

direction.

2) The same radial velocity distribution is maintained within the control volume.

3) The time-averaged radial void fraction is assumed to be uniform (i.e., homogeneous flow)
across the two-phase region (i.e., do/dr = ().

4) Fluid properties are assumed to be constant within the control volume.
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5) The axial gradient in velocity (i.e., du/dz) is independent from the radial variation.
6) The cross-sectional flow structure is assumed to consist of two regions: laminar sublayer and
turbulent core.

7) The vapour is assumed incompressible, since (8p/8P)/p << 1 at high-pressure conditions.

7.2 MODELLING METHODOLOGY

The present model is developed to evaluate the two-phase frictional multiplier by analyticaily
calculating the single-phase and two-phase frictional pressure drops in a smooth channel.
Although the analysis of single-phase pressure-drop measurements (to be shown later in Chapter
8) has resulted in a relative roughness value of 0.00103 (a relatively small variation from a
smooth tube) for the present test section, it is decided to model a smooth tube, since the effect
of tube roughness on pressure drop is beyond the scope of the present study, Also, this would
considerably simplify the analysis. As indicated in Section 2.2.5, all recent modelling approaches
for single-phase flow suggest a correction to the mixing-length calculation, and appear to
contradict the experimental data of Schlichting [1960]. Chisholm [1983] has shown a reduction
in two-phase multiplier for a rough tube, compared to that for a smooth tube (due to a much
larger increase in pressure drop for single-phase than for two-phase flow; ie.,
(dPgrough / 4Pramootw)sp > (APrrougn / Pramootnhip ). The effect of roughness on the two-phase
multiplier becomes less significant at a relative roughness (¢/D) larger than 0.002. Figure 7.3
shows the relation of the coefficient B in the Chisholm correlation (Equation (5.15)) between a

rough and smooth tube for various relative-roughness values.

The following approach is used to evaluate the overall pressure drop in a heated channel:

1) Equations for calculating the frictional pressure drop are set up for both single- and two-phase
flow. They will be presented and described in later sections of this chapter. While only one

sub-model is used for single-phase liquid flow, four different sub-models are prepared for

7-17



N Haywood et al.
L O Berkowitz et al.

® Miropolski et al.
(SEE CHISHOLM [1983] POR REFERENCES)
| i
0 0.001 0.002 0.003

RELATIVE ROUGHNESS

Figure 7.3: Effect of Relative Roughness on Coefficient B in the Chisholm Correlation for Two-
Phase Frictional Multiplier [Chisholm, 1983].

2)

two-phase flow, covering the subcooled boiling (near-wall bubbly flow), fully developed bulk
boiling (bubbly flow), forced-convective evaporation (annular flow) and film boiling
(dispersed droplet flow). The slug, churn, and inverted-annular flows are not encountered at
present conditions of interest, and therefore will not be considered. Modifications, however,

can be introduced to these sub-models to extend the applications to these flow regimes as

well.

The channel is divided into small sections to ensure that assumptions (3), (4) and (5) are
justified. In each section, the two-phase and single-phase frictional pressure drops are
calculated and the two-phase frictional multiplier is the ratio of these two pressure drops.
The calculation at each section (a control volume) is based on the upstream pressure and
average values of fluid properties, flow, thermodynamic qualities and void fraction. The only
exception is the momentum pressure-drop calculation, which is based on the momentum
difference over the section, and is therefore calculated with the fluid properties, flow quality

and void fraction at both the upstream and downstream points. It is assumed that the inlet
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3)

4)

3)

conditions (pressure, mass flow rate, and fluid temperature) and the applied power are known
parameters, and the calculation proceeds from the inlet to the outlet end by subtracting
various pressure-drop components (i.e., friction, acceleration and gravity) from the upstream

pressure at each step.

The pressure drops due to acceleration and gravity are calculated separately, with the
equations described in Sections 2.3.2 and 3.4.2, and Sections 2.3.3 and 3.4.3, respectively,

for single- and two-phase flows.

The two-phase pressure drop due to friction is calculated by multiplying the two-phase
frictional multiplier (based on the model) with the single-phase pressure drop calculated with

the D’ Arcy-Weisbach equation (Equation (2.37))

ap = f8z P (7.8)
xi D 2

where the empirical friction factor, f, is obtained with the Colebrook-Chen equation (Equation
(2.44)). The relative roughness of the section is evaluated from the single-phase pressure-

drop data.

The effect of the temperature difference between near-wall and bulk fluids (as a result of
surface heating) on pressure drop is significant only in single-phase liquid and dispersed
droplet flows. In other pre-CHF heat-transfer regimes (mainly saturated boiling), the surface
temperature is maintained close to the saturation value, since heat transfer between the heated
surface and fluid is very efficient (as indicated by the steep gradient of boiling curve shown
in Figure 4.1). Though possible, the radial variation of fluid viscosity is not included in the
present model, to simplify the analysis. The effect of radial-temperature variation on the
single-phase frictional pressure drop is accounted for with an empirical correction factor,
(Equation (2.46), as described in Section 2.3.1.2)
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where p, and p, are the dynamic-viscosity values for the bulk and near-wall fluids,
respectively. The exponent, m, is determined with the single-phase pressure-drop data of the
heated test section for liquid flow. A value of 0.1 (as recommended by Petukhov [1970]),
however, is used for single-phase vapour flow, since experimental data of single-phase vapour
flow in a heated tube are not available. The near-wall fluid properties are evaluated based

on the surface temperature, as predicted with the correlations described in Chapter 4.

6) The transition points between flow patterns (and heat-transfer modes) are predicted based on
the correlations described in Chapter 4. They include the ONB point (transition between
single-phase liquid and subcooled-boiling heat-transfer regime), the OSV point (transition
between single- and two-phase pressure drops) and the CHF point (between forced convective
evaporation and film boiling heat-transfer regimes). Differences between ONB and OSY
points have been described in Chapter 4. The transition between bubbly (saturated boiling)
and annular (forced convective evaporation) flow is estimated with the criterion presented in
the Hewitt and Roberts [1969] flow-pattern map (i.e., at a vapour momentum flux, pgjgz, of

100 as shown in Figure 3.5).

7) The flow quality is calculated with the Kroeger and Zuber [1968] correlation (Equation (3.4))

and the void fraction is determined with the Chexal et al. [1991] correlation (see Section 3.3).

73 MODELLING OF SINGLE-PHASE LIQUID FLOW

The pressure gradient at any radial location, r, can be written as (from Equation (7.1))
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dzr dz

based on the assumption that axial pressure gradient is independent of radial location (see Figure

7.1). Hence, the radial shear-stress distribution is written as

2| dz dz
=_r(dP]
2| dz I

Since both the pressure drop and shear-stress distribution are unknown, iterations are required

1;:-’.[£ + G_di + pg]
(7.11)

in this analysis. An initial value of pressure drop is assumed. As indicated in Chapter 2, the

shear-stress distribution can also be expressed as a function of velocity gradient; i.e.,

v =, B (7.12)

dy

For laminar flow, the apparent viscosity, p,, i equivalent to the liquid or vapour viscosity (i
or p,) corresponding to respective single-phase flow. The Reynolds number criterion of 2300
is used for the transition from laminar to turbulent flow. Laminar flow is not encountered at the
present conditions of interest. As indicated in assumption (6), the buffer layer is not included

in the present model.

In turbulent flow, the mixing-length approach is used to calculate the shear stress based on the
velocity gradient. As stated in Section 2.2.2, the mixing length represents a hypothetical distance
that has to be travelled by the fluid from one lamina to another for assimilation. This approach

is the simplest and has been shown valid for tube flow. The apparent viscosity is expressed as

(7.13)

By =p i

du
dy
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where 1 is the mixing length. The velocity distribution is obtained by integrating the velocity

gradient over the tube radius. It is expressed, for laminar flow as,

y R
f% f% (7.14)

y=0
and, for turbulent flow as,

y R-yg

[ 57 % s = [ o5 " Yo 719
¥oYg P r=r

=
fl

where y,p, g.y5 i the laminar sublayer velocity at the radial location of R-ys. Figure 7.4 shows
the velocity distribution inside a tube. While a number of definitions for mixing length have
been introduced (see Chapter 2), a simplified form of the Schlichting [1960] empirical equation
(Equation (2.22)) is used. It is written as

L0141 - [,’_ j (7.16)
R R

This equation provides a correct asymptotic value at the centre of the tube (i.e., L = 0.14 at R=0),
but a slightly larger constant at the near-wall region (0.42 instead of 0.4, as presented by
Prandtl’s definition). Due to the difference in the present approach compared to those approaches
traditionally used in shear-stress modelling (e.g., the mixing length is often defined as,
1 = 0.4 y), the non-dimensional laminar sublayer thickness will be determined by comparing the
predicted single-phase pressure drops from this model against those from the Blasius equation

for a smooth tube. This non-dimensional thickness is expressed as
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where y; is the laminar sublayer thickness in
_ﬁy

m, u" is the friction velocity (=(t,/p)®) in

m.s? and v is the kinematic viscosity in

mss. It is assumed to be the same in both

DN\

single- and two-phase flow.

M\

The velocity distribution is evaluated by
integrating Equation (7.14) from r=(R-ys} to

r=R for the laminar sublayer flow, and
Equation (7.15) from r=0 to r=(R-yz) for the

turbulent core flow. By assuming constant

DADIMMM
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Figure 7.4: Velocity Distribution for Single-
Phase Flow in Tubes.
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Since the mixing length (Equation (7.16)) is also a function of radial distance, Equation (7.19)
cannot be solved analytically, and is integrated numerically using the trapezoidal rule (see Chapra
and Canale [1988] for details of the trapezoidal rule). In brief, the local velocity at any radial
location, u,, is calculated by dividing the distance between the two boundaries (i.e., r and R-yg)
into a number of sub-divisions. The same local velocity is used for both laminar sublayer and

turbulent-core flow at the laminar sublayer thickness (i.e., r = R-yg).

As indicated above, an assumed value of frictional pressure gradient is used to initiate the
iteration. The convergence criterion (1% difference) is based on a comparison of the predicted
and experimental mass fluxes. The predicted mass flux is calculated by multiplying the cross-

sectional average velocity with the fluid density, i.e.,

2 R
G=_P furar (7.20)
R? 4

As indicated in Section 2.2.4, it has been suggested that different values be used for non-
dimensional thicknesses of the laminar sublayer (6.99 and 11.6). To reduce the uncertainty, it
has been decided to determine the non-dimensional thickness by comparing the present-model

predictions of single-phase pressure drop against the values evaluated using the Blasius Equation.

The following steps are used:

1) Assume a value for the non-dimensional thickness of the laminar sublayer.
2) Calculate the pressure drop using the Blasius Equation.
3) Calculate the overall mass flux using the present model.

4) Compare the predicted and experimental mass flux (These procedures are repeated until the

two mass fluxes converge).

For a difference of more than 1% in mass flux, the non-dimensional laminar sublayer thickness

is adjusted and the procedure is repeated. The calculation is performed for both single-phase
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liquid and vapour flow, and the calculated values of non-dimensional laminar sublayer thickness

are introduced to the sub-models of two-phase fiow.

7.4 MODELLING OF FLOW BOILING

In the present model, the analysis is based primarily on the shear-stress and velocity distributions,
as in single-phase flow. It is extended to flow-boiling conditions by including the effects of
phase distribution and surface heating on the entrained-liquid fraction. As described in Section
6.4, most studies also use the mixing-length approach in the turbulent two-phase region.
Although several studies have introduced modifications to the mixing-length definition, to account
for the turbulence-enhancement characteristic of vapour bubbles and turbulence-suppression
characteristic of liquid droplets, there is no strong evidence that these characteristics are a
dominant factor when the two-phase equivalent properties are used in the analysis. In most
cases, these modifications do not provide the correct asymptotic and parametric trends, and hence
result in large uncertainties when applied outside their data base. Within the present conditions
of interest, the phases tend to be well-mixed in the two-phase region and the homogeneous-flow

assumption is probably valid.

The present model analyzes separately the pressure drop in subcooled boiling, bulk boiling,
forced-convective evaporation and film boiling. Figure 7.5 illustrates the flow structure in
various heat transfer regimes and the anticipated pressure distribution. Among these heat-transfer
regimes, the forced-convective evaporation region is the most important, since it is frequently
encountered in two-phase equipment. However, it is also the most complex, due to the partially
separate (vapour core and liquid film) and partially mixed (vapour and entrained liquid droplets)

flow structure. It has been the subject of many extensive investigations (see Chapter 6).

In this model, the basic equations of shear-stress and velocity distributions are similar to those

used in single-phase flow. Several flow parameters (such as the laminar sublayer thickness) are
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affected by the presence of the two phases.
Due to the lack of experimental data for these
parameters at the present conditions of
interest, derivation of an appropriate
modification to these parameters has proven

impossible.

The same calculating procedure as in single-

phase is therefore used to evaluate the

AMAL DISTANCE (OR QUALITY)

pressure drop, which is also required in the
shear-stress equation. A detailed description

of the procedure is presented in Section 7.5.

PRESSURE

In summary, an initial frictional pressure drop Figure 7.5: Flow Structures of Verious Heat-
is assumed and is introduced into the velocity- Transfer Regimes at High-Flow Conditions.
gradient equations for various heat-transfer

regions. The velocity gradient is then integrated to obtain the velocity distribution, which is in
turn integrated to calculate the predicted mass flux. The predicted mass flux has to account for

the variation in density; i.e.,

2
R?

G = p urdr (7.21)

O &

where the density, p, represents the liquid or vapour value in single-phase flow and the mixture
value in two-phase flow. The estimated frictional pressure gradient is adjusted if the difference
between predicted and experimental mass fluxes is more than 1%. The adjustment is based on
the following strategy: if the mass flux is overpredicted, the upper-bound value of frictional
pressure gradient is replaced with the current estimation; otherwise, the lower bound value is

replaced. The overall pressure drop is calculated by adding the pressure drops due to friction,
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acceleration and gravity. Chapter 3 describes the equations for pressure drops due to acceleration

and gravity.

7.4.1 Subcooled Boiling Flow

In subcooled boiling flow at moderate values of subcooling (-0.25 < x,;, < 0), the flow structure
consists of fine bubbles moving in the near-wall region only, and in the single-phase subcooled
liquid at the core (see Figure 7.5). In general, the two-phase layer is extended from the heated
surface up to a point where fluid achieves the saturation condition, beyond which bubbles will
be condensed. This flow pattern is unique to flow boiling and can seldom be encountered in
adiabatic flow. The starting point of this boiling region is the point of onset of nucleate boiling
(which corresponds generally to conditions where T, = T_,). However, the pressure gradient is
not significantly affected until the point of net vapour generation is reached. Therefore, this
analysis of subcooled-boiling flow begins at the point of net vapour generation. Prediction of

this point has been discussed in Chapter 4.

7.4.1.1  Single-Phase Liquid Core

The analysis for single-phase flow is used at the core where only single-phase liquid is present.
It covers the radial locations beyond the thickness of the two-phase bubble layer. For a bubble
layer thinner than the laminar sublayer, the single-phase velocity distribution consists of both
laminar and turbulent flows, and is represented by Equations (7.18) and (7.19). Otherwise, only

the turbulent flows are considered and the velocity distribution is expressed as Equation (7.19).

The thickness of the two-phase bubble layer is the key parameter in the analysis. It is related
to the temperature distribution within the fluid, and can be determined by integrating the cross-
sectional fluid enthalpy until the local bulk-fluid enthalpy is matched. The local bulk-fluid

enthalpy is calculated from
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Power :z
L,

fluid = tin (7.22)

L4

where H,, is the inlet enthalpy in Jkg! and W is the mass flow rate in kg.s'. Assuming that,
once boiling is initiated, the fluid enthalpy in the core does not vary and is maintained at the

same level as the flow at the point of onset of nucleate boiling, Hgyp, the bulk-fluid enthalpy can

also be approximated to

1
Hpya = A_F(a ApH, +((1-0) A = (R -8, ") H+ T (R -8,,) Hong (7.23)

where Ag is the flow area, H, and H; are the saturation vapour and liquid enthalpy, respectively,
o is the cross-sectional average void fraction, and &, is the thickness of the two-phase layer.

Re-arranging the above equation, the thickness of the two-phase layer is expressed as

5,, <k - |Ar@Hr 17 ) By~ Hnia) (7.24)
i (Hf—HONB)

Since the assumption of a constant enthalpy in the core (the same as the flow at the point of

onset of nucleate boiling) is probably overly conservative, the thickness of the two-phase layer

may be overpredicted.

To simplify further the evaluation process, the thickness of the two-phase layer is assumed to be
0 at the point of onset of nucleate boiling, and reaches the centre of the tube when the
thermodynamic quality becomes O (see Figure 3.7). For in-between conditions, a linear

interpolation is used to determine the thickness; i.e.,

7-18



5 = X ~ xlh,ONB R (725)
bub U -x
th, ONB

where x, is the thermodynamic guality.

7.4.12 Two-Phase Laminar Bubble Layer
The analysis of the bubble layer is similar to that of single-phase flow, but modifications are
introduced to account for the presence of two phases. At the near-wall region, a laminar sublayer

is assumed and the velocity distribution is calculated with

R

il fr dr
2p,\dz )

-1 {dP R*-r?
2p,\dz ), 2

Equation (7.26) is similar to Equation (7.18), except that two-phase viscosity is used. The two-

(7.26)

phase viscosity is calculated with (assuming homogeneous flow)

1 -
1 = xbub + xbub (7.27)

Il; }]‘g H;

Due to the high concentration of vapour at the bubbly layer, the local flow quality, X, 1s larger
than the cross-sectional flow quality, x,, predicted by the Kroeger-Zuber correlation (see Section

3.2.1). Tt is then calculated using
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Xpup P g

Xpup = (7.28)
* pf(l “abub) * Opyp pg
where the local void fraction, o, is calculated with
o R*
Qpup = — = (7.29)
R* « (R -0,,)

where o. is the cross-sectional average void fraction predicted with the Chexal et al. correlation

(see Section 3.2.2). As stated in assumption (3), a uniform radial void-fraction distribution is

assumed within the two-phase bubble layer.

The thickness of the laminar sublayer in the bubbly layer, on the other hand, is thinner than that
of a single-phase liquid, because of the turbulence-enhancement effect of bubbles. Due to the

lack of data, the magnitude of this reduction in thickness is unclear, and the single-phase value

is assumed to apply.

7.4.1.3  Two-Phase Turbulent Bubble Layer

In the turbulent bubbly layer, the mixing-length approach is also employed to evaluate the shear-
stress and velocity distributions. Except in Beattie’s work [1972], this approach was not used
in previous studies that employed primarily the empirical correlation, the homogeneous-flow
model and, recently, the eddy-viscosity approach for adiabatic bubbly flow. The problem of
using the empirical correlation was indicated in Chapter 6. The use of the homogeneous-flow
model has resulted in some successes in adiabatic bubbly flow, where the homogeneous-flow
assumption is valid for most conditions. For low void-fraction conditions where the
homogeneous-flow model is invalid, the eddy-viscosity approach has been introduced. However,

the eddy viscosity remains empirically based.
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The mixing-length approach is selected, because this can provide a smooth transition to the

single-phase analysis in the turbulent core. The velocity distribution is expressed as

L (apY

- r

U= dr + iy, p_ (7.30)
2 Prp(dz Jf '! !:ub fom Vs,

where ys,,, is the thickness of the laminar sublayer and 1y, is the two-phase mixing length for
bubbly flow. As in single-phase flow, this equation is solved numerically using the trapezoid
rule. The two-phase density is calculated with the homogeneous-flow assumption and is

expressed as

U Y, 1™ Xow (7.31)
plp pg pt

7.4.1.4  Two-Phase Mixing Length for Bubbly Flow

The use of the mixing-length approach in two-phase bubbly flow may be questioned, due to the
presence of an interface boundary between the two phases. However, for a well-mixed bubbly
flow having fine bubbles, there is no additional turbulence generated by the gas/vapour phase
within the bubbles. Additional turbulence, however, is anticipated in the liquid phase, due to the
enhancement effect of the bubbles (primarily caused by the high bubble velocity). The continuity
of liquid from the core to the surface allows, therefore, the propagation of eddy fluctuation
(which can be accounted for using the mixing-length approach). This approach is expected to

become invalid for large bubbles (where internal gas/vapour flow may be present).

The mixing-length approach for two-phase bubbly flow has been used only by Beattie [1972],

who expressed the shear stress in bubbly flow as



t:m(l—a)ﬁy3E%J (7.32)

Hence, the two-phase mixing length is defined as
b = (1 —a)P xy (1.33)

Beattie [1972] indicates that this modification of mixing length provides a good prediction of
void fraction in low-pressure air-water flow. However, the {1-00)' term appears to correct for
the over-estimation of the mixing length in the core region, rather than represent any physical
phenomenon. (Beattie used the mixing length definition of xy, which is valid at the near-wall
region and overestimates significantly the mixing length at the core.) Based on the two-phase
properties, the single-phase mixing length may also be valid for a well-mixed two-phase flow
(i.e., no velocity difference between liquid and bubbles and hence no turbulence enhancement).

Therefore, no correction of mixing length is introduced in this study.

7.4.1.5 Effect of Bubble Formation on Pressure Gradient

The effect of a bubble layer on pressure gradient has been examined in a number of studies, and
has rtesulted in different conclusions [Bartolomei et al., 1979, Zejgarnik et al., 1983]. Most
analyses indicated that this attached-bubble layer increases the relative roughness of the heated
surface and hence the pressure gradient. Both Saha and Zuber [1974] and Avdeev [ 1988] have
assumed that the absolute roughness height is similar in magnitude to the bubble diameter. Lu
and Jia [1988], on the other hand, suggested that this layer introduces a drag-reducing effect and
causes a reduction in pressure gradient. Cumo et al. [1975] observed that a liquid sublayer
existed between the bubbly layer and heated surface, except at the bubble-developing locations,
for Freon flow inside a rectangular glass channel. This contradicts the fact that a stationary

bubbly layer, which acts as surface roughness, is a realistic assumption.



At high pressures and high flows, bubbles tend to be small in size due to the reduced surface
tension and efficient heat-transfer rate. If the bubbles remain within the laminar sublayer of the
main flow, they will not have any impact on pressure gradient (in analogy to tube roughness as
described by Schlichting [1960]). For larger bubbles that protrude into the turbulent sublayer,
the following scenarios (depending on the surface-tension force that holds it on the surface, and

the dynamic force of free stream that lifts it off) must be considered:

i) At low pressure and low flow conditions (close to stagnation), the surface-tension force
dominates. Hence, the bubble remains attached to the surface and the apparent roughness of
the surface is increased.

ii) At high pressure and high flow conditions, however, the dynamic force becomes dominant.
The bubble is swept into the main stream and condenses. A liquid sublayer, as observed by
Cumo et al. [1975], is left between the bubbles and the heated surface. Therefore, there is
essentially no increase in apparent roughness at these conditions, and the pressure gradient
remains low and similar to that of single-phase flow. The decrease in pressure gradient, as
indicated by Lu and Jia {1988], is probably caused by a heating effect similar to that in

single-phase flow.

Based on these findings, the effect of bubble formation on pressure gradient in the bubbly region

can be assumed to be insignificant, and hence will not be considered in this model.

7.4.1.6  Temperature Gradient

The temperature of the fluid at the heated surface is slightly higher than saturation (super-heated)
for bubble formation. It decreases rapidly to the saturation temperature at a short distance from
the surface (primarily within the height of the bubble sublayer). At the boundary between two-
phase and single-phase flow, the fluid temperature decreases and approaches a fluid temperature
similar to the liquid temperature corresponding to the point of onset of nucleate boiling. To

simplify the calculation, the thin superheated layer of fluid is ignored and the fluid temperature
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is assumed to be maintained at saturation within the two-phase layer but at inlet fluid temperature
in the core. Accordingly, the saturated liquid viscosity is used at the two-phase layer, and the

liquid viscosity corresponding to the bulk fluid is assumed at the core. The saturated vapour

viscosity is used for the vapour phase.

7.42 Saturated-Boiling Flow

Saturated-boiling flow begins at the saturation point (i.e., X, = 0). It has a similar flow structure
to the two-phase bubbly layer in subcooled-boiling flow (see Figure 7.5), and hence can be

analyzed using the same procedure:

i) The velocity distribution is expressed as Equation (7.26) for the laminar-sublayer region
(R-¥s. pup < I < R), and Equation (7.30) for the turbulent core (0 <1 < R-yg ). TWoO-
phase properties are used in the calculations.

ii) The laminar sublayer thickness is assumed to be the same for both single-phase and two-
phase flow.

iiiy  The effect of bubbles on the mixing length is assumed to be negligible. (This region is
expected to be small, as the flow changes to annular flow rapidly. Therefore, the size of

bubble remains small.)

iv)  The effect of attached bubbles at the wall on frictional pressure drop is assumed to be
insignificant.

7.4.3 Forced-Convective Evaporation Flow

Forced-convective evaporation is encountered mainly in annular flow, and consists of a two-phase

vapour core surrounded by a liquid film. Separate analyses must be introduced for different parts

of annular flow. Figure 7.6 illustrates the velocity distribution assumed in the present model,
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The most crucial parameter is the entrained liquid fraction, which also controls the CHF

phenomenon in flow boiling.

7.43.1 Liquid-Film Flow

The liquid film is assumed to consist of single-phase liquid only. This may not be valid at
conditions close to the transition point between saturated-boiling and forced-convective
evaporation flow, since boiling can still be encountered at the surface. However, the transition
region is usually small and this assumption will not have any large impact on the prediction of
pressure gradient. Laminar flow is not expected at the present conditions of interest. The
velocity distribution in the turbulent liquid-film flow is calculated using the same equations as
in single-phase flow (i.e., Equation (7.18) is used for laminar sublayer flow, and Equation (7.19)

for turbulent flow).

In general, the thickness of the laminar
sublayer flow is calculated with the non-
dimensional thickness, y5+, presented for
single-phase liquid flow (Equation (7.17)).
Abolfadl and Wallis [1985, 1986], however,
showed that a thickness criterion based on the
Reynolds number (Re; = 67) appears to be
more appropriate (see Equation (6.133) in
Section 6.4.4). Therefore, the present model
uses the maximum thickness of the laminar

sublayer calculated between the non-

dimensional thickness approach and the

Reynolds-number criterion of Abolfadl and
Wallis [1986]. Figure 7.6: Velocity Distribution in Forced
Convective Evaporation (Annular Flow).
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7.43.2 Two-Phase Vapour-Core Flow

The two-phase vapour core consists of a continuous vapour flow and dispersed liquid droplets.
It is also separated into two regions: a two-phase buffer zone, which has similar characteristics
to the laminar sublayer flow, and a turbulent core (see Figure 7.6). The two-phase buffer zone
between the turbulent core and liguid film has been introduced in other models: Levy and
Healzer [1981] and Dobran [1983, 1985] considered it as the wavy sublayer between the
homogeneous core and liquid film, while Abolfadl and Wallis [1986] treated it as a laminar
sublayer of the vapour core flow. In either case, this zone acts as a transition between the liquid

film and vapour core, to avoid a steep change in velocity across the liquid/vapour interphase.

Since the flow structure of the two-phase vapour-core flow is the reverse of the two-phase bubbly
flow, similar equations of velocity distribution are used (i.e., Equation (7.26) for the (laminar
sublayer) two-phase buffer region and Equation (7.30) for the turbulent core). The velocity

distribution in the two-phase buffer zone is expressed as

1

R
-1 {dP J‘
— rdr+u
flm‘a iim
2 pcore( dz }f r .

-1 {dP) R*-r? oy
2}]cw'e dz f 2 ﬁlm’aﬁrm

and in the turbulent core as

R-yﬁ.core
-1 (dP J‘ l r 7.35)
e | —_— dr + Uye. p. 1.
2 pcore[ dz Jf " t;rop err. yﬁ.cor:

The two-phase properties are calculated with a revised void fraction, reflecting only the content

(7.34)

within the vapour core. Ignoring the liquid film, the flow quality becomes
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X = *a (7.36)
we " (1 -E) (1 -x,)

where E is the entrained liquid fraction (i.e., the fraction of total liquid flow existing as droplets
in the vapour core). Assuming no slip between vapour and droplets, the revised void fraction

in the core is calculated from

- Xoore Py (7.37)
X core pf + (1 - xcore) pg

core

The mixture density at the core becomes

- care + - core (7.38)

- Tcore = core (739)
Meore pg M,

At the interphase boundary between the liquid film and vapour core, the same velocity is
assumed. Due to the difference in velocity gradients, the shear stresses are different at both sides

of the interface, and this difference is often referred to as the interfacial shear stress.

7433 Mixing Length in Droplet Flow

The single-phase mixing length is often used in the analysis of the droplet flow in the core (e.g.,

Dobran, [1986]), since a homogeneous flow of mixture is often observed at high flow [Hewitt



et al., 1964, Kirillov et al., 1989]. Support for this approximation comes from the following
phenomena;

i) Although an interface is present between vapour and liquid flow, the turbulence fluctuation
in the core affects the stability of the interface, which in turn affects also the shear-stress and
velocity distribution in the film. Based on this transmission of turbulence fluctuation, the

mixing-length approach can be extended from the liquid film to the vapour core.

ii) For annular flow with a thin liquid film (the assumption of most annular-flow analyses), the
interface becomes smooth and the transfer of turbulence fluctuation may not be efficient.
Since the core consists of a well-mixed droplet flow, the mixing-length approach is valid
provided the slip between the vapour and droplets remains small. The interface should be
used as the reference point for the mixing length (i.e., 1=0). For a thin liquid film, it
approaches the radius of the tube and hence the mixing-length expression becomes the same

as the one for single-phase flow. Furthermore, the shear stress at the surface approaches that

at the interface.

A number of modified mixing-length expressions were also proposed for droplet flow (see
Section 6.4). They were based on the argument that the liquid droplets in a vapour flow tend
to decrease the turbulent level and result in a reduction in mixing length. Those expressions
developed by Levy [1962, 1966] and Levy and Heﬁlzer [1981] were more complex and were

based on assumptions with no experimental validation. They were expressed in the form of

| =Ky(1-€yfF) (7.40)

drop

The damping factor, F, was derived empirically and was presented in graphical form by Levy
[1966]. An analytical derivation of this factor was also provided by Levy and Healzer [1981]

based on a number of assumptions that were not backed with experimental data (see Section
6.4.1).



Beattie [1972] introduced a modified single-phase mixing length based on the void fraction:

[ =axy (7.41)

drop

Although this was also an assumed function, it resulted in good agreement between predicted and
measured void-fraction values in the two-phase vapour core of annular flow. The data were

obtained in both adiabatic and boiling flow.

While the above studies have shown some differences in mixing length between single-phase and
droplet flow, they were primarily based on the assumption of Prandtl mixing length (i.e., \=xy).
Hence, the modification may serve to compensate for the error introduced by the assumption at

the core region (where Prandtl mixing length is invalid).

An empirical mixing length was derived by Abolfadl and Wallis [1986] using experimental data

of adiabatic air-water and steam-water flow. It was expressed as

= -1 L (7.42)
Loy = 014 R | 1 (_E)’
for -In(1-0ty,,) = 9, and
Ly = R (0.0275 - 00125 In(1 = ) | 1 - [_}%]* (7.43)

for -In(1-0,,.) < 9. These mixing-length definitions were shown valid for the data base of
Abolfadl and Wallis [1986]. However, they also provide an incorrect parametric trend. For a

single-phase vapour flow, these equations give a mixing-length constant, «, of 0.28 at r~R, rather
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than 0.4, as observed from experimental data (see Schlichting [1960] for example). Therefore,

these equations are not recommended for extrapolation.

Due to the high uncertainty associated with two-phase mixing-length definitions and the lack of
an analytical model, the single-phase mixing length is used in the present model (Equation

(7.16)). The same approach was used by Skouloudis and Wurtz [1991).

7.43.4  Buffer-Zone Thickness in Vapour Core

The buffer-zone thickness in the vapour core is assumed to be the same as the laminar sublayer
thickness of single-phase vapour flow for 100% core void fraction. When droplets are entrained
into the core, this thickness will be reduced, due to the droplet interaction with the flow. The
actual magnitude, however, is difficult to estimate. For a rough interface, the buffer-zone may
not be present (i.e., thickness becomes zero). To provide a correct transition to single-phase

vapour flow, the laminar-sublayer thickness for the vapour flow is used.

74.3.5 Liquid-Entrainment Fraction

One of the most crucial parameters in analyzing annular flow is the amount of liquid entrained
into the vapour flow (entrained-liquid fraction) [Manzano-Ruiz, 1988 and Adeniji-Fashola et al.,
1986]. Until now, no analytical solution has been available in predicting the entrained-liquid
fraction, which relies primarily on the empirical expression (e.g., Ueda [1967a}, Hutchinson and
Whalley [1973]). Due to the high uncertainty, several models employed experimental data of
entrained-liquid fraction as an input parameter when comparing predicted and experimental
pressure gradients [Abolfadl and Wallis, 1985 and 1986, Skouloudis and Wurtz, 1991]. This
approach is unrealistic, since this fraction will be an unknown factor in the actual application of

these models.



A graphical technique, first introduced by Hutchinson and Whalley [1973], was modified by
Whalley and Hewitt [1978] with a much wider data base (including several data of high-pressure
steam-water flow). The entrainment flux is presented in terms of two-dimensional parameters
that are functions of the interfacial shear stress and the film thickness. Since both the interfacial
shear stress and the film thickness have to be predicted from the model, this methed is difficult
to apply. The dimensional parameters may restrict the method’s application to the conditions of

the data base.,

Recently, Ishii and Mishima [1982] derived a correlation for entrained-liquid fraction with a
relatively large amount of low-prescure air-water data. Their correlation was based on a force
balance at the crest of roll waves, which are the dominant mechanism at most conditions.
(Various mechanisms for liquid entrainment have been presented in Ishii [1982]). The entrained

liquid fraction, E, is expressed in terms of a correlating parameter, M, and is written as

E = tanh (7.25x107 ) = tanh (7.25x 107 We'? Re/?) (7.44)
.2 3

we < Pete D | Ap (7.45)
(0] pg
i D

Re, = P11 (7.46)
by

where j; and j, are the superficial liquid and gas velocities, respectively. Figure 7.7 shows the
comparison between correlation predictions and experimental data. This correlation was used in
other analytical studies in the absence of experimental data for the entrained-liquid fraction
[Skouloudis and Wurtz, 1991, Manzano-Ruiz, 1988]. It appeared to be valid for the high-
pressure, low-flow data of Kirillov et al. [Skouloudis and Wurtz, 1991]. On the other hand,

Manzano-Ruiz [1988] showed that this correlation was not applicable for horizontal air-water

flow.



Figure 7.7: Comparison of Ishii-Mishima Correlation with Low-Pressure Air-Water Data [[shii
and Mishima, 1982].

While the number of data for the entrained liquid fraction is scarce at high-pressure conditions,
several tests were performed to measure the liquid film thickness by extracting the liquid film

using a short porous section. The entrained liquid fraction can be calculated using
E=1-F (7.47)

where F is the fraction of liquid flow travelling in the liquid film. Keeys et al. [1970] focused
mainly on the low-flow conditions of pressure 3.5 and 7 MPa. Subbotin et al. [1975) and
Nigmatulin et al. [1977] covered a slightly wider range of conditions (mass fluxes of 0.5 to 4
Mg.m2s"! and pressures of 1 to 9.8 MPa). While the trends of entrained liquid fraction with
respect to various flow parameters were the same in both air-water and steam-water flow at high
and low pressures, the variations and the magnitude of the fraction are different. Figure 7.8
shows the differences in entrained fraction between the experimental data and the predictions of
the Tshii-Mishima correiation at 7 MPa. (This comparison is presented as an illustration and

should not be viewed as discrediting the Ishii-Mishima correlation, which performs well for low-
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Figure 7.8: Comparison of the Ishii-Mishima Correlation with High-Pressure Steam-Water Data.

pressure air-water flow.) The data are generally underpredicted at small Ishii-Mishima correlating
parameters T but overpredicted at large 1. This is probably caused by the differences in the
liquid-entrainment mechanism between two fluid mixtures. While the shearing-off of the crest
of roll waves is the primary mechanism of liquid entrainment in low-pressure air-water flow, the
undercutting of surface waves is perhaps a more dominant factor in high-pressure steam-water

flow.

Due to the insufficient amount of data, no correlation has been derived for predicting the
entrained liquid fraction for high-pressure steam-water flow. This study attempts to correlate the
available data for use in the present model, since the Ishii-Mishima correlation is clearly invalid
over the conditions of interest. Based on the data of Keeys et al. [1970], Subbotin et al. [19735]
and Nigmatulin et al. [1977], a new correlation is optimized in this study for the liquid-film

fraction

F=1-x0W (7.48)



where the correlating parameter, A,, is defined as

A =327x10% Re, | 1 + | J08(F) - log(5)
! log(P,,) - 1og(5)

and the two-phase Reynolds number is expressed as

Re, = &2 (7.50)
ptp

Both the pressure, P, and the critical pressure, P, are expressed in MPa. Figure 7.9 compares
some experimental data and this correlation. Although large differences can be observed at low-
flow conditions, this correlation represents a significant improvement over the use of correlations

derived using low-pressure data (see Figure 7.8).

The entrained liquid flow rate in annular flow is affected strongly by the heating effect. Figure
7.10 [Bennett et al., 1966] shows that it is much less than the equilibrium value at low qualities.
A maximum point is exhibited when the entrained liquid flow rate in flow boiling coincides with
the equilibrium value. Beyond this point, the entrained liquid flow rate is reduced and becomes
higher than the equilibrium value. Hewitt [1978] noted that there is no prediction method

available to account for the heating effect on the entrained liquid flow rate.

Recently, Milashenko et al. [1989] showed a linear relationship between entrainment and heat
flux (Figure 7.11). Unlike the data of Bennett et al. [1966], the entrained-liquid fraction in a
heated channel was shown to be the same as or higher than that at the equilibrium conditions.
Furthermore, no effect of mass flow rate on the entrainment rate was observed. As indicated by
Milashenko et al. [1989], this was mainly due to the limited range of mass flow rate covered in
their study. They proposed an empirical correlation for predicting the entrained fraction in a '

heated annular flow. The entrained liquid mass flux, E,, is expressed in terms of a non-
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Figure 7.9: Comparison of Proposed Correlation with Some High-Pressure Steam-Water
Experimental Data.

dimensional parameter,

2 3
g  E (DY g Py (7.51)

y W, ' 1000000 E

where q is the heat flux in W.m? and W, is the average liquid-film flow rate in kg.s!. Note that

the constant 1.75 is dimensional (in m?8.w13),

Kirillov et al, [1989] also presented an empirical correlation for predicting the liquid-film fraction

(i.e., Gg,/Gp in boiling annular flow. This correlation is expressed as

7-35



90
® 6 ft mbe, uniformly heated (heat flux 65.2 W/cm?)
{ §5 ol ot o s Vi,
- 0 5-5. t 7 Wicm?

80 i 8ftmmllength,cold;tchs.ﬂ—IOﬂmtlﬁﬁD.OWffg%
T 70
£
S C
=60 | HYDRODYNAMI
E EQUILIBRIUM TAL LIQUID FLOW
250
9
i
=40 —
-
w
-
Z 30
E
{020 h

10 —

0 T T T |
0 20 40 60 80 100

LOCAL QUALITY (%)

Figure 7.10: Effect of Surface Heating on Entrained Liquid Flow [Bennett et al., 1966].

F =2 _°¢ (7.52)

The wave-crest height, 8, is defined as

§,=C (C, -x) (1.53)
where
C, = 0.001 (0.7 +2.1(0.01P - 1.05)) (0.01G)*7? (7.58)

( 1 +200 q (( 0.01 P- 04 )2 -{ 0.01 p -04 )3))0.33
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Figure 7.11: Relation Between Entrained Liquid Fraction and Heat Flux [Milashenko et al.,
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C 0.47 - (1 -0.01 p)* L S
- R - — . - 4
2 2 1+(0.01p) | 001G (7.53)

- ((0.0015¢)(1.4 -0.01p))**

k=43 (1 -0.0044p) (7.56)

No unit was provided for pressure, mass flux and heat flux. Hence, the correlation cannot be

applied.

In view of the strong effect of surface heating on the entrained liquid fraction, a new correlation
is derived in this study, using the limited data of Milashenko et al. [1989], since the existing
correlation is incapable of predicting the parameter. Unlike other studies correlating either the
total entrainment fraction or the net liquid-film fraction, the liquid film fraction in flow boiling

is related to the equilibrium liquid film fraction in adiabatic flow, F,q,, (as predicted using
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Equation (7.48)). Various correlating parameters were tested and the product of the Boiling and

Peclet numbers appears to provide a reasonable correlation, which is expressed as

Fyy = F e €08(0.005335 Bo Pe) (7.57)

The Boiling and Peclet numbers are defined as

q

Bo=_9_ (7.58)
G

pe =P Cy (7.59)
k

where k; is the thermal conductivity of the liquid. Figure 7.12 compares the experimental data
and the predictions. The fluctuation at low qualities is caused by a variation in heat flux. Due
to the large scattering among the data, this correlation provides only a general trend.
Modification is required to improve the prediction accuracy. Furthermore, this equation should

be limited to conditions where the cosine term is less than #/2.

7.43.6  Droplet-Deposition Fraction

The droplet deposition fraction accounts for the amount of droplets deposited back to the liquid
film from the core. It is primarily a function of the droplet concentration, and is significant in

adiabatic flow. At equilibrium conditions, the rate of deposition equals the rate of entrainment.

In a heated channel, however, Doroschuk and Levitan [1971] employed a salt-tracing method and
showed that droplet deposition is insignificant. Their finding was questioned by Hewitt [1978],
who suggested that the disappearance of salt content in the liquid film was caused by an intense

nucleate-boiling phenomena at the dryout point. The salt deposited from the core to the film was
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Figure 7.12: Comparison of Proposed Correlation with Experimental Data of Boiling Annular
Flow.

ejected back to the core, and hence could not be traced. More experimental data, however, were
recently available in support of the argument of insignificant droplet deposition in boiling annular
flow [Kirillov et al., 1989]. Since droplet-deposition rate is not available from experiments, it
is often assumed to be negligible in flow-boiling analysis anyway [Milashenko et al., 1989]. This
assumption of no droplet deposition fraction is also used in this model, based on the following

arguments:

i) a net vapour thrust is encountered at the liquid-film/vapour-core interface, due to

vaporization, and tends to push the droplets away from the interface,



i) a transverse force towards the core is experienced by the droplets, due to the velocity

gradient in the core flow.

However, this assumption should be limited to the range of conditions covered in this study,

since droplet-deposition may become significant at high qualities (greater than 60%).

7.44 Dispersed-Droplet Flow

Dispersed-droplet flow is encountered at conditions beyond dryout. Unlike the flow patterns
described in previous sections, it has the distinct characteristic of a dry wall (i.e., only
vapour/surface contact). Since the dynamic viscosity is much smaller for vapour than for liquid,
the pressure gradient is consequently lower in the dispersed droplets flow than the others. On
the other hand, a large number of droplets are anticipated to be travelling in the core. While
droplet impingement on the heated surface is possible, it is only a small component, as shown

in previous studies on post-dryout heat transfer.

The flow structure in dispersed-droplet flow can be viewed as a reverse of the bubbly flow
pattern in saturated-flow boiling, except perhaps at the near-wall region: that is, vapour in place
of liquid and droplets in place of bubbles. There is no counterpart for the attached bubbles,

except perhaps in the transition-boiling region, where liquid wets the surface intermittently.

Until now, only Beattie has analyzed the pressure gradient for dispersed-droplet flow by
introducing a special two-phase viscosity into the friction-factor calculation [Beattie, 1973, 1974,
1977, Beattic and Whalley, 1982]. Others simply employed the homogeneous model or the
calculation of single-phase vapour flow, neglecting the presence of droplets. While the Beattie
correlation has been shown to predict the experimental data well [Kohler and Kastner, 1987], the
changing of correlations at the dryout point (from forced-convective evaporation to dispersed-

flow film boiling) introduces a discontinuity in the prediction. It is the purpose of this model
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to introduce a smooth transition in predicting the pressure gradient from forced-convective

evaporation to dispersed-flow film boiling.

7.44.1  Velocity Gradient

The same equations used in analyzing the vapour core in forced convective evaporation are
extended to dispersed-droplet flow. However, the buffer zone as defined in the vapour core of
annular flow is replaced by the laminar-sublayer region. Due to the high surface temperature,
droplets are not anticipated in the laminar-sublayer region (neglecting liquid-droplet impingement
onto the surface). A single-phase vapour flow is assumed and the velocity gradient is calculated

from

R
- - 2_,2
w= L[4 jrdr=_1_££ R™-r (7.60)
pAdz fr o 2p,\ dz ) 2

In the turbulent two-phase core region, the two-phase density is used and the velocity gradient

is expressed as

R-y;

y = zpm(dzJ f . (7.61)

CO?‘ 14

Similar to single-phase flow, the two-phase mixing length is also assumed to be a function of

radial distance only (Equation (7.16)).



7.44.2  Temperature Gradient

Similar to single-phase flow, the velocity gradient is affected by a large temperature difference
between the surface and fluid. Unlike liquid flow, a high surface temperature results in a
reduction in the velocity gradient, since the vapour viscosity increases with vapour temperature.
This effect, however, is not so distinct, because of a large scatter among experimental data, due
to the severe test conditions. The same correction factor to the adiabatic friction factor as in
liquid flow is suggested (i.e., Equation (7.9)). A range of exponent values (from -0.1 to -0.52)

have been recommended for a turbulent gas flow inside heated tubes [Kakac, 1987].

The effect of fluid-temperature variation on pressure drop in droplet flow is not modelled.
Instead, the empirical correction (Equation (7.9)), based on the viscosity ratio, is used to modify
the pressure-drop prediction of this model to reflect the difference. A value of 0.1 (as

recommended by Petukhov [1970]) is used as the exponent.

7.5 EVALUATION SCHEME

The overall pressure drop along the test section is obtained by calculating separately the pressure
drops due to friction, acceleration and gravity over small sub-segments. Only the pressure drop
due to friction is calculated with the present model in both single-phase and two-phase flows.
A simplified approach (based on a separated-flow model) is used to determine the pressure drops

due to acceleration (Sections 2.3.2 and 3.4.2) and gravity (Sections 2.3.3 and 3.4.3).

7.5.1 General Setup

In the present comparison, the test section is divided into 100 segments (or control volumes),

with every 20 segments covering each measuring station of the channel in the experiment. Based
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on the inlet-flow conditions (i.e., pressure, mass flow rate and fluid temperature), the evaluation
is carried out for each segment and continues toward the outlet of the test section. Figure 7.13

shows the flow diagram of the overall setup of this analysis.
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Figure 7.13: General Setup for Present Analysis.
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7.52 Control Volume Calculations

In each control volume, the upstream pressure is used to evaluate the fluid properties. Based on
a heat balance, the thermodynamic quality is calculated for the downstream end. The average
fluid properties and two-phase parameters are then calculated. Depending on the flow conditions,
the flow-pattern transition is evaluated. The transition from single-phase liquid flow to subcooled
boiling is determined with the onset of net vapour-generation criterion. Saturated boiling is
assumed when the thermodynamic quality reaches 0. The transition from saturated boiling to
forced convective evaporation (i.e., from bubbly to annular flow) is based on the criterion
displayed in the Hewitt and Roberts flow-regime map (at a vapour momentum flux, psjg?', of
100). The critical heat flux is used to determine whether forced convective evaporation or the
dispersed-flow film boiling is encountered inside the control volume. After determining the heat-
transfer regime, the appropriate sub-model is used to calculate the frictional pressure drop. The
downstream pressure of each control volume is calculated by subtracting the pressure drops due
to friction (from the model), acceleration and gravity from the upstream pressure, and in turn is

used as the upstream pressure for the subsequent control volume.

For flow boiling, both the single- and two-phase frictional pressure drops are calculated with the
present model (using different sub-models). The ratio of these two calculated frictional pressure
drops (the two-phase multiplier) is determined. Since the present model is derived for a smooth
tube, a modification is introduced for calculating the frictional pressure drop corresponding to
the relative roughness of the test section. Assuming the same two-phase multiplier for both
smooth and rough tubes (this may result in a slight overprediction of two-phase multiplier in a
rough tube), the two-phase frictional pressure drop in the present test section is calculated by
multiplying the two-phase multiplier with the empirical single-phase pressure drop. The
empirical single-phase pressure drop is evaluated with the D’ Arcy-Weisbach equation (Equation
(2.37)) using the optimized friction factor from single-phase data. Figure 7.14 shows the flow

diagram of the calculation procedure for each control volume.
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7.5.3 Sub-Model Calculations

In each sub-model, the calculation is initiated by assuming two boundary values of frictional
pressure gradient (L.e., (dP/dz) p;, and (dP/dz); .,). In the present analysis, the minimum value
(dP/dz); i, is taken as the sum of the pressure gradient due to gravity and acceleration (i.e.,
(dP/dz),+ (dP/dz),), and the maximum value (dP/dz); .. is based on twice the pressure gradient
due to friction as predicted by a correlation (i.e., 2x(dP/dz); .,). The Blasius equation is used
for single-phase flow and the Friedel correlation [1979] is used for two-phase flow. (The
selection of correlation is not crucial, provided it gives an upper bound of the anticipated pressure
drop) The iteration is performed with the bi-sectional method (i.e., (dP/dz); 0=
Ya(dP/dz);, gaxtY2(dP/dZ)g in)-

Using the assumed frictional pressure drop, the velocity distribution is determined by integrating
the velocity gradient over a radial distance. The integration is carried out analytically at the
laminar-sublayer region (e.g., Equation (7.18)), but numerically at the turbulent-core region (e.g.,
Equation (7.19)). While a number of numerical-integration techniques are available (see for
example, Chapra and Canale [1988] for details), the trapezoidal rule is used in this study for
simplicity. Across the flow area, the laminar-sublayer thickness is divided into 20 sub-rings and
the turbulent region is divided into 60 sub-rings. The integration procedure using the trapezoidal

rule is similar for all sub-models, and is illustrated below for the single-phase liquid flow.

The local velocity at the heated surface (r = R) is initialized as 0 (no-slip conditions). Based on
the radial distance (r), the local velocity (u(r)) is calculated with Equation (7.18) for each sub-
ring within the laminar sublayer. The same local velocity is assumed at the laminar-
sublayer/turbulent-core interface. In the turbulent-core region, the radial distance (dr) between
two neighbouring sub-rings (i and i+1) are further sub-divided into 20 sections of distance Or.

To calculate the local velocity in each sub-ring, Equation 7.19 is re-formulated into



b=+ -1{dP io: Fia
i+1 i Zpt dz Ir =1
r.
0.14R!| 1 - _fk‘l
\ (7.62)
\
|
2
0.14R|1-| L
/

The velocity distribution is then multiplied by the density and integrated over the flow area to
obtain the mass flux (Equation (7.20)). If convergence is achieved when compared with the
measured mass flux, the solution is returned to the control-volume calculation. According to the
predicted mass flux, the boundaries are adjusted with the following strategy: the maximum
pressure gradient is replaced with the average value (i.e., (dP/dz); yreq) if the calculated mass flux
is larger than the measured mass flux; otherwise, the minimum pressure gradient is reset. Figure

7.15 shows the flow diagram for the evaluation process in each sub-model.
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8. EXPERIMENTAL STUDY

To obtain pressure-drop data for validating the model, an experiment was performed with a
heated vertical tube cooled by an upward flow of water. The use of a simple tube geometry in
vertical orientation avoided any asymmetric effects of geometry and flow pattern on pressure
drop. While the test focused mainly on high-pressure conditions, it covered wide ranges of mass

fluxes, inlet subcoolings and heat fluxes.

The test facility for the present experiment is described in Section 8.1. Section 8.2 provides the
details of the test section. The data-acquisition system is briefly introduced in Section 8.3, and
the test conditions are given in Section 8.4. A description of the experimental procedure is
presented in Section 8.5. Several observations made during the test are provided in Section 8.6.
The setup of the data base and data correction are shown in Section 8.7, and the calculation of

several flow parameters are presented in Section 8.8.



8.1 TEST FACILITY

The experiment was carried out in the high-pressure steam-water test facility (the MR-1 FLARE
Loop) at the Chalk River Laboratories. A schematic diagram of the facility, which includes the

main flow circuit and the control loops, is shown in Figure 8.1.

The main flow loop consists of two boilers, a condenser, two circulating pumps, a pre-heater and
a super-heater. Its system pressure is maintained by the boiler. Water is circulated through the
loop by two pumps connected in series. The flow rate is adjusted using the flow-control valves,
and is measured with three orifice plates of different calibrated ranges of applications. Pressure
drop over each orifice plate is measured using a calibrated Rosemount differential-pressure (DP)
cell. The orifice plates cover the low, medium and high ranges of flow rates. A small overlap
in ranges is introduced between the orifices, for confirmation purposes. The temperature of the

fluid before the orifice plate was measured using a resistance-temperature device (RTD). A pre-
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Figure 8.1: Schematic Diagram of MR-1 Loop.
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heater is used to raise the temperature of the water to a preset level. The flow is then directed
to the test section, which is connected to an external 350 kW (175 VDC and 2000 A) power
supply for heating. After exiting the test section, the two-phase mixture is led to the condenser,

where heat is removed. The condensed liquid is re-circulated through the loop.

A superheated steam loop is also connected from the boiler to the test-section inlet end. Wet
steam is led from the boiler to a superheater, where dry steam is generated through superheating.
The dry steam is then directed to the test-section inlet end and mixed with the main water flow.
This introduces a two-phase inlet condition to the test section, for studies of adiabatic or high-
quality flows. When the present experiment was carried out, however, this loop was unavailable
because new heater elements were required in the superheater. Therefore, a test with adiabatic

two-phase flow was not performed. The design parameters of the MR-1 loop are:

Fluid: Light and Heavy Water
Pressure at outiet of test section: 10.3 MPa

Liquid flow rate at test section: 0.05 - 1.7 kg.s™

Steam flow rate at test section: 0.13 - 0.38 kg.s’!
Power at test section: 350 kW

Main heat exchanger: 1000 kW

Maximum pressure drop over test section: 1.4 MPa

The control flow loop is used to regulate the flow conditions automatically, by controlling the
pressure and liquid-height levels at the condenser and boilers. It includes main components, such
as a catch tank and a heat exchanger. The catch tank is installed to relieve any over-pressure
conditions in the boiler, and the heat exchanger is used to extract heat from the primary
circulating fluid to maintain the same fluid temperature at the inlet of the test section. A make-

up pump is used to supply water into the loop and a bleed valve is installed to purge the system.



8.2 TEST SECTION

The test section was constructed with an Inconel-600 tube, having an inside-diameter value of
5.45 mm and a wall-thickness value of 1.25 mm. It is shown schematically in Figure 8.2. Six
pressure taps were welded on the test section. A Y4-mm hole was drilled through the test section
in each pressure tap, to obtain the local system pressure. To avoid burrs on the inside of the test
section, a short piece of solid copper rod (of diameter slightly smaller than the inside diameter
of the tube) was inserted into the pressure-tap location before drilling. After drilling, a long rod
was used to remove any burr around the drilled hoies. Two adjacent pressure taps were
connected to a calibrated Rosemount differential-pressure ceil for measuring the pressure
difference. The first and last pressure taps were also connected to a calibrated Rosemount
differential-pressure cell, to obtain the overall test-section pressure drop for confirmation of the
other measurements. The system pressure at

the outlet end of the test section was

QUTLET
PRESSURE

measured using a calibrated Rosemount

absolute-pressure cell, and was maintained by  CHROMEL-ALUMEL
THERMOCOUPLES

-7

Z OP-1 05m

regulating the heated supply to the boilers and

the spray-cooling in the condensers. All
ROSEMOUNT

connections from the pressure taps to the DIFFERENTIAL- DpP-2
. . . . PRESSURE CELL
pressure lines directed to the differential- DP-6
INCONEL-600 TUBE _,

pressure cells were linked via the CONAX (545 mmLD.)
(EG-187-A-S8-V) electrical-insulating fitting

DP-3

(476 mm in inside diameter). Figure 8.3 DP4 0.5m
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—3—
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Figure 8.2: Schematic Diagram of Test Section.
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contacting about one-third of the circumferential position. This installation technique allows the

thermocouple junction to contact a region of constant temperature in the circumferential direction.

Hence, it minimizes the heat loss by conduction, which may affect the temperature readings,

through the thermocouple. Figure 8.4 illustrates details of this attachment technique. Before the

installation, the resistance to ground values
for all thermocouple sets were checked, to
ensure that there would be no short circuiting
between the sheath and the thermocouple
wires. After the tests were completed, all
thermocouple sets were removed and re-
calibrated using a JOFRA temperature
calibrator over a range of temperature values
from 200°C to 550°C (see Appendix III).

The power to the test section was applied
through two connecting clamps installed as
shown in Figures 8.2 and 8.5. One of these

clamps was situated upstream of the first

Spot-Weld _

Spot-Weld

Figure 8.4:
Thermocouple.
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pressure tap, while the other was situated downstream of the last pressure tap. The test section
was connected to the main flow loop via two CONAX (EG-375-A-S8S-L) electrical-insulating
fittings (9.525 mm in inside diameter). Two ungrounded chromel-alumel (K-type} thermocouples
were installed (one upstream of the CONAX fitting at the inlet end, and the other downstream
of the CONAX fitting at the outlet end), to measure the bulk-fluid temperature values at both the
inlet and outlet ends. Both sets were calibrated before and after the tests (see Appendix 1),
Figure 8.5 shows the connection of the test section to the main flow loop. The complete test

section was insulated with fibre-glass insulation, to reduce heat loss.

The readings of pressure, flow rate, power, and pressure drop at the last measuring station, and
eight thermocouples at the downstream end of test section, were connected also to chart
recorders. This allowed the detection of any large flow fluctuation in the system and critical

heat-flux conditions at any thermocouple

location.
THERMOCOUPLE
- == FLANGES
0.185m 0018 m ID
83 DATA-ACQUISITION jﬁ
- CONEX FITTING
0485 m .
SYSTEM O e o00T7miD
REDUCING UNION
011':" POWER CLAMP
The conditions of the loop and the test section -+ 1
were monitored by various thermocouples and HEATED  5gnp

differential-pressure transducers. Through the

. - I POWER CLAMP
analog/digital convertors, these data were _{ 0.1%0m |
—1— b~ REDUCING UNION
collected with a Concurrent mini-computer ~e—— 0.00775 m ID
. 0470 :
{Model 3212) and stored on magnetic tape. " K3} == CONEX FITTING
. . . P 0.0100 M ID
In this experiment, the following parameters SWAGELOCK TEE
. . | o e <= FLOW
are of primary interest: INLET ;
THERMOCOUPLE

Figure 8.5: Connection of Test Section to Main
Flow Loop.
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- pressure at the outlet of the test section,

- flow rate of water through the test section,

- power applied to the test section,

- fluid-temperature values at both the inlet and outlet ends of the test section,
- ambient temperature, and

- surface-temperature values and pressure drops along the test section.

8.4 TEST CONDITIONS

The experiment was designed to cover wide ranges of flow conditions. Most tests were
performed at a pressure of 9 600 kPa, with various flow rates and inlet-temperature values of
water. Selective measurements were also obtained at pressure values of 5 000 and 7 000 kPa,
to examine the effect of pressure on frictional pressure drop. The overall test matrix is

summarised in Table 8.1. The inlet quality is calculated with
x, = dn P (8.1)

where H,, and H; are enthalpy values of liquid at the test-section inlet and of saturated liquid,

respectively, and H,. is the latent heat of vaporization in JL.kg.
p Y fg p g

8.5 EXPERIMENTAL PROCEDURE

With the loop set to the desired pressure, water was circulated through the test section at a
constant rate. The differential-pressure transducers, connected to the pressure taps at the test
section and to the orifice plates for flow-rate measurements, were adjusted to provide readings

of zero pressure drop at stagnant-flow condition. At zero power level, all parameters were
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Table 8.1: Test Mairix Included in the Present Experiment.

Mass aFlux Inlet Quality (%)

kg™ 1 s 10 15 20

1 000 9 600

2 000 9 600 9 600 9 600 9 600

3 000 9 600 9 600 9 600 9 600

4 500 9 600, 7 000 | 9 600, 5000 | 9 600, 7 000 9 600 9 600, 7 000
6 000 9 600, 7 000 | 9 600, 5000 | 9 600, 7 000 9 600 9 600, 7 000
7 000 9 600, 7 000 % 600 9 600, 7 000 9 600 9 600, 7 000
7 500 9 600 9 600 9 600 9 600 9 600

8 500 9 600

10 000 9 600

scanned and recorded seven times (the average values of these scans were used in the analysis)
at an interval of 10 seconds. The test-section power was then increased in steps of either 5 or
10 KW. After allowing the system to stabilize, the parameters were recorded at each power step.
The procedure was repeated until a sharp rise in surface temperature was indicated in any

thermocouple. This indicates a critical heat-flux condition at the corresponding location.

After reaching the critical heat-flux condition, the test-section power was reduced by
approximately 2 kW. The power was subsequently increased by 1 kW increments until the
critical heat-flux point was re-established. This step was performed to confirm the critical heat-
flux measurements. Little variation was usually observed between the repeat and the original
critical heat-flux values. The difference was primarily caused by the small fluctuation in the

system conditions. All parameters were scanned at each increment of power.

Beyond the critical heat flux, the power was increased in 1 kW steps (the increment was reduced

to 0.5 kW if a sharp increase in wall temperature was detected). Again, the parameters were
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scanned and recorded after each step. The test was terminated whenever any thermocouple

recorded a temperature of 650°C (the temperature set for tripping the power supply).

During the experiment, a number of tests were repeated to (i) confirm previous measurements,

and (i) examine the integrity of the experimental equipment.

8.6 OBSERVATIONS

A number of observations were made during the experiment:

a. As the power increased, the mass-flow rate of water decreased at pre-dryout conditions, but
increased at post-dryout conditions. Adjustments, were made to maintain a constant flow

rate.

b. Pressure drop, across the last 50 cm of the test section, generally increased with increasing
power at pre-dryout conditions. It decreased, however, when approaching dryout. Figure 8.6

shows the trace of pressure drop reading from the DP transducers.

c. In the two-phase region, the wall temperature remained nearly constant with increasing power
in the pre-dryout regions. At certain power levels, it increased suddenly at a rapid rate. This

temperature excursion is used as an indication of dryout. Figure 8.7 shows the temperature

T Jl“m“ﬂm' Ry sy
Hi e e

|""“l.~lJll|_}

'E‘a‘[“

i g g_f
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Figure 8.6: Trace of Pressure-Drop Reading Across the Last 50 ¢m of the Test Section.
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Figure 8.7: Temperature Trace of a Thermocouple Reading Indicating Dryout with Corresponding
Variations in Power and Mass Flow Rate .

trace of a thermocouple indicating dryout. With the power remaining at the same level, a
fluctuation of wall temperature, together with a slight oscillation in liquid flow rate, was

found to correspond to the surface alternating between dryout and rewet.

d. At the dryout point, the magnitude of the temperature excursion depends strongly on the flow
conditions. In some cases, the temperature increased rapidly to approximately 600°C. For

other cases, however, the increment was hardly noticeable.

e. In most cases, dryout occurred first at the downstream end of the heated length (at the last
two positions of the thermocouple). At high mass flux {beyond 7 000 kg.m’z.s"), however,
dryout was noticed to occur first upstream of the end of the heated length (about 20 cm away
from the end: an insufficient number of thermocouples was available to accurately locate the
initial dryout point). Only a slight increase in power is required to expand the dryout region
to the end of the heated length. Figure 8.8 shows the traces of several thermocouples and

the indication of an upstream dryout.
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f. For any location in the post-dryout

regions, the wall temperature increased

with increasing power until it reached a

maximum. Beyond the maximum point,

an increase in power caused a decrease in

wall temperature at that location. Figure

8.9 shows the temperature traces of

thermocouples in the post-dryout regions.

8.7 DATA REDUCTION

The raw data obtained from the experiment

are presented in Appendix II. They were not

used directly in the analysis, because they

INCREASING POWER

included other effects that needed to be
Figure 8.8: Temperature Traces of

eliminated. = This section describes the Thermocouples Indicating Upstream Dryout.
corrections applied to the raw data,

transforming them into workable experimental data. The detailed calculations are shown in
Appendix IlI, and the complete set of corrected data is shown in Appendix IV.

8.7.1 Data

Each set of data was assigned with a run-name to present its status and the most important loop

parameters. The run name consists of eight alphanumeric characters (i.e., DPxabcde), where:

DP  pressure drop tests
X status of the test section: "B" for pre-dryout, "C" for dryout, "P" for post-dryout
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Figure 8.9: Temperature Traces of Thermocouples in the Post-Dryout Region.

a loop pressure: "9" for 9 600, "7" for 7 000, "5" for 5 000 kPa
b mass flux of coolant: "1" for 1 000, 2 for 2 000, "3" for 3 000, "4" for 4 500, "6" for
6 000, "7" for 7 000 or 7 500, "8" for 8 500, and "0" for 10 000 kg.m2s,
C inlet quality: "1" for -1%, "2" for -5%, "3" for -10%, "4" for -15%, “5" for -20%
de power level in 5 kW steps at pre-dryout regions: "00" for zero power, "01" for 5 kW,
"02" for 10 kW, etc., or power steps at dryout and post-dryout regions.
The data obtained in the heat-balance tests are identified as "Heat-bal" only.

8.7.2 Data Corrections

A number of corrections to the thermocouple readings of surface and bulk-fluid temperature
were introduced. They were based on the calibration tests, despite the small observed
differences, as indicated in Appendix III. Calculations were also carried out to obtain the inner
surface-temperature value at each location of the thermocouple, which was attached to the outer

surface of the test section. Due to the internal heat generation within the wall of the test section,
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the temperature was higher at the outer than inner surface. This difference, however, was

proportional to the heat generation rate, and hence the power.

The power supply to the test section was corrected based on the heat-balance tests. Despite the
thermal insulation of the test section, heat loss was unavoidable. Heat was primarily lost through
the connecting clamps attached to the test section. This was caused by the high contact
resistance between the two surfaces. Various connecting methods are being examined at Chalk
River Laboratories to improve the connection. For the present test, the heat loss was estimated

at about 4% of the applied power (see Appendix III).

A correction for static head on the pressure-drop measurement was introduced, to account for the
difference in height of pressure taps connected to a differential-pressure cell. Since there was
practically no flow inside the pressure-tap lines, the ambient-temperature value was used as the

fluid temperature to evaluate the liquid density required in the correction.

8.8 CALCULATION OF FLOW PARAMETERS

The measurements provide mainly the primary flow parameters: diameter, pressure, mass flow
rate, inlet temperature and power. Other (secondary) parameters, such as mass flux, heat flux,
thermodynamic quality, mass quality and void fraction, are also required in the analysis. The

mass flux is calculated with

where W is the mass flow rate in kg.s‘l, Ag is the flow area in m? defined as
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and D is the inside diameter of the test section in m. The heat flux is calculated using

- Power
Ap

where Power is the total applied power in W, A, is the heated area in m> defined as

A,=x DL,

and L, is the heated length in m. The thermodynamic quality at any distance from the start of

the heated length, z, is calculated using

x, = 1 Power z H, - H,
H, WL,

where H,, and H; are the liquid enthalpy at the inlet and saturation, respectively, and Hy, is the
latent heat of vaporization in J.kg'. Both the saturated liquid enthalpy and latent heat of
vaporisation are based on local pressure. The mass quality is calculated using the Kroeger and
Zuber [1968] equation, and the void fraction is calculated using the Chexal et al. [1991]

correlation. Details of these equations are given in Chapter 3.
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9. ANALYSIS OF EXPERIMENTAL RESULTS

The experimental data are analyzed with respect to various flow parameters before the
comparison against the predictions of the analytical model is performed. Although the pressure
drops, surface temperatures and critical heat flux were measured, only the pressure-drop
measurements are analyzed here in detail. The surface temperatures and critical heat flux are
mainly used to validate the heat-transfer correlations, which are employed to predict the heat-
transfer rate and transition points based on the average conditions over the measuring section.
While it is the intention to present as much information from the experimental data as possible,
only representative illustrations are provided, to avoid repetition. Some data were presented in
Leung and Groeneveld [1991].

Section 9.1 presents a general overview of the overall pressure-drop measurements, which were
subsequently separated into various pressure-drop components. The single-phase data is analyzed
in Section 9.2. Both the adiabatic and heated conditions are presented. Section 9.3 shows the

data of the onset of net-vapour generation. A comparison is made between the data and
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predictions of the Saha and Zuber and the Avdeev correlations. The flow-boiling data are
analyzed in Section 9.4, showing the effects of various parameters on two-phase frictional

pressure drop (expressed as the two-phase multiplier).

91 GENERAL

9.1.1 Pressure and Temperature Distributions
The pressure and temperature distributions measured along the test section are illustrated in

Figure 9.1 for a specific set of conditions, where dryout has been encountered at the end of the

heated length. A sharp rise in surface temperature is indicated at the downstream end. For the
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Figure 9.1: Illustrations of Pressure and Surface-Temperature Distributions Along Test Section.
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present inlet conditions, single-phase flow is maintained for a 1-m long distance, where a steady
increase in surface temperature with respect to axial distance is observed. Once boiling is
initiated, the surface temperature becomes stable. A slightly decreasing trend is observed as the
axial distance (and hence quality) increases. It corresponds to (i) the forced convective
evaporation region, where the heat transfer becomes more efficient with increasing quality (due
to both conduction and convection to the liquid film) and (ii) a reduction in saturation

temperature. The same trend is illustrated in Collier [1981].

The local pressure, calculated from the pressure-drop measurements, decreases continuously along
the test section. This decrease is relatively linear at the inlet end, corresponding to the region

of single-phase flow, but tends toward a parabolic profile once boiling is initiated.

9.1.2 Components of Pressure Gradient

Measurements of overall pressure drop between two adjacent pressure taps (over a length of 50
cm) are obtained along the test section. Each of them can be separated into three different
components: friction, acceleration and gravity. In single-phase liquid flow, the pressure gradient

due to acceleration is calculated from

[_f{{'i) _ 4G /p) ©.1)
dz |, dz

and the pressure gradient due to gravity is obtained from

dP
N i 9.2
[ dz )S Pré o2

By subtracting these two components from the overall pressure drop (i.c., the measurement), the

pressure gradient due to friction is calculated from
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T\ E ) \E )\ E ”

In two-phase flow, the separated-flow model (see Section 3.4.2) is used to evaluate the pressure

gradients due to acceleration and gravity, which are expressed, respectively, as

2 2
(dP) _grd| Fa (o) ©.4)
dz b dz | ap, ({-0)p,
and
-(E’il = (py o +p, (1-0)) g ©9.5)
dz 1

The two-phase pressure gradient due to friction is calculated in the same manner as Equaticn
(9.3). All fluid properties are evaluated based on the mean bulk-fluid temperature within the
measuring section. The vapour-weight quality is calculated from the Kroeger-Zuber correlation

(Section 3.2) and the void fraction is obtained from the Chexal et al. correlation (Section 3.3).

9.1.3 Pressure Gradients in Flow Boiling along a Channel with Constant Heat Flux

Figure 9.2 illustrates various components of pressure gradient in flow boiling along the test
section (with respect to average thermodynamic qualities) at constant inlet conditions. Over these
conditions, the total pressure gradient increases with increasing quality. This increase is gradual
in the negative-quality region (single-phase flow), but becomes rapid in the positive-quality
region (saturated boiling). At high qualities, the rate of increase is also small. Among the
various components, the pressure gradient due to gravity is insignificant and may be neglected.

The pressure gradient due to acceleration, however, is small in single-phase flow but becomes
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Figure 9.2: Various Pressure Gradients Calculated Along Test Section.

more significant when flow boiling is encountered in the channel. Due to the limited rise in

quality, the variation in pressure drops is relatively small over the channel.

9.1.4 Pressure Drops in Flow Boiling along a Channel with Varying Heat Fluxes

Various pressure gradients as a function of thermodynamic quality are shown in Figure 9.2 for
a constant heat flux. Only a small variation was observed, due to the narrow range of qualities
and limited measured data over the test section. A more detailed presentation, however, can be

shown with varying heat fluxes.



Figure 9.3 illustrates various components of pressure drop at the downstream end of the test
section {50 cm). The average pressure gradient can be obtained by dividing the pressure drop
by the length of the measuring section (i.e., AP/Az). The increase in thermodynamic quality in
this figure is due to an increase in heat flux, rather than axial location, as was shown in Figure
9.2. Among the three components, the pressure drop due to friction is generally larger than the
others, particularly in the subcooled-boiling (negative-quality) regions. When the bulk fluid
approaches saturation, the pressure drop due to acceleration increases sharply due to a change in
void fraction, once bulk boiling is encountered. The increase becomes gradual and its magnitude
is comparable to the frictional component at the high-quality region. Over these conditions, the

pressure drop due to gravity is insignificant.
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Figure 9.3: Comparison of Various Pressure-Drop Components in a Heated Channel with High
Inlet Subcooling.
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The pressure drop due to friction is relatively constant in single-phase flow. A small decreasing
trend is observed at highly subcooled conditions, but is not noticeable due to the large scale
employed for the Y-axis. At low qualities (or heat fluxes), the two-phase pressure drop due to
friction increases with increasing qualities. The gradient of this increase is gentle at subcooled
conditions, but becomes rapid at low positive qualities. At subcooled conditions, the increase
in two-phase frictional pressure drop is caused by the increase in (i) the apparent roughness due
to bubble formation at the heated surface, and (ii) the near-wall velocity gradient, due to the
relatively high bubble velocity compared to the liquid after the bubbles have departed from the
heated surface. Part of this increase, however, is compensated for by the decrease in frictional

pressure drop, due to a reduction in near-wall fluid viscosity at high surface temperature.

The frictional pressure drop increases sharply just before the bulk fluid reaches saturation
indicating the initiation of bulk boiling (point of net vapour generation) in the channel. Its
gradient with respect to quality (i.e., d(AP)/dx,,) exhibits an increasing trend at regions close to
zero quality, but changes to a decreasing trend as the quality is increased. There is insufficient
data to locate the transition points accurately, which have been shown to correspond to a change
in flow pattern (or heat-transfer regime) [Shoukri, 1983]. At low positive qualities, the bubbles
migrate into the main stream and significantly increase the interfacial (due to high void fraction)
and wall (due to the reduction of liquid flow area and high vapour velocity) shear stresses. On
the other hand, the surface temperature is maintained closely near the saturation temperature,
resulting in less severe temperature gradients inside the fluid (i.e., no or little reduction in
frictional pressure drop for viscosity variation). These factors bring a sharp rise in frictional

pressure drop with increasing qualities.

The frictional pressure-drop gradient with respect to quality (ie., d(AP)/dx,;) decreases with
increasing quality (or heat flux). This decreasing gradient indicates the transition from bubbly
to wispy-annular flow. At this transition, the interfacial shear stress is reduced, due to a decrease
in the interfacial area. With a further increase in quality, part of the liquid is entrained into the
vapour core and results in a reduction in vapour velocity, as well as lowering the core turbulence

level. This decreases the velocity gradient at the interface and hence reduces the interfacial shear
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stress. Also, a small degree of superheating is anticipated in the near-wall region of the liguid

film, and this introduces a further reduction in frictional pressure drop.

At a quality just before the critical heat-flux condition, a maximum point of frictional pressure
drop is encountered. Beyond that point, the frictional pressure drop decreases with increasing
quality. This decrease is mainty due to the reduction in interfacial shear stress as the liquid film
becomes so thin that wave formation and liquid entrainment are terminated. The gradient,
d(AP)/dx,, is steeper at the region after (post-dryout) than before {(pre-dryout) the critical heat-
flux condition. This is caused by the considerably smaller pressure drop (due to a much smailer
vapour viscosity than liquid viscosity} in the post- than pre-dryout regions. Note that the surface
temperature at any thermocouple location is limited t: a maximum of 650°C (via a
high-temperature trip) to avoid damage to the test section in this experiment. This experiment
was terminated before the dryout front could spread over the complete measuring section. The
local maximum pressure-drop point, though not validated, could be an indication of another

flow-pattern transition: from wispy-annular to froth-annular flow.

Figure 9.4 shows the pressure-drop components at the downstream end of the test section (50 cm)
for similar flow conditions, but with a lower inlet subcooling than that shown in the previous
figure. The pressure drop due to friction remains the most significant component. It increases
continuously up to the maximum point within the present range of qualities. The region of
single-phase pressure drop is not encountered in this case, due to the low inlet subcooling.
However, the pressure-drop trends are similar to those shown in Figure 9.3 for the forced

convective evaporation region.

With a further increase in heat flux, the two-phase frictional pressure drop decreases beyond the
local maximum point at high qualities. Over this region, a smooth interface between the liquid
film and the vapour core is anticipated, resulting in a much smaller interfacial shear stress. It
is also expected that the thickness of the liquid film is of the order of the thickness of the laminar
sublayer of the vapour flow because the turbulent effect in the mixture core appears to have no

influence on the liquid film. Therefore, the velocity of the liquid film is not affected, but the
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Figure 9.4: Comparison of Various Pressure-Drop Components in a Heated Channel with Low
Inlet Subcooling.

film is continuously depleted through vaporization.

The quality difference between the points of maximum pressure drop and critical heat flux is
larger for higher inlet temperatures (comparing Figures 9.3 to 9.4). Dryout occurs when the thin
liquid film is completely evaporated at a location slightly beyond the local peak. Since the
pressure drop is measured over a distance of 50 cm, this decreasing trend continues until the
dryout front propagates below the upstream pressure tap and the complete measuring section
becomes dry. A local minimum is shown at this point. The frictional pressure-drop gradient,

d(AP)¢dx,,, is much steeper in the regions before than after the dryout conditions.

After reaching the local minimum point, the two-phase frictional pressure drop increases again

with respect to quality. This is caused by the increase in wall shear stress, due to a higher
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vapour velocity. The increase in vapour velocity is caused by the rise in vapour temperature and

the increase in actual quality due to the evaporation of entrained liquid droplets.

9.2 SINGLE-PHASE FLOW
9.2.1 Experimental Data

The single-phase total pressure drops (including friction and gravity) over the test section are

shown in Figure 9.5 for various fluid temperatures and mass flow rates (which correspond to
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Figure 9.5: Single-Phase Total Pressure Drops for Various Fluid Temperatures and Mass Flow
Rates.
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mass fluxes of 1.2 to 10 Mg.m™2.s71) at adiabatic conditions. Among data that cover a range
of fluid temperatures (i.c., data of 4.5, 6 and 7 Mg.m™2.s™ in mass flux), the effect of fluid
temperature is relatively small, but a systematic increase in adiabatic pressure drop is shown with
increasing fluid temperature. This appears to contradict the theory that adiabatic pressure drop
should decrease with increasing fluid temperature (due to a reduction in fluid viscosity).
However, since the mass flow rate (W) was maintained constant in this experiment, the fluid
velocity increases (as the fluid density decreases) with increasing fluid temperature
(v, = (W/Ap)/p, ), and results in an increase in adiabatic pressure drop. The effect of mass flow
rate (or mass flux) on adiabatic pressure drop is strong. As expected (e.g., see Equations (2.37)),
a lower adiabatic pressure drop is shown with lower mass flow rates; the increase in adiabatic
pressure drop is approximately proportional to the square of the mass flow rate (the pressure drop

varies from 20 to 550 kPa when the mass flow rate increases from 24 to 235 g.s™).

9.2.2 Friction Factor (Adiabatic Flow)

The single-phase frictional pressure drop is calculated by subtracting the component due to
gravity from the total pressure drop. Although the fluid temperature decreases slightly (due to
heat loss) over the test section, the pressure drop due to acceleration is insignificant. The single-

phase frictional pressure drop is expressed in terms of the friction factor, which is defined as

_ AP, D 2 p,

- (9.6)
z G2

where p, is the liquid density based on the average bulk-fluid temperature over the measuring
section. Figure 9.6 shows the calculated friction factors with respect to the Reynolds number for
adiabatic flow in all measuring sections. Despite some data scatter, the results are generally

consistent. The friction factor was optimized, as a function of Reynolds number, as follows:



f = 0.0448 Re 00709 (X))

Based on the Colebrook-Chen equation (Equation (2.44)), the calculated value of relative
roughness (i.e., €/D) is 0.00103 for this test section. The friction factors, calculated with
Equation (9.7) and the Colebrook-Chen equation using the optimized relative-roughness value,
are the same at a high Reynolds number, but slight differences are observed at a low Reynolds
number. For comparison, the friction factor of a smooth tube is also shown in the same figure,

and is generally smaller than the experimental value.

9.2.3 Effect of Surface Heating

In a heated channel, single-phase flow is assumed when the surface temperature is less than the

value corresponding to the onset of nucleate-boiling point (i.e., T, < Toyp). The surface
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Figure 9.6: Friction Factor of Test Section for Adiabatic Flow.
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temperature is calculated with the heat-transfer coefficient predicted from the Gnielinski [1976]
equation (Equation 4.7), which was found to agree better with heat-transfer data of the present
experiment than other correlations. At the point of onset of nucleate boiling, the corresponding

surface temperature is determined from the Davis and Anderson [1966] equation (Equation 4.15).

Figure 9.7 shows the single-phase pressure drops (both the total (i.e., measured) and frictional)
for various thermodynamic qualities (an equivalent measure of fluid temperature) and heat fluxes.
Since the increase in surface temperature is proportional to heat flux, this figure also presents the
trend of increasing surface temperature. The frictional pressure drop is calculated from Equation

(9.3) and the pressure drops due to acceleration and gravity have been subtracted from the

measurement,
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Figure 9.7: Single-Phase Pressure Drops over a Heated Channel.
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Similar to the trend exhibited in adiabatic flow, the single-phase pressure drop along a heated
tube increases with increasing thermodynamic quality (or bulk-fluid temperature). For the same
thermodynamic quality, it decreases with increasing heat flux (or surface temperature). While
the majority of the data shown in Figure 9.7 correspond to single-phase flow, several flow-boiling
data at high heat fluxes are also presented for comparison. At a thermodynamic quality higher
than -5%, a sharp increase in total pressure drop is shown; it signifies the start of flow boiling
(or two-phase flow). The increase in frictional pressure drop, however, remains gradual within
the same range of quality. This is primarily caused by the high pressure drop due to acceleration
resulting in a much steeper increase in total than in frictional pressure drop. The gap exhibited
between heat fluxes of 0.56 and 0.78 MW.m2 is caused by a reduction of about 2.3% in mass
flux (from 7.10 to 6.94 Mg.m"2s7).

Similar to other studies, the single-phase frictional pressure drop is presented in terms of a
friction-factor ratio between heated and unheated conditions. This ratio is correlated with the
viscosity ratio, between the bulk and near-wall fluids, to account for the effect of heating on

pressure drop. The correction factor is expressed as (Equation (2.46))

n

Fheated _| P (9.8)

f unheated pw

In the present analysis, the viscosity of near-wall fluids is evaluated with an average inner surface
temperature over the measuring section. Figure 9.8 shows the friction-factor ratio as a function
of viscosity ratio. While a large scatter is observed among the data, particularly at viscosity
ratios close to 1, the friction-factor ratio decreases with the increasing viscosity ratio. Based on
Equation (9.8), the exponent n is optimized to be -0.28. It is bounded between the
recommendations of -0.25 by Maurer and Letourneau [1963] and -0.35 by Dormer and Bergles
[1964], but is greater than the values of -0.4 and -0.61 by Owen and Schrock [196()] and
Rohsenow and Clark [1951], respectively. The same exponent value was found valid for low-

pressure (1 to 4 MPa) conditions and large-diameter tubes (13.5 and 22.9 mm) over a much
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Figure 9.8: Friction-Factor Ratio Between a Heated and Unheated Channel.

wider range of viscosity ratio (up to viscosity ratios of 2.2) in a similar study at Ecole

Polytechnique [Leung et al., 1993].

The effect of other parameters (such as mass flow rate and density ratio) on the friction-factor
ratio has also been examined in response to the findings of Maurer and Letourneau [1963].
However, none of these parameters displays a noticeable influence on the friction-factor ratio
over the present range of test conditions. The correction based on Equation (9.8) is therefore

appropriate.
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9.3 POINT OF NET-VAPOUR GENERATION

The point of net-vapour generation is the location where a significant amount of vapour volume
is generated and maintained in the channel. It is often assumed as the initiation point of two-
phase boiling flow, since a rise in pressure drop from the single-phase value is observed from
this point on. In the present experiments, this point cannot be accurately determined. due to the
relatively large increment in heat flux (or applied power) for each test. Therefore, the last data
point of single-phase pressure drop before the deviation occurs is designated as the point of net-

vapour generation (see Figure 9.7).

The experimental data obtained in the present study are shown in terms of the Stanton (Equation
4.18) and Peclet numbers (Equation 4.19) in Figure 9.9. They cover mainly the region of high
Peclet numbers (beyond 70 000). The data are scattered between 0.001 to 0.1 at the high Peclet
numbers. Based on the same approach used by Saha and Zuber [1974] as well as Avdeev [1988],
the optimized Stanton number is 0.0041 for the high Peclet numbers. The transition point,
however, is located at Peclet numbers of about 100 000, which is different from those
recommended by Saha and Zuber {1974] (70 000) and Avdeev [1988] (57 U00). Based on the
methodologies used by Saha and Zuber [1974] as well as Avdeev [1988], the best-fit equation

for the present set of experimental data is expressed as

DC
Xy = 0.0022 2 % 9.9)
H %
fg "1

for Peclet numbers less than 100 000, and

Xyyo = —244 G‘L (9.10)
fz

for Peclet numbers larger than 100 000.
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Figure 9.9: Relation Between Stanton and Peclet Numbers for Conditions at Point of Net-Vapour
Generation.

An examination of the data reveals that the large scatter among data is independent from
pressure, mass flux and heat flux. Figure 9.10 shows the quality at the point of net-vapour
generation for a constant pressure and mass flux. Since the flow conditions covered in this test

correspond to the high Peclet-number region, it is presented as a function of boiling number,

which is defined as

q

G H,

Bo

1l

9.11)

Both the Saha and Zuber and the Avdeev correlations overpredict the data. The best-fit equation

provides a reasonable agreement over this range. However, an underprediction is observed at the
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Conditions.

small boiling-number region, while overprediction is observed for large boiling-number values.
The scattering among these data appears to be a function of inlet temperature. This was also
shown by Snoek and Leung [1986] in their analysis of experimental data for the point of net
vapour generation in a string of 37-element bundles. They correlated their data with the boiling
number and introduced two additional terms which are a function of inlet quality. While the
predictions of their correlation agreed reasonably well with their experimental data, their

correlation is not suitable for computer-code analysis, which is based solely on local conditions.

Further analysis of the point of net-vapour generation is not attempted, since the focus of this
study is on the effect of heating on frictional pressure drop. The best-fit equation described

above will be used in a pressure-drop analysis to be presented later. While this introduces some
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uncertainty to the analysis of pressure-drop data with low inlet quality, its effect on the overall
conclusion is not significant. This is because the data of low inlet quality cover only a narrow

range of conditions and the test section remains mostly in the subcooled nucleate-boiling region.

94 BOILING TWO-PHASE FLOW

The frictional pressure drop increases sharply (see Figure 9.3) once the point of net-vapour

generation is exceeded (i.e., X, > Xyyg). This increase is mainly caused by:

i) the reduction in flow area for the liquid phase, due to the large volume occupied by
the vapour bubbles,

it) the increase in bulk-fluid velocity, as a result of volume expansion and momentum
exchange with the bubbles,

iii)  the increase in velocity gradient at the near-wall region, due to the departure of
vapour bubbles, and

iv) the increase in interfacial shear stress, due to the increase in interfacial area.

The influence of these factors on frictional pressure drop, however, depends strongly on the flow
pattern encountered inside the channel. For example, the second and third factors may be more
dominant in bubbly flow, while the fourth factor is crucial in annular flow. At high flows, both
the slug and churn flow patterns are either not encountered or occur only over a small range of
qualities. Wispy-annular flow is the most common type of flow pattern, especially for saturated
flow boiling. Previous studies have indicated that frictional pressure drop generally increases
with increasing heat flux in bubbly flow [Tarasova et al., 1965, 1966]. In wispy-annular flow,
the frictional pressure-drop gradient with respect to heat flux (or quality) is reduced, compared
to the gradient in bubbly flow. This is due to the decrease in interfacial shear stress and velocity

gradient in the near-wall region as the vapour phase consolidates in the core of the channel.
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9.4.1 FLOW PATTERNS

Flow patterns and their boundaries were not measured in this experiment, because of the non-
existence effective measuring techniques for a hostile high-pressure steam-water environment.

They are estimated with flow pattern maps.

Two different types of flow-pattern maps are available for vertical two-phase flow (see Section
3.1). The most general one was introduced by Hewitt and Roberts [1969] (Figure 3.5), who
present the flow patterns as functions of liquid and vapeur momentum flux (p; ji?', where j; is the
superficial velocity of phase i). It was derived with flow-pattern data obtained in low-pressure
air-water and high-pressure steam-water (using both heated and unheated channels) experiments.
Although it is general in nature, the mass quality must be calculated empirically to obtain the
momentum fluxes of a non-equilibrium steam-water flow inside a heated channel. Another type
of flow-pattern map shows the transition as a function of thermodynamic quality and mass flux
tBennett et al., 1965, Bergles et al., 1968]. 1t was derived for flow inside a heated channel, but
is restricted to specific geometry and pressure. Until now, this type of flow-pattern map has not
been available for the present geometry and range of conditions. While both types of flow-
pattern map have their advantages and deficiencies, the one developed by Hewitt and Roberts is
often recommended [Collier, 1981, Hewitt, 1982]. Based on the Hewitt and Roberts map, the

present experiment covered a wide range of flow patterns (Figure 9.11).

9.4.2 FRICTIONAL PRESSURE DROP

The two-phase frictional pressure drop in flow boiling is investigated in detail, although the total
pressure drop (which includes all three components) was measured. It is calculated by
subtracting the pressure drops due to acceleration and gravity from the total (measured) pressure
drop (Equation (9.3)). As indicated in Section 9.1.3, the separated-flow model is used to

calculate the components due to acceleration (Equation (9.4)) and gravity (Equation (9.5)).
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Figure 9.11: Flow Patterns Covered in the Present Experiment (Shaded Area).

The two-phase frictional pressure drop is also presented in terms of the two-phase multiplier

= | =2 9.12)
APfo f

where AP, is the two-phase frictional pressure drop in kPa and APy, is the single-phase frictional
pressure drop, in kPa, assuming the total flow is liquid at the bulk-fluid temperature. Various
effects on the two-phase multiplier in a heated channel are examined in the following sections,
i.e., heat flux, inlet quality, mass flux, system pressure, vapour-weight quality and void fraction.

They are shown primarily as a function of thermodynamic quality.
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9.4.2.1 EFFECT OF HEAT FLUX

Pre-Dryout Heat-Transfer Regions

The measured (total) and calculated frictional pressure drops are shown in Figure 9.12 for
constant inlet conditions and varying heat fluxes. Note that each point represents a pressure-drop
datums for an average thermodynamic quality over one measuring section, and every set of
(saime) symbols represents the pressure drops of five measuring sections along the test section
for the same heat flux. They are joined with lines to indicate the effect of heat flux on pressure

drop. To avoid overcrowding, the symbols for various heat fluxes are not presented. The range
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Figure 9.12: Effect of Heat Flux and Thermodynamic Quality on Measured and Frictional
Pressure Drops.
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of heat fluxes covered in this test is from 0 to 2.11 MW.m™ at an increment of about 0.11

MW.m2. A critical heat flux condition is reached at the end of the test section at a heat flux of
2.17 MW.m2,

The same trend of pressure drops as presented in Figures 9.1 to 9.3 is shown, with a much higher
measured (total) than frictional pressure drop. A larger variation is also shown in frictional rather
than total pressure drop, with increasing thermodynamic quality. At high qualitics, a decreasing
trend of pressure drop is shown with increasing heat flux. In both the measured and frictional
pressure drops, a local maximum pressure-drop point is exhibited before the occurrence of dryout
(i.e., critical heat flux conditions). The specific trend of the heat-flux effect on frictional pressure
drops cannot be examined clearly at low qualities, due to the large amount of data included in
this figure. A detailed discussion is provided in the next figure, which presents only the

frictional pressure drop (in terms of two-phase multiplier).

Figure 9.13 shows the two-phase multipliers as a function of thermodynamic quality for the same
heat-flux variation as shown in Figure 9.12. In single-phase flow, a decrease in the two-phase
multiplier is shown for increasing heat flux at the same quality. However, the difterence is not
significant between various heat-flux values. Nucleation starts at a thermodynamic quality of
about -10%, depending on heat flux, and an increase in the two-phase multiplier is shown with
increasing heat flux in nucleate boiling (bubbly-flow regime). As the thermodynamic quality is
increased, an opposite trend, where two-phase multiplier decreases with increasing heat flux, is
shown. The transition occurs at a quality close to 0. A local maximum two-phase multiplier is
displayed at the two downstream measuring sections. In either section, it occurs at about the

same heat flux, but at different average qualities.

Two-phase multipliers obtained at low inlet-subcooling (close to saturation) conditions are shown
in Figure 9.14 for various heat fluxes and thermodynamic qualities. (As shown previously in
Figures 9.12 and 9.13, both the frictional pressure drop and two-phase multiplier have the same
parametric trend with respect to heat flux,) The heat flux varies from 0 to 1.7 MW.m2, and the

critical heat flux occurs at 1.71 MW.m™2. Due to the low inlet subcoolings, boiling begins at a
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Figure 9.13: Effect of Heat Flux and Thermodynamic Quality on Two-Phase Multipliers.

location close to the inlet end of the test section. Therefore, single-phase flow over a complete
measuring section is not encountered at any conditions with heating. Over the range of
thermodynamic qualities approximately from -0.02 to 0.03, an increase in the two-phase
multiplier is shown for a constant thermodynamic quality with increasing heat flux. This
corresponds mostly to the subcooled and saturated nucleate-boiling regions. The two-phase
multiplier decreases with increasing heat flux at high thermodynamic qualities (forced convective
evaporation region). For the present conditions, three measuring sections display a maximum

two-phase multiplier.
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Figure 9.14: Effect of Heat Flux on Two-Phase Multiplier for Low Inlet-Subcooling Conditions.

Post-Dryout Heat-Transfer Region

With a further increase in heat flux, the dryout condition expands upstream from the outlet end
of the test section. A significant difference in the phase distribution between pre-dryout and post-
dryout (PDO) conditions is the phase in contact with the heated surface. It is the liquid phase
that is in contact with the surface at pre-dryout conditions, but the vapour phase at post-dryout
conditions. The low viscosity of vapour considerably reduces the wall shear stress and hence the

frictional pressure drop.

The frictional pressure drop at post-dryout conditions can be investigated up to the 650°C
surface-ternperature limit. For tests with high inlet subcoolings, a slight increase in heat flux

beyond the critical condition resulted in high PDO temperatures. Therefore, only a narrow range
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of post-dryout conditions are encountered for high inlet subcoolings inside the channel.

Furthermore, these data may not cover the complete measuring section. Figure 9.15 illustrates

the two-phase multipliers for conditions similar to those of Figure 9.13, but including data at high

heat fluxes (post-dryout conditions up to 2.22 MW.m™). The data cbtained at pre-critical heat-

flux conditions were repeat tests and are used to confirm previous results shown in Figure 9.13.

Good agreement is observed between these two tests (i.e., Figures 9.13 and 9.15); the same trend

of two-phase multipliers is shown. Beyond the critical heat flux, the two-phase multiplier

decreases continuously with increasing heat flux (or quality). The gradient of two-phase

multiplier with respect to quality is steeper for post-dryout than pre-dryout conditions.
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Figure 9.15: Two-Phase Multiplier at Both Pre- and Post-Dryout Conditions with High Inlet

Subcooling.
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A much wider range of post-dryout conditions (with heat fluxes up to 2.18 MW.m™) can be
covered with low inlet subcoolings before the maximum surface temperature of 650°C is reached
(Figure 9.16). The change in the gradient of the two-phase multiplier is clearly shown at
conditions before and after the critical heat flux for the three downstream measuring sections.
This suggests that a significant fraction of the channel was dry and under the post-dryout
conditions. A minimum two-phase multiplier, signifying complete dryout of the heated surface
over the measuring section, is displayed at two downstream sections. Beyond the minimum
point, the two-phase multiplier increases with increasing heat flux. It is caused by an increase

in vapour velocity.
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Figure 9.16: Two-Phase Multiplier at Both Pre- and Post-Dryout Conditions with Low Inlet
Subcooling.
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The thermocouple readings obtained along the test section also confirm the existence of post-
dryout conditions over the three downstream sections. Figure 9.17 shows the surface-temperature
distributions for heat fluxes from 1.72 (CHF) to 2.18 MW.m™>. At heat fluxes lower than 1.72
MW.m2 (corresponding to the pre-dryout heat-transfer region), the surface temperatures are stable
and remain close to the saturation temperature. Since the thermodynamic qualities at various
thermocouple locations vary with heat flux, the dryout propagation is difficult to examine in a
plot of surface temperature versus thermodynamic quality, Therefore, the temperature distribution
is shown as a function of axial distance in Figure 9.17, to illustrate the propagation of the dryout

region with increasing heat flux.

550 ST | SECTION2 | SECTION3 | SECTION4 | OUTLET
SECTION (1) , , SECTION (5)
t |
i 1
PRESSURE: 9.6 MPa |
500 —| MASS FLUX: 7 Mg.m-2.s™

INLET QUALITY: 4%

&
3
|

INSIDE SUFIFé\CE TEMPERATURE (°C)
I

g
|

I
I
I
|
l
i
I
|
I
) I
I !
I t
I 1
I I
' I
) I
I I
1 i
INCREEASING HEAT FLU
1
I
I
I
I
t
1
I
I
I
I
I

1
1
|
i
!
|
|
|
1
1
|
t
!
!
1
I
[

|
|
t

15
AXIAL DISTANCE (m)

8

w +tr-—-———- e e e s m ==

R N

0 0.5
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For small increases in heat flux beyond CHF, a sharp rise in surface temperature was noted at
a few thermocouples located at the outlet end. With increasing heat flux, however. the dryout
region propagated upstream, and high temperature was detected by more upstream thermocouples.
The maximum surface temperature becomes more and more severe as the locations of the
upstream thermocouples experience dryout. This is primarily due to the high heat fluxes and low
vapour quality leading to a lower vapour velocity and less efficient heat-transfer rate. Hence, the
surface temperature increases drastically. As the vapour quality increases toward the downstream
end, the surface temperature is reduced and becomes stable. At high heat fluxes, a stable surface

temperature of about 400°C is recorded by the downstream thermocouples for the present

conditions.

A similar trend of the two-phase multiplier is shown with respect to heat flux for other
conditions. The effect is generally more noticeable at high-flow and low inlet-subcooling

conditions. As the flow is decreased, the maximum pressure-drop point approaches the critical

heat-flux point.

An interesting phenomenon was observed at a mass flux of 9.9 Mg.m™.s"l. At these conditions,
the heat flux varies from 0 to 3.07 MW.m?2  As shown in Figure 9.18, the two-phase multiplier
decreases sharply at both Sections 3 and 4, but remains relatively constant at the outlet section
(Section 5). The initial dryout (at a heat flux of 3.06 Mg.m™.s7!) was observed at a distance
of approximately 1.75 m from the inlet (at the fourth pressure-drop measuring section (Section
4)), rather than at the outlet of the test section. This phenomenon is encountered mainly at high-
flow conditions, and is referred to as an upstream dryout, where the surface of a uniformly heated
tube experiences dryout at a location upstream of the exit (where initial dryout often occurs).
Groeneveld [1972] studied the upstream-dryout phenomena and offered an explanation from a
thermodynamic and heat-transfer point of view. The present author, however, anticipates that the
hydrodynamic aspect may be the dominant factor controlling this phenomena. Following the
hydrodynamic-dryout mechanism introduced by Beattie [1974] for adiabatic flow, the liquid film
is depleted rapidly, due to the high shear force of the vapour. With the high turbulent level at

the interfacial boundary, the high-velocity vapour induces a high wave, with a trough cutting
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Figure 9.18: Two-Phase Multiplier at Conditions Where Upstream Dryout is Encountered.

deeply into the liquid film. If the velocity is high enough, the thin liquid film can be either (i)

stripped or (ii) evaporated away from the surface, creating a dry spot. At the downstream section

of this dry spot, the liquid film is less affected, since the amplitude of waves is reduced, due to

the thinning of liguid film.

The corresponding inside surface-temperature distributions at both dryout and post-dryout

conditions are shown in Figure 9.19. A rise in surface temperature, indicating dryout, is shown

at locations between 1.5 and 2 m from the inlet. Based on the data points, the dryout region

covers both Sections 3 and 4. This agrees with the rapid decrease in two-phase multiplier as

shown in Figure 9.18. Forced convective evaporation is resumed beyond the dryout region at

the outlet section (Section 5), and the two-phase multiplier remains high.
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Figure 9.19: Inside Surface-Temperature Distributions for Upstream Dryout Conditions.

9.42.2 EFFECT OF INLET QUALITY

The inlet quality is a dimensionless fluid enthalpy at the test-section inlet. As indicated in
Section 9.2, it appears to be a factor influencing the point of net vapour generation. Its effect

on the frictional pressure drop (in term of two-phase multiplier) is examined in this section.

Figure 9.20 illustrates the total (measured) and frictional (calculated) pressure drops for various
inlet qualities at constant pressure, mass flux and heat flux. Both pressure drops display the same
parametric trend and do not seem to be affected strongly by the inlet quality. The same trend

is shown in Figure 9.21, which displays the variations in two-phase multiplier.
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Figure 9.20: Total and Frictional Pressure Drops for Various Inlet Qualities at High Flows.

The effect of inlet quality on two-phase multiplier is also insignificant at medium-flow conditions

as shown in Figure 9.22.

Figure 9.23 shows the comparison of the two-phase multiplier for various inlet qualities at both
pre-dryout and post-dryout conditions. Similar to the trends shown in Figures 9.21 and 9.22 for
pre-dryout conditions, there is no effect of inlet quality on the two-phase multiplier at the post-
dryout regions. However, the data scatter increases in the transition region between pre-dryout
and post-dryout conditions. This is probably caused by a small fluctuation in the mass flow rate,
which can have an effect on the dryout point. The effect of the mass flow rate on pressure drop

is examined in the next section.
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Figure 9.21: Effect of Inlet Quality on Two-Phase Multiplier for High Flows at Pre-Dryout
Conditions.

The absence of any significant effect of inlet quality on the two-phase multiplier is also noted

for other flow conditions. Therefore, it will not be further discussed.

0.42.3 EFFECT OF MASS FLUX

The two-phase pressure drop (or multiplier) is affected significantly by mass flux, primarily due
to its strong influence on flow-pattern transition. Therefore, it is difficult to compare and identify
this effect. For a heated channel, the complexity increases due to the change in the heat-transfer
mode (this is also a change in flow pattern) with varying mass fluxes. To illustrate the

differences, the two-phase pressure drop and two-phase multiplier are examined for various heat-
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Figure 9.22: Effect of Inlet Quality on Two-Phase Multiplier for Medium Flow Rates at Pre-
Dryout Conditions.

flux values. This is necessary because high heat-flux conditions are not feasible at low flow

rates, due to the limitation in surface temperature.

The total (measured) pressure drops for various mass fluxes are shown in Figure 9.24. To avoid
overcrowding, the calculated frictional pressure drops are not presented. As shown in previous
figures (e.g., Figure 9.3), the frictional pressure drop is generally smaller than, but follows the
same trend as, the total pressure drop. As shown by all pressure-drop equations, the pressure
drop increases significantly with increasing mass fluxes for the same thermodynamic quality.
Due to the relatively low heat flux, the high mass-flux data (i.e., 6 and 7 Mg.m™2.s™) cover only
the single-phase and nucleate-boiling heat-transfer regimes. Both the pre-dryout and post-dryout

conditions, on the other hand, are shown in the data of 1.2 Mg.m™2.s™.
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Figure 9.23: Effect of Inlet Quality on Two-Phase Multiplier for High Flows at Pre- and Post-
Drycut Conditions.

Figure 9.25 shows the two-phase multiplier for the same conditions as in Figure 9.24. A
different trend is presented for various mass fluxes. The two-phase multiplier is much larger for
low mass fluxes. This is primarily caused by the relatively high two-phase frictional pressure
drops, but small single-phase frictional pressure drops at low mass fluxes (i.e, 1.2 and 1.9
Mg.m=2s™1). The two-phase frictional pressure drops at low mass fluxes, however, may have

a high uncertainty, due to the following factors:

a) the simple approach may not be valid for calculating the pressure drops due to acceleration
and gravity, which become comparable with the frictional component at low mass fluxes, and
b) the comrelation for the onset of net vapour generation point is primarily derived for high mass
flux conditions; this may delay the start of the two-phase region and lead to an

* underprediction of the pressure drop due to acceleration,
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Figure 9.24: Measured Total Pressure Drops over the Test Section for Various Mass Fluxes.

Compared against the values at low flow rates, the variation in the two-phase multiplier becomes

insignificant for high flow rates.

The pressure drops at various mass fluxes are shown in Figure 9.26 for a higher heat flux than
was shown in Figure 9.24. As in Figure 9.24, the pressure drops increase with increasing mass
flux. A large increase in pressure drop from 4.3 to 5.96 Mg.m™2s~! is shown at a quality of
about 0.2. It is caused by the difference in the heat-transfer regime: the data with mass fluxes
higher than 4.3 Mg.m™.s™ are pre-dryout data, while those of 4.3 Mg.m™2,s™ are mainly post-

dryout data.
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Figure 9.25: Effect of Mass Flux on Two-Phase Multiplier for Low Heat-Flux Conditions.

Figure 9.27 shows the two-phase multiplier with respect to thermodynamic quality. The effect
of mass flux on the two-phase multiplier appears to be small for data in the same heat-transfer
regime. This agrees with the trend observed in Figure 9.25 for high mass fluxes. However,
when the two-phase multiplier for pre-dryout conditions is compared against that of post-dryout
conditions, a large difference is shown. This is caused by the much smaller two-phase pressure
drop for the post-dryout conditions. Similarly, the effect of mass flux on the two-phase

multiplier is also small when only data obtained at post-dryout conditions are compared.

9.42.4  EFFECT OF SYSTEM PRESSURE

System pressure affects considerably the void fraction, which in turn has a strong influence on

various components of pressure drop (see, for example, Martinelli and Nelson {1949 and Thom
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Figure 9.26: Measured Total Pressure Drops for Various Mass Fluxes at a Heat Flux of 1.55
MW.m™2,

[1964]). The pressure drop is much higher at low system pressures, and the difference can be
several orders in magnitude. This is primarily caused by the high vapour velocity and low
vapour density that accelerate the liquid flow and result in an increase in wall shear stress at low

systemn pressure.

In a heated channel, the effect of system pressure on pressure drop could be further complicated,
due to the flashing phenomena, where an additional amounts of vapour are generated as a result
of a reduction in saturation temperature with pressure drop along the channel (see Groeneveld
[1973] and Shoukri [1983]). A rise in vapour quality generally increases the pressure drop. This

phenomena, however, is not a significant factor for flow at high pressure.
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Figure 9.27; Effect of Mass Flux on Two-Phase Multiplier for Medium Heat-Flux Conditions.

The effect of system pressure on two-phase pressure drop (or two-phase muitiplier) cannot be
examined extensively in this study. This is because the test conditions are limited at pressures

less than 9.6 MPa. Nevertheless, a qualitative parametric trend is illustrated.

Figure 9.28 shows the total (measured) pressure drop at various system pressures for a mass flux
of 4.4 Mg.m™2.s71. The total pressure drop is much larger at low than at high system pressures,
This difference increases with increasing thermodynamic quality, and can be as much as 3 times
between pressures (e.g., at x,;, = 0.1). It is even more significant when the pre-dryout data are
compared against the post-dryout data (e.g., at x,;, = 0.25). Since only the pre-dryout data are
available at the present conditions for low pressure, the difference in two-phase multiplier for

post-dryout conditions cannot be examined.
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Figure 9.28: Measured Total Pressure Drop versus Thermodynamic Quality for Various Pressures
at a Mass Flux of 4.4 Mg.m™2.s7%.

Figure 9.29 illustrates the effect of system pressure on the two-phase multiplier at the same
conditions as in Figure 9.28. The same trend as in Figure 9.28 is shown with a much larger two-
phase multiplier for lower system pressures. The difference in the two-phase multiplier increases

with increasing thermodynamic quality.

Only a limited comparison of the two-phase multiplier can be made for post-dryout conditions
at low pressure. It is shown in Figure 9.30, where post-dryout conditions have been achieved
at high qualities for part of the measuring sections. The same trend of system pressure on the

two-phase multiplier was again observed.
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Figure 9.29: Effect of System Pressure on Two-Phase Multiplier at Medium Mass Fluxes and
Heat Fluxes.

9.42.5 EFFECT OF VAPOUR MASS QUALITY AND VOID FRACTION

Previous discussions focused on the effect of measured parameters on the two-phase frictional
pressure drop or two-phase multiplier. For all cases, however, the effects were presented as u
function of thermodynamic quality. This may not be a good representation for non-equilibrium
conditions since the thermodynamic quality, x,,, can differ considerably from the actual vapour
mass quality, x,. Since vapour-mass quality is a physically more significant parameter for
calculating the two-phase frictional pressure drop and two-phase muitiplier, a different trend may
be observed when the two-phase multiplier is shown against the vapour-mass quality (rather than

the thermodynamic quality).
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Figure 9.30: Effect of System Pressure on Two-Phase Multiplier, Including Post-Dryout
Conditions.

Both the vapour mass and vapour volume are calculated parameters (see Sections 3.2 and 3.3)
that involve the measurable parameters., For example, the evaluation of vapour mass quality
requires mass flux, heat flux and fluid properties (i.e., pressure). Therefore, the use of these two

parameters may include the effect of other factors on two-phase pressure drop.

Figure 9.31 shows the effect of vapour mass quality (calculated from the Kroeger and Zuber
correlation, Equation (3.4)) on the two-phase multiplier for the same conditions as shown in
Figure 9.16. The heat flux varies from 0 to 2.2 MW.m?2 A zero value is introduced for mass
quality, which can never be negative, in single-phase flow. The overall trend is quite similar to
that exhibited in Figure 9.16, except that the spread of data appears to be reduced. For qualities

close to zero, the two-phase multiplier decreases with increasing quality. This is mainly due to
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Figure 9.31: Effect of Vapour Mass Quality on Two-Phase Multiplier.

the underprediction of the point of net vapour generation, and boiling is prematurely initiated.
The difference, however, is small (about 0.5%) and the pressure-drop calculation is not affected.
At low qualities, the increasing trend of two-phase multipliers for increasing heat flux is not
exhibited. Comparing Figures 9.31 to 9.16, there is practically no difference in two-phase
multipliers with respect to either thermodynamic or vapour mass quality at the high-quality
region. This is because the vapour mass quality approaches the thermodynamic quality in that

region.

The effect of vapour void fraction (calculated from the Chexal et al. correlation, Equations (3.9)
and (3.12)) on the two-phase multiplier is shown in Figure 9.32. While the connecting lines
indicate a pattern similar to those shown in Figures 9.16 and 9.31, Figure 9.32 exhibits a different

characteristic than the others. At low qualities, the trend of the two-phase multiplier is similar
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Figure 9.32: Effect of Void Fraction on Two-Phase Multiplier for High Flow and Low Inlet
Subcooling Conditions.

to that shown in Figure 9.31. As the void fraction is increased, however, the effect of heat flux
on the two-phase multiplier diminishes in the wispy-annular flow region of forced convective
evaporation. When the flow approaches the transition point to annular flow, this effect becomes

significant again, with larger two-phase multipliers for lower heat fluxes.

942.6 Summary

The two-phase frictional pressure drop is affected strongly by the heat flux, qualities (both
thermodynamic and vapour mass), mass flux and system pressure, but not the inlet quality. A

maximum two-phase pressure drop point was observed at high-flow and low inlet-subcooling
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conditions. At low flows, it approaches the critical heat flux point. When expressing the two-
phase pressure drop in terms of the two-phase multiplier, however, the eftect of mass flux
appears to diminish at high flows, but remains significant at low flows (the uncertainty among
the data is also large). The use of vapour-mass quality appears to reduce the variation of the
two-phase multiplier at low-quality flows (bubbly flow). No difference was observed for high
qualities. Based on the void fraction, however, the effect of heat flux on the two-phase multiplier
becomes small at qualities lower than that corresponding to the maximum pressure-drop point.
The pressure-drop measurement can also be used as a detection method for dryout, as it responds

strongly to a change in coolant conditions at the heated surface.



10. COMPARISONS BETWEEN MODEL
PREDICTIONS AND DATA

The two-phase pressure-drop predictions of the present model (as described in Chapter 7) are
compared against the experimental data over each measuring station. In each comparison, the
thermodynamic quality and another parameter (either pressure, mass flux or heat flux) are used
as the independent variables, while the other two parameters remaining constant. For example:
the effect of heat flux is shown with thermodynamic quality and heat flux as the independent
variables with constant values for pressure and mass flux. Since the flow conditions vary
continuously over a measuring station, a number of flow patterns can be encountered. Most of

the data, however, correspond to single-phase liquid flow and annular flow.

The overall comparison is shown in Section 10.1, and is followed by a detailed examination of
various effects on the prediction accuracy. Section 10.2 examines the effect of heat flux for each
measuring station. The effect of mass flux is shown in Section 10.3, while the effect of pressure

is presented in Section 10.4. 1n each section, only representative comparisons are shown, because
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of the large amount of available data (a total of more than 6 000 data). Section 10.5 summarises

the results of the comparison.

10.1 OVERALL COMPARISON

The overall pressure drop over each measuring station is calculated using the present model (for
pressure drop due to friction) and the simplified separated-flow equation (for pressure drops due
to acceleration and gravity). Details of the evaluation procedure have been presented in Section

7.5. The results are presented in terms of the average error

n
Avg. Error = L 3 (Brron), (10.1)
n o=

and the root-mean-square (rms) error

!2
n
rms Error = _1. Yy (Error)? (10.2)
Roi=
where Error is defined as
Pred. AP
Error = LT A wa (10.3)
Exp L. AP total

where AP, is the overall pressure drop which includes the friction, acceleration and gravity

components.

The model generally overpredicts the overall pressure drops, compared with the experimental

data. For a total of 5085 data, the comparison has resulted in an overall average error of 7.02%
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and root-mean-square (rms) error of 12.8%. Figure 10.1 shows the overall comparison of
predicted and experimental pressure drops. While relatively good agreement between predictions
and data is shown for low pressure drops, the scatter among data becomes high when the pressure
drop becomes high. A similar prediction accuracy is also observed at each measuring station.
While the average errors differ slightly (with a smaller overprediction at the outlet than the inlet
region), the rms errors remain about the same (Table 10.1). The present model is developed with
information available in the open literature, and the flow-boiling data obtained in the study have

not been used to fine-tune any parameter.

The data at the outlet measuring station (Section 5) are examined further, since they cover all

heat-transfer modes (i.e., from single-phase liquid flow to dispersed-flow film boiling)
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Figure 10.1: Comparison Between Predicted and Measured Pressure Drops.
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Table 10.1: Prediction Accuracy of Present Model at Each Measuring Station.

Section #of | Aver. RMS
Data | Error Error
5 (Outlet) | 1017 | 0.0367 | 0.1293
4 1017 | 0.0597 | 0.1261
3 1017 | 0.0830 1§ 0.1304
2 1017 | 0.0881 | 0.1275
1 (Inlet) 1017 ] 0.0833 | 0.1268

encountered in the test section. Figure 10.2 shows the overall prediction error against
thermodynamic qualities. An overprediction of the data is observed at qualities close to 0 and

0.3. These regions correspond to bubbly flow and to annular flow with qualities between the

maximum pressure-drop and the critical heat flux points.
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Figure 10.2: Overall Prediction Error with respect to Thermodynamic Quality at the Outlet
Section.
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Figure 10.3 shows the overall prediction error against mass flux. In general, the data are
underpredicted at both low (less than 3 Mg.m™.s™") and high (greater than 8 Mg.m™2.s™) mass
fluxes, but overpredicted in the mid-range. The magnitude of overprediction, however, is larger
than that of underprediction. A large overprediction (about 80%) is observed at a mass flux of
5 Mg.m™2s7; it is caused by the overprediction of critical heat flux, leading to the use of the

wrong sub-model (for forced convective evaporation) at post-dryout conditions.

The overall prediction error is shown in Figure 10.4 for various pressures, and in Figure 10.5 for

various heat fluxes. Due to the large data scatter, no specific trend can be observed.
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Figure 10.3: Overall Prediction Error with respect to Mass Flux at the Outlet Section.
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Figure 10.4: Overall Prediction Error with respect to Pressure at the Outlet Section.

10.2 EFFECT OF HEAT FLUX

The comparisons between predictions and data for various heat fluxes are shown in Figure 10.6
for a mass flux of 4.3 Mg.m2s™. To avoid overcrowding, the comparisons are shown
separately for each measuring station. The heat flux varies from 0 to 1.54 MW.m™. For the
two sections at the inlet end, a good prediction is shown at low qualities, but overprediction is
observed as the quality is increased. The reduction in pressure drop at high quality is not
predicted by the model. At the downstream sections, although a large overprediction is shown
over the region close to the maximum pressure-drop point, the decreasing trend of pressure drop
is closely followed by the model predictions. At the post-dryout region (beyond the minimum

pressure-drop point), the agreement between model prediction and experimental data is good.
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Figure 10.5: Overall Prediction Error with respect to Heat Flux at the Qutlet Section.

The overprediction is anticipated to be caused by the underprediction of the entrained liquid
fraction, since the correlation was derived based on only a small amount of data. This results
in a thick liquid film, which in turn increases the velocity gradient at the liquid/vapour interface
and hence the pressure drop. Figure 10.7 shows the comparison for the same set of data
illustrated in Figure 10.6, but the correlation for entrained-liquid fraction (i.e., Equation 7.59) is

modified to

Froit = Fogia €08(3%0.005335 Bo Pe) (10.4)

hoil

This increases the entrained-liquid fraction in proportion to the heat flux, and results in a better

agreement between predictions and data. The improvement is particularly noticeable in Section
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Figure 10.6: Comparison Between Predicted and Measured Pressure Drops for Various Heat
Fluxes at a Mass Flux of 4.3 Mg.m™2.5™1 and Pressure of 9.6 MPa.

3, where the turn-around point indicated among data is closely followed by the predictions. In
other sections, the overprediction is also considerably reduced. Experimental studies are needed
to improve the prediction of entrained-liquid fraction at the present conditions of interest (no

experimental data are currently available for conditions of interest).

Figure 10.8 shows the comparison for a mass flux of 7 Mg.m™2.s™. The heat flux varies from
0to 2.18 MW.m™. Although the same trend as in the previous figures is observed in the two
inlet sections, a much better agreement between predictions and data is shown in the downstream
sections. In particular, the pressure drops measured in Section 4 are predicted closely with the

model, including the downward trend. Similarly, the variation of pressure drop with increasing
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Figure 10.7: Comparison Between Predicted and Measured Pressure Drops for Various Heat
Fluxes Using a Modified Correlation for Entrained-Liquid Fraction.

quality is similar to that of the model in the outlet section (Section 5), although the measurements
are slightly underpredicted. While the original equation for the entrained-liquid fraction
(Equation (7.59)) is valid for most conditions shown in Figure 10.8, these comparisons suggested
that the effect of mass flux on the entrained-liquid fraction may have to be further examined.
Except for Section 1, the model predictions agree with the measurements at low-quality

conditions (before the turn-around point) in these sections.

The same trend is observed at a pressure of 7 MPa for the same mass flux. As indicated in
Figure 10.9, the pressure drops are overpredicted at the inlet sections, but good agreement is

achieved at the downstream sections. Both the magnitude and trend of the data are relatively
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Figure 10.8: Comparison Between Predicted and Measured Pressure Drops for Various Heat
Fluxes at a Mass Flux of 7 Mg.m™2.5™ and a Pressure of 9.6 MPa.

well predicted with the model, in particular, at the post-dryout region. The range of heat flux

covered in this figure is 0-2.4 MW.m™. Most data obtained at conditions before the turn-around

point are predicted with reasonable accuracy.

10.3 EFFECT OF MASS FLUX

To examine the effect of mass flux on two-phase pressure drop, data obtained at constant

pressure and heat flux were selected. Figure 10.10 shows the comparison between model

predictions and experimental data for a heat flux of 0.8 MW.m™ and a range of mass fluxes
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Figure 10.9: Comparison Between Predicted and Measured Pressure Drops for Various Heat
Fluxes at a Mass Flux of 7 Mg.m™2.s™! and a Pressure of 7 MPa.

from 1 to 7 Mg.m™2.s™. Over this range, the model predictions agree very well with the data
for both low and high mass fluxes. An overprediction, however, is shown for the data of 4.54

-

Mg.m 571, This agrees with the findings previously shown in Figure 10.6.

Figure 10.11 shows the comparison for the high-flow data at a heat flux of 1.55 MW.m™. A
good agreement between predictions and measurements is shown for data of mass fluxes between
4.3 and 7 Mg.m™2s571. The higher flow data, on the other hand, are underpredicted at high

qualities.
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Figure 10.10: Comparison Between Predicted and Measured Pressure Drops for Various Mass
Fluxes.

10.4 EFFECT OF SYSTEM PRESSURE

The effect of pressure cannot be examined extensively, since the present experiment covered only
limited conditions at low pressures, particularly at 5 MPa. Nevertheless, a qualitative comparison
is carried out for a mass flux of 4.3 Mg.m™s71 and a heat flux of 1.5 MW.m™. Similar to the
trend shown in Figure 9.24, the pressure drop is considerably higher at low pressures (Figure
10.12). The model predictions follow closely the data and exhibit the same trend. However, an
overprediction of data is systematically shown at low pressures. It may be caused by the
overprediction of single-phase pressure drop at low qualities and entrained-liquid fraction at high
qualities. Very good agreement between predictions and measurements is shown at high-pressure

and high-quality (dispersed-flow film boiling) conditions.
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Figure 10.11: Comparison Between Predicted and Measured Pressure Drops for Various Mass
Fluxes at a Heat Flux of 1.55 MW.m™.

The same trend is displayed in Figure 10.13 for a mass flux of 6 Mg.m™.s™ and a heat flux of
1.8 MW.m™2, The lower pressure drop shown at low pressures and low qualities is caused by
a small variation in mass flux. These pressure-drop data are well-predicted by the model. As
in Figure 10.12, the post-dryout data are predicted closely with the model at both 7 and 9.5 MPa
in pressure, but the pre-dryout data remain overpredicted. Both the model predictions and

experimental data displayed the same parametric trend with respect to quality and pressure.
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SUMMARY

respect to various flow parameters are closely followed by the model predictions.
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Figure 10.12: Comparison Between Predicted and Measured Pressure Drops for Various Pressures
at a Mass Flux of 4.4 Mg.m™2.s7..

Relatively good agreement between model predictions and experimental data is shown in the
comparison. In particular, the trend of two-phase pressure drop exhibited in the data is closely
followed by the model. This increases the confidence in this model whose derivation is based
on several simplifying assumptions. A number of improvements can be introduced to enhance
the prediction capabilities. They will be presented in Chapter 12. Overall, the model predicts
most data (particularly in the dispersed-flow film-boiling region) with good accuracy. The
overprediction of data is primarily caused by the underprediction of entrained-liquid fraction with

the empirical equation. Nevertheless, the parametric trends of two-phase pressure drop with
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Figure 10.13: Comparison Between Predicted and Measured Pressure Drops for Various Pressures
at a Mass Flux of 6 Mg.m™.s™.
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11. ASSESSMENT OF CORRELATIONS

A number of correlations were derived for predicting the pressure gradient in two-phase flow.
They have been described in Chapter 5. While most of them were based on adiabatic data, some
were shown valid for flow boiling as well. Overall, the Friedel correlation [1979] was derived
with the largest number of adiabatic data (over 25 000). Various independent assessments of
these correlations, using both adiabatic and flow-boiling data, have generally recommended the
Baroczy correlation [1965], the Chisholm correlation [1973] and the homogeneous model, based
on the single-phase friction factor (e.g., Dukler et al. [1964], Idsinga et al. {1977], Friedel | 1980],
Beattie and Whalley [1982] and Chun and Oh [1989]). Kohler and Kastner [1987] found that

predictions from the Friedel correlation agreed with their flow-boiling data.

The experimental data obtained in this study (Chapter 9) display a unique trend of the two-phase
pressure gradient, which differs from that exhibited in adiabatic flow. This is primarily caused
by the variation in flow quality along the heated channel, and the corresponding change in phase

distribution due to the heating effect. As indicated in Chapter 5, the approach often used in
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predicting the pressure gradient in heated channels is based on an integration of adiabatic
pressure gradient with respect to flow quality. The effect of heating on two-phase pressure drop
is not accounted for directly in the calculation, but only through the variation of flow quality
(which is a function of heat flux). The present set of data were obtained over a relatively short

distance, and hence can be used for validating the above approach.

The correlations assessed in this chapter are summarised in Section 11.1. Section 11.2 describes
the methodology used in this assessment. The results of an overall assessment of various
correlations with the data obtained in this study are presented in Section 11.3. A description of
a method to combine various correlations is shown in Section 11.4. The results of the assessment
of this multi-correlation method are presented in Section 11.5. An in-depth examination of the

prediction capabilities of the best multi-correlation method is discussed in Section 11.6.

11.1 CORRELATIONS

The correlations assessed in this study had been either developed or tested with steam-water data.
Others, such as the Bandel and Schiiinder correlation [1974b] (Section 5.4.3) and Muller and
Steinhagen correlation [1986] (Section 5.4.4), which had been developed specifically for non-
aqueous fluids, were not included. Overall, nineteen correlations are selected; they include three
different equations of Beattie {1974] (Table 6.1) for various flow structures (large-bubble, small-
bubble and annular flow) in adiabatic flow and homogeneous models (Section 6.1) based on four
different definitions of two-phase viscosity (i.e., McAdams et al. [1942], Cicchitti et al. [1960],
Owens [1961] and Dukler et al. {1964]). Details of these correlations have been described in
Chapters 5 and 6.

The Chisholm [1973] (Section 5.3.1) and the Friedel [1979] (Section 5.3.2) correlations had been

derived with a large data base covering various fluid types and flow conditions. However, only

limited comparisons were shown for these correlations with steam-water flow at high-pressure
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and high-flow conditions in tubes. Chisholm [1973] showed a relatively good agreement between
his correlation and the data of Becker et al. [1962a], while Kohler and Kastner [1987] indicated
that the Friedel [1979] correlation predicted their data well. The predictions of the Friedel | 1979}
correlation were also shown to agree closely with the pressure drop data obtained in horizontal
bundle geometries [Snoek and Leung, 1986]. Whalley [Hewitt, 1982] recommended that the
Friedel correlation should be used for viscosity ratios (, / p,) less than 1000, the Chisholm
correlation for viscosity ratios greater than 1000 and mass fluxes greater than 0.1 Mg.m™.s™,
and the Martinelli correlations (either Lockhart and Martinelli or Martinelli and Nelson) for
viscosity ratios greater than 1000 and mass fluxes less than 0.1 Mg.m™.s™. For the present

conditions of interest (p, / p, less than 1000), the Friedel correlation should be used.

The present comparison includes also the Beattic and Whalley correlation [1982] (Section 6.4.2),
which had been validated with the adiabatic data base of the Heat Transfer and Fluid-flow
Service (HTFS). Unlike Beattie’s other correlations [Beattie, 1973, 1974], the Beattie and
Whalley [1982] correlation is independent of flow structure, making it applicable for a wide
range of conditions without the uncertainty introduced by flow-transition predictions. Beattie and
Whalley have indicated that the uncertainty of this correlation is expected to be higher for flow-

boiling conditions, but no validation was performed.

The graphical methods of Lockhart and Martinelli [1949] (Section 5.2.1), Martinelli and Nelson
[1948] (Section 5.2.2), Thom [1964] (Section 5.2.3) and Baroczy [1965] (Section 5.2.4) were not
convenient for use in computer applications. However, Chisholm [1967, 1970}, Chisholm and
Sutherland [1969] and Thom [1964] have derived equations that can provide two-phase

multipliers that agree closely with those of the graphical methods. Hence, these equations are

used in the comparison.

The assessment includes correlations that were derived either completely or partially with the
flow-boiling data: the Becker et al. correlation [1962d] (Section 5.4.1), the Lombardi and
Pedrocchi correlation [1972] (Section 5.4.2) and the Reddy et al. correlation [1982] (Section
5.3.4). Although updated versions of the Lombardi and Pedrocchi [1972] correlation have been
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proposed (see Section 5.4.2), their prediction capabilities were found to be less satisfactory than
the original equation. Therefore, the Lombardi and Pedrocchi correlation {1972] is used. Both
the Becker et al. [1962d] and the Reddy et al. [1982] correlations were derived with high-
pressure steam-water data. However, the Becker et al. [1962d] correlation was based only on
flow-boiling data. On the other hand, the Reddy et al. [1982] correlation was based on both
adiabatic and flow-boiling data, and covers a much wider range of conditions, particularly at a

high mass flow rate.

Other correlations examined in this assessment are the Levy equation (Section 6.2.1) for
simplified annular flow [1966], and the Chisholm and Sutherland correlations [1969] (Section

5.3.1) for both smooth and rough pipes.

11.2 ASSESSMENT METHODOLOGY

The methodology of this assessment is similar to the model assessment described in Chapter 10.
A relative comparison is introduced for the pressure gradient between predictions of various
correlations and experimental data over the measuring section. It is carried out by dividing the
measuring section (about 50 cm) into 20 sub-sections. The flow condition is assumed to be
constant in each sub-section, and is used to determine the heat-transfer mode. No attempt is
made to distinguish the flow pattern, which is not considered in most correlations. Throughout
the comparison, empirical correlations were used in determining various parameters, such as
vapour-mass quality (Section 3.2) and void fraction (Section 3.3). Since this comparison focuses
mainly on the correlations for the two-phase pressure gradient, the single-phase pressure gradient
is predicted with the ad-hoc correlations derived from the present experimental data. The

methodology is summarised as follows:

a) Each of the five measuring sections is divided into 20 equal segments. Starting from the

segment at the inlet end, the local conditions are calculated in each segment,
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b)

c)
d)

e)

g)

h)

Since the pressure drop over each segment is unknown, the upstream pressure is used as the
local pressure. The uncertainty introduced by this assumption is anticipated to be small, since
the pressure drop over each segment is small.

The mass flow rate in each segment is constant (conservation of mass).

The local enthalpy at the mid-point of each segment is calculated from a heat balance

(conservation of energy) where

(LD

If the local fluid enthalpy is less than the saturation-liquid value, calculate the point of net-
vapour generation based on the local condition. This point is used to determine whether the
heat-transfer mode is single-phase forced convection or subcooled boiling. Single-phase flow
is assumed at the region between the onset of nucleate boiling and onset of net-vapour
generation points.

In single-phase flow, the pressure gradient is calculated with the Colebrook-Chen friction
factor (Equation (2.44)) based on a relative roughness (i.e., £/D) of 0.00103. The heating
effect is accounted for with the correction factor (Equation (2.46)) which is based on the
viscosity ratio to the power of -0.28.

At conditions where two-phase flow is anticipated (i.e., subcooled and saturated boiling), the
correlation for the two-phase pressure gradient is used.

The Chexal et al. correlation (see Section 3.3) is used to calculate the void fraction, the Saha
and Zuber correlation (Section 4.3.4) is used to evaluate the onset of net-vapour generation,
and the Kroeger and Zuber equation (Section 3.2) is used to determine the actual vapour-mass
quality.

The pressure gradients due to acceleration and gravity are calculated based on the separated-
flow model (Sections 3.4.2 and 3.4.3). For all conditions examined in this study, they
represent only a small portion of the overall pressure gradient, which is the sum of the three

pressure gradients (friction, acceleration and gravity).
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i) The calculated overall pressure gradient in each measuring section is compared against the

experimental value.

11.3 RESULTS OF ASSESSMENT OF VARIOUS CORRELATIONS

When the transitions between the heat-transfer regimes are not known, the correlations are often
applied over all conditions, even though they may only be valid for a specific heat-transfer
regime. This approach is examined in this section, and the predicted overall pressure gradient
is compared against the experimental data. The results are presented in terms of the average

error

n
Avg. Error = 1 Y (Error), (11.2)
¥

i=]

and the root-mean-square (rms) error

n
n
rms Error = -1_ z (Error)? (11.3)
n s
where Error is defined as

Pred. AP

Error = total - _ 4 (il.4)
Exp L. APtotal

where AP, is the overall pressure drop, which includes the friction, acceleration and gravity
components. Table 11.1 lists the assessment results of various correlations. As a comparison,

the prediction accuracy of the present model (Chapter 10) is also shown in the same table; it is
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Table 11.1: Prediction Accuracy for Various Correlations.

Correlation No. of Data | Average Error | RMS Error
Reddy et al. [1982] - 5085 0.0427 0.1584
Chisholm [1973] 5085 0.0469 0.2009
Lombardi-Pedrocchi [1972] 5085 -0.1376 0.2169
Beattie (annular flow) [1974] 5085 (.0978 (.2558
Homogeneous [Dukler et al., 1964] 5085 0.1076 0.2728
Homogeneous [McAdams et al., 1942] 5085 0.1158 0.2804
Beattie-Whalley [1982] 5085 (.1257 (12893
Chisholm-Sutherland (smooth) [1969] 5085 0.1234 0.2942
Homogeneous {Cicchitti et al., 1960] 5085 0.1245 0.2924
Homogeneous [Owens, 1961] 5085 0.1299 (L3016
Chisholm-Sutherland (rough) [1969] 5085 0.1386 03165
Thom [1964] 5085 0.1404 0.3174
Beattie (large-bubble flow) [1974] 5085 0.1557 (.3357
Beattie (small-bubble flow) [1974] 5085 0.1716 0.3564
Friedel [1979] 5085 0.1906 03318
Levy (turbulent-turbulent) [1952] 5085 0.3598 0.6874
Chisholm-Martinelli-Nelson [1983] 5085 0.4960 0.8201
Becker et al. [1962d] 5085 0.7301 1.1990
Chisholm-Lockhart-Martinelli [1967] 5085 1.5812 28319
Present Modet 5085 0.0702 0.128

better than all assessed correlations. Except for the Lombardi-Pedrocchi correlation, all
correlations overpredict the data, most of them by a large margin. Overall, the Reddy et al.
correlation [1982] gives the best prediction, with a 4.27% average error and 15.84% rms error,
for a total of 5085 data over five measuring sections. Figure 11.1 compares the predicted and
experimental pressure drops. Both the Chisholm [1973] and Lombardi-Pedrocchi [1972]
correlations predict the data with about the same rms errors. However, the Chisholm correlation
gives a much better average error (4.69%), indicating a better fit of data, than the Lombardi-
Pedrocchi correlation. All definitions of two-phase viscosity used in the homogeneous flow
model result in similar accuracy, but those proposed by Dukler et al. [1964] and McAdams et

al. [1942] are slightly better. The correlations representing various graphical methods (such as
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Figure 11.1: Comparison Between Predicted and Experimental Pressure Drops for the Reddy et
al, Correlation [1982].

the Chisholm-Lockhart-Martinelli and the Chisholm-Martinelli-Nelson correlations) are not valid

for the present conditions of interest.

The above assessment represents the most common approach in using the correlations (i.e.,
extrapolate them to any conditions despite invalid applications). However, it does not provide
a fair comparison, since most of these correlations were developed for adiabatic flow where a
liquid/surface contact is often maintained. In film boiling, however, the high surface temperature
prevents the liquid from reaching the surface, and only a vapour/surface contact is possible. Due
to the low vapour viscosity, the pressure drop is expected to be much smaller for conditions with

vapour/surface than liquid/surface contact. Hence, these correlations tend to overpredict the data
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(which are shown in Table 11.1). This trend becomes even more noticeable when the prediction

errors are separated for various measuring sections.

Table 11.2 shows the prediction errors of the correlations in various measuring sections. A
significant difference in prediction errors has been observed between inlet and outlet sections.
While the data are overpredicted significantly at the outlet section, the prediction accuracy
improves gradually for the sections upstream from the outlet. Since film boiling was normally
encountered at the outlet section and at Section 4, the overprediction is therefore caused by the
invalid applications of these correlations in this heat-transfer regime. The correlations, on the

other hand, appear to predict the data very well at the pre-dryout heat-transfer regimes: single-

Table 11.2: Prediction Accuracy of Correlations at Each Measuring Section.

Correlation No. of | Outlet Section Section 4 Section 3 Seclion 2 Lnlet Nectivn
Data Ave. |RMS Ave. | RMS [ Ave. | RMS | Ave. | RMs Ave, RMS
Reddy et al. [1982} 1017 0.1457| 0.2868| 0.0340| 0.1655| -0.0084 | 0.0891| 0.0083( 0.0670| GOMD| 00582
Chisholm [1973] 1017| 02018 0.3789] 0.0449| 02023| -0.0231| 0.0982| 00129 o722 0.0237] 00505
Beattie (annular flow) [1974] 1017] 03074 0.4833] 0©.1204( 0.2683] o0.0236f 61167 no009Z| 0.0714[ 0.0286] 00540
Homogeneous [Dukler et al,, 1964] 1017 0.3330] 0.5163( 0.1347] 0.2863| o00302] 0.1232] 0.0N3| 0.0726] 00288 00850
Homogeneous [McAdams et al., 1942] 1017} 0.3480| 0.5308| 0.1463| 0.2953] 0.0385( 0.1261| o0.0160] 00719 VO] G055
Chisholm-Sutherland (smooth) [1969] 1017 0.3719| 0.5610] 0.1570| 03069 0.0422| 0.1264| o0.0163] 00703 0029|0554
Beattie-Whaliey [1982] 1017 0.3612] 0.5402] 0.1593] 0,3035f 0.0505] 01314 0.0246] 0.0734] 00332 007G
Homogeneous [Cicchitti et al,, 1960] 1017] 0©.3685) 0.5544] 0.150] 03080 0.0454| 0.1299] 0.0I188[ 0.0718] G006 D0S5Y
Homogeneous [Owens, 1961] 1017] 0.3835) 0.5734| 0.1665 0.3167| 0.0487| 0.1322] 00199 0.0718] 00308 00500
Chisholm-Sutherland (rough) [1969) HO17| 0.4077] 0.6041| 0.1784| 03306 0.05397 01355 0.02i7] 0.0TI4] 003111 0056
Thom [1964] 1017 04077] 0.6029] 0.815] 0.3342] 0.0572| 0.1404] 0.0238| 0.0739] 00317 00568
Beattie (large-bubble flow) [1974] 1017} 0.4304] 0.6370 0.2032] 0.3550| ©.0710| 01499 00310] 0.0760]  ®OIIG]  D0583
Beattie (small-bubble flow) [1974) 1017| 04728] 0.6749| 0.2256{ 0.3783| ov.0852] 0.0622| 0.0386] 0.0805(  OUISK]|  0.0604
Friedet [1979) 1017] 0.4467] 06093 02349] 0.3524] 01245 0.1782] 00867 0.1207] 0.0605] 0.0933
Lombardi-Pedrocchi [1972) 1017| -0.1029] 0.2532| -0,1846| 0.2491 | -0.2008| 0.2431| -0.1474] 01991 | -0.052Z] @.102)
Levy {turbulent-tucbulent) {1952] 1017 0.9547| 1.3077| 04962 0.7226| 0.2195] 03283 0.0862| 0.1342|  0.0422| 0.0670
Chisholm-Martinelli-Nelson [1983] 1017{ §.1547] 14714} 0.6979] 0.9291{ 0.3777| 0.5079] 0.1798| 0.2540)  04697| 01109
Becker et al. [19624] 1017 L7155] 2.1724) 1.0195] 1.3305| 0.5584| 0.7344| 02658} 03710  0.0009] 01475
Chisholm-Lockhart-Martinelli [1967] 1017 3.7501| 54420 2.1299§ 2.6852| 1.2552] 1.6193} 0.6625| 0.8554| 00680} 0.2967
Present Model 17 0.0367] 0.1293] 0.0597{ 0.1261 | 0.0830] 0.1304] o088l 01275] 0.0833]  0.1208
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phase liquid flow, boiling flow and forced convective evaporation. This finding suggests that a

combinaticn of correlations could improve the prediction accuracy.

114 MULTI-CORRELATION METHOD

The assessment results presented in Section 11.3 showed that most of the assessed correlations
overpredict the experimental data, and the largest differences occur at the outlet section, where
a large amount of film-boiling data were obtained. The overprediction is mainly caused by the
assumption in many correlations of a liquid/surface contact, which is not valid in film boiling.
To improve the prediction accuracy, a combination of correlations is used to limit the applications
of any correlation only to its valid heat-transfer regime. Table 11.2 has shown that most
adiabatic correlations are valid for the pre-dryout heat-transfer regime, but not for the post-dryout
regime. The most appropriate transition point is the critical heat flux, where the heat-transfer
regime changes from a liquid/surface to vapour/surface contact. Hence, an adiabatic correlation
is used for conditions up to the critical heat flux, and a separate post-dryout (PDO) correlation

is required for conditions beyond that point.

At high-pressure and high-flow conditions, dispersed flow film boiling is the primary PDO heat-
transfer regime encountered inside a tube (see Figure 3.2 b). It consists of a continuous vapour
flow, which is in contact with the heated surface, and a dispersed flow of entrained droplets. In
most conditions, the size of droplets is small and a homogeneous-flow assumption is appropriate.
Therefore, the homogeneous-flow model (Equation (6.1)), based on vapour density and vapour
friction factor, is often used. For large and closely packed droplets, however, the homogeneous-
flow assumption may not be valid, and Beattie [1973, 1975, 1977] proposed a separate correlation
for PDO flow. Although this correlation was validated by Beattie [1973, 1975 and 1977] with
only a limited data set, its predictions agreed with the data of Kohler and Kastner [1987].
Therefore, the Beattie PDO correlation is used for predicting the pressure gradient in post-dryout

flow.
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Referring back to the methodology (Section 11.2). an additional step is introduced following Step

(&)

gl)  The critical heat flux is calculated based on the local conditions. If the local heat flux

exceeds the critical heat flux (i.e., post-dryout conditions are present), the Beattie post-

dryout correlation is used.

‘A similar methodology (i.e., combining several correlations for various heat-transfer regimes) was

introduced by Beattie [1975, 1977]. It has been described in Section 6.4.3.

11.5 ASSESSMENT RESULTS OF THE MULTI-CORRELATION
METHOD

Table 11.3 shows the assessment results of the multi-correlation method (as described in Section
11.4). Both the average and rms errors are improved significantly. Overall, the combination of
the Reddy et al. [1982] and Beattie PDO [1974] correlations is the best, with a -0.43% average
error and 8.68% rms error for a total of 5085 data over five measuring sections. This is not
surprising, since the data used by Reddy et al. (including both adiabatic flow and flow boiling)
in deriving their correlation were obtained at high-pressure and high-flow conditions. However,
this comparison indicates a much better performance than that presented by Reddy et al. with
their data base (about 20% in rms error for 864 flow-boiling data). Figure 11.2 shows the

comparison between predicted and experimental pressure drops.

The combination of the Chisholm [1973] and the Beattic PDO [1974] correlations predicts the
data very well, with an average error of -1.11% and rms crror of 9.88%. This result agrees with
the comparison done by Reddy et al. [1982], who showed a similar accuracy between their
correlation and the Chisholm correlation. The prediction accuracy, however, is better than

expected, since the correlation was primarily derived with adiabatic data (mostly air-water flow),
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Table 11.3: Prediction Accuracy for Various Combinations of Correlations.

Combination of Correlations No. of Data | Average Error § RMS Error
Reddy et al. [1982] / Beattie (PDO flow) [1974] 5085 -0.0043 0.0868
Chisholm [1973] / Beattie (PDO flow) [1974] 5085 -0.0111 0.0988
Reattie (annular flow) [1974} / Beattie (PDO flow) [1974] 5085 0.0271 0.1162
Homogencous [Dukler et al,, 1964] / Beattie (PDO flow) [1974] 5085 0.0333 0.1241
Homogeneous {McAdams et al., 1942] / Beattie (PDO flow) [1974] 5085 (1.0399 0.1279
Chisholm-Sutherland (smooth) [1969] / Beattic (PDO flow) [1974] 5085 0.0440 0.1319
Reattie-Whalley [1982] / Beattie (PDO flow) [1974] 5085 0.0489 0.1324
Homogeneous [Cicchitti et al., 1960] / Beattie (PDO flow) [1974] 5085 0.0459 0.1336
Homogeneous [Owens, 1961] / Beattie (PDO flow) [1974] 5085 0.0492 0.1376
Chisholm-Sutherland (rough) [1969] / Beattie (PDO flow) [1974] 5085 0.0543 0.1436
Thom [1964] / Beattic (PDO flow) [1974] 5085 0.0565 0.1463
Beattie (large-bubble flow) [1974] / Beattie (PDO flow) [1974] 5085 0.0680 0.1573
Beattie {small-bubble flow) [1974] / Beatlie (PDO flow) [1974] 5085 0.079% 0.1704
Friedel [1979] / Beattic (PDO flow) [1974] 5085 0.1067 0.1727
Lombardi-Pedrocchi {1972] / Beattic (PDO flow) [1974] 5085 -0.1622 0.2174
Levy (turbulent-urbulent) [1952] / Beattie (PDO flow) [1974] 50835 0.2049 0.3699
Chisholm-Martinelli-Nelson [1983) / Beattie (PDO flow) [1974] 5085 0.3274 0.5110
Becker el al. [1962d] / Beattic (PDO flow) [1974] 5085 0.4914 0.7544
Chisholm-Lockhart-Martinelli {1967] / Beattie (PDO flow) [1974] 5085 1.0882 1.6201
Present Model 5085 0.0702 0.1280

although it was validated with some of Becker's flow-boiling data. Figure 11.3 compares the
predicted and experimental pressure drops. Despite the slightly higher prediction error, this
combination of correlations is more favoured, because the Chisholm correlation has a much wider
range of applications than the Reddy et al. correlation. The combinations of Beattie PDO and

other Chisholm’s correlations provide less accurate predictions.

Large differences in prediction accuracy are shown for the combination of various correlations
proposed by Beattie [1974]. The combination of the annular-flow and PDO flow equations gives
the lowest rms error, despite its assumption of an idealized annular-flow structure (i.e., with no
entrainment). This is perhaps the result of compensated errors from various simplified

assumptions. However, most of the test conditions correspond primarily to the forced-convective
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Figure 11.2: Comparison Between Predicted and Experimental Pressure Drops for the Combination
of the Reddy et al. and the Beattie PDO Correlations.

evaporation region, which associates with the annular flow pattern. Figure 11.4 presents the
comparison between predicted and experimental pressure gradients. The use of equations derived
for bubbly flow (for either large or small bubbles) tends to overpredict the pressure gradient. The
difference in bubble-size assumption does not have a strong impact on the predictions. Both

correlations predict the pressure gradient in about the same magnitude.
The combination of the hybrid equation of Beattie and Whalley [1982] and the Beattie PDO

[1974] correlations provides predictions between the correlations for annular and bubbly flows,

since its viscosity calculation is based on an optimized expression of these two flow patterns.
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Figure 11.3: Comparison Between Predicted and Experimental Pressure Drops for the Combination
of the Chisholm and the Beattie PDO Correlations

The prediction accuracy of the homogeneous model depends strongly on the definition of two-
phase viscosity., For those examined in this study, the definition by Dukler et al. [1964] provides

the best prediction, while the definition by Owens [1961] gives the worst.

The prediction accuracy of the combined Friedel [1979] and Beattie PDO [1974] correlation is
much worse than the others, even though this correlation was based on the largest data base.
This is primarily caused by the large diversity and scatter among its data base. The combined
correlation predicts the present data with an average error of 10.67% and a rms error of 17.27%,

which is within the uncertainty limit of its data base for single-component two-phase flow.
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Figure 11.4: Comparison Between Predicted and Experimental Pressure Drops for the Combination
of the Beattie Annular-Flow and the Beattie PDO Cozrelations.

Other correlations based on small data bases (such as the Becker et al. [1962d] and the Lombardi
and Pedrocchi [1972] correlations) provide less satisfactory predictions. Similarly, the equations
that represent various graphical prediction methods also give poor prediction accuracy. Among

them, the Thom equation [1964] is slightly better than the others.

11.6 A CLOSE EXAMINATION OF THE COMPARISON

The comparison presented in Section 11.5 provides only an overall prediction capability of the

correlations, While the performance of the best three combinations of correlations appears to be
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impressive, a large scatter among the predictions has been observed in Figures 11.2 to 11.4. A
number of data are overpredicted by a relatively large margin (close to 100%), and this could be
significant in some applications. Therefore, the comparison is examined in detail at each

measuring section.

Table 11.4 lists the prediction accuracy of various combinations of correlations (in the same order
as in Table 11.3) for each measuring section. To avoid overcrowding, each combination is
identified with the correlation which is used for the pre-dryout conditions; the Beattie PDO
correlation is used for the post-dryout conditions but is not shown in Table 11.4. For each
combination, large differences in prediction accuracy are observed between various measuring

sections. The rms error is the smallest at the inlet section, where single-phase liquid flow is

Table 11.4; Prediction Accuracy of Various Combinations of Correlations at Each Measuring
Section.

Cotrelution No, of | Outlet Section Section 4 Section 3 Section 2 Inlet Section
Data Ave. RMS Ave, RMS Ave, RMS Ave. RMS Ave, RMS

Reddy et al. [1982] 147| -0.0171] 0.1218| -0.0276] 0.0906| -0.0175] 0.0822| 0.0070] 0.0673 0.0338| 0.0580
Chisholm [1973] 1017] -0.0050} 0.1496| -0.0273| €.1017] -0.0328] 0.0901] -0.0140| ©0.0732 0.0235| 0.0504
Beattic (annular low) 11974 1017 0.0553] 0.1853| 0.0322)] 0.1258| 0.0121| 0,0963| 0.0078} 0.0713 0.0283] 0.0545
tlomogeneous [Dukles et al., 1964] 1017| 0,0674] 0.2000} 0.0424| 0.1362| 0.0183} 0.1011| 0.0099] 0.0723 0.0286| 0.0548
Iomogencous {McAdams ¢t al,, 1942] 1017 0.0764] 0.2074] 0.0520( 0.1414{ 0.0264] 0.1027| 0.0145| 0.0714 0.0299| 0.0554
Chisholm-Sutherland (smooth) [1969] 1017 0.0862] 0.2186| 0.0595] 0.1451| 0.0299| 0.1014]| 0.0149| 0.0698 0.0295] 0.0552
Beattic-Whalley [1982] 1017| 0.0864] 0,2138| 0,0636| 0.1478} 0.0382] 0.1070] 0.0232| 0.0726 0.0330| 0.0577
Homogencous [Cicchitti ct al., 1960] 1017} 0.0869| 0.2188| 0.0618] 0.1490] 0.0331| 0.1052] 0.0174| 0.0711 0.0304| 0.0557
Homegencous [Owens, 1961 1017] 0.0934] 0.2268] 0.0672] 0.1537| 0.0362( 0.1068| 0.0185] 0.071!1 0.0306] 0.0558
Chisholm-Sutherland (rough) [1969] 1017 0.1039] 0.2397| 0.0756] 0.1605| 0.0411} 0.1086| 0.0202] 0.0707 0.0309| 0.0559
Thom [1964] 1017| 0.1058] 0.2415| 0.0784| 0.1652| 0.0443| 0.1136| 0.0224| 0.0730 0.0315] 0.0566
Beattic (large-bubble flow) [1974] 1017] ©.1236] 0.2602| 0.0957| 0.§797| 0.0577] 0.1216| 0.0295] 0.0748 0.0334| 0.0580
Beattie (small-bubble flow) [1974] 1007] 0.1422] 0.2809] 0.1133| 0.197| 0.0714| 0.1327] 0.0370| 0.0791 0.0356| 0.0601
Friedel | 1979) 1017 0.1460| 0.2564] 0.1312] 0.1922] 0.1110] 0.1540] 0.0852} 0.I189 0.0603f 10,0929
Lombardi-Pedrocchi [1972) 1017| -0.1858| 0.2432} -0.2175| 0.2555| -0.2066| 0.2475| -0.1486{ 0.2006| -0.0524| 0.1025
Levy (turbulent-turbulent) [1952) 1017 0.3826] 0.6147| 0.3157]| 0.4490| 0.2001 | 0.2880] 0.0843| 01312 0.0420] 0.0666
Chisholm-Martinelli-Nelsen [1983] 1017] 0.5427] 0.7764| 0.4929] 0.6421| 0.3545] 0.4645( 0.1777) 0.2503 0.0694{ 0.1103
Becker et al. [1962d] 10171 0.8317] 1.1566| 0.7404| 0.9418| 0.5306| 0.6816| 0.2635] 0.3673 0.0906| 0.1469
Chisholm-Lockhart-Martinelli [1967) 1017 1.8109| 2.39%40| 1.6528] 2.0500| 12110} 1.5432] 0.5985| 0.8489 0.1680} 0.2958
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encountered at most flow conditions. It is the largest at the outlet section, where two-phase flow

boiling is usually experienced.

The following detailed examination of prediction accuracy for various flow conditions is based
on the combination of the Reddy et al. [1982] and the Beattie PDO [1974] correlations, which
has the best prediction accuracy. Figure 11.5 shows the differences between predicted and
experimental pressure drops in'all measuring sections at an outlet pressure of 9.6 MPa, a mass
flux of 4.3 Mg.m2.s"! and an inlet temperature of 302°C. As shown in both the inlet section and
Section 2, the agreement between predicted and experimental pressure drops is good at low
qualities, When the heated surface approaches dryout, however, the predicted pressure drops

become higher than the experimental values at an average thermodynamic quality of
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Figure 11.5: Comparison Between Predicted and Experimental Pressure Drops for the Combination
of the Reddy et al. and the Beattie PDO Correlations at an Inlet Quality of -3%.
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approximately 0.2. The difference is particularly large at the outlet section, where the
overprediction is as much as 50% of the experimental values. Beyond dryout, the predictions
of the Beattic PDO correlation for post-dryout pressure drop agree very well with the

experimental data,

Figure 11.6 shows the comparison at an outlet pressure of 9.6 MPa, a mass flux of 4.3 Mg.m?2s?!
and an inlet temperature of 252°C. A similar trend to that of high inlet temperature (Figure 11.5)
is observed, but the overprediction in pressure drops is not as noticeable at conditions where the
heated surface is approaching dryout. Furthermore, the pressure drops at pre-dryout conditions

'in the outlet section appear to be slightly underpredicted by the correlations. Insufficient data
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Figure 11.6: Comparison Between Predicted and Experimental Pressure Drops for the Combination
of the Reddy et al. and the Beattie PDO Correlations at an Inlet Quality of -22%.
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are available to verify the agreement between the predicted and experimental pressure drops at

the post-dryout conditions.

A slightly different trend is shown in Figure 11.7 at an outlet pressure of 9.6 MPa, a mass flux

of 7.0 Mg.m25! and an inlet temperature of 302°C. While the single-phase pressure drops are

well predicted, the pressure drops are mostly underpredicted at the pre-dryout conditious.

Beyond the point of maximum pressure drop, the data are overpredicted. Relatively good

agreement between predictions and data is shown for the post-dryout conditions.

An underprediction of pressure drops at pre-dryout conditions is shown at very high mass-flux

conditions (G = 9.9 Mg.m‘g.s") in Figure 11.8. The agreement at conditions beyond the
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Figure 11.7: Comparison Between Predicted and Experimental Pressure Drops for the Combination
of the Reddy et al. and the Beattie PDO Correlations at a Mass flux of 7 Mg.m™.s7.
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Figure 11.8: Comparison Between Predicted and Experimental Pressure Drops for the Combination
of the Reddy et al. and the Beattie PDO Correlations at a Mass flux of 9.9 Mg.m™2.s™

maximum pressure-drop point is apparently good in Sections 3 and 4, which indicate the
upstream dryout phenomenon. This is mainly due to the good prediction in critical heat flux
leading to the use of the pressure-drop correlation for the post-dryout conditions, rather than the
one for the pre-dryout conditions. At these conditions, dryout has not been reached at the end
of the tube and the pressure drops remain high at high qualities in the outlet section. This has
ted to an underprediction in pressure drops, since dryout was predicted by the present method.
The uncertainty among data is high at the inlet section, where the entrance effect may be

significant at high flows,

An examination of the data for low mass-flux conditions (i.e., 1-3 Mg.ms) indicates trends

similar to those of high mass fluxes. The pressure drops are underpredicted at both the post-
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dryout and the pre-dryout conditions before the maximum pressure-drop point, but are

overpredicted at the pre-dryout conditions beyond the maximum pressure-drop point.

Figure 11.9 shows the comparison at an outlet pressure of 7 MPa, mass flux of 7 Mg.m™.5" and

inlet temperature of 280°C (corresponding to an inlet quality of -2%, which is the same as an

inlet temperature of 305°C at 9.6 MPa). The pressure drops are overpredicted at the subcooled

conditions (mainly at the inlet section), but underpredicted at the positive-quality regions. Similar

to the data at high pressure, an overprediction is observed as the heated surface approaches

dryout. Beyond dryout, the pressure drops are underpredicted by the correlation.
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Figure 11.9: Comparison Between Predicted and Experimental Pressure Drops for the Combination
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11.7 SUMMARY

In general, the experimental data have been predicted rather closely by the combination of the
Reddy et al. {1982] an_d the Beattie PDO [1974] correlations. However, a systematic trend is
shown, with underprcdiction at conditions before the maximum pressure-drop point and
overprediction at conditions between the maximum pressure-drop and the dryout points. At post-
dryout conditions, the agreement is good between most data and the predictions of the Beattie

correlation; however, underprediction has also been observed for some data.

Although only the predictions of the combination of the Reddy et al. and the Beattie PDO
correlations are shown, the same trend is noted for other combinations. The agreement between
predictions and experimental data at low qualities was better for some combinations of
correlations, which had a high overall average error. Figures 11.10 and 11.11 compare the
predicted and experimental pressure drops for the combinations of the Beattie large-bubble and
the Beattie PDO correlations (similar results were observed for the Beattie small-bubble
correlation), While a systematic underprediction has been shown by the Reddy et al. correlation
at the pre-dryout conditions, a close agreement is shown for the Beattie large-bubble correlation
at low qualities (up to a thermodynamic quality of about 0.1). The increasing deviation as the
quality increases is caused by the transition from bubbly to annular flow, where the correlation
becomes invalid. On the other hand, the Beattie correlation for annular flow is also not
applicable, because it assumes an idealized annular-flow structure with no liquid entrainment in

the vapour core.

in summary, the present model gives a slightly better prediction accuracy than the use of a single
correlation to predict flow-boiling pressure drop. It has been shown that none of the assessed
correlation is valid for all heat-transfer regimes. By combining the adiabatic-flow and the Beattie
PDO correlations, the overall prediction accuracy is significantly improved. However, a
significant overprediction of the pressure drop remains at conditions between the maximum

pressure-drop and the critical heat flux points. The model, on the other hand, provides a better
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Figure 1.10: Comparison Between Predicted and Experimental Pressure Drops for the

Combination of the Beattie Large-Bubble and the Beattie PDO Correlations at a Mass flux of 7
Mg.m™2s™1

prediction accuracy over these conditions and exhibits a similar trends to those shown among the

experimental data.

It should be noted that, unlike most correlations, the present model has not been fine-tuned with
any available pressure-drop data. The prediction accuracy of the present model can be improved

by introducing flow-dependent correction factors derived from experimental data obtained at

conditions of interest.
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1.

12. CONCLUSIONS AND
FINAL REMARKS

A mechanistic model has been presented for predicting two-phase pressure drops in flow
boiling at high-pressure and high-flow conditions. It covers heat-transfer modes of single-
phase liquid, subcooled boiling, bulk boiling, forced convective evaporation and film boiling.
The overall pressure drop is separated into three components: friction, acceleration and
gravity. Since both the pressure drops due to acceleration and gravity are relatively small
compared to the one due to friction, they are calculated with the separated-flow model. The
present model is developed for a smooth tube and focuses on the effect of heating on two-
phase pressure drop. An empirical approach has been used to account for the effects of

surface roughness and radial temperature variation within the flow.

The model is based on the shear-stress/velocity-gradient relationship. Shear-stress expressions
are presented as a function of frictional pressure gradients and velocity gradients for both the
laminar sublayer and turbulent flow (laminar flow is not expected at the present conditions

of interest). The mixing-length approach is used in analyzing the turbulent flow. In flow
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boiling, shear-stress expressions similar to those of single-phase flow are used. Modifications
are introduced to account for the changes in flow parameters (such as laminar-sublayer
thickness and fluid properties) in the presence of two phases. Two empirical correlations are
derived for predicting the entrained liquid fraction in high-pressure annular flow for adiabatic

and flow-boiling conditions.

An experiment was set up to obtain pressure drop data in flow boiling at high-pressure and
high-flow conditions to validate the model. It covered a wide range of flow conditions in a
vertical tube. A strong effect of surface heating on pressure drop was observed. With
increasing heat flux, the pressure drop decreases in single-phase flow, increases in bubbly
flow and decreases in annular flow. Based on the experimental data, a correction factor for
the adiabatic single-phase pressure drop has been derived for predicting pressure drop in a
heated tube. A subsequent comparison showed that this correction factor is also valid for

medium-pressure conditions.

In flow boiling, the effect of heating was found to be small at subcooled, bulk and film
boifing, but becomes significant for forced convective evaporation for the same pressure,
mass flux and flow quality (a strong effect is shown when the thermodynamic quality is used
as a reference). The presence of a dry wall instead of a wet wall in the film-boiling region,
however, was found to have a very strong effect on pressure drop. The pressure drop in
forced convective evaporation decreases rapidly with increasing heat flux; a maximum in two-
phase pressure drop is encountered at a quality lower than the value that corresponds to the
occurrence of dryout. In addition to heating, other flow parameters such as pressure and

mass flux were found to have strong effects on two-phase pressure drop.

Comparisons of experimental data were made against predictions of the present model and
19 different correlations (I8 of them are developed for bulk boiling and forced-convective
evaporation and 1 is derived for film boiling). Despite the simplifying assumptions, a
relatively good agreement was obtained between model predictions and experimental data.

The overall root-mean-square error of the predictions is 12.8% and the average error is 8.7%.
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In many cases, the parametric trends of the data (such as the reduction in pressure drop
beyond the maximum pressure-drop point) were well-predicted. The overprediction observed

for some conditions is primarily caused by the underprediction of the entrained liquid

fraction, resulting in a thicker liquid film.

The use of the adiabatic correlation for flow boiling overpredicts significantly the pressure
drop at film-boiling conditions. A prediction scheme, similar to the one suggested by Beattie
[1977], was employed. It uses the adiabatic correlation for pre-dryout conditions and the
Beattie PDO correlation [1974] for film boiling. The transiticn between pre-dryout and post-
dryout correlations is based on the critical heat flux criteria. The assessment has shown that
some of the adiabatic correlations, when combined with the Beattie PDO correlation | 1974,
can provide a better prediction (in terms of overall rms error) than the present model. The
combination of either the Reddy et al. [1982] or the Chisholm [1973] correlation and the
Beattie PDO correlation [1974] resulted in an rms error of less than 10%. A close
examination of the comparison, however, showed that this small rms error is primarily due
to the compensating effect of underprediction at the low-quality conditicns and overprediction
at the high-quality conditions in forced-convective evaporation. Furthermore, these
correlations did not predict the parametric trend of the flow-boiling pressure drop with respect

to heat flux.

While the present model covers flow boiling from single-phase up to film boiling, and
predicts the present set of data reasonably well, it could be viewed as the foundation for a
model to which improvements and enhancements can be introduced to extend its applications.

Potential enhancements include:

- Entrained liquid fraction. The major factor affecting the accuracy of this mode! is the
prediction of entrained liquid fraction, which is based on the correlations derived with a
small data base. Strictly speaking, these correlations should not be used for the present
conditions of interest, which are well beyond the range of the data base. Therefore, more

high-pressure entrainment data are needed to establish a correct trend.
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Effect of temperature variation within the fluid. The presence of a high-temperature
surface affects primarily the viscosity of the near-wall fluid, hence the velocity gradient.
The same set of equations for calculating the shear-stress and velocity distributions in
adiabatic flow can be used for flow inside heated tubes. However, the variation in fluid

properties over the cross-sectional flow area must be considered.

Effect of radial void-fraction variation on pressure drop. For simplicity, the variation of
void fraction in the continuous phase is not modelled in this study, since experimental
data is scarce and scattered. While an analytical model is needed to provide the void
distribution, simplified approaches can be introduced to take into account the void-fraction
variation. A power-law relation previously used by Bankoff [1966] can also be attempted.
It requires, however, either two boundaries of void distribution or one boundary point and

the shape of the void profile.

Effect of roughness. This model can be extended to rough tubes. Since laminar flow is
not affected by surface roughness, no modification is necessary. In turbulent flow,
however, correction has to be introduced to account for the increase in turbulent structure
due to surface roughness. As indicated in Section 2.2.4, modifications to the mixing-
length expression seem inappropriate, based on the experimental evidence of Schlichting

[1960]. Therefore, another approach has to be introduced.

Two-phase mixing length. The definitions for two-phase mixing length in bubbly and
droplet flows remain uncertain. While the single-phase mixing-length expression is used
in this model, this assumption may become invalid at low-flow and low-pressure
conditions, because of the large bubbles and droplets entrained in the continuous phase,
and the mixture can no longer be assumed to be a homogenecous flow. Since
experimental measurements of turbulence may be difficuit under two-phase conditions,

another approach may need to be developed.
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I. PART OF CHF LOOK-UP TABLE FOR TUBES
OF 8-mm INSIDE DIAMETER

(CHF IN kW.m™2)
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2154
3191
3206
2548
1807
1495
1389

97

821

608

658

778

839

B9S

980
105%

1132
1200

351
1365
2378
3168
3043
2525
1713
1480
1292

860

760
790
820
850
880
944
024
1069
1169

0.7

147
852
1556
1735
1383
731
453
399
420
430
440
450
460
470
492
554
622
588
51
811

224
1012
1800

2397
1679
1325
682
589
443
460
470
480
490
500

588
657
723
786

270
1065
i860
2616
2568
1389
1638
1184

639

470

480

490

510
320
530
542
512
679
744

0.8

115
642
1168
123%
966
477
2%
180
&9
k2l

106
129

214
263
312
3561
410
458

167

1481
1784
1677
1301
1251
231
101
74
94
112
127
149
158
209
260
312
363
413

0.9

107
132
156
181
205
229

182

121
49%
876
1129
1127
1028
1000

103
129
155
180
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e G

kPa  kgm™s 05 04 -03 -02 -015 01
-

5000
5000
6000
6000
6000
5000
5000
6000
6000
6000
6000
6000
6000
6000
6000
6000
6000
6000
6000
6000

-
i

7000
7000
7000
7000
7000
7000
7000
7000
7000
7000
7000
7000

7000
7000
TQ00
7000
1000
7000

8OO0
8000
8000
8000
3000
8000
8000
8000
8000
8000
8000
8000
8000
80C0
8000
8000
8000
8000
8000
8000

0 5537 5142 4748 4354 4157 3960
50 6320 5856 5453 5083 4905 472
100 7103 5569 6157 5822 5653 5483
300 7327 6723 6480 o470 6460 6450
500 7351 6377 6516 6484 6478 6230

1000 8112 7262 6504 5523 6518 6100
1500 8673 7647 6693 6567 6553 €200
2000 10237 9164 7839 6730 6612 6587
2500 11209 19362 8961 7570 7544 7265
3000 12121 11139 10019 3200 7615 7468
3500 12981 11863 10791 8887 7720 7660
4000 13800 12550 11353 96856 7830 7819
4500 14588 13209 11886 10378 7940 7880
5000 15351 13842 12357 10961 B0S0 7950
5500 16089 14454 12889 11431 9187 8000
6000 16809 15047 13363 11804 11790 11780
6500 17513 15626 13824 12157 11800 11790
7000 18200 16190 14273 12499 11810 11800
7500 18874 16744 14709 12831 11925 11810
3000 19535 17286 15136 13154 12224 11820

0 5275 4934 4593 4252 4081 3911

50 6026 5622 5245 4920 4770 4612
100 6776 6310 5896 5606 5459 5312
300 7010 6470 6050 60B0 6070 6060
500 7244 6630 6170 6129 6117 5830
1000 7828 7030 6360 6252 6234 5800
1500 8413 7431 6568 6375 6351 5900
2000 9914 8886 7622 6498 6469 60Q0
2500 10854 10036 8710 7350 7307 6759
3000 11726 10790 9711 7982 7492 6915
3500 12546 11482 10450 8668 7580 7224
4000 13330 12139 11002 9421 7660 7342
4500 14084 12767 11512 10075 7740 7680
5000 14810 13371 12000 10629 7827 7825
5500 15517 13956 12470 11086 8941 7834
6000 16201 14522 12924 11452 11440 11430
6500 16872 15073 13364 11791 11450 11440
7000 17528 15613 13794 12118 11460 11450
7500 18171 16138 14211 12435 11550 11460
8000 18801 16653 14618 12745 11854 11470

0 5016 4720 4425 4129 3981 3833

50 5736 5382 5034 4752 4614 4477
100 6455 6043 5641 5375 5247 5120
300 6696 6208 $753 5700 5690 5680
500 6936 6372 5864 5779 5761 5540
1000 7542 6784 5977 5943 5939 5100
1500 81456 7195 6419 6175 6117 5100
2000 9576 8599 7387 6373 6295 5300
2500 10483 9693 8447 7210 T200 6559
3000 11318 10423 9392 7728 7420 688%
3500 12103 11085 10111 8425 7500 6500
4000 12853 11713 10638 9131 7590 7140
4500 13573 12313 11127 9743 7730 7390
5000 14268 12801 11595 10266 7800 7760
5500 14941 13450 12044 10702 8700 78300
6000 15598 13991 12480 11057 11050 10940
6500 16237 14518 12000 11381 11060 10950
7000 16863 15032 13312 11693 11070 10960
7500 17476 15533 13710 11996 11161 10970
8000 18078 16026 14100 12291 11444 10980

-0.05

3763
4539
5314

6210

6106
6204
6211
6226
6254
6260
6270
6291

7100
770
8892
8029
9524

3740
4453
5165
6050
5860
5700
5%
5790
5797
5807
5818
5957
6157
6267

3566
4356
5145
6430
6193

5861
5566
5476
5382
5006
4388
4420
4637
4740
4797
5124
5487
5606
5700

3570
2295
5019
6040
5846
5600
5071
4876
4857
4589
4550
4318
a3
4520
4649
4132
4753
4504
4972
5008

3537
4201
4864
5660
5497
4980
4939
4784
4757
4305
4066
4024
4170

4371
4474
4670
4858
4919
4950

2132
2910
3688
6420

5600
5095
4598
4543
4524
4347
3650
3639
3699
3801
3841
3952
4056
4383
4575

I8
2916
3584
6030
5620
5500
4608
4243
4037
3959
3916
3500
3359
3245
3565
3599
3731
3827
4226

2329
2004
3479
5650
5300
4660
4518
4155
4003
3571
3669
3177
3123

38
3385
3500
3623
3671
3868

0.1

1578
2574
3569
5130
5190
5496
4742
4221
4160
3955
3509
3207
3108
3096
351
3158
3245
3275
3825
4200

1684
2563

4340
4880
5421
4270
3710
3526
3316
3292
2730
2620

2497
2610
2817
823
3213
3580

1768
2541
3314
4550
4580
4944
4162
3643
3093
2897
2865
2528
2162
2210

2485
2629
2816
3145
3513

Dryout Quality

0.15

1264
1359

290

3085
3194
3623
3720

1355
2333
33l
4710
4802

3843
3379
3161
2868
2820
2523
2438
2428
2470
2489
2545
2674
3043
3400

1429
2199
3169

4492

02

3361
3171
2760
2391
2147
21
2093
2071
2100
2197
2209
2457
2505
2845
3360

0.25

G03
2061
3218
4670
4053
419

3083
2775
2606
2589
2315
2310
217
2839
2846
2069
2976
3091
3330

968
2013
3058

4318
3668
3207
2830
2563
2309
2368
2053
2016

207
2187

2341
2787
3320

1023
1960
2897
4230
3658
3092
2915
2497
2t16
1971
1908
1907
1808
1872
1930
2127
2239
2287
2654
330

03

78%
1639
093
4510
4524
3814
37
2868
244
2204
2140
1648

1678
2283
2336
2398
2495
2604
2840

840
1882
2924
4310
3972
3353
2886
2627
2256
1547
1925
1654
1521
1441
1508
1695
2208
2215
2675
2830

|7
1822
2756
4120
3468
2783

2147
1879
1633
1588
1559
1508
1422
1495
1606
1971
2052
2067
2820

0.35

589
1834
2979
4360
4390
3589
3103
2563
2068
1684
1665
1545
1411
1498
1780
1878
2099
H79
2262
2340

737
1779
2820
4180
3686
073
brits
2239
1836
1411
1408
1314
1257

1500
1600
2007
2100
2207
2309

77
1mne
2661
4010
3411
2702
2383
1877
1550
1155

992
1193
1195
1267
1415
1516
1813
1894
1999
2006

609
1735
2860
4200
4261
340
2867
2008
1678
1143
1067
1266
1305
1325
1749
1760
1770
1785
1383
1978

650
1682
2n3
4050
3506
2883
258
1691
1401

944

875

5
1000
1100
1300
1442
1545
1643
17137
1827

684
1625
2566
3910
3288
2557
2182
1426

962

893

686

742

952

959
1227
1347
1447
1542
1633
1721

1239

1280
1300
1327
1430
1528
1623
1714

575
1587
2599
3920
3386
2700
21125
1313
1098

07

615

847

Q00
1010
1115
1216
1314
1407
1497
1583

604
1535

3780
12
372
1659

naz
1230
1321
1408
14N

4
1538
2597
3891
sl
2767
1923
1299
174

628

534
1219
1230

1250
1260
1270
§200
1379
1465

509
1493
241
3783
3283
2452
1594
1015

874

532

815
216
21
917
1010
1100
1187
1272
1353

5u
446
2357
3690
8719
ny
1237

497
491
420
573
669
763
855
44
1030
1114
1196
1275

0.6

475

653
126
798
868
937

415
1266
2117
1970
2166
1529
654
317
418
419

421
422
470
540
L1}
680
49
816
483

A7

2
ws
3

1125
1062
2443
2336
1556
1105
[
147
93
403
413
423
433

453

136

356
356
m
425
478
53
583

K1k}
1025
1736
12
1628

4g?

451

167

239
250
260

280
299

08
444

550

LR

207
Q60
1772
1837
1711
7
913
145
118
110
120
121
2
123
152
184
17
252
287
32

218
108
2
1804
1580

974

869

137

il4

107

116

17

LI

e

139

169

200

232

265

P2

222
944
1676
1500
12495
650
3
130
119
[04
112
113
114
118
130
154
187
217
249
282

109
126
144
162

129
770
1410
1230
955
W81

m

1422
1180
732
395



G

ki kgm*2s 05 04 63 02 -R15 <00
-
9000 0 4757 4500 4243 3986 3857 3729
9000 S0 5444 5133 4830 4556 4436 4316
9000 100 6131 5766 5416 5125 5014 4903
9000 00 6378 5932 5533 5310 5300 5290
9000 500 6625 6099 5650 5416 5335 5180
9000 1000 7243 6516 5912 5683 5423 4850
G000 1500 7861 6932 6236 5049 5512 4890
9000 2000 9213 8290 7113 6215 5600 5216
LhL ] 2900 10084 9320 157 7110 7100 6043
9000 3000 10879 10020 9039 7445 7340 6347
9000 3500 116306 10652 9717 8158 7400 6354
9000 4000 12344 11250 10222 4817 7530 6730
2000 4500 13031 11823 10688 9388 7720 7108
9000 5000 13693 12373 11133 9876 7780 7686
2000 5500 14335 12904 11561 10280 8450 7772
2000 6000 14962 13420 11974 10629 10620 10140
9000 6500 15571 13921 12375 10937 10630 10150
9000 7000 16170 14411 12764 11235 10640 10160
9000 7500 16754 14890 13144 11524 10727 10170
9000 8000 17327 15359 13514 11805 10998 10180
10000 0 4494 4271 4048 3825 3713 3602
10000 50 5147 4874 4610 4344 4240 4136
10000 100 580D 5476 5172 4863 4766 4669
10000 300 6050 5642 5293 4930 4920 4910
10000 500 6300 5808 5414 5058 4985 4840
10000 1000 6925 6223 5717 5379 5147 4600
10000 1500 7550 6638 6020 5700 5310 4630
10000 2000 8810 7957 6822 6021 5472 4650
10000 2500 U638 8016 7840 7020 7000 583¢
10000 3000 10392 9580 8657 7260 7163 6275
10000 3500 15103 10178 9288 7863 7300 6349
10000 4000 11779 10745 9765 8473 7460 6630
10000 AS00 12429 11287 10206 9000 7710 7020
10000 5000 13058 11808 10628 9454 7750 7629
10000 5500 13666 12311 11032 9838 8200 7770
10000 6000 14258 12800 11423 10160 10150 9330
10000 6500 14836 13274 11802 10452 10160 9340
10000 7000 15491 13736 12169 10734 10170 9350
10000 7500 15952 14189 12529 11008 102564 9360
10000 2000 16496 14633 12877 11274 10517 9370
11000 D 4224 4032 3839 3646 3549 3453
11000 S0 4842 4604 4374 4138 4024 3933
11000 100 5459 5176 4908 4630 4498 4413
11000 300 S710 537 5031 4682 4530 4520
11000 500 5960 5518 5154 4735 4622 4546
11000 1000 6586 5945 5461 4866 4830 4300
11000 1500 7212 6372 5768 4998 4600 4472
11000 2000 B370 7589 6554 5787 5300 4575
11000 2500 9146 8471 7492 6920 6899 5769
11000 3000 9856 9050 8241 7200 7184 5937
11000 3500 10525 9653 BR20 7531 700 6047
11000 4000 11161 10186 9266 8092 7400 6459
11000 4500 11772 10695 9680 8575 7700 6751
11000 5000 12362 11184 10076 8990 7730 6819
11000 5500 12034 11656 10456 9343 7960 6946
11000 6000 13489 12114 10822 9542 9630 8520
11000 6500 14032 12560 11178 9917 9640 BS530
11000 7000 14561 12995 11523 10181 9550 8540
11000 7500 15080 13418 113859 10439 9771 8647
11000 BOOD 15589 13834 12186 10688 10009 8921

-0.05

3600
4196
4191
5280
5160
4700
4745
4875
5050
5108
519
5254
5378
5452
3639
5660
5640
574
5768
5787

34590
4031
4571

4820
4382
4520
4588
4608
4642
4646
4738
4781
4871
5058
5070
5080

5354
572

3357
3843
4329
4510
4519
4278
4321
4372
4378
4547
4581
4656
4718
4833
5055
60
5070
5080
5100
5200

3472
4076
4679
5270
5141
4500
4447
4067
4017
kel
3974
3921
4169
4271
4351

4563
4664
4904
4972

3379
3927
a475
48%0
479%
4270
4216

4008
3917
3913
3603
3547
3830
4023
4130
4240
4241
4279
4623

3753
4245
4500

4030
3856
3806
3144

3660
3455
3493
3849
3%41
4020
4095
4129
4133
4330

005

2317
2876
3374
5260
4950

4302
3353
3287
3203
3164
3140
2018
2651

328,
3300
3570
3661
3800

2395
2833
3270
4880
4680
4210
3959
3310
3256
3153
3083
2898
2897
2890
e
3259
3434
3469
3597
3763

2384
2775
3165
4450
4360
4027
3266
247
3140
3038
3008
2760
2877
2861
3133

238
3389
3464
3537
s

0.1

1828
2508
3187

4278
4062
379
2969
2825
2411

2228
2095
2133
2184
2343
2624
2745
3R
3432

1867

3060
4100
4060
3963

2914
2704
2278
2262
2044
2076
2004
2112
2129
2612
2620
2913
3345

1883

2432
3790
3582
3351
2911
2710
2419
2118
028
1980
1938
1959
pAlk
2218

2565

2887
on

I

Dryout Quality

0.15

1486
2257
3027
4210
3513
31
3263
2643

2045
2019
1896
1800
1862
1902
2126
511
2515
2954
3376

1527
2206
2885
4030
3383
3147
3066
2364
2187
1801
1777
1618
1569
1670
1501
2049
2355
2362
2821
3186

1550
2147
2744
3760
3192
318
2674
2095
1
1508
1384
1389
1481
1484
1851
1948
2326
2348
1780
2782

-4

0.2

1247
2069
2890
4120
3431
3097
2902
2284
2079
1806
1778
1741
1796
1842
1891
2038
2258
1345
2813
3350

1285
2013
2740
3950
3209
2914
2735
1910
1756
1508
1487
1459
1563
1661
147
1926
2250
2301
2529
2869

1309
1950
259
3730
310
2730
2196
1582
1356
1194
1§51
1179
1384
1429
1549
1567
21mn
20
2467
T

0.25

1067

114
17
2417
3700
3059
2391
1853
1300
1115

971
112
1016
1281
1375
1378
1498
2056
2115
2459
2641

03

956

976
1614
2251
3670
2739
2100
1501

951

BI8

745

846
1004
1212
1232
1387
1349
1789
1789
1859
2567

0.35

810
1656
2502
3850
2880
2302
1845
1285
1019

268

960
1029
1105
1105
1399
1457
164
1768
1778
1920

836
1590
2343
3730
293
2119
1576
952
m
691
786
1021
1049
1075

1251
1620

1694
1900

854
1519
2183
3640
2698
1820
1115

693

582

474

560

86t

938

990
1136
1200
1599
1638
1680
1880

04

712
1566
2419
3770
27486
1962
1474
1057

847

828

535

730

748

862
1011
127
1375

1538
1645

045

628
1480
2331
3680
2513
1735
1019

762

718

662

365

610

740

860

983
1078
1169
1257
1343
1425

647
1422
2157
3530

1504
707
552

310
a41
490
670
710

1033
1z
1219
1295
1410

660
1362
2063
3577
1617

861

587

491

290

270

370

376

350

47
999
1088
1175

1400

0S5

555
1396
2237
3550
1830
1264

813

442

376

318

3%0

5%

629

720

808

395

97%
1061
1141
1218

570
1344
2117
3500
1857
1026

664

205

293

95

370

393

598

686

720

858

941
1021
1100
1177

581
1289
1967
3377
1487

835

550

200

260

270

360
350

460
829
911
992
1071
1147

0.6

2.7

08

429 322 226

1230
2030
1719
1556
356
616
275
274
300
301
308
s
443
51
579
646
713
79
Ba4

439
1191
1643

215

1151
1855
1650
1180
607
500
142

245

279
360
408
450
536
602
666
731
795

1021
1720
1496
1345
668
420
160
118
162
163
164
193
237
283
330
a7e
427
476
5315

328
1014
1700

1212
a16
293
117
1318
133
138
143
183
226
270
316
363
411
459
507

332
1006
1680
1050

380
135
110
103

105
137
176
217
261
306
352
99
447
495

906
1585
1292

256

517

137

124

107

102

19

1o

m

112

123

149

178

207

238

269

229
892
1554
1145
732
381
129
117
103
99
105
106
107
108
117
143
1m
199
prl
260

230
891
1552
950
432
318
121
110
99
96
101
102
103

113
138
165

223
253

09

132
658
1263
8128
439

13
591
1050
547
283

127
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II. MEASURED PRESSURE-DROP DATA

Im-1



Runmame | Dwie Pressure T/ Temp  |T/S Temp | Terop Flow Power Pressure Pressure Prossure Pressure Pressure Pressurc
Cutlet Tdet utiet Ambent |Waker |15 DUEO1 Dtz |DWfd3  |Ditoa  |Dift05 | Diff.06
MPa °C C *C s kW kPa kPa kPa Pa kPa kPa

DPB94A03 | 12/05/59 9.1 TR 29512 J083) 10841 1508 32.80 3209 3213 3230 3183 15997
(DPR4404 | 12/05/89 .70 a7 ErE ] 035] 10190 2051 3251 3 355 31.60 3103 156.51
IDPB94405 | 120589 90| 27143 31009 3073|1038 2543 3557 3282 3255 3745 3181 16401
[DPB34406 | 1205789 9,70 27123 31083 3122] 10598 3047 S1.04 3452 3380 33,70 3295 185.36
DPB34407 | 1205789 971 21T 311.06 3127|182 35.14 G655 42.29 3498 33,71 3383 21249
DPBJ4408 |1 2/05/89 9.70 27017 31097 3135) 10606 4045 7886 5683 3578 3412 33a1]  238.75 |
DFEM409 |1 20589 570 7T 31097 40| 10629 4512 8971 57.53 2052 3312 B23|  26530]
DERMA10 |12/05/89 91 771 B4 3104 A3 160 5003 97.50 75.03 38356 33.62 3243 288.09
DPB34411 | 120589 9.7 N ALAT 342 10374 55.10 103.61 8242 5783 3466 3238 31233
DPB94a12 | 120587 5.7 27151 i 28 a2} 10275 6016 108,19 3842 6633 3664 3201 32936
TIPB94413 | 1270589 970 91 EYTRY] s 1078 65.10 10996 9673 74.88 087|351 357.64
[DPC94a14 | 12/05/89 91| 2791 ETERT 3151|1330 66.66 10051 9230 74.68 3180 3201 34257
DFRM300 [12/05/89 9.1 2%4.28 285.3 3158 9943 0.00 3036 2993 024 3059 038 14087
DPB303 |12/05/89 73 284.35 307.20 83| 10.64 1504 eI 3308 3301 3311 3264 16430
[DPBS4304 | 1205789 CK]] 284.28 310.97 3q7] 10185 20.02 24.00 3294 32.55 32.53 3196 T12.67 |
[DPB94305 | 12/0589 5 28428 31097 81 10120 2518 58.95 2279 3274 3243 373 19777 |
DFB%4306 | 12/05/89 91 25442 310,83 36| 10428 3008 7199 644 3709 33.63 3287 23240
DPB94307 | 120549 97 28328 31104 2| 10158 3514 5238 5499 45.67 3297 3196 258,66
DPBJ4308 | 1270549 7.7 284,35 EYEET 79| 1mA8 2008 9311 7441 5552 35.00 3274 290,98
DPBYaI0y | 12/0589 9.7 754.35 31124 3170|1026 4512 9940 B242 63.99 3822 3248 317.53
DPBGAII0 | 120589 971 284,28 3104 31.80| 10203 5018 10321 90.19 7072 33.00 3264 34177
[DPRgaN L [12/0589 CE]] 28428 311,24 3178] 10261 55.10 102.52 96,04 7618 48,61 3279 358.21
I DPB312 1270589 972 28428 124 3192]  10253 60,16 99,08 100.23 80.91 54.74 I344] 37140
DPCS4313 | 12/05/89 9.71 25428 ETTE 351 10185 6072 99.11 100,15 8130 5552 3352 37207 ]
[DPB94500 | 150589 963 233,74 25470 30.52 96,14 0.00 2946 29,13 2928 79.68 2944 150,74
DPB94506 | 15/05/8% 962 256.14 0448 30,60 9697 2553 3511 .21 3057 30.00 3022 159.00
DPD34507 |15/05/89 9.62 256,14 o6 30.68 98.90 3514 38.80 3221 3150 1163 3095 168.92
DPBU45CE | 15/05/89 9.@| 2562 3103 30,69 965z] 4019 55.66 3335 3148 31.16 3038 186,52
DPBY4509 [15/05/89 9.63 256.20 0.3 3673 96.79 45.04 6835 44 31.55 31.26 3035 20730
[DPR9as10 [15M5%9 .62 79627 31030 3080 5599 5010 79.38 5319 3278 N4 3043 23240
EDPB3STT | 15705789 962 256.20 31030 3081 9452 5510 B8.15 5449 3598 30.59 29.73 254,33
DPR94512 | 1505789 0.62 25614 31030 3057 9403|6004 94.96) .22 3253 3051 2952 27395
DPB4513 | 150589 9.63 25634 31030 30.94 9495 65.08 96,52 76.03 51,02 3147 2988 29040
DFC94514 | 15/05/39 953 256.61 37030 31.00 9379 69.55 91.90 78,51 887 3233 2960 257.04
DPBS4200 | 150589 .62 29661 29762 31,20 9694 0.00 3136 3094 3121|3157 3137 160,55
[DPR94201 |15/05/89 9.63 256,34 304.98 31.27 99,17 5.06 72.60 EFRE] 3232 3261 3230 166.03
DPB34202 | 15/05/89 9.63 296.61 309.96 3136 9819 10.00 38,75 3207 3201 3220 381 .22
DPB34203 | 15/05/8% 9.63 296,74 310.23 3147 94.76 15.08 FXL] 21 3363 3121 30.66 196.33
DPD34204 | 15/05/89 2.63 29627 310.30 3.5t 9501 2010 63.74 5325 2271|3186 3072 27749
DEB94205 | 15/05/29 763 296.07 31036 367 9525 2458 7499 6222 5156 35.70 3087 26097
DPB34206 | 1570589 T.62 296.07 31030 3175 9383 30.08 73,01 7076 5845 a1.78 3074 290,69
DPRI420T |15/0589 563 296.61 31036 3175 9251 3514 8.8 7757 64.56 4843 L8| 31550
DFBMZ08 | 1570589 9.62 296,54 31036] 3149 9260]  40.08 0184 8438 TIAS 5332 T28z| 3417
DPB#200 | 15A05/89 952 296.14 31043 3191 9171 4498 90.28 130 7599]  S8.1% 3407 35205
DPB4210 | 1505389 9.63 29654 310.50 393 $7.01 50,04 96.00 95354 8542 65.72 38.09 389.09
[DPC9a21 1 [15/0539 9.62 296,34 31050 3202 95.60 53,08 9173 9488|8753 67139 39.13 788,51
[DPB9AL00 |16/05/89 9.50 30425 305.58 3230 85.20 0.00 33.68 3325 3357 1398 33.65]  172.76]
[DPER103 | 160589 954 30282 309,69 3248 96.06 1492 63.04 452 4700 3848 3126|2423
DPRS4I0E | 160589 9.61 302.68 31030 3258 9630 2010 7314 6295 5421 4381 3126 203.09
DPFB34105 | 160589 9.62 M2 316,16 3276 9631 2502 8319 7268|6241 SLI5| 3461 347
DPBI106 | 160589 5,60 30242 310.5 3215 95.76 3008|8104 7834 7.80 S5.00 3596  333.11]
DPBHICT | 160589 9.61 302.89 31030 3279 99.84 35.14 [TXT] 89.49 7795 6294 4095 TRl |
DPBS1CE | 1605789 9.62 303.16 3103 3288 9726  40.02 97.61 9230 B2.68 66,63 4378 391,98
DPRYAI08 |16/05789 9.63 30236 310.30 3282 0448|4512 9277 93.03 86,60 69.70 46,66 396.88 |
DPCSa1t0 | 160589 5,61 IBR 3030 3322 9847 5086 93.63 96,04 9334 75.54 3115 418.8)
[GPB9e300 | 1770589 5.6 295.66] 20708  2041| 14453 0.00 5381|5306 5352 5412 361 23501
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DPBS6201

170559 9.67 29593 31043 961] 1982 2033 8936) 7110 5340 5235 Ty X
DPBIG205 | 17/05/59 9.6 29555 31016 Joo1| 13751 2488 163.61 §499 627 S129 S04 36168
DPBSG206 | 17/05/89 963 295.66 310.36 16|  1%34 3022 3.6 9680 7592 253 S0.0 03z
DPBSG207 | 17705789 2.63 26573 31036 3006 13143 3504 12965 10596 1595 5614 wm| A
DPB96208 | 17/05/89 9.64 29580 31050 w3z 13273 954 150.59 1547 100,61 .36 3404 T
DEBJ605 | 1770559 .63 355,03 T1036 3022|1427 35.06 159.55 T3273 10935 7219 5347 SIRST
DPBIGZI0 |17/05/89 064 295.73 310.50 3015 13938 S0.18 16335 13074 11558 7941 S35 S6ast
DPBS6211 | 17/05/89 5.0 295,56 31036 3019]  140.39 5456 167.62 14786 180 8684 5350 39107
DF396212 | 17705789 963 29586 310.50 3019] 13882 60.02 6531 15267 129.09 5432 5469 )
DPBO6213 | 17/05/39 9.6+ 295.50 310.50 3025f 13636 6522 16318 15902 13514 10138 356 620.58
DPBI6ZI4 | 17705789 9.65 295.73 310.50 £ ) 7035 15854 15804 4159 107.95 S892] 6859
DPCI6214 |17/05/89 964 25600 310.63 3005|  13832]  T186| 15896 15187 14235 105.69 5972 .58
DPBS6100 |17/05/8% 0.63| 303 305.65 3021] 13768 0.00 5337 5156 5194 5263 217 TEAT
DFB96104 1770529 .64 304.71 0.6 3019| 14326 2010 11843 100.88 B4z 6739 SSa5| <00
DFB96105 | 17/05/89 964 305.00 31036 3014] 13916 502 12832 10838 11 75.28 53.62] 41047
DPBIGI06 |17/05/89 9.63 30491 3103 3009] 1375 3008 138,59 117.66 10150 8114 T SO8.67
[DPBSG107 | 17/05/89 963 303.76 31036 3016] 136,71 3502]  145.69 1397 106.12 8432 5345 525.58 |
|DPBI6108 | 1770589 .63 304.6¢ 31036 3017 14087 4006 15314 137.59 11835 9520 50.83 SHIA3
[DFB36109 {17/05/89 .64 30201 31050 3005] 14039 3498 165.72 14350 239 5457 5798 596.86
DPBIGI10 | 1770539 9.63 303.16 31043 3003] 13889 4958 166,52 15044 130.59 104.32 6297 628N
DPBIGILT |17/05/89 968 303.36 31043 3006] 13827 5496 163,39 154.63 136,74 100.77 6643 o3.18
DFBS6112 |17/0589 %.63 303.56 31050 3004f 13985 6494 T6z.02 159.54 143.35 12120 7528 w8109
DPC96113 |17/05/89 53| 303.16 3070 3007 135.03 822 16110 15817 15209 1520 76.53]  G8S.16
DPB36300 | 1770589 9.63 28238 28374 30281 13783 0.00 4852 4794 38.29 3895 4836]  249.14
DPBYG301 | 17/05/89 5.65 28132 289.68 3040] 13801 506 49.25 4844 3871 2021 814 25202
DPBY6302 | 17/05/89 9.65 282,66 295.53 30441 14273 1004 5283 5195 5194 5235 5170 268,76
DEBg6303 |17/05/89 9.66 26,20 30151 3046]  142.05 1504 5289 5167 5164 31.96 5118 266,16
[DPB9&304 |17/05/89 9.62 28198 305.65 3047|1477 1996 54.16) 5283 5271 5287 S196] 27222
DPB96305 | 1770589 5.64 262,18 310.09 j054] 14498 2504 6148 5425 3394 54.01 5295 28521
DPBO630G | 17/05/89 964| 28232 31030 3059] 14243 30.04 8549 55.08 53.02 5277 51,62 3074
DPB56307 | 17/05/80 9.64 28232 31023 3068| 14002 34.94 102.58 7049 5225 S1T3 5048 336,00
DFB96308 | 17/05/89 9.6¢ 26238 31036 3061|337 4004 120.00 8811 56.71 5424 S2.74 38101
DFBIGII0 |17/05/89 9.64 28225 31036 3065 139.83 4990 143.55 11z12 75.07 52.51 50,66 43363
DFBIG3IT1 | 17705789 06| 28232 31043 3075 13842 498 152.56 121.28 8738 5318 a096| 47548
DPBY6312 | 17/05/89 9.63 28235 31030 3073| 13745 60.02 15798 129.70 98.07| 55,70 49.39 s02.21
DPBS6313 |17/05/89 9.63 26238 31050 3078] 14075 64.98 67.27 141 40 106.89 5092 S1a1 541 A5
DPB3G14 | 1770589 9.63 28238 310.57 3079 14157 7014 170.10 150.56 1816 66,92 204 614
DPFB96315 17/05/89 9.63 28238 310,50 30:78| 14085 7520 16537 15533 194.08 73.57 51,70 SHZa4
DFCI6316 | 17/05/89 9.63 26225 31050 3073f  14063] 1943 161.62 157.83 128.12 79.54 5204 591,08
DPBYS400 |17/05/89 0.64 26837 26946 3068| 13847 0.00 4792 4725 T 4817 37,78 246,25
[DPBS601 | 1770589 9.63 27361 30983 3060|1374 7958 5398|4937 4906 3857 4786 25693
[DPBI6407 | 17/05/89 063 27334 310.0 3070] 13602 3500 T378 2990 4890 48.58) ATAT 7597 |
DPBIGACE | 17/05/89 9.63 27375 31016 3059| 14030 30,06 96.69 5887 5167 .26 T3 646
DPBJG405 | 17/05/89 9.6% 37443 31030 3060|  135.64 44.98 113.54 76,34 5210 51,23 B3 35215
DPBI6410 |17/05/89 764 21450 31043 3066 13658 39.50 12566 7219 3491 49.79 4827 380.05
DPB96411 | 17/05/8% 963| 27266 310,36 30.63| 13629 5510 135.30 0131 59.29 49.52 4806 40352
IDrO96412 | 17/05/89 9.62 27130 3108 3062 144,06 60,02 150.31 112,16 64,60 5373 212 34334
DPBI6A13 | 17/05/89 9.63 27137 31043 3066 14002 65.06 15746 121.08 7549 5227 5035 467,50 |
DFB96414 |17/05/89 063 271 43 310.36 307Z] 13666 70.04 15650 127.32 8730 5162 4848 484,89
DPBIGAIS |17/05/89 5.63 ma 310.50 087|  13Ia1| 7492 16185 13524 97A2 5393 3895 504,56
DPB96416 |17/05/89 5.63 Fri%s] 31050 3088| 12830 7958 16144 14201 WEI| . 5154 2941 32935
DPCI6417 | 17/05/89 9.64 254 310,71 3087| 13796 83.61 156.19 142,05 13.21 6035 O3 $32.22
DFBIG6S00 | 17/05/89 9.63 26044 26140 3088| 14440 0.00 50.12 3937 3953 035 49,33 257,50
DPBI6S06 | 17/05/89 S65|  259.97 297.22 3056 14095 29.98 5179 5033 5030 49,96 29.03 256
[DPBS6507 | 17/05/89 9.63 25950 302.68 3098 14130 35.00 3254 5087 5040 025 4913 26097
DPBS6508 | 17/05/89 9.63 259.56 308.28 3094] 14021 4006 410 50,75 50.25 4938 6| 26097 ]
DPBO6509 | 17/05/89 T3] 25949 31030 3094] 18188} 4498 6639 5210 5148 3095 4965 27856
DPBOGS10 | 17705789 963 25942 308 NO3| 13598 50.04 5092 5237 oY 4836 &705 5.5
(DPB36S1T | 17/05/89 9.53 259.08 030 3LA1] 13756 5496 108.3 G148 36,10 9462 4804 Y2590 |
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[CPngetiz | 17/05/89 [T 25942 31036 347} 1805|5988 25 75.07 5113 $022 4856 35591
DPBI6513 |17/05/5% 963 25935 71030 T123] 141zl 5498 13657 9Lt 5414 5150 S0.08] 3940
TPBI6SI4 | 177050 5.63 25949 31030 3128]  141AT| 7000 14569 T06.0¢ 5791 5201 S025] 42545
DFR96515 |17/057%9 543 25949 31030 3Nad| 1294 75.02 15643 11716 5491 5695 2926] 43940
[DFB96S16 [17/05/89 0.63 25949 036 NA2| 13805 0.2 159.54 1355 75207 5097 AT.61 9.2
[DFB96S17 |17/05/89 763 25949 043 na7| 1380 FA54 1821 12824 8565 5212 3505] 4674
[DPCo6518 [ 170589 9.63 25990 310.63 49| 140.20 BoE7 150.65 15.6 94.04 5338 2553  489.50
DFBITI00 |31/05/8% 9.55 302,75 303.70 7769|1629 0.00 63.68 63.22 63.10 63.80 6a34] 32445
DFRYII0Z |H1/058% 9.56 F02.75 309.49 Z768] 16064 996 86,53 7091 5279 63.18 §243|  353.89
DPRY7104 | 310589 9.55 30259 30956 i3] 159.09 2010 12480 105.89 B7.61 65.00 6139|4559
DPRY7106 | 31/05/89 955 02 G| Z.09|  1676| 2994 16225 13586 11439 8294 6461 57089
DPBI7I0T | 31/05/87 9.55 3009 9 .62 2796) 16055 3498 17299 14544 12262 91.20 6396 607.82
[DPB¥7108 |31/057%9 955 302,75 09.62 2753]  16278} 399 186,38 157.48 132.66 99,63 66,01 654.57
DFBYIL09 |31/0579 | 9.55| 30275 309.69 2783] 16074 4498 193.24 16625 140.40 10777 67,02 686,89
[DPRIITI0 [31705/29 956 302,75 309.53 2737 16017 5016 198.78 17437 14754 T14.76 6895 71776
[DFESTINT [31/05789 9.54 RIS 309.60 2781|1902 5496|2001 18053 154.63 12143 7141 74085
DPBSTIIZ | 31705059 958 302.68 309.76 2789|  163.87 60,02 200.64 192.99 16657 13140 7637| 79135
[DPRYTIIS [310%/89 7.56 30275 309.76 2735 16190 6539 20531 195.65 17252 1370 7920 B03.47 |
[DPRST114 | 31705789 755 I02.68 30959 78| 160.69 T0.08 20254 196.23 17760 142,00 $268 81559 ]
DPBI7115 |31/05/89 955 302.55 309.96 2735] 16078 7531 20248 196.34 18330 14735 G624  829.73
[DPCSTI16 [31/05/89 955 30252 309.96 2773 16183 7123 20504 196,88 185.54 150.15 8837 23925
[DrB97200 |31/05/89 3.56 29539 29641 2723 1605 0.00 6097 6041 6029 6113 60,63 310.60|
[DPBY7202 |31/05/88 9.54 293.70 304.98 2735 16025 9.98 6252 61.60 60.98 61.57 5052 314.93
DPB97204 | 31705789 955 254.99 309.56 227|  159.69 1996 9836 73.03 61.68 6188 6082| 363,10
[DPRY7206 (3105789 9.57 295.19 309.76 2721|  164.08 30,02 13901 11239 7876 6547 64,06 46931 |
[DPBY7207 |31/05/59 9.56 294.7% 309.62 T3 16224 3456 15285 1589 91,84 6515 5292 So7.4
[CPR97208 | 31705789 9.54 295.19 309.56 2738]  159.59 39.92 165.89 135.24 106.69 6832 61.28 54838
DPBY7209 | 31/05/89 957 294.95 309.75 2743|1684 4451 184.23 T50.81 119.35 95 5408]  605.37
DPB57208 | 31/05/89 957 29458 309.62 2680] 16054 4012 165.95 13236 T04.62 6734 6217 545.78
DPBYT208 | 31/05/89 9.5 29472 309.83 26811 16220 4019 167.73 13636 10592 G831 6274 551.84
DPBS7209 | 3170589 9.56 20431 309.69 2684 16191 44.98 18043 140 17.16 7310 6318 593,39
DPB97210 |31/05/89 955 29465 109,62 2686| 161.28 50,02 19094 158.02 128.66 8136 6293| 63552
[DPBS7211 | 3170589 9.54 254,38 .62 2701|  15954] 5510 196.19 167.10 13558 B8.03 6230]  661.78
DPRYTA12 {31705/89 9.55 15444 309.76 2698 160.13 60.02 201.09 17509 14428 9637 6297 693.28
DPRYIZI3 | 31705729 955 294.65 309.62 2705|1631 65.02| 20842 18738 154.90 10578 6552]  735.8
DPRIIZI4 | 3170589 9.56 294.65 30083 2a7|  163a7 70.10 200.86 194.69 163.06 114.08 67.0] 76249
BPBSTAS |31/05/89 957 20478 310,03 3710|  161.89 75.16 205,13 196.68 16879 12252 6814| 717549
[DPB97216 |31/05/89 9.55 294.65 3089 2713} 16344 7908 20594 200.15 17591 13042 7055 79702
[DPCII217 | 33705785 Sss| 25485 30989 2650]  16324|  BZ17|  205.54| 20003 19791, 13302 7120] 80143
DPB97300 |31705/89 9.56 280.28 281,09 2677] 16450 0.0 61.08 60,79 60.60 6136 66,89 3147
DPBY730Z | 3170589 9.58 279,12 250,93 2677 16151 9.98 6137 6072 60.29 50.76 60.08| 31031
DPBITIE |31/05789 9.56 260.28| 30221 2678 16353 2010 63.85 6295 62.18 6243 6139 32012
[TPR97306 | 3170589 9.56 280.42 0949 2676] 16637 3006 79.26 6630 65.22 65,05 6383 34783
DPBI7I08 |31/05/89 9.55 28130 309,62 2676  160.62] 4004 125,01 8842 6212 62.01 5032] 41131
DPRITIN | 3105789 9,56 281,77 309.69 2676]  1634B| . 44.96 148,17 10881 68.10 54.06 G24| 460465
[DFBSTATG |31/0589 9.5 28151 309,69 2676] 16343 50.08 164.27 126,12 7676 7| 6232 503,65
[GPB97311 | 3100589 .54 78184 105.56 2679|  166.78 5512 176.62 13840 85.30 63.57) 6115 540.01
DPBITNZ {31/05/20 9.56 281.77 300.60 2676 16434 60.04 190.54 15136 101.69 6632 63.05 58345
[GERSTIIS | 31705789 9,54 281,91 309,62 2676] 16591 6522 203.52 16444 11647 6946 A 63033
DPRY7314 |31/05/89 9.56] 28191 309.83 2681 16301 70.14 206.1% T202|  127.89) 139 6282 651,68
[DPBI73Ia | 310580 9.53] 28191 309.35 2676 16463 7094) 20733 173.52 190 7201 6292|  656.88
DFBSTAIS | 31705089 955 281,91 309.53 2678] 1623|7496 205.71 175.26 137.51 7572 6198 67217
DPRSTAIG |31M589 5.56 28191 30976 2678| 16237 50.06 205.94 186,95 146.44 8193 6237 6965.12
[DPIS?I1T | 31/05789 9.55 28232 Y 2681] 1618|8506 208.71 1950z 15554 89.88 09| 13.00]
DPCSTAE | 3170589 9.55 282,25 10983 2677|  16420 8910 20531 197.38 156.67 9554 6419 735.08
DPBY7500 | 20009789 9.52 252.78 2422 876| 16705 0.00 56.64 5783 5718 5718 5562]  ze8.9
DPRYIS05 | 2009789 [X3) 352.7) 260,38 %77| 16583 5.04 56,75 5775 S7.02 5695 5526 28665
[DPRSISI0 [Z0R09/85 osz| . 25278|  266.18 276]  165.57 9.98 5655 5755 5702 5684 S508] 28507
[DPBRITSIS | 20709789 9.52 25278 TNO WIA} 16558 15.00 5744 58.10 5714 5679 5405 286,94
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DPBS7520 | 20/09/89 952 252.6+ 27763 EX il I 2018 57.68 58.29 5125 SEET .89 IR O
DPB97523 | 20/09/80 9.52 252.50 283.00 7876|  165.00 7456 5825 SR8 5TAE S6.RY K7 TER56
DPBY7530 | 20/09/89 952 25230 28656 I8E6| 16512 29.5% 853 5895 GAT) 710 [TE ) 29011
DPRY7T535 | 20/09/39 955 25230 29428 2898 15228 3506 X 58.33 5653 5601 375 W
DEBO7SI0 | 2009789 .53 25330 299.72 503]  16243]  4C.18 81 SE6% 5694 56.09 3.67 780
DPBYI545 | 2009789 952 25243 304,50 2908 1633s 4500 §0.62 39.98 TE10 5605 s3] e
TPRGTSS0 | 2009789 952 25278 308.55 2911) 16200 5004 945 59.60 57.56 5632 5370 3008
DPB57555 | 2/00/8% 952 25278 308.58 2031| 1621a] 5530 90.86 SLIB 845 5697 TR B0
[DPB97560 | 20709729 9.52 75278 308.58 230) 16241 6016 1412 6512 S8.48 STOR [HAT) 35436
DPBo7565 | 20/09/89 952 25337 30888 2928] 163,13 6396 13241 7502 02 7.57 SIAB|  RT
DFBYI570 | 20/09/89 952 25290 308.58 2932|1638 70.08 148.57 5038 5015 SE6% 3543]  4IRAL
DPB7575 | 20/09/89 952 252.50 308.88 293%] 16243 7522 150.98 106,39 6204 S7.80 4T FYTYE)
DPBS7580 | 2709785 952] 25230 309.02 294a] 16235 50400 7160 1355 6531 5793 S158 377 0%
DPES7581 | 20/09/89 952 25250 309.02 2950] 16388 B5.18 18257 13786 7157 58.69 sss1| siie
[DPBG7590 20/09/89 952 25344 309.08 20.61] 16334 8998 18626 4713 79.22 882 518 53103 ]
[ DPBS7595 | 20/09/89 952 352,64 309.22 2974]  162.89 95.60 175.16 15171 996 5941 5543 40,30
DPCOTS97 | 20/05/89 9.52 25271 0.2 2991 16830 9785 163.48 155 95.88 60,53 55,78 SI5T
DFB97400 | 20/09/89 5.52 o] 2nal 053] 16392 0.00 5617 570 $6.60 5658 55.02 286,36
IDPB97405 | 20/09/59 .53 270,00 277,56 3020|1637 5.06 5675 S8l 57.02 5693 5526 THR.67
DPB7410 | 20/09/89 952 27034 28333 3035|  163.02 9.96 57.00 SEA8 5710 5695 SS08 268,96
DPBYIA1S | 20/05/89 5.52 2H0.28 288,96 3032{ 16288 1504 GiEE] 843 57.29 X ssan|  2svsz
DPBG7420 | 200589 9.5% 27041 254.24 3035) 16316 70,08 SEAL 59.21 5760 5710 55,08 291.56
DPBY74Z5 | 2009789 953 27034 79958 3036] 16251 2498 SREY 5991 5795 5728 S5a5] 29300
DPE97430 | 20/09/89 .53 27048 304,64 3041 163.73 30.08 5045 5102 5910 5832 5598 29935
[DPBO7435 [20/09/89 9.52 27048 308.28 3041] 16291 3510 68.93 61.06 89 5793 5549 307.14
DPBI7430 | 20/05/89 552 27048 308.68 3046| 16336 4018 9317 62,95 5941 832 3572 TR.55
DPB97445 | 20/09/89 9.51 27048 308.82 3051 16208 4484 11402 7145 59,25 58.09 5534|3634l
DPBS7450 | Z0r09/8% 952 27043 30588 3052 16335 30.04 13247 8830 5075 50.08 Seaz| 4008
(DPBO7455 | 20/09/89 9.53 T7048 308.88 3062|  16396] 5496 14%5.9 10681 6399 S0.67 56.71 FYIKT)
DPEG7460 | 20/03/89 952|255 308.88 3062| 16376 5992 162.60 835 69.72 59.62 56.61 476,51
DPB97465 | 20/09/89 952 27048 708.58 01| 16360 65.12 17558 T37.2% 79.05 39,98 56,16 1404
DPBS7470 | 20/09/89 9.53 27048 0.2 3086 16483 7022 187,36 149.44 90.03 6162 3770 $52.13
[DPB97475 | 20/00/8% 952 77068 309.02 3087) 16656 7450 193,70 15848 101,50 6230 S741 579,54
[DPB9T4R0 | 20/09/89 vs3| 27045 309.29 3083 16439 802 197534 16802 a1z 6422 STAG 607,53 |
DPBO7485 | 20/09/39 953] 27096 309.22 3086] 16249 500 16375 173.76 12482 66.48 56,56 621,10
DPBI7490 | 20/09/89 9.53 27096 309.29 3099] 16385 90.02 193.3 179.57 134,28 70,53 36| 672
DIPCS7495 | 20/09/89 9.53 27056 309.35 3095] 16414 9443] 18770 1715 140.98 73.05 5152 645.05
[TPB37300 | 2170089 9.51 28256 284.76. 3025] 16456 0.0 38.08 5621 5833 3843 STI2|  20As
[DPB97305 |21/09/89 952 282.85 290,39 3021 16382 5.08 58.25 5841 5837 SB.27 STAT 29K AR
DFBETH0 [21/09/89 3.51 283.00 295.66 3015) 16421 1010 59.52 5037 59.25 $9.10 Sg1z|  JUMA0
DPBY7315 | 21709789 9.52 283.00 30086 3020] 16416 15.08 0.04 3975 5941 59.08 5801 303,30
DFBYT320 | 24/09/89 9.51 28320 305,99 3027 16354 2008 6050 5002 59.60 50.08 STHH 304,54
[DPBST3Z5 |21/09/8% 5.51 28313 30841 3023 16204 2454 7291 60.25 59.56 ETH 5757 37,55
DPB97330 | 21/09/89 952 283,27 308.82 3020  164.12| 3000 99.29 .87 6133 G040 SHE7| 35475
DPB97I35 | 2149789 952 283,27 308,38 3026] 16273 3504 118.04 [7%7) 8.4 5908 TH14 389.09
DFB7340 |21/09/9 9.52 283.27 308.58 3022| 16404 40.06 13559 18627 6580 6071 887 avisz
DFBY7335 | 2L/0889 9.52 I 30895 3026|1687 4498 15181 1i8 20 7472 6136 046 37566
DPB9T350 | 21/09/89 551 283,33 308 58 3022] 16352 5004 16543 .78 ¥780 8118 S8.6% S14.33
[ DPRI7355 | 21/00/89 551 253.27 308.58 3015 16340 5508 17778 43,36 T00.69 287 35 .54 35209
DFBY7360 | 2170959 9.52| 28320 30922 2981 16422 60.00 186.28 15475 11259 65.93 9,52 S 37 |
DPBY7265 |21/09/89 9.51 283,43 308,95 0B1|  16266| 6508 195.24 T63.98 357 6985 SKT1 61904
DPB97370 | 21/09/89 952 283.27 309.29 272 1638 7012 198.73 17422 134.13 7562 50.60]  6s1u7
[DPBIT375 | 21709/89 933 28320 309.29 9720 1697 75.06 196.13 18341 YT w7 9.26] G|
[DPB97380 | 21709789 952 28340 309.22 2578  163.62]  B80.04 195.67 16753 14932 8990 50.06 L8
DPB97385 | 21709789 552 28333 309.15 2978| 16331 8512 151,28 189.2 15390 9770 S017 702,15
DPCI7390 | 21/09/59 9.51 283.33 3935 2574 16286 8757 15597 15541 15586 10229 c050] 70651
DPBY7200 | 21/09/89 952 295,19 296.61 3057| 16213 0.00 819 3837 $8.64 58.74 796 2094
DPB37205 | 21/05/89 952 29505| 30215 3091] 16210 5.06 5895 895 5851 3897 504 Vo166
DPB97210 | 21/09/89 953 295.12]  307.00 3084 16220 598 5087 3071 5948 50.39 527 0396
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BPBYI215 |250orss X7 295.12 308.61 3094] 16498 15.06 B058 5251 5191 6154 §032]  335A2
[DPBGT220 | 21709780 952 295.12 306.52 3055 16419 1954 101,71 8053 5199 5095 S9.00] 37235
[DPRI7225 |21/09/89 952 29459 308.75 3056F  162.88 2510 72001 9884 7036 60.63 59.10 417.95
DRBFIZ0 | Z1/9/m% 952 29476 0658 3097f  163.16| 3002 13582 112.08 8388 61.28 5931 613
[ DPRITZS |21/09/89 353 29492 308,95 3059 165.06 3394 153.94 12686 98.50 65.52 61.02 51548
DPEYIZA0 | 21/09/89 9.52 293.05 305,88 09| 16343 3994 166.18 13782 11020 7061 59.93 [Ty
DPBYI2A5 | 210959 9.53 295.05 309.08 Ra0| 1622|4504 T84 149.59 120.70 7770 6069 597.15
DPB97230 | 21/09/89 951 295,12 308,88 3112|  16898 50.00 18920 16133 130.97 3634 6141 3859
DPB9T255 | 21/09/8% 952 25492 309.15 3115] 16149 54.96 19065 16745 13656 93.59 w040]  659.19 |
DPBYT260 | 21/05/89 9.52 295,05 309.15 313| 16498 60.00 19942 17566 14759 102.68 63,13 703.05
DPBFI265 | 21/09/89 9.53 29485 309.35 3122 16392 64.56 19590 15399 15321 109.72 &5z 71749
DPBZIZIC | 21/09/89 9.52 75499 30929 38| 16292 7042 19111 1875 159.44 11135 6479 73045
[DPB97275 | 2170989 7.5 254,12 309.35 3128|  16238] 7508 189.55 189.11 16518 1846 G648 74431
[DPBITZA0 | 21709789 952 254.78 309.35 3NI9f 1689|7596 191.63 T91.61 17204 13073 69.59 765.96
'DrCo7285 | 21/09/89 952 29472 0929 S| 16406 8248 19261 192.07 175.30 13447 7128 77602
DPRTIIG0 {21/09/8% 952 30538 30700 3199|1638 0.00 6050 60.95 6087 6115 6024 L8
DPRYII08 | 21709789 9.52 305,52 30852 99| 16344 508 8059 7476 3.8 6312 61.02 349.56
DPBITIG |Z1/09/89 9.51 305,11 308,82 TEI| 16204 1014 5894 8926|707 GIB 59.62 39707
DPEFILIS | 21709/89 952 305.01 308.58 3196|1639 15.00 T18.10 10439 9030 7180 110 502
DFEYTL20 [21/09/89 9.51 305.11 308.82 99| 16528 2008 137.78 119.89 103.04 .02 5253 51548
[DPR97125 |21/09/89 9.51 305,04 308.88 3207]  164.68 258 152,79 132.05 1281 5130 6391 561,94
[DPB97130 | 21709789 951 305.52 308.75 3204] 16398 30:08 16554 143.32 1216 99,72 6697 607.53
[DPBY7135 | 21/09/89 951 305.01| 30895 3200 1643 35.02 17687 15560 13201 10733 7032 653.70
DFES7140 | 21/09/89 952 30545 308,95 202]  16A7| | 4019 18770 16541 140.67 11445 1335 692.08
DPBYTIAS5 | 2109789 951 305.18 309.02 3213|  16277| 4500 189.78 170.76 146.05 TIET8 7635 .13
DFBITIS0 | 21709/8% .51 305.11 309.02 3212]  1e:8 990 19538 T79.18 15425 12512 7939 TA316
DIPBOTISS |21709/89 9.51] 30545 9.2 3206| 16242 S4SE| 19290 183.45 16102 13094 .16 76249
DPBYI160 [ 21700789 952 305.04 0.2 3218 16249 59.86 191,80 16734 16718 136.00 8705|7798
DPBS7165 | 21/09/80 9.51 305.04 309.15 3218| 1622|6546 19192 190.72 17333 142.18 9157 B00.58
[BFRg7I70 | 21700/89 952 305.04 029 22| 16287 7014 190.76 18945 1T79.18 147.01 G588 81299
[DPBY7175 | 21/09/89 951 305.25 309.35] 3222| 16245 75.06 190.82 185.88 18180 150.73 100.11 819.63
DPCITIBG | 21/09/89 952 20504 30935 3232|  162.55] 7697 19094 184,88 18230 151.54 1017 82136
DPBOGA0C | 21/09/29 9.51 283.06 WAL 3274] 13991 0.0 a7 4443 4433 843 %310 27131
DPBIGI0S |21709/89 9.53 253.54 29187 3279] 14074 518 4A40 2436 44,63 4458 2381 22865
DPBIG3I0 [21/09/89 952 28340 79769 3280 14020 1002 34.63 25.02 24.63 2448 4355 22923
[DFB%6315 | 2105789 552 26293 B2 3276] 1395 15.02 2521 4529 471 24.53 4349 3038
DPBSE3Z0 | 21709789 952 282,18 305,08 3279| 19.29 1992 4643 45.63 2498 2458 43 232.69 |
TPB96325 | 21709/89 251 28238 308,61 3283 13889 2502 68.64 3710 4525 @ 4344 256,64
DPFBSGI30 | 21/09/89 9.53 782.86 308.88 3277|1394l 3008 8636 6226 4556 2516 B0 g
DPBI633S | 21709789 9.51 279 308.38 B[OIf 13748] 3542 0027 7891 5037 3425 4234 32445
DPBS640 | 21709759 351 | 0882 O] 13941 4029 11643 9288 6152 3578 07 36859 |
[DFB96345 |21/09/89 9.51 28340 308.82 B3| 14128 2498 130,16 T04.85 7391 a8.04 45.25 410.16
[DPB96350 | 21/09/89 0.52 283.21 308,58 3287]  139.78 50,04 138,07 113.66 811 45.83 44,56 43930
DPBIE35S | 2170989 9,51 260,33 308,88 3285 14149 5516 14719 125.08 9492 54.66 4547 47595
' PR96360 | 21/09/8% 9.52 .07 300.15 3288|  139.53 5558 T46.61 131.05 101.00 59.8 FTLTE T
IDP096385 | 21/09/89 9.51 283.33 308.95 I283| 14240 6394 15134 14144 11004 66.32 46,19 52404
DPBI6II0 | 21709/89 9.53 283.20 3.2 3290 14100 70.00 145.02 14502 11893 7281 4614 33424
DPC96375 | 21709789 9.52 w3 0.0 32382] 14120 75.06 14124 146.48 119.24 8032 4637 542.89
[DFBS4I00 | 2270989 955 283,06 284,15 3007 98,54 0.00 2420 2497 2439 2464 24.00 12274
[DPR94305 2209789 9.56 382.79 293.43 3013 DE25 510 2466 2532 2509 24,50 2422 124.48
DPBS3I0 | 22709789 9.55 283,00 30174 3045 97.65 9.98 2484 2543 2513 2479 2409 12448
DFBS4315 | 2200989 9.56 26286 30861 0,14 97.09 15.04 7790 25.51 2503 2474 358 127.65
[DPBMII0 | 220085 .55 75079 308.95 30.18 9850 19.94 7250 332 2609 25.60 2477 151.02|
DPBM325 |22/09/89 9.54 283.00 3895 30.18] 10,10 25.00 3514 475 29.74 2657 2591 18338
DPB54330 | 22/09/89 9.54 282.79 300.02 3025 98.57 2598 64.26 5244 37.40 2612 2430 206,14
DPBMIIS | 22/0089 9.54 28272 309.15 3030] 9796|3498 7101 60.14 4540 2768 2443 23038
[DFRO43A0 | 2270589 955 28320 30935 3029 10L07] 4004 79.20 70.14 5348 3246 2598|2620
DPBM3S | 2209785 9.55 78286 535 3037 9795|4496 7695 EZRE] 571 3637 2464 ZN.36
DPBIIS0 | 22009789 9.55 283,13 30935 3041 10033| | 50.06 78,86 S1.18 5426 4282 2604 29531




DPBO4355 | 22/09/59 955 252.93 A2 3045]  101.56] 5510 7616 8561 6930 3830 EYAT) 3050
DFB92355 |22/09/89 955 pke] 30529 3048|1053 5140 88.50 B749 68.68 3508 Y 12041
DPB94355 | 2209789 556 28353 309.35 3048] 10449 5334 86,94 2819 6999 3695 FTRH EIEY;
DPBI355 | 22709789 9.54 28313 3822 3047| 10354 5492 8596 8930 KR 39.10 W8 3305
DPB94355 |22/09/89 9.55 2| 39435 3050] 10847 5607 BAE0 8953 7218 50.01 SRS ¥3%.16
DPB94355 | 22009789 T 56 283.13 30935 3052 10446 5697 CER %) T261 5052 TRET 337,05
DPB34355 |22/09/29 9.57 28333 30935 3053]  104.86 5701 E3A1 8985 7253 S0.36 IROR EEES)
DPCH4355 | 22/09/89 955 282,79 302 3057] 10803 S6A0 B85 B0 7210 50,63 286 13474
DPBSA100 | 22/09789 956 G2 304,50 3114 97.46 0.0 49 853 7805 7799 a7 KXl
DPB94105 |22/09/89 9.55 306.06 3.0 319 9718 506 3534 3190 3140 TI68 YT 15435
DPBSA1L0 | 22/09/80 9.54 304.98 309,15 10| 9676 9.5% 3556 3253 7698 3207 2511 TRk
DPBS4115 | 22/09/89 954 30248 309.02 3095 96.77 15.00 717 394 36.55 30.56 22 18007
DPB94120 | 22/09/89 9.55 302.68 309.08 3051 97.65 1908 5398 S2.01 352 3588 A6 9.8
DEB4125 | 22/09/89 954 30336 30908 091 9945 2508 53.51 6310 N FEVE) 3027 75530
[DPB34130 [22/09/89 “9.55 516 309.22 3092 9720) 3008 5835 6850 5029 3856 409 260,59
DFBOA135 [22/05/89 955 30356 30935 3080|9815 3527 7101 73280 5657 5412 3801 V0483
DPBHT40 | 22/09/89 955 302.62] 30929 3087 9540 4018 7453 3045 73.68 K 3040 0.2
DPCS4145 | 2209789 .55 300.03 309.29 3079]  j0004f 4342 6564 7738 7402 a1.57 367 35708
DPB74500 | 26/05/39 7.01 22335 4.2 2423 99.07 0.00 2339 2297 39 2295 2290 10744
DPB74501 | 26/09/89 7.0 2291 234,77 2427 98.13 498 23,16 2278 23.20 274 2260 10601
[DPE74502 | 26/09/89 702 22291 24420 24200 10104 558 2484 2436 2456 2414 74.04 123
DPB743503 [ 26/00/80 TR 22291 25403 2430 9826 1450 536 2336 2363 FRET] 7298 106.01
DPB7a504 | 26/09/89 705 22277 26459 2424 9938 20.0¢ EYVE) 2304 2400 2331 2306 106.59
DPB74505 | 26/05/89 7.3 2332 27552 2418 97.53 25.02 2391 23.20 2336 2274 2251 10570
' DPBI4506 | 26/09/89 TZ| 2835 283774 24.26 99.93 30.18 2530 2347 24.59 2383 23.60 108.32
DPBT4507 | 26/00/89 7.3 22388 288.01 | 24.23 9930 35.00 3638 24.36 2463 2375 7350 119.57
[DPB74508 | 26709759 7.03 TBIA| 28800 2435 10095 2012 5548 2793 2257 2440 7394 14153
DPB74509 | 26709789 T2 223.81 287.88 2453 9943] 4498 7361 3990 24.63 24.01 23.52 17296
DPB74510 |26/09/89 70 2381 288.08 2469|1000 50.02 39.65 5248 2697 24,31 2435 205,65
[DFB74511 | 26/09/89 702 27358 758,08 2457| 10087 3508 103.27 &.60] 3167 2433 24.09 24914
DPR74512 | 26/0789 7.02 22388 28801 25.11 9939 5010 1204 8107 3013 a7 273 80.59
DPB74S13 | 26/09/89 7.03 223,53 288.15 25.01 9BAL 6500 1839 9200 4890 2443 2 WG
DPB74514 | 26009789 7.03 35374 288,15 25.05 99.07 700 12485 10242 57.87 2614 2037 14552
[DPB74515 | 26/05/89 702 28388 288.22 24.88 97.70 7498 12549 109.62 67.64 21.9% 2295 361.30
DBCTA515 | 26/09/89 Taa| 22418 286.22 2507 98.55] 7650 12474 111.89 7049 2898 23.00 J6TAS
[DPCT4515 | 26009789 7.0 22415 28815 2517 9821 76.23 125.61 T12.08 70.03 2890 2311 3TAY
DPCT45I5 | 26/09/88 708 22444 28832 2520 9947|7850 128.08 116.20 7401 3038 2365 a7
DPBT7300 | 26/00/89 702 25682 258,26 2578 168.00 0.00 5566 5560 55.60 5552 5531 25857
DPB77301 | 26/00/89 703 25565 26332 2503 16500 5.04 5641 5554 5501 5580 5547 250,52
DPBTI02 | 26/09/89 7.5 255.11 26854 kil BN 1010 56.53 55.98 5573 3557 518 260,10
DPBT7303 | 26/09/89 70 2551 274,17 2568 1683 1508 56,98 56.29 55.5% 3562 5508 759,81 |
DPB77304 | 26/09/69 70 255.59 28045 2595 16403 2010 5762 56,75 5633 55483 55,28 261 53
[DPB77305 | 26709789 7.3 25531 286,05 2501]  163.09 2502 5773 5651 5629 55.78 5502 262.12
DPBT7306 | 26/09/89 703 25548 288.01 2570] 16153 3012 L] 56,37 55.83 3510 sa22] 28030
DPBTI307 | 26/09/89 703 255,18 288.01 2575 16044 3492 11037 G145 5541 4.6 5373 16,60
[DPB77308 ] 26/00/89 7.03 285.11 288,01 2503 16216 40106 13755 81,95 56.25 35.67 34.61 0667
[DPB77309 | 26/05/89 7.03 255.18 288.08 2564] 16203 4560 163.98 106.62 CBET 3646 55,10 42199
DPB77310 | 26/09/89 703 25545 288,08 2563] 16190 50,04 187.01 12682 6714 55.78 54,97 rre
DPB77311 | 26/09/89 7.0 25552 285,01 2566 16283 5502 206463 14840 7972 56,9 5541 52759
[DPBT7312 | 26/05/89 E7] 25552 282,08 25.68]  161.19 60,04 219.56 165.79 9438 36,14 54,61 T AG
[ DPBTI313 | 26/09/89 70| 25565 28815 25.68]  160.77 65.08 230,70 18284 T08.93 37,72 448 61500
DPB77314 |26/09/89 7.03 255.59 28822 2571 16081 7022 23884 198.96 1256 6011 430] 65774
DPBTI315 | 26/09/8% T 255.59 28BAZ Z507F 16204 75,08 245.65 212.60 136.74 6528 4 696,70
[DPE77316 [26/09/89 70 255.65 28849 258T| 16162 0,10 243588 22430 149,71 143 a1 73046
[DPBTI317 | 26/09/80 7.03 255,65 28656 3576]  161.60 08| 24559 23216 159.90 TBA 463 75557
DPB77318 | 26/00/89 103 255,65 288.56 2571 16206 8995 25228 2928 166,10 86.50 5541 T92.9%
TPBTT319 | 26/09/89 1.03 35565 258,62 2578| 16236 9510|2535 24143 17348 9533 5637

DPCTT319 |24/09/89 703 25565 288.62 2535 16422 9615|2562 24378 175.26 5730 57.10]

[DFETTIZ0 | 26/09729 78] 02| B 2571]  16a20]  9683]  256.00|  ZARGD| 17580 5856 $7.05
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[DPFTT321 | 26009780 703 25607 288,76 2575]  164.10] | 9760 25350 243.78 176.53 10047 57.36 31299
[DPPIT322 | 2600989 703 556.07 288,67 2578]  164.21 98,34 25194 24401 17714 101.62 57.39 B13.57 |
DFP77323 | 26009759 ) 256.00 288.62 2553] 16418 59.02 249.74 24397 17735 103.17 §7.70 81443
DFPIT324 | 26/00/89 Tl 255.93 288.69 2583]  16474] 9965 247.67 243,50 17872 108,45 5801 B13.57
DFPTT32S | 26700759 703 25593 258.62 2575 1636¢] 10037 24386] 24240 17830 105,59 5793 B16.10
DFPT7326 | 26009/89 T2 25614 288.62 2570 164.11] 10090 243.11 24236 178.99 106.99 58.19| | 81097 |
DPPTT3Z7 | 20959 7.0 256.01 268.62 2573 1620|130 LB 24250 17953 108.24 T843 B1241
DPPIT328 | 26009789 7.3 256.00]  288.76 2579)  164.68| 10213 24161 24159 17949 109.25 5851 81213
DPPTT329 | 26/09/80 7.03 756.04] 28876 3578) 165.06| 10287 2022 TAL.09 180.07 110.50 581 81241
DPP77330 | 26/09/89 7.08 TEA4] 28896 2580 165.17]  103.50 23082 ZA0AT 17964 L2 5910 B11.6%
DPPT7331 | 2609789 Tm[ 25614 Z88.76 2580  16580]  109.20 33826 T9.66 180.25 3.2 5934 1241
DPFI7332 | 26/ua/mt 7.0z 256.14 268,90 2586]  164.69| 10486 23182|  237.20 179.75 114.50 59.02 B06.35
DFFI7333 | 2609/8% % 256.14 26853 3575]  16484| 10553 232,55 236,78 170.84 T15.64 59.00] 80545
DFFI7338 | 26/09/8% % 256,14 25853 2575]  166.02] 10619 B LI 180,57 116.73 59.83 307 22
DPFI7335 | 26009789 708 256.14 28853 2569]  16602] 10688 093] 23624 18045 11811 E0.01 807,51
DPP77336 | 26109789 7.0 25607 288.76 2571|  166.60] 10740 228.39 234,32 18037 119.28 6040 80408
[DEP77337 |26/09/89 70 256,14 788.76 2572|  166.60| 10801 223.02 232.05 180.54 121.08 60.76 798.85
DPPT7138 | 2609789 762 256.14 28B.56 2573]  166AT| 10869 22204 22162 18045 1273 s021] 78817
DPF7I339 | 26/09/89 7.m 256,14 268.76 2568]  16697| 10939 25.60 214.92 T80.60 12337 a.18 78731
DPPT7340 | 2600089 7.0 256.14] 28853 57| teeas| 11042 20354 205.11 T80.10 125.56 61.08 T76.63
[DFrrT341 | 2600989 703 256.04| 28876 2509]  16670] 11033 22447 202.31 180.18 12655 §13a| 77634
DPB74300 [ 27709789 704 25415 25518 2288|  105.07 0.00 2674 LT 2655 2633 2620 120.09
DPBIAI01 |27/09/89 705 25430 26594 2284 35,65 res 2331 .22 21| 2277 2265 1082
DPB74302 | 27/09/89 704 254,63 275.18 2293 5988 796 2518 2320 2493 24.53 2435 12044
[DPi74302 | 27/09/89 705 254,70 775.25 2283)  100.11 996 2513 2320 24.93 2456 2430 119.85
[DPB74303 | 27/09/89 7.05 255.11 264.69 75| 0.z 1502 2536 2320 74.89 2448 24.20 119.86
DPB74304 | 27709/39 705 255.11 288.15 T285] 10014 2006 3782 3347 2520 24.69 2433 T340
DPBTA305 | 27/05/89 704 25538 268,08 2283] 10029 2454 56,06 3521 2536 24.87 2443 164,30
DPR74306 | 27709/89 7.05 255.59 288.15 2275] 10154 30.02 7452 5160 0,59 2521 2485 203.56
DPB74306 | 21709789 705 255.65 285.15 2281 9981 3022 7366 5133 3082 2453 24320 20239
DPB74307 | 23/09/8% 704 235,50 268.15 2294]  100.53 35.10 2B.09 65,60 2102 7543 2463|  24L50
BRB74308 | 27/09/89 704 25552 288.15 22.99 99.76 30.08 97.04 T84S 5104 2690 24,27 27597
DFBT4308 | 27700789 7.0 25545 288.03 307 9971 4016 97,04 7838 5110 2602 2422 27597 |
DPB74308 | 27/09789 7.05 235.52 28842 23051 10045 %496 10871 8949 6114 3077 2448 308,87
DPBIA310 | 27700789 | 7.05 25565 288.35 3336]  10L13 5016 Tiz2 99.54 7195 3682 24.66 34321
DPB74311 | 21/09/89 7.05 255,65 288.49 2326) 10075 a7 116.89 10631 8045 4243 2490 369.76
[DPB7312 [27/09/89 7305 255.65 28849| 2330 99.98 60.00 119.26 11281 BO.38 3892 25.26 39428
[DPCTam2 |27/09/8% 7.05 25559 28856 2333 99.49 8356 1776 116.66 9453|5313 2575 30611
[DRCTaN3 | 27/09/89 7.04 255.65 28842 30| 10045 52.63 119.43 118.97 97.19 “54.59 26.30 41535
DPPI&3N3 | 27705789 7.06 355.65 288.56, 2328| 10049 6524 T19.20 119.62 97.61 5541 2630| 4169
DPP7A31a | 27/09/89 7.05 255.86 28849 T3 10016 6,00 119.37 12002 DEEL 5645 2643 419.97
DPP7431S | 27/09/89 7% 35593 28849 2332 10130 5652 T20.87 12197] 10031 57.57 2692 426,32
DFF74316 | 27/09/89 704 295.19 288.56 2344] 10080 5732 120,06 12195 100.77 58.19 2682] 42632
DPF74317 | 27209789 7405 356.07 28856 2338] 10034 6795 19.03 12224 101.46 59.05 2708|4278
DPPTA3I8 | 27709789 704 255.86| 28849 2326 9947 BE.50 T17.2 12224 102.04 59.83 13| 426.60|
DPFT4319 | 27/09789 7.04 25586 283,42 s ECEE 6848 12312 12455 10331 59.96 2765 43641
[PP7a3z0 | 27709/%9 704 256.00 28BAY 2313 9948 6762 11874 121.55 100.88 5913 2679 35,74
DPP74320 | 27/09/89 7.08 256,14 288.56 2301 hazsz 6848 125.65 12562 10415 60.61 2778 33247
DFP74321 | 21/09/89 T4 23607 288.4) 23.08 9086]  60.18 TIB.51 122.51 T02.51 60.76 2608|  429.78
[DFP7a352 | 27709/89 705 256.14]  288.56 2308]  101.05 89,13 12030 124.39 104.00 5149 44| 43699
DPETa3L3 | 27/09/8% 7.05 256.00 288,49 24| 10136 7041 TIE 51 125.16 10489 6222 2073 457157 |
DPPT4324 | 27/09/89 7.05 256.00 288,62 2305 10107 7101 11533 12547 105.92 63.28 7799] 43699
IDPPT435 | 21705780 7.05 256.14 258,69 221] 10104 108 11400 12552 10635 6409 2820 437.57 |
DPF74326 | 27/09/89 7.05 256.07 28856 2304|1098 244 11251 12635 106,89 64.76 2822|4815
DPPIa3ZT | 27/09/89 THR 25593 288.56 BI6[ W12 7307 T15.68 12724 107.16 6549 B38| #4190
DPPI38 [27/09/89 7.05 25600]  288.56 PR 9985|7369 11245 12593 107.00 66,17 2BAGE  438.72
[DPe7a329 |27/09/89 705 25614 28836 2306] 100,09 74,36 TiL70 126.28 107.69 6695 2873 43988
[DPFIa330 | 27709789 704 256.14 288,36 2306] 10118 7492 1285 15.66 10885 6178 2900]  444.78 |
OPPT4a31 | 21705780 708 256.06 283.56 27| 10z 7561 11198 125.68 1551|6862 2935 ErIRTY
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DPF74331

2705789 TR 3607 28856 7336 99.51 7550 109.96 .12 TeA CRAR X EYTR ]
DPPI4332 | 27/09789 104 255.14 288.56 Baz| 10117 7633 11291 129.55 TLER 9.5 Ty 07
IDPP74333 | 2770989 705 255,19 288.56 2[a1) 10058 7691 1112 128.28 11036 0985 2970 HESY
DPP74333 | 27709789 7.04 255.79 28856 2323]  10080 77,66 10877 12285 10993 6928 NS0 s
DPP74333 | 27/09/89 7.05 256.07 238.69 2325) V1.6 T804 10627 2.0 110,70 7015 = 3670
DPF74336 | 27/09/89 704 756.00 28856 2330] 19201 78.83 106.79 12331 112.50 7216 3342 oy
DPFIa337 | 2T/0978% 7.05 256,07 788.56 B30 1005 7935 106.10 11231 TiLa? 7.2 098 34080
DPP74338 | 27/098% 7.04 256.00 28856 B38| 10075 8096 110.02 1581 1216 TS s 31 90
TPB76300 | 2770989 7.05 258.05 259.15 2409|1334 0.00 3892 3902 3875 Imeh A5 18928
DPB76301 | 27/09/59 7.05 25791 266.66 2400]  133.24 502 3932 3540 .90 T84 353 ]
DPB76302 | 27709780 7.05 25798 2182 24.08] 13443 1010 a1 3021 39.70 3943 30,05 19479
DPB76303 | 27/09/89 705 257.98 280.75 2418  1%12 15.02 3082 4063 4013 39,65 920 9002
DPB7620¢ | 27709789 708 35798 287.07 EYRYY EETT AT 1990 3256 3248 99 A 3077 0527
DPB76305 | 2709789 700 758.05 288.08 22| 153.66 514 6610 3098 3044 975 ETRES T2TAR
DPB76306 | 2170589 704 25791 288.15 2A23| 13671 3004 90,63 5593 209 3.5 07 207 60
DPB76307 | 27/09/89 7.05 25785 288,15 221|  13%26 35.27 11239 7872 FuT) 3007 a6 ¥0.60
[DPB76308 | 27/09/89 7.05 257.01 288,28 A3 136.01 39.98 13230 9642 5187 na 3077 350,06
[DFB76309 | 27/09/89 708 25711 288.22 24.15] 13208 4488 4471 EFET GEL 3023 .36 746
[DPBT6309 | 27/09/89 7.04 257.98 288.15 2420] 13335 3496 14471 T12.58 6595 004 1510 9115
DPB76300 | 77/09/39 7.05 25785 288.28 2425| 13293 5029 15590 129.66 7945 4199 W0 40T
DEBTE310 [27/05/89 7.05 35137| 28842 M2t| 13239|  soal 156.5% 12973 7941 nm 097 FYI]
DPE7s311 | 27/09/89 7.03 258.05 288.15 37| 13352 LTYT) 166,52 134,75 9192 35396 A2 I8LHT
DFB76312 | 27/09/89 705 258,05 288.56 2427|1350 6004 175.10 15806 109.58 5152 3081 531,56
DFB76313 | 27/09/89 7,05 25791 288.49 241|  125.19 65.04 15199 168.72 116.31 583 19,96 S50
[DPB76314 | 27/09/89 T05| 25805 288.56 2445 13482 7008 18389 17580 136,20 6548 1599 S8S.03
DPB76314 | 27/09/59 7.05 258.05 288.56 2437| 13462 70:04 183.55 17576 126.12 66,01 .96 583,74
DPBI6215 | 27/09/89 7.05 258.05 288.56 "A| 1:6 75.04 18534 8245 13536 T358 2045 61042
DPCIENS | 27/05/89 705 258,05 788.56 2443 13564 79.73 185.74 18768 14209 Bi.13 a152 &3 4%
[DFP76314 | 27/09/89 7.04 258.12 288.56 24.58| 13638 7832 15013 8945 14209 7980 4181 616.68
[DPP76315 | 27/09/89 7.05 258.53 288.56 2503) 13603 79.24 189,24 189.41 142,36 8053 N 637.26
[DPPT63LE | 2770989 704 258.46 288.56 2507| 13576 79.82 188.91 189.88 143,55 82.03 4211 639,24
DPETE317 | 21/09/89 704 258.33 288,56 2530] 13583 8043 187.65 189.69 144,05 8276 0 %]
DPFP76318 [ 27/09/89 704 25846 288.62 T538| 13533 8121 187.65 189.95 144,21 8315 204 5043
DPFT6319 | 27/05/89 785 25839 288.62 2548 13533 8174 186.61 18991 143,50 8447 1214 B85 |
TPP76320 | 27/09/89 7.04 25846 288.62 2559 1365 8232 19058 193,11 146,67 8535 Azt 552,55
DPFI6321 | 27/05/89 7.04 258,39 288.69 2575| 13680 E322 189.61 193,588 147.21 8659 4301 653,70
DPFI6322 | 27/09/89 704 258.46 288.56 2592| 13641 B3.67 189,15 19392 148.09 ¥8.14 w326]  65507
DPFTG3 | 2109759 7.06 25853 258.69 2612| 13651 B34 187.88 19446 14750 #R.O3 A7 63515
DPFI6324 | 27/09/80 705 25846 288.56 7625] 13546 B5.02 178.99 9231 14790 0.03 4297 46,20
DPPT6325 | 27/09/89 7.05 25846 288.62 2642| 13549 B580 7.4 19222 148,40 5098 .16 4 AT
[DFF76326 | 27/09/89 7.05 258.53 388,56 2655] 13548 8641 17599 192.69 149.09 9214 4341 646,78
[DPF76327 | 21/09/89 7.04 258,46 288,36 2675{  135.50 BT 1547|1930 150,13 9381 3057 0.0
[DPP76II8 | 27/00/89 7.04 258.53 288.56 07| 13574 775 174.60 19345 150,63 9445 33,02 649,95
DPFIG329 | 271/09/89 7.03 25853 258,56 2727] 13570 8832 173.16 19305 15143 95.67 4396 6H.24
DPP76330 |27/09/89 705 258.53 28B.69 2735] 13561 9.0 17241 92,80 151.98 9653 Yy 65082
[DPP76331 | 27/09/89 7.05 258.53 288,76 278 136.73 89.75 17237 194.99 153.29 GIAY 44.53 657,17
[DPP76332 | 27709789 7.04 258.60 288.76 2744 13653 3047 17281 104.07 153.90 9836 e 65778 |
DPP76333 | 2703789 7.06 258.53 288.90 27.62] 18547 .09 166.98 189,76 152,56 99.23 FYRY) 643,33
[DPP76333 |21/09/89 7.06 258.53 288,83 27.64| 13544 91,74 167.16 189 58 153.25 100,11 44.53 54193
[DPP76335 | 27709/89 704 258,53 288.62 2782] 13503 92.40 166,73 189.61 154.02 101 36 44.66 6493 |
DPP76336 | 2109/89 7.05 258.53 288,76 2193 13496 9297 168.60 187.99 153,10 10206 [TY7) 648,22 |
DPFIEIST 27709759 704 258,53 288.76 2797|1345 93,59 165.43 187.07 154.63 100,12 44.95 648,51
[DPP76338 | 27/09/89 7.05 258.53 288.50 2798] 1352 94,34 164.73 18509 134,71 10401 45,10 64193
[DPFI6330 | 27709785 7.05 258,53 28863 2798 13486 5452 16357 15458 155.21 0817 FLyT) TR
DPP7E3a0 | 27/09/89 7.04 258.60 288.60 2805|1348 9553 164.79 183.25 15535 106,29 4560 .0
DFFI6341 | 21/09/89 705 258.67 288.96 B14f 13476 96.25 16641 17941 15548 17.m 4556 647,64
DPPT6342 | 2709789 T 258.53 288,76 14| 13440 9651 16502 17656 155.94 T08.2¢ 607 644,51
[DPPI6343 | 27709789 7.06 258,60 288.76 28.15] 13509 97.52 169,54 17422 15558 10,17 4627 Tr
DPFI6344 | 21/09/8% 7.08 25874 269.03 28.10] 13564 9820 7.2 V1587 15633 110.37 637 5140
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DPF76E45 | 27709789 7.0 25887 28850 2822] 13586 JBBS 17276 174.02 156.64 1.5 4T05] 65313
DFBT4100 | 27/097%9 704 281,30 Z52.18 2985]  102.2% 0.0 1774 797 1753 17.60 1750] 85231
DPBT4101 | 20989 704 28103 28801 2984 99.28 156 2987 2563|2293 2243 2235 118.99
BPR74102 | 27/09ra 7.05 28218 28822 2999] 10055 1021 53.06 a7.10 37.98 2879 2495 167.38
GRS 705 235313 288.22 o] 100,70 15.04 §5.58 6172 4B67 3759 2556 235.57
DRRTAI0N | 27709789 705 96| 2E8.06 3018 55.00 1954 B0.13 7503 [FXT] 23.03 2807 27945
[DFR74105 | 2709789 T 26374] 28815 3032 9936] 2502 8942 8599 TI.68 5396 H25| N2
DPBTAI06 |2/09/m9 705 28822 28815 3050]  9798|  30.04 9330 91.96 79.68 60.74 3B74|  361.68
DPBTAI0T | 23709789 708 Z85.03 28828 048] 10246 35.00 Tos.60]  100.65 8942 9.70 4325 40381
DPB74108 | 27/09/89 7.05 784,76 258,28 3057] 1013 4004 107.19 103.69 93.19 7416 3627|  419.68
DPBI4109 | 23/09759 705 285.10 28835 3063]  1003z] 4510 10939 0.3 97.96 79.93 @70 e
DRBTAI09 | 27/09/89 7.0 38540 288.35 3066 1012|4512 107.94 107.96 975 79.02 4915 33728
BPCTANG | 27/09/59 704 285.10 28842 3066 99.89 5025 106.39 .z 10031 B338 S83]  a49.01
DPPIA108 | 27/09/89 7.04 78508 28842 059  9982] 4002 108,75 .00 9958 8284 5160 44940
DPFIAI00 | 27/09/89 7.05 75238 288,18 306af 9692|4997 120.79 12095 106.59 83.65 4990] 47993
DPFIa110 | 27/9ms9 7.05 2%5.10 288,35 071 10esz] 5037 11845 11824 10504 §7.62 5453 48057
[DFP7a1L1 | 2709780 704 283.06 288.22 30.68| 10203 51.62 a2 12120 106.73 87.05 52.04 8432
[DPP7aIIZ | 27/09/89 T 28191 28849 T081| 10234 530 122.55 12278 107.93 86.63 5030]  486.63
DPF7aIN3 | 27709789 704 28286 W8AZ] I076] 1022 A28 12157 12335 19.23 8941 53.05 29297
DPPT4l14 | 21/00/89 7.04 283,00 28835 3076] 10013 5514 T18.51 12135 1823 8944 53.26|  488.07
DPPT4INS | 21/09789 7.05 782,93 28849 308t1|  100.80 5590 1874 12157 16877 2982 5335] 49009
DiPTale | Zi/0%/59 T0a] 2826 288.35 I096| 10049 5652 119.26 1239 109.35 90,53 S378] | 49240
DPPIAITT | 2709789 704 %272 28849 3083] 10056 3 119.66 DA 110,50 9133 S412| | 49644
DPFIA11E | 2770089 7.04 28272 38835 3090] 10036 S8.03 1193 123.51 111.00 9229 54.69 498,75
DPF74119 | 27/09789 705 B2 288,56 3091 10067 55.04 118, + 1847 1158 9338 5578] 50048
DFFIa130 | 27988 7.05 282,52 28825 3084 10043 59.88 17.9% 12405 11231 9346 - 5531 501.05
DPFIAIZL | 279789 705 283.00 284,56 3085] 10070 61.06 3.1 12455 11389 9575]  S131] 50336
DPPTAI2Z | 27/09/89 704 282,86 28845 3073|1166 6215 1372 12628 115.66 97.43 5791 30913
DPP74123 | 21/09/89 7.05 263,06 268,56 6080|1023 53.03 11181 12570 116.39 9845 5895 510.00
DPP74124 | 2770989 704 26293 288.56 3068]  10L.6% 64.08 10945 12474 11697 9857 59.21 507.69
[DPFra125 | 27709789 705 W272| 288.5 3066 10158 65.02 108.64 12455 117,78 3995 5946 509.42
DPFIa126 | 23/09/89 7.0 28279 28849 3059| 10183 6617 108.23 124.70 119.01 10107 6035 51231
DPFTai2? | 21/09/89 704 283,06 5856 3062|1020 5693 10731 1555 12001 10250 61.67 514,62
DPPI4128 | 2770989 705 26966 26849 3072|1020 68.07 10755 1218 120,62 102,58 61.62|  SI288
TRM129 | 27709789 7.05 262,66 288.40 S0EB| 10172 G897 10939 11835 2.6 103.25 6243 513.45
DPFT4130 | 21/09/89 705 282,79 288.56 3695|1018  70.00 110.56 1597 12135 103,67 6279 51433
[DPPTa131 | 27/09/89 7.04 282,79 288.56 097]  W2Za2 7096 112.7% 11347 12316 104,81 6301 S18.08 |
IDPPI4132 | 2109/89 705 282.86 288,56 I076] 10234 7201 114.06 1139 12235 104.45 64,35 51692
[DPP4133 | 27/09/89 705 28218 288.55 3069] 10160 7299 11591 .39 12289 T04.37 64.06 $18.65
DPPT4134 | 21/00/89 7.04 263,00 288.56 3047 10094| 7397 1787 10889 122.28 10447 6554]  S19.3
DPP74135 | 21/09/89 7.05 28272 288.56 3050 10151 7510 120,58 11004 12351 105.12 6593 525.00
DPRFIA136 | 21/09/89 7.04 282.19 288,56 3043|1028 76.00 1800 10043 123.78 10580 6689] 52933
[DPP7at3T | 27709789 T 282.66 286,35 3043] 0148|7145 12391 16858 =57 105.90 67.18 529 51
DPF74138 | 29/09/89 704 28238 28849 3050 10096] 7772 12636 10773 122,55 105.90 67.23 530,78
DFFT4139 | 27709/89 7.05 262,79 288.56 3043] 10094 78.83 12895 107.58 12155 10642 67.96 5384
DPFTa140 | 27/09/89 704 282,72 28849 3036] 10096 B0.08 131 84 107.69 121.91 10761 5874|  S3B.28
DPPI41a0 | 27709789 700 38279 28842 3637] 1006%| 7516 130.28 T08.50 12255 10738]  68.63] 530
DFBTIS00 | 28/09/89 7.04 22339 22436 2998|1603 0.00 51.50 48.06 5137 5152 5147 261,55
[TPBT7501 | 28/09/89 T4 2888 5209 2953 16093 S8 52.08 18567 S157 5196 5186| 26414
DPBITS02 | 28/09/89 708 58 856 2985 16112 1019 5202 4833 5148 5149 5123 263.57
DPBTIS03 | 28/09/89 704 22358 24482 2999 16041 1498 52,60 3879 519 5170 S1A4| 26404
DEDTIS04 | 2809/89 703 2408 25079 3028 16041 1977 5312 29.29 5221 5212 s180{ 26587
[DFR77505 | 28/08/89 70| 2| oS 3073|1604l 546 33.58 5.67 ) 5222 S183| 26740
DFB7I506 | 28/09%80. 7.04 2249 263,59 3072 16064 30,06 54.04 958 5271 5235 5188 268.18
DPB7I507 | 28/09/89 704 2. 26912 3080| 16233 3498 3537 5121 SaTl| 5328 5260 273.95
DPATISO00 |28/09/89 1.0 " 2532 30.78|  159.50 .00 ETH 51.67 50,87 51.03 S100| 25895
[OPBT7501 | 289789 TR 224,01 22,02 36T 16248 5.00 5335 5394 5258 5300 S289] 26005
DPETIS02 | 28/09/89 7.04 R 38 54 3073] 16238 1035 53.58 34,06 5294 5295 5282 268.76)|
DPR71503 | 28/09/89 7.04 224.15 242,68 3083 162.00 1516 5398 3360 5333 5331 $3.05 27020
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DPB77503 | 28/09/89 705 2329 FW] 3038] 16229 3020 443 53.67 T} 5328 53.00 M.0]
DPRTIS05 | 2809789 708 4.9 257.00 3066] 16258 35.08 S467 5354 38 CEEI) 5279 Mo ]
DPR77506 | 28/09/89 7.3 22| 2B 3073] 16179 2994 5196 5533 5398 3323 $269 27251 |
DPB77507 |28/09/89 704 2429 269,25 074] 16109 3525 3560 583 5375 5336 5277 T 00
DPB77508 |28/09/89 703 AN 7511 079] 1612|4036 55.97 5501 5379 5323 S8 2100
DPBTIS09 | 28/09/89 0 1429 280,62 3083]  161.53 45.00 55.17 5625 5301 5391 S5} T
DPBT7510 | 25/057/89 7.06 22433 286.56 086] 16002 50.02 5614 5537 5341 5261 S1.80 FITKS)
DFBT7510 | Z8/09/3% E60) 224.36 286.66 I089| 15928 50,02 5889 56.06 [T 32,58 S1IR 7540
DPBTISIL | 26/09/89 5 T2 28801 3093F 15054 55.08 TR 5644 5391 33.00 5201 .04
DPB77512 | 28/09/89 703 245 28795 3090]  160.69 60,04 107.25 SE.18 53,29 343 8138 12820
DEBT7512 |28/09/%9 705 2% 268.08 3093| 16024 010 106.39 3837 5421 S3A4 5238 218
DPBTI513 |28/09/89 7.5 2401 258,01 3085 16136 5494 13215 §5.10 54.60 4.0 S28a A63AL
DPBTI514 | 25/09/89 704 2429 289,08 31.00]  163.63) 70.00 160,83 7854 5610 5362 5630 I0F.14
DFETI515 | 25/09/89 70 22458 28808 00f . 16030] 7504 18557 10354 5556 3370 S263]  a528n
DPB77517 |28/09/89 T03] 20415 28808 IT08| | 163.00 8498 214 1399 6133 5397] SiBE 531,69
DFBTISIB | 28/09/89 704 2415 288.08 22| 15952 90.10 2006] 15150 6799 344 5235 560.19
DPB77519 [28/09/80 7.8 22401 288.08 31.09] 16348 9458 741,90 1718 7557 55.67 5445 597,73 |
DPB77520 |28/09/89 704 P 268,42 3103[  16213]  1m.a 244l 18299 BBA42 5562 5401 21 50
DPBTI521 | 28/05789 70 K] 288,35 047)  16806] 16894 243 80 101.22 T00.27 SIS 5489 S50
DPC77521 | 2#/00/89 7.04 22436 288.56 s052|  1ez70] 10835 23595 19230 .08 .54 XE 49,66
DPPI7520 | 26/00/89 ) 22A36]  286.56 30.66(  1G286] 10715 23901 2.2 1027 5728 YT CSER
DPP7I521 | 28009789 703 A5G| 288.56 3073] 16308 10853 236,12 19222 EEK] 5767 3302 6880
[DEF77522 [28/09/89 703 22436 288.56 3053 | 16263] 10897 236,82 19315 T12.58 57.65 5412 652,26
[DPP77523 | 28/09/89 704 22436 288.56 3055]  162a5| 10951 23693 193.69 N334 5765 54.01 653.10
DPFI7555 | 25/00/89 703 22436 Z88.55 3075|  16248]  110.08 236,58 154,53 11566 5702 5373 65601
DPP7I525 | 2809789 7.0 224.36 288.56 3071] vaz9s| . 1i06l 0520 19503 1681 5791 53.80 65688
DPP77526 | 26/09/89 7.03 2443 268.56 77| 1e@ar] i 7833 196.23 T18.58 5840 543z|  653.70]
[DFBTTI00 | 29/09/89 7.3 761 81 262.84 3238 | 16252 0.00 5485 5417 5443 S4.69 34.69 7944
DPB7710% | 29/09/89 7.0% 26140 269.05 1238 16228 502 3548 5475 5494 55.08 Se02] 28030
DPB77100 | 25/09/89 704 263.81 785.50 3192| 16397 0.00 5793 5691 737 5154 37.60 201
DPBTI101 | 29/05/89 7o 263,74 288,01 3197|1672 502 T 5045 5615 3680 S6.67 314,06
DFB77102 | 25/09/89 7.04 283.94 257 88 3185| 16092 1008 103.85 BE.E0 7041 56,61 5632 W17
IDPB77103 | 25/09/89 7.04 28245 288.01 3168| 162.07 T488| 12543 103.73 8180 5840 57.28 AL |
[DPBTT104 | 20/09/59 7.04 28286 288,01 69| 16057 2040 150.65 123.74 U845 561 56,22 S03.07
DFBT7105 | 29/09/89 7.05 28520 28795 nE5| 16345 2500 T8 T46.21 11506 75.23 5835 SE3.HT
DPB77106 | 25/09/89 T80 283.27 388.01 3T 160.51 30.08 19163 16044 126,06 B9.23 56.89 632,06
[DFRT7I07 | 29/09789 704 28293 288.08 NG| 16214 3518 259.69 178.14 140.51 59.28 9.5 69468
DPB77108 | 29/09/89 7.0 283,27 28308 naz| 16148 990 220,08 10122} 15286 T08.89 1,57 74345
[GPB77110 {29/09/29 7.03 283.27 288.28 3147|  12995] 5023 23045 213.58 17641 12639)  6R.50 B2%.00
[DPB7TI11 | 2070970 0| B 28835 24| 1608 3500 23838 222.54 18691 13449 72A0| #6178
DFBTINZ |29/09/89 704 27| 2584z 3145 16139 60,04 242,01 3108 197.92 14331 7610 0043
DPB77113 | 29/09/89 704 263.27 288,56 T2z 16092 65.20 W2 23524 206.23 15114 0569 925,53
[DFBT71%4 | 25/09/89 705 283.33 288.56 3124 160.53 7000 244,61 2%.82 31246 15792 #5.02 946,60
DPFBTI115 | 29/09/89 7.03 783.67 28B.56 28] 15011 7506 24528 236,05 21742 16+.78 J0AS 96449
[GPCT7115 | 29709739 704 28333 288.56 14| 159.35] 7850 24698] 23601 219.35 167.61 9247|9727
DPFT7114 | 29700789 7,03 5333 788,56 TR ) T W] 263 218.66 166.34 CTXY! ITTKT]
DEP7TIIS | 29005789 704 263.54 288.56 08| 155.06] 7846 24709 735,74 31943 16707 9300 97257
[DFP7TLI6 | 29/05/89 703 28333 288.56 3100] 15895 7934 24126 236.09 21997 16883 93.62 97545
DPPFITIIT | 29/09/89 7| 28333 Z88.62 3130]  159.05 3039 24651 23605| 22047 1632 U314 776.03
DPPTTIE | 29/00/80 7.04 M| 28862 31.28] 15930 81.48 244.78 236.66 221,50 170.26 24,56 97650
[DFP77119 | 29/09/89 7.04 283,33 288.60 36| 159.2 8260 242.65 231.28| 22243 7.4 96.55 VR065
IDPPTTI20 | 20/09/89 7.03 283.20 288.62 Fa1| 15959 83.53 240.57 238.39 223,66 17244 U6.78 981.5)
DPPIT1ZL | 29/09/29 704 2W333|  268.76 3105|  160.08 8449 23659 238.63 22862] 17387 U832 IR1.80 |
[DFF7TIZ | 29799789 TH 283,43 288.56 303] 159.62 8559 D382 3920 22351 17535 9595]  96353]
[DPETTIE | 25/09/8% T 28321 288.76 30.66|  159.59 8650 23255 3956 BB 171538 1000 OR3 52
[DPPT7124 | 29/09/89 To04| 28374} 288.90 30551 16012]  8738|  22989] 2983|2677 17685 oy R
DPPIT125 | 29/09/89 704 28327 288,96 3057| 16044 88.59 TIE0| 24059 22758 176.57 102,03 085 B4
[ BPF77126 | 29/09/39 7.04 W0 28876 3055 15089 8945 22903 23916 22185 177.50 10421 D876
[DPFTT127 [29/09/39 7.03 28327 288.69 3055] 16046 50,53 22931 240.13 29866 177.06 TOA2A| 98,15 ]

H-11



[DPFTTIZH | 29/09/89 7.3 283.54 256 53 3053] 160,75 91.60 22831 238 59 228.24 17184 106.21 990.17
[DRPTTI28 | 290980 7.04 283.93 288 53 3046]  160.50 9254 22885 238.55| 229.05 17153 106.55 55046
[DFFT7130 | 29009783 TO3|  28360| 28883 3035]  1e0sn]|  9353] 2mam|  mws2|  zamaz| 7G| 1®26] 98075
DPFT151 | 2909789 To% 26333 288,96 3037|1613 9447 27949 2 I/OS| | 17104 T07.88|  990.17
DFPTTI 32 | 29709749 708 263.33 286,90 04| 16090 9547 23249 232.78 22839 1742 109,67 590,17
DPPTI133 ] 20/00/85 7.0 28340 28876 048] 16159 96.50] 23572 229.24 2BAT 17781 11136 99310
DPPTTI3 | 20700785 7.0 28340 28853 3052| 16151 T7A8 23861 22635 22754 7700 T1z13 95045
TEPITIAS |20/0%0 7.8 26333 28895 3053|1623 9846 24155 22497 226,66 17654 112.63 992,77
DPPITI36 | 29/09/80 7.04 263,33 2896 64| 16237 9959 24550 221,93 225,51 17638 T14.08]  993.63
DPPITI3T | 29705780 704 78327 355,03 3073|  163.08] 10049 24519 72058 22400 EEKD T43z|  993.92
DPPTTISE |29/09/759 704 28354 288,96 I0E0|  14239| 10145 25176 SIFA L 222.04 17536 TI6.13] . 993.06
DPPTTI39 | 29/09/59 7.03 26333 288.06 3083 6277|254 256.15 21593 22039 17543 11715 904,79
DPETT140 | 2909749 7.5 283,33 288.90 094]  163.50) 1m34z] 25933 2339 218.58 174.59 TI&.06|  954.50
DPFT71al | 29709789 7.0 283,33 259.03 30951 1602|1447 36279 212.19 21650 173.69 T18.55 954,21
DPFI7142 | 29/09/89 TG 24333 288.90 305 16331|  105.55 267.58 21042 31385 172.57 12005]  594.50]
DIPT7143 | 29/09/89 7.08 28333 289,05 301|  164.28]  106.50 72.00 208.54 71196 M6 ™33] 99652
DFFTT148 | 29/09/87 7.06 28333 289.03 N0} 16hes| 10746 T76.24 208.57 21054] 17049 122.26| 99585
DPF7T145 | 29/09/89 T4 28303 289.03 51| 165.58] 10799 27964 202.50 209.65 17026 12276 995.65
[DPF77136 | 29/09/69 708 28333 288.96 3198  161.61 98.97 242.18 23547 236,20 175.50 112,16 99219
DPBsa300 | 1171089 956  283.7% 264,76 29.63[ 10194 0.00 2541 29.63 36,00 2617 2622| 13548
DPC9a3Lt | 1171089 956 28347 30942 2957|  100.87 5508 7851 8915 69.72 4895 2738 35475 |
TFCOa31T 1171059 5.56 26381 30942 2960]  10006] 5609 7580 BEAY 70.18 5012 2709] 37437
DFF94312 | 11710053 9.36] 25381 309.49 2952 9948 5705 764 8730 9.60 048 TIE3| 4832
DPFO4313 | 11710789 9.55 283.25 309.4% 2961 10116 3890 7387 90.66 7194 5271 2559 S78.17
DPb943ld |11 0789 9.56 75358 309.56 2971] 10259 6016 7412 9211 7345 S452 29.81 353,61
DFF3a315 |11710/89 9.56|  283.5 H42 2970] 10136 5139 7055 9.54 7222 5534 2960] 37466
DPPa316 | 117080 9.55 28347 ) 2978|101 AD 6289 70,08 907 7214 5643 2986| 37293
DPP943? | 1171089 956]  283.67 30949 2993] 10257 6428 7060 ¥9.15 7301 S6.12 3074]  376.68
[DPP9a3TE | 117109 5,56 283.67 309.49 25983 10178 65.64 70.08 86.22 7357 59.02 31.03 366.29
DPP9431e (11/1089 | 0.55 26354 30942 2951  10135| 6774 7153 7591 7345 6024 3139 35446
[DPPIa320 1171089 9.56 78333 I09.62 2958 0953] 6941 72.51 576 7218 0.61 42| 34552
DPPo4321 |11/10/9 9.55 28547 549 2991| 1ma 7107 7620 T1.53 7403 63.62 3295 35446
[DRPSas17 1171089 3.56 283.33 30949 30.13 3595 5795 7366 88.76 70.18 5147 2833 334.84
[DPP94316 |11/1089 5.56 283.67 309.49 I006] 10161 5523 79.78 8919 69.53 4913 27.01 336.86
[DPPO43ES [ 1171039 9.55 263,54 309.35 3001  1n2s8 5207 8180 TBEI2 68.26 4700 27.68 332,24
DPBYGI00 1171087 9.55 28164 309.49 2990] 133.28 0.00 3984 417 4032 40.61 20,61 21652
DPCIE3LS |11/10/89 9.5 W19 30549 3009| 13505 139 13028 13351 108.66 7302 BA1 508,56
DFP9E3I6 [ 1171049 9.56 281,70 309.56 3006 1385|7552 12335 138.59 109.50 7624 1386]  505.96
DPF96317 | 11710/85 955 28232 30956 T6.05]  13ase| 7715 11649 13540 10931 7935 B 399.03
DPPIG31E | 1171089 9.56 28238 309.62 3015] 13461 7928 3.4 13247 10889 8153 44.61 49386
[DPPe6ald | 1171089 9.56 28238 309.69 3022 12561 BL0S 1168 13093 110.20 $4.55 4513 39758
[DPP9GI20 {11/1089 956 282,38 309.76 T031] 13651]  B2BI 11014 115.2 108.43 8699 4622 28403
[DPPOG3Zl | 1171089 9.55 282.38 309,69 3020 13624 83.87 .z 105.08 10639 8845 46.53 47139
DPR37300 | 1271089 9.56 28300 28459 3075 16397 0.00 56,69 6152 3651 5739 5726] 29156
DPBYT308 | 1271085 9.57 28285 25011 3075]  163.99 5.0t 5733 195 5721 57.54 723 25415
DFRFTIN0 | 1271089 9.56 276,58 278.10 3090] 16451 0,00 565 6337 56.75 5728 .02 20137
DPBY7300 | 12715789 757 28252 422 W6 16332 .00 615 6333 56,71 51.23 57.05|  201.54
DPRYTI0S |12/10729 9.57 28286 259.98 87| 16.93 5.06 5727 6399 5698 5741 37.40 29271
DPOg7302 [121089 957 %193 295,59 303| 16280 9.96 5191 6810 5721 5741 57.08 293.85
DFBGTI03 12710789 9.57 26293 298.03 3096 16254 1209 S6.08 &a4l 5744 5760 a0| 25541
[DPCOTINT | 1210780 o5 2B 309.89 054 16127 2752 18297 197.57 4948 9842 Soe0| 68314
DPPOT3I8 | 121089 957 2800 309.83 3092 16210 8941 17755 197.99 15147 6141 5960 68343
[DFFS7319 | 121089 958 26256 309.53 3058 1@03| .09 173.56 19749 15186 10372 60,19 68158 |
[DFPa7TI20 [12109 .57 25203 309.53 3057|  16333 5272 16929 15433 15186 106.66 6079 61947
[DPPoTa21 | 12/1089 9356 28186 30983 3037] 16403 9436 5410 19095 15056 10925 a1.26] 67217
DEPITIZ2 11089 3.57 28300 309 83 01| 16456 9596 157.58 188.22 150.52 1247 62.06] 66351
DFMTIE 12109 957 263,30 309.83 303 16546 9162 15198 16441 15082 T15.90 63,05 65082
[DPes7Ise [1271089 557 20320| 30989 31| 16601 99.55 16106 142.08 148.00 T9.54 11 636.08 |
(DPBYTI00 | 1271089 9.56 305.11 306.56 3080|  164.67 0.00 6223 69.26 6198 6279 62.56 3BT
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DFBS7101 |11089 o7 305.85 309.08 30.98] 16351 5.06 7851 7991 6137 G059 6043 1407]
DFBITI0Z [12/107%9 957 30430 30942 3083) 16177 956 90.75 89,18 w8 5931 5D I485 |
DFCO71t5 | 12710589 957 30531 300.53 9| 16076 7103 15042 19738 178.10 1498.56 99.10]  Bi0.8
DFPI7116 | 121089 957 305.38 300.83 329] 6242|7793 19076 19792 17922 15039 0038 ’17.52
DPPITIN? | 12/10/8% 9.57 30525 305,53 3as|  16t74 7957 19559 20138 15860 15395 0090 83TA
[GPFOTIL7 [12/10/89 958 30545 30983 327 16431 79.69 198.09 30211 183,53 15393 10178 Ba156
IDPPS7118 [12/10/59 o857 30531 3B53 2| 16440 8135 19145 0.5 184.65 15501 04,01 836,30
DFF97119 |1/1089 9.57 30558 N5 26| 161al 5250 185,68 19.77 18453 15730 10632]  83a77
DPPTIZ0 | 1210739 9.57 30538 309.89 N2z 16473 w53 18199 1989 185.07 158,08 107.20 *1.75
DFPITIZI | 1210789 956 305,52 309.83 T30| 16397 8641 150.66 19558 18176 159.56 109a6]  RIORE
DPPOTI2] |12/10/8% 9.58 0525 309.53 N3 1636 86,39 T77.60 19269 182.68 15745 10774 R19.05
DPPSTIZ2 {12/10/89 9.57 30525 308 3131|6349 57,99 FrKy] 186.72 181 80 158.41 10974 B15.01
DBFITIZ | 1271089 9.58 30531 309.96 320]  6» 8954 181 54 17888 180,22 15826 1697 I
DPPSTIZE | 12710589 9.56 305.52| 30983 21| 16383 9137 T86.09 17402 17908 15896 Ti308 BI538
DPFSTI25 |12/10/89 9.57 30511 30069 31| 16446 9289|  18BEG 170.06 176.68 157.79 33 509,57
DPP97126 |121G/89 9.57 30558 309.96 A0} 16465 9449 193.10 165.72 170.87 15543 s 7 O304
DPPOTIZT |12710/89 957 305.52 30589 3133 16536 96,13 198.50 159.98 163.44 15496 a7 79943
DFFTIZ9 (1271089 955 305.25 310.03 3150] 16659 5791 206,98 165.98 14759 15509 RYTT} T
DFBSGI00 | 121089 958 304,84 30646 NEa| 148 0.0 2296 952 506 B8 358 2201
DPBS6ICO | 12710729 9.5 02,28 303.50 3192 139.77 0.00 1.6 5121 4475 45,26 4510 73038
DPBY6I01 | 12710789 957 30275 308,75 3206 13933 516 5144 5225 3540 2581 4549 35,50
DPBI6I01 | 12710789 9.57 IBAG 0922 86| 13725 10.18 5962 7037 5139 592 443 21902 ]
DPC36113 | 12410789 9.57 30417 30983 3190] 13965 5545 13858 15371 136.24 11263 T6.27 6155
DFF36114 {12716/89 957 30417 309.69 3218|  138.02] 6643 137.20 15340 136.78 113.17 F6:61 613.00
DPPIGI1S 12710789 (Xi] 30417 309 .53 3218 13935 G809l taags 153.63 138,13 11486 7806 614,75
DPF36116 [12/10/39 9.57 30410 30.76]  3198|  130.69 69.55 .72 15425 13886 11595 79.13 61533
[DFPS6117 | 12710/89 355 304.17 309.76 3194  139.48 27 127.68 15298 139.55 7.7 H6.66 514.75
DFF96118 | 12/10/89 9.57 304.17 0983 3205]  141.25 7285 12743 152.29 140.4D 118.5 8245 B18.21
DPFI6119 |11 /89 9.56 30417 583 3218  140.36 7451 12630 150,17 14032 9.5 B3.62 615.00
DPF96120 | 121089 957 0397 30583 3801|1415 TeAs| 12745 145.5% 140.01 119.64 8414 B13.3
DPFOGIZL | 1271089 957 304,17 30983|  3z01]  181.10] 7781 130.80 13824 1882 1202 ®6.16] 61100
DPBI6122 |12/10/89 9,58 304,10 309.83 3225f 14109 7945 133.68 13347 137.2% 907 B6.50 0811
DPPS6IZ3 [12/1029 9.57 30417 309.76 44| 1403 81,02 137.20 130.57 134,28 118.50 8837 606,67
DPP9Gl2s |12/10/89 9.57 30417 300.83 3225 14083 5297 141,59 12639 129.24 TI6.52]  H9.67] 600,61
DFPI6IZ5 | 1210789 9.57 304.17 3983 3228 14128 84.51 14511 123.58 11647 114.76 G118 5108
DPP96126 | 12/10/89 9.57 30417 309,83 238| 14210 8607 149.67 12589 161 .85 T2 92.66 579.54
DPBHMI00 |12/1089 958 30457 305.99 3264  105.03 0.00 32.63 1857 3290 T334 3321 17065
[DPBET0N [12/10/89 958 303.63 308.95 276 10147 498 4002 3044 344 347 3137 17382
[DFB9a10zZ [12710/89 9,58 306.50 .22 3270] 10128 10.08 5046 5367 3090 3679 30.20 71076
DPCS4109 | 12710789 9.57 30275 309.62 5 BETE 4574 7257 T757 7558 6237 4197 3375
DPCHa109 | 13/10/89 9.58 30113 0.9 3125]  100.67 3.3 65.29 7376 G710 248 3643 796,75
DPCH4109 § 1371 0/89 957 30110 T0935]  31.23 9957 4327 67.55 T340 68.35 5547 674 T04 A0
DEFS4110 | 1271089 957 30282 309.56 3273 5937 38.13 73.66 ¥8.84 7853 5497 Fry 349 54
DPPOaIl |12/ 089 9.57 303.09 30949 3258 9842]  49.63 7055 87.61 79.03 66.06 4647 8 AD
DPFIa11z | 1271029 9.57 30349 309.56 3256 98.59 5148 79.0% 9565 B5.69 7149 PYEY) 370 86
DPP3a112 [12/10/89 9.57 30376 309.56 251| 10147 51.52 63.51 8222 77,38 6635 FYET 3371
DPPI4110 | 13/10/89 958 301,33 309,62 21| 10192] 4469 70:26 7876 7196 593]  3n14 31695
DPPIAIN | 13710/89 959 301.54 309.69 .26 9956 4633 67.26 77.80 1241 50.02 3983 37551
DFF9a112 [13/10%83 9.59 30147]  300.69 3130 9857 4797 5639 75.03 736 60.12 4074 380
DPP9a113 [13/10/89 959 301 .81 300.59 21| 10053 a9.73 65.12 78.68 7572 FFA]] 4238 328.74
DPFJa11a | 1371089 958 30174 309.76 3125| 10024 5121 65.12 7965 TTAD 64,04 Yy 30,22
DPF3a115 [13/10/89 9.58 301.07 300.69 3128 98.99 5291 6599 8118 79,8 6534 34.58 3351
DPP94116 | 1310789 9.59 6T 306.6 3130 99.69 5443 &85 7103 78.57 6440 45.34 3391
DPPI&117 | 1371089 958 30141 309.59 45| 10015 5617 6640 78,99 BL.01 5737 36| 34076
[DEFSa117 [13710/89 5.5 30086 05 3136 9535 56.19 6660 79.35 B1.06 674 w32| 37|
DPPOa118 |13/10/89 9.58 301.60 309.76 A5 98.35 5793 6178 7299 79.01 6487 4760|301
DPPI4G {13/10/89 958 30174 309.76 NS 10131 5947 7032|322 7976 6575 48.7% 373
DPP941Z0 |13/10/89 958 30174 309.69 65| 10204 61.25 7349 Tid 8153 832 3024 347,25
[DPPoat2l [13/10/89 7.5% 30154 309.76 T1.63|  10048| 6289 7551 7137 79.30 5710 LT Y RN
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DFPo4I 22 | 130080 0.58 301.67 05,62 302 9853 5453 7695 G149 75.03 5652 51.29 13657
DPPS123 | 137109 9.58 30147 309.53 31.56] 10132 6631 80.07 65.60 7311|6848 52.61 243.50
DFFRI24 | 13109 958 301.60 309.69 3191] 10025 6791 .07 TO8T 8937|6933 S3E6|  346.96
DPP9a125 | 137109 750 301 81 309.83 3139 90,28 6945 3503 7172 6391 68.79 54.14 343,79
[DPEBAZI0 | 3710780 955 253,50 255.19 339 10108 0.00 2536 27.67 2570 2596 2586 129.96
[DPRoa2; 131087 9.58 29397 DAY 3158 885 388 2507 2732 25.24 2544 2526 12754
[GPBoazn] | 13/10/% 9.58 29497 09.22 3191| 10120 1023 32.05 2855 7624 2633 2607 138.62
DPCHAZIU [1H10%9 9.59 29438 0.5 31,56 10245 4851 7805 8730 7418 56,66 32.59 32820
DPCIa2I0 |13/1089 953 294.17 309.69 Na3] 10090 018 75.63 86.19 7468 S7.08 3297]  325.03|
DPPSazIl | 13/10/89 .58 794.58 309.76] 3161 10035 5146 7205 BABD 7553 58.06 3388| 32388 |
DEPNZIZ | 13710789 9.58 293,58 309.76 31.58] 10046 53.05 6951 3472 7653 58.79 34,56 T3.59
DPP3ZI3 | 131059 9.58 294.65 309.53 ats7| 10126 471 5923 85.80 7861 60.53 3586 329.36
DPP94214 | 13/10780 9.59 25444 30953 3110 99.54 3629 G547 82.45 103 5991 3588 31555
DPP94215 | 13/10/89 958 29512 30976 3083| 10103 5781 5778 £4.26 79.41 6232 38.07 1367
DPP94216 | 151089 7.59 254.78 30989 3091  100.9 59.73 5789 B3.03 T8} 6232 3648 328,20
DPPIAZI7 | 131089 558 29478 309.89 3089 10004 6125 6933 8145 7795 6352 39.65 33224
[DPP9azis {13n0m9 0.59 294.92 30983 3035 9874 6289 7049 73.05 7580 6287 3988 32243
CEEARIEE 9s8) 29458 0989 3093 5916 5459 7274 714 75.92 6396 3051 3553
DPP94220 | 13/10/89 55 29499 09,89 30.90 101.60 6631 75.85 6972 75.80 6619 4253 331.38
DPP94zZl 1310789 9.58 25472 309.76 3699 99.04 6779 7689 67.03 7203 601 4274| 32404
[DPPoaz2z |13/10/89 3.56 79458 309.59 3098 10030 w77 TIAT 68.03 7330 66.58 3282 3BAD
[DPP94z22 | 13010789 558 295.12 309 83 3093 10031 7014 B1.03 6953 6741 68.00 44.6% 331.95
[DPBIG200 | 13/10/89 9.58 294 58 296.00 34| 13567 0.00 22,27 24,50 4229 4279 4261 214.51
DPBS6201 |13/10/80 9.58 204,58 302.28 326 13569 518 32,56 45.02 4232 4271 4235 4.2
[DPB96202 | 13010/89 957 254.51 30848 3131|1382 16.12 4313 3552 a267 2297 42.51 216.53
[P9G24 | 1300789 9.60 294,38 309.56 3124| 19356 1994 7609 56.22 2363 32.58 31.86 260.91
DPB36206 | 13/10/8% 9.58 29444 0949 31| 13297 30.04 10333 5949 6749 4505 41.29 346.09
DPBYGI08 | 13710089 9.58 25444 309.49 3] 11355 39.69 12474 11096 511 5770 4238 41997
DPBIGZ0F | 1310589 9.59 204.24 300.49 09| 13329 1498 132.13 12089 aa] | 6482 a3.16| 45286
DPBISZI0 |131W8Y 5.58 20431 30956 INI6|  IM5E| 5037 136.51 13043 10127 7326 3435 832
DPR962L1 | 13/10/89 953 754,24 309.69 3126] 13518 55.51 136.63 73701 107.85 79,57 4573 504.52
DPB96212 [13/10/89 7,58 29444 309.76 3138] 13418 60.00 13455 140,51 113.5% 8551 4747 519.81
DPB96213 | 13/148% 9.58 29444 309.53 EIE I ETE) 6518 133,16 142,94 119.51 9128 3983 534,81
DPC36213 | 13710089 9.58 29472 309.8% 3129 13554 6185 131.20 T42.00 122,12 9432 5157 539.72
DPPOE214 | 131089 5.58 20465 305.83 Fi20] 1484 69.57 12872 142.05 123.58 0582 5343 54145
DPPIG2IS |13/10/89 9.58 753,58 3083 3101 13488 71.09 123.76 14135 12439 97.18 5339 538.57
DPPIG216 | V310789 .57 794.12 300.83 3105 13489 72.9% 12058 13044 12535 98.99 5477 538.85
DPPYGZI7 | 13/10/89 9.5 25465 309,83 T3] 13630 7449 11845 13544 12574 100,05 35.57 I
[DFP96218 | 1371080 9.59 254,31 309,83 3] 13661 7611 712 13813 125.24 0.3 5648 535.97
DPP96219 {13189 9.58 29438 309.53 321] 13695 7791 16,02 134.59 1824 10239 5792 532.79
DPP36220 | 1371089 5,58 394.65 305.83 3133 13640 7957 1781 12297 T19.31 103.23 5539 520.96
DPPI6ZZI [1714/89 9.57 79472 309,83 3126| 13655 8107 12057 11647 116,58 103.53 60.54 517.79
DPP9GZ2 |13710/89 959 794,65 305.96 28| 137.45 8297} 1307 10246 107.27 10515 §193]  50048]
DPP96Z23 | 1310589 9.57 29472 309.83 3148|  13636 8367 12439 10392 9746 104,91 6287 493.55
DPB97200 | 161589 .57 295,19 296.61 3005|  163.24 0.00 5831 6160 5798 876 5835 296.46
BrB7201 |16n0/89 957 29512 301.94 3015] 16272 5.04 895 6218 5829} 5897 S8a0| 20848
DPCIT216 | 1671088 9.57 20472 30983 3037|  160.23| 8090 18470 19095 163.94 12634 67.18 73392
DPBY7200 | 2671089 9.57 204.24 295,86 3062 16231 o0 5162 5895 5741 58.04 5753 29098
[DPRY720t | 2601 0/89 5.7 25431 301.33 3065| 16266 5.14 58.60 59.64 57.95 5845 SB.14 294,15
DFBOE00 | 26/10/89 9.5 2519 296.61 40| 18582 0.00 Fa24 7614 7392 7476 Ta33| 31524 ]
DPBYI0 | 26710789 957 296.27 25759 359 21002 0.00 9248 9480 9146 92,70 9250| 466,42
DPCS7216 | 26710789 9.56 20377 30953 33| 16326 83,73 19220 196.92 165.79 13031 6941 76018
[DPPo7215 | 261089 9.57 293.77 309.53 .63 16358 $287 153,88 198.38 16929 12504 el 760.76
DFP97216 | 261089 9.56 29377 309,83 3185] 16440 BAL3) 19261 19754 17091 131.46 69.70] 76480
DPP972LT | 261 (V89 .57 230T|  309.83 93] 163.62 B6A1 183.49 19619 171.33 13294 7048] 75643
DPPOTIIE [26N10/89 9.57 293.77 309.83 396] 16321 B8.07 17922 1973 17249 13538 7167] 75585
[DFFY7215 | 26009 95| 29307 309.83 3186 16473 9.6 17749 194.3% 3.2 137.00 7253 75758
[ DPPYT220 | 26/1029 %5 290307 30983 399 16821 9105 17351 T92.57 17304 3834 339|754
[GPPoT2al | 26710789 956 39371|  300E53 3214|  163.26 92.83 16133 153,03 168.55 138.75 741 T35
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DPP97222 | 26110789 957 203.77 309,83 3203] 18355 5461 165,76 17645 6595 140.55 TSl TR
DPPo7223 [261089 957 203,77 309.53 3a| 162 96.13 T68.5% 13936 156.57 S BT
DEPIT224 | 26710759 957 253.10 30983 3218]  16218] 9689 17252 135.09 13178 140.00 FTH IR
TPB3IS00 |27/10789 9.58 25709 258.53 3022 @24 0.00 5335 5248 533 308 383 2351
[DPBR%I501 | 210089 958 25743 36515 3055 16455 5.06 5635 55.06 55.91 5656 %] W12
DFB97502 | 277489 9.59 25757 170,89 3078 17079 1039 50350 587 958 60,32 S980] 30085
DFBYIS0Z |23710/89 ~ 958 257.50 77096 3083] 16703 1039 3519 5671 STAS 5809 STer| 29647
DEBYTS0Z | 2710/89 9.58 35737 27130 3085 16225 1035 5504 5123 5456 502 69 W7
DFBY7504 | 27/10/59 9359 25757 282,72 3087|1619 2022 551 53.02 444 ] 17 ETTRE
DPR37508 | 210/89 5,59 25743 293.54 3068 16113 0.8 5698 5498 507 5.3 5435 28405
DPBYT508 | 27710789 9.59 35757 30430 3059 16055 3992 SE.08 CLR]] 547 5539 TXT] ZR6.30
DRBIT510 | 27710789 9.58 25757 30929 aTz| 16217 3992 8324 5751 5133 5676 5547 3920
[DPRYT512 | 27714789 958 25783 309.42 3050] 16257 5981 12711 70.53 SRi10] 5749 SS9 VIR0
DPBO7514 (2710789 9.55 25757 30935 3065)  16014)  70.8 15573 10408 59.15 5638 =0 BT
DPBY7516 |27/10/89 958 5A1| amaz 3026]  \61.28]  19.84 17720 12928 918 578 3591 302,50
DPBYISIS |27/10/89 958 257.57 309,52 022] @36 89.50 188.26 471 #8306 59.60 S7.08] 5558
DPCHISI9 | 2i/10/89 9.58 25798 309.63 3036]  163.79 96.70 T8 14844 105.08 &1.05 718 S3H.19
DPP3T518 | 2771089 957 258.05 30976 3027 16212] %617l 17114 13748 TR.35 6048 3661 55444
'DFF37519 | 27710/89 9.58 257 85 305.76 02| 16344 57,17 16690 14975 107.85 6170 5757 55790
DPPG7S20 | 27/10/89 9.58 258,05 309.83 3023|1646 99.3% 145.63 14859 2.3 6235 7.8 Sa145
DPBIESOD | 27/10/89 558 25661 258.05 B21| 1A 9,00 21,00 30.25 4098 4145 3. 2.0
DFBJ6501 | 27/10/89 9.57 250 26827 2®5z] 13825 5.0 1K 41,06 67 04 4148 5.0
DPB3G502 § 2710789 9.58 256.00 W) 7850 141.00 10.16 a3 4236 FEXTS FEET) PR IS
DPB96304 | 27710/89 9.5 756.07 28449 2656] 14085 2022 a0 4294 4333 4355 anl ;e
DPBY6506 | 2771073 9.5 256,14 297.01 2840|  14083]  30.08 25.10 a3.59 2367 43.65 azys 35400
[DPB96508 | 27/10/39 955 256,00 3084) /57| 13960 a0.00 4885 .06 4383 4335 42,61 3952
[DPB9GSI0 [27/10/89 957 256.14 30933 7820]  138.66] 5029 87.05 Y] Ty 4365 3251 50
DPBYGSIZ |27/10/89 9.58 256.07 0942 264Tf 14070 6023 11499 7399 4652 516 3378 3358
DPB96514 |27/10/89 9.59 256.07 300,62 2655|  13997| 7006 13518 $9.19 54.21 44,51 33.26 IHT AT
DPBI6516 | ZI/10/89 538 256.07 39.62 2664  138.08] 7998 136.28 T10.50 T260 3300 Az ATH.81
DPC96517 | 27710759 958 Z56.14 30983 2676] 13840 8367 15.08 1131 8034 3598 4282 41795
DPPI&S16 [27/10/89 958 256,14 309.83 2672]  138.14] 8301 12884 129 78584 1567 4271 418,52
DPPI6517 |27/10/89 9.58 256.3% 309.53 2631|1897 8475 12403 97 8242 3627 3293 1852
DFFI6SI8 | 27/10/89 9.59 236.55 309,83 2593]  139.6] 8619 .29 111.58 B5.34 26,87 BI6| 41044
DPB34500 | 27/10/89 958 25182) 25271 9936 0.00 2345 43 74 99| 2346 2m
DFB9a501 {27/10/89 9.58 25189 263.25 57.60 516 2351 304 1355 2330 7355 12155 |
[DFB94502 | 27710789 9S8 25216 27246 9847 996 2386 2370 2357 2407 2386 T24.19
[DPB94504 [27/10/89 .58 25271 29053 99,38 1994 2484 24.55 24.63 24.66 24.33 12794
DPBO4506 (27710789 0.3 25271 308.21 SE80f 30,08 2738 24.86 2478 .61 FYRE] TH.25
DPBJ4508 | 27/10/8% 9.57 25271 309.29 9936] 4019 5312 T228 2540 2504 2456 166,32
DPB4SI0 | 27/10789 959 252.98 30949 16319 50.06 7361 5233 29.63 7705 26.20 21595
DFB94510 2771089 9,58 253.26 30942 10045 S0.04 73.20 5298 971 25.73 2501 71393
DFB9451Z | 27710589 958 25319 309.69 7757|6012 T3z 63.10 FYyY] 2550 2409 T
DPCo4513 2771089 959 253.26 309.76 99.01 6531 7903 6849 50.87 7116 2466]  25660
[DPFIasiz (271009 9.5 25560 309.69 100.75] 63.65 8278 6853 50.02 7755 5Az| 263,97 |
DPPas13 |27/10/89 9.56 253,74 309.69 99.46] 6631 78.51 6995 520 7770 AT 26202
DPPSas1a | 27710789 958 25360 309,35 99.78| 6820 7280 T14S 457 2%.20 24,59 26060
DPPa515 127710589 9.58 253,60 309.83 100.99 69.69 7135 70 578 29.08 2531 20412
DFP9a516 | 27/10/89 O R 30983 T01.00]  70.55 T2 7403 841 29,70 25,57 261 %)
DPFB54400 | 27/10/89 557 268.50 26046 9854 0.00 2350 2370 2401 2433 2417 1252
DPB94A01 27710789 9.55 269.18 279.33 10130 490 75.01 2293 75.20 2542 25.1% T31 Adt|
DPBJ4402 | 27/10/89 956 20912 288.56 9972|1010 2459 2463 2452 2500 2474 129.67
DPBo4404 |27710/89 9.56 268.91 305.52 9933 1992 2524 24582 489 2492 2448 130,25
DPB94406 | 27710589 9,35 260,36 309.22 101.52] 3008 3960 52,59 2640 2625 25.68 16805
[DPBOMA0B | 27/10/89 956} 26698 309.29 02| 39.92 69.05 240 32.55 25.60 0] 21308 |
DPB94410 [27/10/B9 9.56 269.39 30935 100.94 50.02 82.55 6787 4556 27356 25.7% 26241
DPBI4a12 [27/10789 9.55 263.39 30535 9982|  60.00 B0.01 7568 59.68 320 2506 321
DPC3aa12 | 27/10/89 955 28925 30935 9898 6029 009 7504|5968 34A3 2498 26376
[TPPoaa1t | 27710589 9.55 26925 0935 98300 5939|7891 7408 $9.14 3412 2AT| A2 |
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[DPFoaaIz [2701009 9.55 269.53 309.35] - 10037 6129 8232 7157 618 3575 2583 29502
DPPoatIZ | 271059 955 26046 30935 |- 100.18 150 082 T8 6172 3617 25,68 29242
[DFPa#413 | 2ZIn0m9 9561 28925 I09AZ|- 9867 6313 EEY T 7658 6196 3731 25.08 286,65
DFPoeals | 2771059 9354 269 46 30935 - P31 6478 &7 7795 333 35.10 2528| 29098
DPFPYa4S | 27711489 756 265 87 309 AZ| - 102.90 5641 7459 8054 66,68 .03 7693 3118
DFFIa416 | 2771089 955 270.00 309351 - 10283 6809 7034 79.65 6157 az8! 3574 316,37
DFFO#AT? | 270089 9.54 26993 09 AZ BOAF 10262] 6957 65,76 7749 6891 24,66 2657 335.13
DPP9aaIn | 27/10/89 9,55 27020 30935 BOz| 10235 T3 6935 7130 69.68 2630 2698 263.57
DPRYIA00 | 3171089 9.56 268.57 270,00 185 16698 .00 27 56.06 57.02 5767 57.65 5127
DPBITA00 | 317103 96|  268.50 27556 NE2| 16422 506 56.69 5591 5668 5726 AT 290.11
DPBYIA0L | N/105 955 268.50 276,00 SI81| 16465 5.06 5693 5583 5656 5721 sa0]  289.35
DPBY740Z | 3171089 956| 26857 281.70 T198| 16424 1016 5739 5621 36.83 5739 5113|2900
DPBYI404 | 3171089 9.55 26857 292.21 3201]  163.54 19.88 5831 5675 5118 5747 57.00 20274
DRRY7406 | 3171089 9.55 268.57 30295 3205 1G2E 2986 55,70 57.60 35| 5172 57.00 254,73
[DPB97408 |31/10/89 9.58 268.57 309.69 3202 16332 2004 77.99 598 S8 SB.63 57.57 3782
[DPBG7410 |31710/%9 935 26857 30935 385 15908 50.00 123,76 7534 5725 3669 5544] 371582
[DFEST4IZ [31/10/89 956 26857 30935 3190 15078] 5988 15215 108.50 62.02 5687 5539 443,92
[DFBST4I4 | HA0/89 955 268.64 309.42] 32.05f 16113 7000 17743 135.13 79.99 58.04 5645 518,65
DFA9TATc | 3110480 7.55 766.54 309,35 N8| 1645|8012 103,07 154,58 10365 1.08 5783 SE3.01
DFBY7418 | 31710589 956 369.05 09.76 3208| 16216 8996 185,86 16451 125.70 65.57 57,67 616.77
DBC7419 | 3171089 936 269.53 30983 3206|1640 93.00 182,57 15598 135.24 7030 581 621,38
DPF97418 | 3171089 5,55 26939 309.62 03| 1837 94.61 18297 160.64 134.63 70.08] 5848 61937
[DPF97419 | 31089 9.55 23| 362 3207|1619 9621 16543 156,90 13736 TI96]  58.66 505.09
DPPIT420 |31N1089 9.54 369.53 309.56 3202]  165.68] 9775 150.54 154.86 190.09 7411 5536 593.10
[CFFoTazl |09 955 269.46| 30976 3209 166.15] 9965 14257 145.05 14263 7515 6024 57897
DPF97422 |31/10789 9.54 260.53 309.62) 3209] 16655 10035 143.73 138.78 14394 7710 6043 57637 |
[DPBIG400 | 0/11/89 959 F ) 272.25 27.96]  138.68 5.00 42.04 4113 a5 4243 4274 21624
DPBI6400 | 02/11/89 9.60 27055 27892 3803|1382 504 42.38 4136 3179 4248 4266] 21624
DPB9GA0] |0%/11/89 9.59 Z70.68 27892 ZR0V] 13847 5.00 4227 4132 2179 42.45 2261 216,82
DPB96402 |011/89 957 270,75 285.50 ZI98| 13838 936 284 a1.67 4213 4269 FrT) 71855
DPBY6a0s |011/89 9.60 27005 29850 /21| 13739 2002 1331 2202 221 42.56 4251 219.41
TPR96406 [02/11/89 938 27102 N2 2818| 14126 2992 50,06 45.25 4517 45.20 4457 23846
DFBY6308 |0X11/89 952 27096 309.22 2796]  13750] 40406 90,11 56.06 3425 2317 357 287 30
DPBIGAL0 | 011/89 9.59|  270.89]  309.69 2788 14135] 4988 11649 8407 29.60 2593 358 353,02
DPB9GAIZ |02011/89 98| 27096 309,56 28.10] 1941|6027 138.76 106.46 6787 4553 456|  417.66
DFB36a14 0211789 959 27089 300.76 2804| 13848 7002 14534 121.24 87.96 4838 a422) 46354
[DPB96a15 0211789 9.58 27095 309.83 T8O3f  139.65]  19.78 140.55 127.66 103.58 55.86 a4B4| 48893
DPC96415 [02/11/89 958 .08 30553 7802  137.58 B0.25 13224 12232 102.54 5651 350|413
DPPIGHE | 02/11/89 .58 M3l 309.76 28.15] 13932 79.65 14073 127.66 103,54 5614 4,64 488.93
DPPY6AIS | O/1/89 9.58 27143 309,89 2815] 198 Bl 13784 12605 10546 5801 4292|4178
DPF36416 | 0211789 958 21130 30983 28.20]  190.24 8281 12261 123.32 107.04 59.78 4523 37941
DPP9G417 011789 9.60 2730|3003 28.15] 14115 8443 117.06 1947 10843 6141 2547 46758 |
DRPOGHI8 | 0/11/89 9.58 27096( 30053 2813| 13865 8555 104.25 10034 106.69 62.56 A3 4%
DPB74500 {0211/89 7.0 539 22422 2986| 10042 000 23.63 2336 23.70 23.86 291 114.67
DPB74501 |0211/89 704 22251 234.50 3034 10016 504 2351 2332 23.59 2373 2373 114,95
OPB74502 |0211/89 7.08 28 244 61 31.18 99,83 1021 7768 2343 PERT] I8 2381 115.53
TFA74508 0211789 70 245 26345 2982] 10080 2022 24.49 2820 %432 2430 2425 11842
DPB74306 | 02/11/88 T 2242|2817 2007| 10126 3008 2513 2455 2466 24,53 2440 119.86
DPBIAS08 | 0211789 708 22242 268.35 2895 9595 4019 5058 2550 24.51 24.38 214 147.5
DPBT4512 0311789 B BE 288.15 2868 10074 6023 110.77 7618 36.05 2474 2456| 27280
DPB14314 |0Z11789 704 22194 28849 2851 9930|7610 12353 738 53,91 2525 2394|  326.18
DPCI4515 |02111/89 704 294 258.56 2852] 0147|7949 13074 113,70 7095 2931 2477 372.07
[DFF7asia 0211759 7.0 FFEE) 28856 2854 10167 1916 1313 1343 7057 29.03 2474 3200 |
TPPT4SIS |02/11/89 0| 2235 288,56 28.50] 10036 80.96 12751 115.58 7403 3008 2422 37495
DPPI4516 |02/11789 73 32243 28856 2856 9096 8244 125.55 11831 7695 3124 214 379.51
DPP74517 |02/11/89 T 22242 268.56, 28a4|  10055| 8406 124.16 12066 7934 3220 2430 35390
[DPBGA00 | 02711789 0.9 P 272.25 T796] 1M 0.00 42.00 .13 aLas 4243 a274] 21624
[OPR9500 [0211789 .60 27055 T892 2803|1382 508 4238 4136 4179 3248 32660 21624
[OPBJ6401 10211789 939 270.68 21897 2801 13847 500 227 a3 41,719 4245 261 21682
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DPBYGH2 | 02/11/89 9.57 270,75 28550 2738] 1138 956 a284 aLe? 213 3260 279 21855 ]
DFE9GA0S | 0/11/59 9.60 270,75 208,50 ®/a| 159 2002 331 3202 2o 3256 FEXT) 21941
DPEY60G | 0211789 9.58 271.02 392 28| 14136 2952 50.06 1525 4507 4339 157 3846
DPB96408 | 02711789 952 270.96 3022 2796 13190 4006 ETRY] S6.06 25 a7 357 257,80
DPBSGH0 [02/11/59 959| 27089 0.6 2788) 14135 9.8 11629 B4.07 49.60 3593 358 35302
[ DPB6412 | 0211789 OS8| 27096  309.56 2810] 13941 50.27 138.76 106,46 6187 T FIETY [TENTY
DPB36414 | 02/11/89 9.59 37089 309.76 204] 13848 702 18538 1224 8756 AB38 Er
DPBY41S 0211780 9.58 27056 309.53 o3| 139.65 79.78 14055 127.66 103,58 566 FYYYY T
DPCD6415 {0211/89 958 27109 IH A 2802|1358 8025 13224 =32 0.5 3651 ey SR
DFF9&HL4 |0211789 958 37 309.76 2815 1%932] 1965 140,73 127.66 08,54 56.04 YY) T
DPFS6415 | DN11/39 9.58 27143 309.60 /15| 13960 Bl2i 13754 126.05 105,36 SE00 Ev Y BT TR
DPP95416 | 02/11/89 9.58 21130 30983 20] 14028 5281 12261 1232 T07.0¢ 978 s BT
DPPIGA17 |0211/88 9.650 27130 310,03 2815 141,15 Ba.43 1706 11947 10543 B4 54T 36758
DPPIEAIB 0211789 9,58 270.96 309,53 2813|  138.68 B5.55 625 1003+ 106.68 62.56 EYYL} TR
DPB74500 | 02711789 703 223,39 22422 2986] 10042 0.00 23.63 7336 2370 33.86 2381 TIa 67
DPB74501 [02/11/59 To% 291 2350 3094] 10016 508 2351 32 2359 393 FXRE) T14.95
DPB74502 |02711789 T 288 2461 .18 99.83 1021 2368 2343 2370 7378 FEL] T15.53
DPB7450¢ | 0211789 7.04 22235 26345 2082 10080 20,12 2449 2220 1432 2430 2435 11842
DPB74506 |0Z/11759 704 2242 28157 2907| 10126 30.08 253 24.55 2466 2453 2440 11986
DFB74508 |0/11/89 704 242 28833 2895 95,95 4019 5058 25590 Y] 2438 2414 147.56
[DPB7a512 [02711/39 7.03 Fri¥) 288.15 2868 10074 60.23 11077 76.18 3505 2474 74,56 2.0
DPB7a518 |0/11759 708 221.94 288.40 2851 9930 7010 12353 9738 5391 25.29 2354 326,18
DPC7asis |0211/89 T4 221.94 288.56 33| 10147] 7949 130.74 113,70 7095 291 2477 REE T
DPF74514 | 02711789 7.0 mn 288,56 25| 10167 7916 .o M43 7057 2003 2474 2 W
DPF74515 | 0271189 704 22235 288.56 2850] 10036 3096 12791 115.58 7403 30,04 3| 37495
DPP74516 | 011789 703 22242 288.56 2856 35.96 8244 125.55 1831 7695 N4 2404 T79.57
DFF74517 |0Z11/89 704 22242 288.56 2BA4] 10055 84.06 12416 120,66 79.34 32.20 24.00 SH30 |
DPB76500 | 03/11/89 700 22532 22629 I R 0.00 41.00 40,25 4090 4.2 4149 20843
DPB76501 | 03/t 1/89 7.00 32470 233,53 29.03F 13854 490 4025 3948 20,06 3040 an.5E 208,27
DFB76502 |03/11/89 7.0 224.70 240,63 2893] 14270 1010 4244 a1.56 4206 4240 4245 215,38
DPB16508 | 03/11/89 710 TR.TT 25402 WE| 14242 1933 279 PYK]] 3213 4233 a2 215.66
DPB76506 |a3/11/89 7.00 224.70 268.09 288a| 14153 2954 4342 420 4236 4230 119 217,08
[DPB76508 |03N1/89 700 224.50 281,03 65| 14108 40.00 44,61 3.3 FERE] 4305 42.66 22044
DPB76510 | 03/11789 ] ) 288.01 ®/IT| 15702 4994 7326 4206 4186 4139 2092 24451 |
[DPE76512 |03 1789 700 22456 28758 2873|4167 .75 121 68 5348 317 2318 4143 3608
DPB76514 | 0311789 7.00 224.36 Z88.08 2963] 13804 T006|  152.07 G511 4525 oy 4097 39457 |
DPBT6S15 | 0311789 7.00 22429 258.08 2986] 13840 7504 17755 1616 5033 3178 3126 o100
DPB76516 [03/11/89 T 224,36 288,01 2577] 13080 3014 189.90 126.01 5864 4240 anal #0931
DPB76517 |03/11/89 70 22436 I56.08 2986] 13854 8524 195.67 137132 6995 2230 alAz 49759
[DPB76518 [03711/89 7.00 224.36 288,08 3001] 13757 50,06 19728 146.98 §1.80 3266 41,05 52154
DPBI6S19 |0311/89 7.00 23484 288,15 3028 179.60 95.10 202.77 157.48 92.53 4497 4221 552,13
DPB76520 |03/11/89 70 2417 288,08 2088]  141.55] 100,04 203.56 165.64 16431 a0 33,13 ST6.05
DECT6520 |0311789 7.0 0.7 288.15 3001]  140.26 99.92 199.53 16448 10512 4651 4214 5002
DEF76519 | 03/11/89 7.0 2T 288.08 3000 13993 99,6 200.63 16352 10304 4599 4188 566,56
DPP76520 | 03/11/89 7.00 2411 288.15 298T| 138.79] 10076 19423 164.71 10773 4617 4126 366,56
DFFT6521 | 03/11/89 7.00 22454 28822 2990 w0az| 10233 19261 166.48 11046 4736 091 ST1AG
DPB76100 03/11/69 697 2252 263.67 2950 13687 0.00 FYEx] a0 41,06 .57 s FITE)
DPBT6101 |03/11/89 700 280,89 287.67 298| 14082 492 .17 4363 24,33 2471 2471 2023
DPBT6102 |03/11759 0 262,18 286781 2958]  136.56 1033 8052 6783 348 301 ] 706,45
DFB76104 | 03/11/89 7.00 282,52 25738 2990F 13738 2000 12108 10100 B1.65 5832 1155|4148
DPB76106 | 0311789 .99 26245 287 51 2988| 13815 2958 147 82 130.20 107.08 i 4522 520.3%
DPBTGI08 |03/11/89 699 28279 28788 2999 17886] 408 165.18 15098 130.20 94,86 53.67 611 %6
DPB76110 {03/11/89 7.00 28028 288,15 2983] 13891 30,08 18354 15648 145.25 10362 55.60 66871
DFBT6112 [0311/89 7.00 280,28 288.22 [II| 13825 60.02 189.38 178.53 16057 1750 6253

DPB76114 |0311/89 700 280,48 28828 ET|  138.50 7000 19543 186.03 17399 132.57 7165

[DPcT6i14 |03/11/89 7.01 28116 288,35 2979 13984 T80 198.00 189,30 178,14 157.9 7526] 79306
DFET6113 | 0311789 700 28096 0.2 2983| 14040 7123 199.30 18919 177.64 13642 L) TI0E
DPPT6114 |03/11/89 7.00 8108 288.2% 2857|  18.69 7273 198,21 189.80 2 13831 7606|1474
[BFP76115 | 03/11/89 7.00 280,96 26828 2985|  140.00 74.51 19630 190.19 16030 13057 TIAG B00.58
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'rﬁ'ﬁsne 03111/89 7.00 280.96 28835 2997 139.66 75.88 19226 191.03 181.72 141.17 7832 800.58
[DPFI6I17 [03/1H/8Y 7.00 280.96 28842 2990]  139.79 GED 18643 191.19 1832 143.19 8040 800,01
W&ns 0311549 7.00 281.16 288.56 29.86 139,56 79.36 18164 190.84 183.57 14447 §1.96 791.70
DPETGIG 031189 7.00 280,96 28842 2096 13845 81.07 17760 18822 18288 14436 8§3.02 79135
[DPPT6120 | G311/80 7.00 28103 288.56 2087] 13955 8270 179.16 189.69 185.08 14545 8433 799.43
[DFFT6I21 | 030 1/89 7.00 Z80.75 26642 299z]  138.67 2443 43 TE7.68 185,26 14494 8513 796.54
_D_Pﬁéin 031189 700 28096 288.62 2984 140.94 86.00 18049 IE.BS 188.49 147.55 8777 80982
DPPI61Z3 | 03/11/82 700 281,16 28862 29.95 140,54 8772 18332 18314 18826 14831 89.57 308.37
DPPI6124 | 03/11/39 7.00 281.09 288.62 29856 140,68 89.26 1856.66 177.72 187.53 148,23 9071 805.64
DPPI6L2S 0IN1AE9 700 281.09 2B8.62 2999 14056 91.05 191.40 174.30 186.9%9 148,60 92.09 B09.24
DPPTEL2s [0311/39 7.00 281.30 288.76 3013 14036 9270 195,36 17156 186.34 149,66 93.85 813.28
DPPT6IZT |0311/89 699 28137 288,62 30.04 140.55 9447 20092 157.72 184.38 149.84 95.15 81386
DPP7s128 |0301/89 7.00 _Z_SOT.% 288,40 3011 14082 95.11 205.19 165.10 18222 149.77 96.03 £15.01
DFF76129 0311189 7.00 TsT.z: 288.62 30.05 141,25 97.50 21090 16344 18014 15039 97.82 w
DPB36200 |03M11/89 503 242.07 243.03 26.95 14141 0.00 4256 4213 4275 43.05 43.00 2'@-
DPB56201 103/11/89 5.03 24399 25244 30.09 140.83 519 4215 41N 4236 4248 4238 214.80
[DPBS6Z0Z | 03/11/89 5.02 244 AL 25949 30.03| 13947 9.56 az1s 4159 4217 4223 a2.04 213.93 |
DPR56204 103711584 503 24461 266,73 2049 139.61 20.10 8018 4321 4213 4204 41.70 iS_SF
[DPRS6206 | 03711789 502 24448 26659 2908] 13958 3002 14788 9646 23.63 4282 2266 38620
DPB56208 {03/11/89 503 244.61 266,73 3528|1413z 2006 T58.67 126.59 8249 4352 a310] sAg2
DPB36210 |03/11/89 5.0 245.37 26680 29.05 140.07 4949 22827 186.07 120:70 5427 4135 544.18
DPBS6212 0311739 5.03 245.00 26687 2895 14054 60,12 262.56 21743 153.40 ’T?..]l 4261 76249
DPBS6214 |03/11/89 503 24530 26721 2898( 14131 69,71 285.76 24116 82,80 9041 BI3| 889
DPBS62IS | 03/11/89 5.03 Tasie| 26734 29.0z] 13895 8012 29130] 26083 206.31 11084 4531 93044
[DPC36217 | 0311789 503 245409 26748 2899] 13854 84.80 291.53 26941 21596 115,80 46,11 960,16
DPPS6216 |03 1789 5.0 245.09 26751 2896] 13890] 8436 291,88 268.37 214.58 115.63 2645| 95698
DFPSE217 103711789 £ 245.16]  267.62 WoT| 1952|8598 75447 272.98 5.3 122.08 roxt) IS
DPP36218 | 03711785 508 24530 26155 520 14080{  87.64]  iAD 21655 7597 12389 4525 98815
DPP562I9 (03711739 50 245.05 26762 2003] 13937 29.28 5302 21725 2AB| 1453 4858 95901
[DPF563z0 |03 1759 5.02 245.16 767.62 2888|  139.58 91.05 5A| 28010 228.58 13174 939 9942
[DPP56221 {03/11/89 503 245.09 267.62 2854] 13908 9283 279.29 28118 231,12 13447 50.00 593,34
DPPs6222 [03011/89 503 245.09 2618 2861] 13899 9445 276.29 283.10 23357 13748 s084] 99853
DFPS6223 [0311/89 Sm| 24508 267.62 2859 13930 95.98 27341 28387 2379 140,78 S9t|  1003.02
DPP56225 10311789 5.08 245.09 26758 2860]  13B8E[ 9973 770,75 Teazz 13589 1812 5266  1007.19]
DPP362Zs 0311739 503 24316 26762 2%52] 14135 9538 778,54 29161 28451 146.70 5386] 103259 |
DPF56226 | 03711789 W 24559 267.82 2846|  t40s8| 101.03 275.60 280.14| 24632 14545 SaT1| 103183
[DFPS6227 | 03711789 5.03 24506] 26782 /47| 19.66] 10279 2720 28649 34657 15231 5575]  1032.59
[DPPS6228 |03 188 503 245.09 267.58 2847l 139.68] 10428 27243 286,33 245,21 155.27 S666|  1037.78
[DFFs6229 03711789 SHl Imm| | mAs|  Tmsl| 106%7|  ZI06|  me7z|  25063| 15802 57.65| 103922
DPP36230 | 0311789 5.3 4509 26768 A0 13848[ 10764| 21820 27656 252.05 160.93 S884| 104384
DPBSAZ00 [03/11759 5.02 A263|  243.65 2562| 10266 000 472 2482 2516 2518 2503 1236
DPRS4Z0t |03/11/89 503 242.16 253.87 2843| 10183 522 2478 2478 2509 25.05 2450 1736
DPBS4202 | 011789 503 243.03 263,38 /51| 10202 1021 2501 3501 3524 25.18 2495 127154
DPBS4204 |OY11/89 5.03 24269 266,73 2B.56 101.01 20,08 67.03 41.59 2551 2511 24.82 187.96
DPB54206 | U3/11789 502 24216 266,59 || 0270|3016 Tilsl B4AT 5044 2627 54| 30425
DERS4208 |0311/59 502 241569 266,57 2857] 10336] 3988 a5 7.1 7838 3762 2560| 40958
DFB33210 [O3/11/50 (X0} 24296 266.65 2657] 10160 5008 16497 141.67 105.68]  53.86) 25.60 50134
DPAM2 [0311/89 ) 24288| 26007 2859|1007 59.54 187,65 16333 12870 7011 2835 589,06
[DPRsizIa |03/11/89 502 242.69 26713 W3] 1093 69.53 189.20 18001 146,15 8681 1212 54707
DFCS4214 | 03011789 S0 24289 26114 2866] 10175 76106 1893 18226 14732 8172 3240 649,09
DPP54213 | OX11789 50 24236 26714 /| 1033 §959] 18830 18195 14650 B6.B1 227|681
DPPs4213 |0M11/39 508 24z76| 26704 28.73| 10081 69.59 188.28 18149 196.52 8652 3217 64735
DPP5a1a [03/11789 508 Ars| . 26704 2870]  10.52] 7109 187,76 18403 146.17 9.0 32901 65.15
DFPS42I5 [OH117/89 503 242,96 267,14 2869] 10125 7273 T88.86 186.76] 15225 91,17 1391 66640
TIPESIZI6 |00 1789 S0 24169 26714 BaI| 0145|7450 18833 189.07 155.60 9401 a6 67419
DPPS4217 | 0311/89 503 242,69 26134 2899] 10155 7586 18245 9119 158.14 96.68 3562] 67621
DPPSa2I8 | ON11/80 | 54| 24276 26734 2903 101.68] 7753 17951 19396 T61.98 99.36 36.79 68371
[DPPS4219 |0311/89 50 24252 26114 2895|  101.36f 7943 17607 194.65 16454 0150 3796|6581 |
DFF34220 |0311/39 5.0 242,60 36748 2896] 10128 8105 173.85 me] 1602 10333 3874 688.63
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DPP54221

0311729

502

24269 3572 /97| 1202 3RE] 17530 19653] 17152 10642 20.0% F018
DPP3az2 |03/11/29 502 29252 36741 =] 10L74]  B4a3 17385 .68 17302 .29 FYRT) BRG]
DPP54223 | 0311780 303 24269 36755 B3| 10077 5613 17259 192,53 7559 T09.58 At 70651
DPBIS200 | 06/11/89 954 20843 296.07 2852] 20059 000 8457 8253 ®176 8525 8551 TR K8
DPBG8201 | 06711789 5.55 2941 30039 T858| 19996 S.08 3548 8284 399 8535 B30 W32
[DPB98202 |06/11/39 955 29417 30457 2840 19755 10:06 8623 8338 3330 8544 $5.38 .00
DPB92203 | 06/11/89 055 2917|3022 28.54]  197.49 1996 11343 8361 8195 EYRTY 8427 246
DPEYS206 | 06/11/89 9.5 25400 309.42 2858]  19740] 3049 167.73 103 87,80 8577 Ba5% 52212
DPB9B208 | 06111729 0.54 6417 309,35 866] 19771 192 206,52 16260 113.58 ¥736 ot 62975
DPBYB210 | 0&/11/80 9.5¢ 294.24 309.35 2882 19840 a990| 23849 190.61 13617 91,54 T3 T3
DPB9%212 | 0611789 9.55 254,24 042 28E6| 20078 60.00 368,75 2508 174,26 0452 ¥as0l 8.8
DPBI8214 0611789 954 20424 309.56 01| 19766 7013 27849 236.86 193,73 .2 R6.45 90437
DPBOE216 [06/11/89 9.36 254.24 30969 H0z| 19759 B0.06 IR0 2538 ma 139,30 8775 ]
DPBIB21S |06/11/59 9.56 294.24 309,89 29.02] 19841 8052 0 263,10 2585 15704 9001] 101470
DPB982Z0 | O&/11/89 9.55 29404 310.03 2az|  200508] 9996 292.68 69,75 24036 17535 Sa24| 107010
DPB9E222 | 0511789 9.54 292.24 3003 2904f 20020 11008 0176|2610 24113 190.46 9821|1086
| DPCI8232 [06711/89 954 794,24 30959 2910 199.93] 11057 251 01 26155 IR 191 8t 98B 107674
DPPeszs | 0611789 955 254,24 31003 2936]  199a7] 102 286,10 261.06 097 1919 ORES| 10091
TPBI0200 | 06711789 954 29472 29647 B55] 343 0.00 3,60 11039 TR 113.90 1442 SRI6
DPBR020T | 06111789 9.54 294,65 30032 2954] 23349 5.06 T14.58 T11.00 11243 11419 113,50 S319%
DPB9020Z | 06/11/89 956 29472 3WI0 2050] 23303 598 115.16 nia 11247 114.03 1406|5329
DPBJ0Z0+ |C6/11/8D 054 293.65]  309.08 2935  23204] 2008 130.45 11262 1339 11437 114.06 351.26
[DFB90206 |06/ 1/8% 5.56 204.65 30935 2970] 23330 3045 206.23 139.28 6.7 722 11639 667 54
DFB0208 | 06/11/89 9,55 294,72 309.35 2038] 23408] 4006 25845 196,15 X759 11839 nnme s
DPBJG210 067 1/59 754 294.58 309.35 055] 23235 5000 2974 2dle2 15837 117.61 11553 901,58
DPBI0ZIZ | 0611789 9.54 55472 309.35 2960]  230.17 S988| 32985 26190 4.5 12083 T15.15] 100777
DFBI0214 | 06711789 954 29451 IBA2 2976] 3812|7000 362.52] 29295, 22589 131,38 TIa| 112060
DFB30216 | 06711789 954 25472 309,56 2977|  230.84 S0.04 37798 31500 25209 T46.60 TI637| 120140
DFBIC2IS |06/11/59 956 254,72 30076 2068| 23240 89.96 380.93 335.00 27303 163,27 7.6 127469 ]
DPB30Z20 | 06/11/89 9.55 294,72 309,59 3930]  23270] 10022 39339 35040|  292.80 182,90 TI837| 13875
DFB90222 | 06711789 9.54 294,72 089 976]  2:2.65] 10965 39535 35645 306,30 30836 T9.56]  1363.19
DFBO0224 | 06111789 955 294.72 3100 2086]  23268] 11975 30747 35944 NE6! 22394 T22HI| 124004
[DPBO0226 (06711789 955 25472 31020 3997| 23246 12986 AT 38982 316,34 24279 TBST| 14682
DPCS0227 | 061 1/89 9.55 20472 310.23 92| 2643]  13102| 43841 33435 06,23 23684 T5073] 151%.24 |
[DPB93200 060189 .54 35245 293.09 3010 5.1 0.00 1351 13.76 1393 Ta.17 13,08 709
DFBY3200 | 0&/11/89 955 28761 288.22 3003 6911 0.00 1335 13.28 1347 13.65 1261 5907
DPBY3Z01 | 06711789 9.5 28815 30201 30.18 6943 5.04 1341 13.28 1355 13.68 1259 69.07
DPB53202 | 06/11/89 9551 28862 305.08 30.17 69.09 T0.08 1866 Ta62 1362 1373 T260 76,00
DPB93204 | 06/11/89 535]  28801 309.08 3007 70,25 20,08 3396 2643 2270 1557 EET] T17.50
DFB93206 | 06111789 9.55 289.08 309.15 30.03 7005  20.08 4186 544 3240 24.04 13.68 156:22
DPC93207 |06/11/89 9.55 28937 3029 3007 70.10 36.13 40.02 4348 3198 28.35 1547 7151
DPPG3206 | 0611789 954 288.62 3515 3006 6985 3450 4233 FeYs) 36.75 2739 1487 T60.20
DFFI3207 | 06711789 9,58 ] 3015 68.78] 3650 .69 25 3707 2731 1474 6049
DFP93208 | 0611789 5.5 286.25 309.29 30.13 65| 3813 a181 4586 3652 2817 1495 114 AT
[DPP93209 |06/11/89 954 289.91 30922 30.01 6993 3579 T7.82 46357 31,52 .18 1108 179.58
DPP93210 | 0611789 9.55 288.35 309,22 3021 6936] 4143 T I 4200 TTAd 1695 THLO04
DPPoaall | 0&11789 9.5 290.11 9.2 29.99 6804|4293 .0 4157 23.98 351 184K 15,79
DEP93ZIZ |O0611/29 5.55 352.15 309.35 2995 7021 24.86 3678 4450 4590 34.64 2036 197,96
DPPI3213 |06/11789 9.55 230,30 30043 2999 7301 3635 3805 46,58 4632 T457 1956 190.65
DPP3213 | 0611789 955 290.79 30535 30,05 69.00] 4635 3846 a6.75 413 ] 2035 19535
DPPO3214 | 06711789 955 29296] 30942 3002 65| 4813 2031 33 3890 3664 225 94 49
DPP93ZI5 | 0611789 .55 288.71 309.43 %75 e 497 4113 4429 JRED 3595 2017 195.32
[DFP932I6 | 0611/89 9.54 280,10 09AL 2995 6947 51.54 92 30.56 49,56 7630 2017 194.02
[DPPSazI7 | 06711788 954 28940 30935 29.63 6991 533 4348 4082 083 TIAT AT 199.50
DFP93zI8 |06111/29 95 289.57] 30935 2978 .19 S482 2538 4052 5195 IBET 12,59 20499
DPP93219 [0&11/39 5.54 252.60 309.2% 2958 68.75 5633 47.23 932 5075 2077 #02]  20RAS
DPPI3Z20 |UGr11789 954 29140 309.35 H.76| 6804|5740 3019 3036 5237 4170 2811 21451
[DPB92200 | 06711789 9.54 2609 26389 2981 4682 0.00 B.16 816 843 836 TAT FeyTl
T PB92201 | 06711739 ~ 056 2632 26333 98 4661 392 316 816 BA3 B3| TAT 2251
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DFBIZ202 |06 1787 758 26338 30221 2996 4638 798 827 328 843 8.62 752 4281
DFBI2204 | U6 1789 951 263.61 309.00 7969 4552 2006 1886 1439 1031 8.56 747 53,01
DFDBYZ206 | U1 1739 7.5 263.59 309.56 7955 4586] 3006 2911 23563 1739 074 7 9216
DPCI2207 |01 1789 9.54 263,70 309.17 2964|4601 3552 2836 29.60 2125 13.80 747 104,62
[DPPo2206 J06n 1759 9.54 263.55 3092 966] 4538 3473 2967 876 2068 13.38 743 To3al
[DrPozza7 (060 1787 9.55 26364 309.28 29.61 as93| 3637 2762 3028 2189 1429 756 105.43
[DrPozz08 [0on 1789 9.57 263,56 30935 29.55 3656|3814 2614 31.66 2301 511 765 106595
DPP9Z207 | 06/11/89 9.55 263,32 30935 2941 36,61 3976 2546 3262 2445 1589 754 116.48
DFPIZZI0 | 0611789 .56 263.08 309 AT 2944 3630 3143 2482 3314 2513 161 797 112.00
DFPOZ2T | Oty 1/89 954 263.12 309.17 2040]  4655] 4293 2513 337 2717 1743 813 11553 |
DPBYI500 |0a1/8% 9.55 263.56 261.80 2930 2428 0.00 5.60 54T 574 58t 475 2867 |
DFBY1501 | 06/1 1789 954 263.51 29311 2032 2473 492 533 547 578 554 475 2867
DPBIIS0Z {06/ 1/89 955 26140 308.61 2542 33.68 1008 741 620 358 581 375 3188
DPBY1503 |0&11/89 9.55 25949 309.15 2623 3326 15.18 .16 897 T8 571 375 4022
DPBI1504 | 0&/11/89 G55 25785 309.15 2928 2344 1990 1531 1197 924 638 275 50.60
DPRIISCS | 01 1789 9.5 258.12 309.29 2933 279 2445 18.20 1562 1139 704 475 50.99
DPCI1506 |06 1789 355 255.01 09.22 2931 2544 2959 1837 19.93 1478 7.1 a0 71.09
BFFs0s (0671 1789 .55 259.56 309.22 2935 25563 2816 1953 1905 1393 947 511 6994
[BRFG1506 [06/1 1789 745 260,36 309,29 2923 2540]  29.65 1814 2012 1500 1010 513 167
DPP91507 | 06/11/89 9.55 259.15 309.15 2922 2400 3145 1670 20,55 1585 10.59 5.19 7167
DPP91508 | 06411789 9.55 258.46 300.15 2931 24.28 3257 16.24 21.05 1635 1105 535 73.69
[DFF91500 | 06711789 9.55 258.94 9.2 2932 2406] 3403 1607 .13 [EX]] 170 547 7513
DFF9ISI0 | 011789 3,55 259.69 309.15 2910 23.34 3582 16.24 20.59 18,74 1220 5.65 761 |
DPBY8200 |07/11/8% 9.57 295.66 297,28 37| 2002 0.00 B5.03 32.68 83,99 8544 8507| 43209
[DPBYB201 {0771189 9.57 295.12 301.00 2924 19931 352 8567 83.18 84.26 B5.54 8502 433.24
DPDR9E202 |07/11/89 9.57 29505 30531 2912| 200,56 103% 8734 BAA% 8542 8647 8575 43872
[DPRIBI04 [0711/59 9.5 294.99 309,22 20.15{  198.41 2002 119.78 €4.65 #4.53 §5.23 84,16 2684 |
DPBIB206 |07/ H/BY 9,57 204.65 09.49 29.08] 19834 3045 170.16 129.70 9.1 8671 85.23 57348
DFBYB208 | 07711789 9.57 295.19 309,42 2900] 19735 30,19 208.36 164.83 118.20 86.9% 85.07 678.52
 OPnoszI0 | 07/11789 957 29519 309.56 T8o0]  199.69 3018 24288 19453 15075 9370 8645 TRAAL
[DPBSs212 |07711/8% 958 295.19 309.62 2908] 19829 6016 264.75 N3 176.18 10746 3551 B68.57 |
DPB2AZIA | 07/11/89 9.56 25492 30976 74| 16993 7012 285.24 74190 198.23 124.00 86,03 95554
DPBYR216 [07/11/39 9.57 295.05 309.83 01| 201.23 80.06 291 82 259.40 21681 14361 8941 102191
DPBYBZIE [0711759 9.57 295.19 39,59 EA| 19749 89.96 28143 261 53 22643 16044 29.23] 104038
DPBISZZ0 |07711/89 9.56 29512 30996 2881 19882  100.06 288.01 264,60 3874 17644 9343|  1084.24
DPC98221 | 07/11/89 9.57 295.19 310.03 2880] 1988t} 10301 286,33 25736 238.93 189.01 9634  1090.88
e G 936 295.19 310,00 2878] 198.95] 10563 276,51 255.15 238.01 191.48 9703] 108078
[GPP9R224 |07711/89 3.56 295.05 303 2883 199.34| 11129 265.61 25717 236.93 154.49 99.59] 1076.94
[DPP9azas (0771189 956 295.19 310.09 W6I| 19997 11293 265.56 25332 23659 19649 10053 107443
DFPOB225 |07N11/39 9.57 295.12 31016 2868|  20043] 1187 265.61 247.01 23401 199.32 10211 1067.19
DPP9BZZT [07/11789 9.57 204.99 31030 /63| 20240 11635 244 23347 230,70 20184 103.62] 106231
DPPSSIZE (0711789 556 293,35 310.30 2675|  20337) 11813 28108 199,30 227.58 20459 105.36] 104038 |
DPBY0200 | 07711789 9.60 293,55 257.15 28.53| 23533 0.00 11459 T8 T13.08 11634 113.28 576,95
DFB90201 |0 1789 957 295,66 301.00 28.65] 23531 5.19 115.68 112.00 312 11645 112.65 576.95
DPESOZ02 |07 1/59 0.58 295.59 304.64 2870 23330 1023 527 11.73 11266 115.62 Ti1.49 574,64
DFBgoza (0711789 9.55 295.66 30935 2865 23130 20.23 13830 T12.43 Tizsl 11541 110.78 567,15
DPFBY0206 | 07711739 9.57 295.53 309.4% Ta4| 23460 3020 211.08 T45.82 117.20 11930 11403 71950
DPBO0208 (07711789 5,62 205.86 309,59 49| 23332 30,19 258.06 197.73 128.82 19.02 113.36 82944
DFBY0210 [07/11/89 9.56 295.19 30949 28.59)  235.57 50.04 02,67 236.32 161,79 12145 115.36 950,64
DPRY0212 | 07711789 957 795,66 309.69 2873| 23338 59.61 334.12 265,75 19799 12431 Tia2a] 105250 ]
DPBS0214 | 07N 1789 956 295.53 309.56 280 23344 69.69 360.651 29291 22857 134,60 TIa.06] 114715
DPFBS0216 07711789 9.58 295.26 30983 W9 23507 7984 383,70 31931 255.52 14958 16.13| 124237
[DPB90218 [07711/89 9.57 295.66 302.59 73| 2328 89.69 T 2702 T70.07 1s&7] 131221
DPRJOZII0 |07 1759 9.57 20566 310,03 83| 23438 99.67 398.70 354,90 297,22 188.72 TI761] 137713
DFBY022 |07/11/89 9.57 295,66 31030 WEI| | IMAI| 11002 40251 36248 31223 2005 119.02| 142677
DPBY02I4 |OW11789 9.56 205.66 31050 68|  233.45| 11950 0972 36052 321.85 229016 12211] 146457
[TPBs0z=a [07711/89 .57 295.65 31050 28751 23400|  130.2 421.61 353,93 33142 24544 12583| 128910
[DPCI0z27 [07N 1789 9.57 29546 310.36 28.56] 23586] 13791 337 312.50 3040 26035 131.04 1464.85'
DRPSZ28 | 07711789 9.56 29546 04| 2BE3|  235a2| 13193 232,00 29559 302.57 260.19 13054] 14379
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DPPS0O22Y

0711789 957 29539 310.50 2838] 23391 13811 3154 369,60 02 605 1.0 1Tweln
TPBST100 | 23/11/89 9.58 305.52 30700 279a) 17398 0.00 &7.20]-
DPESTION | 23711/89 9.59 305.08 30962 2BI4| VDS a5 76.09]-
DPBS7102 | 2311789 956 303.64 309,56 W03| 17395 1033 0373
DFBST104 | 23711789 950 305.11 30959 2830 1396|2023 14263
[DPBS7106 |23 t/89 755 305,18 309.96 WAI| 17510 2999 176.85 |-
IDPBY7108 | 23/11/89 958 305.11 309.96 3B.5B|  173.85 2027 200921~
DPBSTIT0 | 2311789 9.59 305.11 309.96 66| 17469 50.04 217.66] -
DPBYTIIZ {23711/89 9.59 30541 310.03 IWI0|  17346| | 60A3 220.53(-
DPBYTINA | 23/11759 9.5% 305.18 31046 2850]  17356] 7096 219.16] -
DFBH116 | 23711789 958 30525 31030 2843| 17533 B0.12 237,763 -
DPCOTILT | 23711789 9.59 30501 31030 38| 17535 8631 226.77) -
DPPITI6 | 23711785 9.58 30531 31030 2BaA5| 17803 85.00]  238A5|-
DPP9TI17 | 2311789 9.59 305,11 31030 2839 17528  B6.68 226.14]-
DPPITIIE | 2311759 759 305.04 31030 2BAS|  1i5A42| 8824 21864 -
DFPSTI19 | 23711789 0.58 305.09 31030 2az| 17488 5984|2013
[DPFSTI20 | 2311789 9.60 304,98 31030 WAL 17538 9L6D|  209.00f-
(DPPOT121 (23711789 9.60 30454 31030 %A9] 17636 E¥) 20831 -
[DPFITIZS 23711789 958 305.11 31030 82| 176.57 9458 206,58 -
DFPSTIZA | 23/11/89 9.59 30525 310,30 2BAT|  17582]  9652] 20836
DPPITIZ5 | 2311789 9.60 304 98 31030 28az|  17347] 9816 212.00} -
DPPITI126 | 231789 0.58 305.04 310.30 50| 17548 9954 217.94] -
DPRTIZT | 2311789 9.60 305,11 31036 2B35|  175.61] 10172 222.56]-
DPFIT128 | 23/11/89 957 30471 31030 2848|  17664| 1m3.22| 22862
DPPGTI29 | 2311789 9.60 30501 31043 /31| 17668| 10484 %8| -
DPFBYT300 |23/11/88 559 282.7% 284.22 73| 17345 0.00 €3.85]-
DPBY7301 | 2311789 9.59 282.52 269.50 28B1| 17686 527 5593
DPBY7302 |23/11/59 9.59 282.79 294.58 2902 17559 1021 6645~
[DPBI7304 |23/ 1789 0.60 282.72 0417 28/79|  173.75 20.10 6674 |-
DPB57306 | 23711789 9.60 %219 309,59 53| 175.54 30.08 8031~
DPBIT308 | 2311759 5,55 78266 309.59 2896]  170.69 40106 133.36| -
DPB973C8 |23/11/59 9.60 283.38 309.96 2881| 17326} 4008 135.24]-
[DFBOTII0 [2311/89 5.59 282,59 309.89 2876) 17509 50.04 170.04]-
[DPE97312 | 2311789 9.59 262,59 310,03 B/ 17580 6043 200.67] -
[DrBg7314 | 23711789 9.59 28238 996 28.51] 17310 69.54 379
DPB37316 | 2311789 9.60 26306 31030 29021 175.63| 80,8 22343]-
DPBYT38 |23/11/89 958| 28238 0.8 2005|  174.65 9051 21868 -
DPCI7315 |23 1789 9.58 28238 31030 [02|  1B@ 9584 213,561
DPP97318 | 2311780 9.50 28238 31030 2H9.08|  17343 95.02 a0z |-
(DPFa7318 |23/11/89 955 282.38 310.30 2687| 17519 96.80 219.0]-
DPPSTAIB | 23/11/29 358 28245 31030 2694] 17581 9RAZ 17|
DPPOTI20 | 23/11729 3,58 282,38 3030 294 17507| 1008 19440 -
DFF97321 | 23/11789 9.59 25145 31030 2905 17537] 10174 164,18 -
DPP97322 |23/11/8% 9.58 28238 31030 20.06]  17575] 10336 17847 -
[DPPST3E3 (23711789 9.59 282.38 310,30 2910] 17601  105.02 17697 -
DFF97324 [23/11/59 5,59 28238 3030 2939f  17a21| 10547 17633} -
DPBI7500 |23/11/89 9.35 255.65 25702 /61| 17643 000  6195]-
DPBS7501 | 23/11/89 9.39 25442 26126 2875]  178.57 5.0 61.60]-
DPB9750Z 12311789 953 25400 267.55 29.02] 17285 1094 61.08]-
DFB¥7562 |23/11/89 9.59 25422 261.62 29021 173.59 1095 61.37]-
DPB97504 | 23711789 2.63 254.90 218 2896 17435 1952 &333]-
[DPBS7506 | 23011/89 9,60 25552 389.03 00| 175.57 30,06 6504 -
TPBST508 | 2311789 9.5% 255.52 298.54 2865  174.03 EURT] 6557 |-
DPBY7510 |2311/89 5.5 255.52 308.82 2858 17435 5043 72.16)-
DPBYTSIZ [23/11/89 959| 28507 3043 2846] 18648 59.88 706.13) -
[DPB7S12 | 23711789 9.60 254,01 300.83 39| 162 60.29 043~
DPBIT518 | 2311789 957 255.65 0583 2863] 17271 70,55 157.00)-
DPBST514 | 2311789 .58 25565 509.83 2865 17362] 7055 TH.29|-
DPBYI514 |23/11/89 9.58| 25524 30983 Z888) 17271 802 18205 -
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DPBY7514 | 2311787 9.58 255.38 30983 2891 17210 80,18 181.99]-
DPBYTS16 | 2311/89 9259 255.18 309.89 28.92 17293 89,96 200.75]-
DYBoTs20 §2311/89 9.59 255.59 310.09 29.14 173.55 100,00 200,001-
DPCIISH | 231159 9.58 255.65 310.03 29.08 173,95 103.14 190.59 |-
DPPYTSH | 23/11/%9 9.58 255.65 309.96 29.20 173.88 10i.86 19642
DPPYTSA | 231189 9.56 255.65 310.16 29.25 173,52 10313 i89.26]-
[DPPS7522 [ 2311789 5.5 255.65 310.16 2371 17a08| 1608 18788 -
DPPI758 J23/11/80 9.58 25572 310.23 2947 17484 105.02 17743)-
DFPY7524 | 2311/8% 9.59 256.00 310,30 2944 17536 105.94 168.14]-
Heat Hal 22H1/89 9.60 204 98 204.01 30.01 2334 0.0-6 6,201 -
Heat Bal 211789 9.60 204,70 237.67 2046 2321 492 6.14]-
Heat Bal 2N BY 9.61 204.50 21109 29.55 2321 1012 6.02]-
Heat Bal 220189 9.60 204.90 294,72 29.62 2558 1520 6.14|-
Heat Bal 221739 9.60 204.98 309.35 29.1¢ 2534 1982 897|-
Heal Bal 2211189 9.60 204.98 309.83 29.04 2368 2529 1381)-
Fleat Bal 22111/89 9.35 221.21 22113 2921 68.14 Q.00 13.14]-
Heat Bal 2211189 9.43 221.94 m 2917 66.68 5.19 1294]-
Heat Bal 241189 g.64 2.67 25242 28.99 71.38 10.15 13.92]-
Ticat Pab | 2215789 9.68 22391 253.19 29.02 7058 1018 13.76] -
Hest Bal 221189 9,62 22298 268.09 2892 7138 15.59 14.10]-
Hest 3al 221189 9,60 22331 28207 28499 TOAL 20.64 14.6-3 -
Hent Bal 241189 9,60 22339 293.66 29.12 §9.00 2529 13.768]-
Fieal Bal 2211/89 9.60 ‘ZE.BS 307.94 28,98 69.16 3019 15.83|-
Heat Bal 2AN1/89 9.60 22836 309.83 28.96 71.25 3486 23741-
Hent Bal 2211749 9.14 229.95 230.64 29.16 11446 0.00 27494-
Teal Bal | | 2211789 9.10 229.67 339 50 2922] 11539 5.6 28.01]-
Heat Bal 22251 /89 FAR 229,67 24942 9.15 115.75 10.39 28.36)-
Hewt Bal | 22/11/89 9.26 22567 257,78 2905] 11614 15.16 28.70(-
Heat Bal 211/89 9,39 229.67 26_5:91 29.07 116.11 19.96 29.1% |-
licat Bl |22/11789 9.56 220.67 77457 2903| 11565 502 29.47|
Heat Bal 2 m9 9.67 229.67 283.3_3 25.00 115.23 3016 29.57]-
Teal Bl |22/11/89 9.49 230.09 200.72 :.s:.u'ri REX] 3455 29.86] -
Tiew Bal | 2211759 9.6 23064| 30046 2902 11535 047 3032[-
Teat Bal  [22011780 .60 160 308.21 29.08] 11513 a521)  3396|-
Hemt Bl |22/11789 9.59 23 81 30,83 2002]  1aazj  so02 4643]-
Hent Bal 221189 89 231.60 232.57 2882 164.58 0,00 ‘5-3.93 -
leat Bal | 2211789 892 231.60 238.90 2868|  163.20 5.4 5398]-
Heat Bal 2nimy 8.99 231.60 245.0% Eﬁ-s 16427 9.98 54.50]-
Heat Bal 2mame 9.11 231.60 251.4 28,63 15.97 15.04 54.67]-
Hest Bl | 2211789 937 BIeo| 25791 BT 16421 2037 34.961-
Heat Bal | 2211789 967 232.57 264.55 2832 16292 23.16 55.31]-
Tieat Bl [22/11789 935 I35 271.57 28.50]  164.83 3063 5687~
Tieal Bal [ 22/11/89 ) 2391 Z77.90 TR66|  165.83 3510 $773]-
Tomt Bal | 22711789 954 23498 283.60 852|  16a88|  40.6 8.02]-
Heat Bal 2By 970 234.98 2‘3;96 2851 'I&ﬁ 4498 38.60] -
Heat Hal 240189 9.61 235.24 295.59 2855 163.93 5043 55.23]-
Tiew Bal | 2211789 9.60 23656 30140 ®53| 1030 5496 59.68]-
Heat Bal 22111789 361 69 306.66 2864] 16518 60,02 6287 -
Vieat Bal |22 1780 9.0 23691 F09.83 2861  183.5 65.20 TadT|-
Teat Bl |21 /B9 .51 23278 233.95 2845|  213.7 .00 ¥694]-
Toat Bal | 22711789 X 23243 238.63 2833|2143+ 514 B7.40[-
Heat Bl | 22711789 894 PR EYCFT) 2838] 21412 1037 87.80]-
Teat Rl |22/11/8% .0 23236 248.73 /I 2154 1572 86.88]-
Tem B | 2211780 9.37 miz 5387 Teaz|  IWmE 0,10 2532|-
Homt Bal [ 221189 9.65 233,50 26044 2843 20957 2582 86.53]-
Heat Bl | 22111/89 9.45 23581 26645 2839} 20937 3036 8734]-
Heal Bal | 2211/89 966 23108 27606 2836]  209.79 40.03 £8.55]-
Heat Bal 21189 9.61 ﬁ.lS 250.39 2830 20810 4525 89,25]-
Tiemt Bal [ 2211789 9.6z TR0 286,52 WE| 20853 S0.68 90.00]-
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Heat Bal  |22711/89 960] .15 786.59 33| 20998 5070 90.57] -
Heat Bal | 22711739 960 23842 290,86 2833]  209.63 5551 IL.15{-
Veat Bl 2211789 9.60 23835 295.13 2838] 20831 IR 167]-
Heat Bal | 22711/89 9.60 23856 208.50 2830 06 63.22 o4.08]-
Heat Bal | 23/11/89 5.60 238.49 298.57 2838|2109 63,22 Sa3]-
Veat Bal | 22/11/89 9.60 238.56 30245 2824] 21088 7008 9511]-
Heat Bal  {22/11/89 9.60 238,63 306.66 2842 21052 7506 9B E2[-
Feat Bal  |2211/39 9.60 23870 309.83 284B| 21022 79.92 109.16] -
Heat Bal  |22711729 853 3147 23305 2881] 25870 0.00 T559]-
Heal Bl |2211/89 261 23167 3739 2884] 25795 547 1B.35]-
Tieat Bal  |22711/89 560 23160 2Ll /I 25634 1025 123.70]-
Heat Bal | 22/11/89 885 231,95 24537 2893 25718 1500 1243~
Heat Bal 2211789 9.01 2321 749,90 2BET| | 25718 30.00 123.3]-
Heat Bal  {22711/89 9.3 3347 20 2BE0] 25755 537 12584|-
Heat Bal | 22111789 953 734,70 25997 FTRT] T 3033 135.76]-
Heat Bad  |22/11/89 959 23514 260.72 2|BI|  255.62] 3031 12584~
Veal Bal | 2Z/11759 926 257167 26632 2856] 25549 3500 12555 -
Heat Bal | 22/11789 932 23718 265.73 2836] 25458 4002 126.76] -
Heat Bal | 25711789 9.45 23746 Faa] 252 25155 45.00 129.99]-
Hest Bal | 2211/89 0.64 822 2197 2®as| 25770 5043 13080] -
Heat Bal 22111789 9.65 73890 262.32 BA5| 256,76 $5.23 131.26( -
Feat Bal | 22/11/89 S| 23054 286.59 28a6]  256.00 59.88 T32.00 |-
Heat Bal  [22/11/89 9.60 240,14 250,72 2836]  255.62 65.63 133.40]-
Heat Bal | 22/11/89 9.60 24021 294,04 2831 25688 7027 13332} -
Heat Bal | 22711789 9.60 240.14 297.28 W29 238.08 7574 136.73|-
Heat Bal | 2211789 5.50 240,21 300.25 2838 258.53 80.25 13%.9]-
Heat Bal | 2211789 9.60 240,35 056 2838|2847 BSAE 12049} -
Heal Bal | 22711789 9.60 28035 306,93 2836 25157 5008 14373 -
Heat Bal | 22/11789 .60 24021 309.62 250 25747 95,57 156.65] -
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II. CALIBRATION OF EQUIPMENT AND
CORRECTION TO MEASUREMENTS

[II.1 CALIBRATION OF THERMOCOUPLES MEASURING BULK-FLUID
TEMPERATURES

The Chromel-Alumel (K-type) thermocouples were used to measure the bulk-fluid temperatures
at both the inlet and the outlet, and the surface temperatures at various locations along the test
section. All of them were the ungrounded type, of which the chromel and alumel wires are
packed with magnesium oxide inside a stainless-steel sheath. This type of thermocouple shields
the wires from the high voltage exhibited by the test section during experiment, and hence
reduces the interference to the recording signal. During operation, the voltage difference, V, in

(mV) between the two wires is recorded, and converted into temperature readings with

T = 0226584602 + 24152.109 V + 67233.4248 V2 + 2210340.682 V3
~ 860963914.9 V* + 4.83506x10'° V5 - 1.18452x10'% v¢ (IIL.1)
+ 1.3869x10"% V7 - 6.33708x10"3 V3

m-1



The thermocouple used to measure the bulk-
fluid temperature at the inlet (identified as
#1525) was 15.25cm long, and its outer
diameter was 0.32 cm. It was inserted into the
flow through a Swagelok fitting at a distance of
0.470 m upstream of the heated section (see
Figure TIL.1). Before installation, this
thermocouple was calibrated for the ranges of
temperature between 100 and 400°C at a 100°C
increments, and the maximum deviation was
0.5°C. After the experiment, it was re-calibrated
over the test ranges of 200 to 400°C at a 20°C
intervals using a JOFRA temperature calibrator
(Model 650SE, S/N 92157). Table III.1 shows
the measurements taken from the re-calibration
of this thermocouple. The recorded readings
were slightly lower than the actual (ie.,

calibrated) temperatures.

At the outlet of the test section, the
thermocouple identified as #1718 was used for
measuring the bulk-fluid temperature. It was
30.5 cm long and 0.16 cm in diameter. This
thermocouple was installed at a distance of
0.485 m from the end of the heated section (see
Figure III.1). Before the installation, it was
calibrated at an interval of 100°C over the range
of 8.5 to 406.5°C with a maximum deviation of

1°C. It was also re-calibrated with the JOFRA

Table I1I.1;  Calibration of Inlet
Thermocouple
Actual Measured Difference
Temperature Temperature (4]
(°C) (4%
200 199.6 0.4
220 219.3 0.7
240 239.3 A7
260 259.4 0.6
280 279.4 0.6
300 209.3 0.7
320 319.2 0.8
340 339.1 0.9
360 158.9 -1
380 3789 -L1
400 398.7 1.3
OUTLET
THERMOCOUPLE
-5 © FLANGES
' 0019 m D
CONEX FITTING
0485m
000775 m ID
REDUCING UNION
POWER CLAMP

HEATED

SECTION

0470 m

L

INLET

THERMOCOUPLE

Figure II1.1:
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400°C at increments of 20°C after the Table II1.2: Calibration of Outlet

completion of the experiment. As shown in Thermocouple.
Table I11.2, the measurements were higher than
Actual Temperature Measured Difference
the actual temperature. o e o
200 201.6 1.6
Although differerices between the measured and 220 214 14
the reference temperatures are small, these G we Lo
. 260 261.6 16
calibrations were used to correct the measured
280 282.0 2.0
temperatures. The measurements of bulk-fluid 300 2020 20
temperature for adiabatic flow (i.e., no power is 320 221 21
applied to the test section) were then used to 340 M2l 21
confirm the validity of these corrections during = X2 22
. . 380 382.4 24
operation. Figure II1.2 shows the temperature
400 402.6 26
0 —
) [ ]
I Hym N . &
E | [ | ] w o
g %o P
:: A
5= .
= |
L
l...
-3 -
el
<
54
3 |
-5 I T | | n
220 240 260 280 300 320
INLET TEMPERATURE (°C)

Figure II1.2: Difference in Measured Temperature Between the Inlet and the Outlet
Thermocouples.
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difference between the outlet and inlet flows. A constant offset of about 1°C is noted in the
results. While heat loss is anticipated, a drop of 1°C over the test section seems to be

exaggerated. The difference is also presented in Figure 1.3 as a function of the bulk-fluid

Reynolds number

Re, =

(111.2)
B

where G is the mass flux of fluid in kg.m™.s!, D is the inside diameter of the tube in m and p,

is the bulk-fluid dynamic viscosity in kg.ml.s’. Since the temperature difference should

o
|

1
—r
!

1
N
1

h 4
w
|

OUTLET - INLET TEMPERATURE (°C)
A
i

-5 | |

10000 100000 1000000
REYNOLDS NUMBER

Figure IT1.3: Temperature Drop over the Test Section at Adiabatic Flow as a function of Reynolds
Number.
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approach 0 at high Reynolds numbers, the correction based on calibrated results may not be valid

for the operating conditions.

A correction factor to the thermocouple’s reading is derived from the results of adiabatic flow.
It is applied to the outlet thermocouple, which has been shown from the calibration to have
higher uncertainty than the inlet thermocouple. Figure I11.4 shows the difference in measurements
between the outlet and the inlet thermocouples as a function of the outlet temperature. Note that
no correction is applied to the measurements. A linear relation between the temperature
difference and the outlet temperature is derived by optimising the data with the largest difference.

It is also shown in Figure II1.4 and is expressed as

T, - T, =00058 T, (ITL3)

2_

Y
%))
i

-
f

©
(3
!

OUTLET - INLET TEMPERATURE (°C)
o
!

-0.5 -
-1 |
-1.5 |
[ |
-2 I | I T | T |
0 50 100 150 200 250 300 350

OUTLET TEMPERATURE (°C)

Figure M1.4: Difference in Measured Temperature Between Inlet and Qutlet Thermocouples.
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The largest difference is selected as the criterion, because it provides the maximum correction,
which represents the ideal case of negligible heat loss from the test section. Over the range of
operating temperature (i.e., between 220 and 320°C), the correction varies from 1.3 to 1.9°C,
which is similar to results from the calibration (see Table IT1.2). Unless specified, the outlet

temperature, as indicated from here on, represents the corrected value based on Equation (111.3);

T =09942 T (111.4)

out,act, qut,meas.

II.2 CALCULATION OF POWER LOSS FROM TEST SECTION AND POWER-
SOURCE CONNECTORS

Part of the power applied to the test section was lost through the insulation, the connecting
cables, and the power clamps. While the power loss through the insulation is expected to be
small, the other two components can be quite significant. In this study, no attempt is made to
separate the individual loss in the heated section, but the overall power loss is calculated and

correlated in terms of the applied power.

The differences between outlet and inlet temperatures in adiabatic flow were examined to assess
the heat loss through insulation. They are shown in Figure III.5 and appear to have no definite
trend as a function of the mean bulk-fluid temperature. Negative value signifies heat loss in the
test section. While the data ranged between -3.5°C and 0.5°C, a majority of them lie within the
range of -1 to 0°C. Figure ITL.6 shows the data with respect to the Reynolds number. The
temperature difference is large for the flow of low Reynolds numbers and asymptotically
approaches 0 as the Reynolds number increases. When the temperature difference is expressed

in terms of heat loss, the dependence on the Reynolds number is not indicated in Figure H1.7.

Note that heat gain is calculated with

-6
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Figure I11.5: Differences Between Inlet and Outlet Temperatures.

Heat Gain = (H H )W (IM1.5)

out n

where W is the mass flow rate in kg.m™!, and H;_ and H,,, are the fluid-enthalpy values in J.kg"'
at the inlet and outlet, respectively. Negative values signify heat loss from the test section
through the insulation. No specific trend is displayed for the heat loss either when plotted as a
function of temperature (Figure IL.8). The results scatter over the range of -0.5 and 0.5 kW.

Hence, the heat loss at adiabatic flow can be considered to be negligible.

The correction factor for the outlet thermocouple is derived based on the criterion that the
minimum drop in fluid temperature over the test section is 0. A simple one-dimensional analysis

of heat transfer by conduction is carried out to justify this limit. It considers that heat is

Im -7
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Figure IIL6: Difference Between Inlet and Outlet Temperatures as a function of Reynolds
Number.

transferred from

i) the fluid to the inner channel wall (through forced convection),
i1) the inner to the outer channel wall (through conduction),

iii) the outer channel wall to the outer surface of a 3.81-cm thick insulation (through

conduction), and

iv) the outer surface of the insulation to the environment (through natural convection).

The basic assumptions employed in this analysis are that

i) heat is transferred through the radial direction only (no axial heat transfer),

I - 8
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Figure T1.7: Heat Loss from the Test Section in Adiabatic Flow.
ii) the thermal expansion of the test section is negligible,

iii) heat transfer by radiation is neglected, since the surface of the insulation is covered with
an aluminum-foil paper, and

iv)  fluid properties are constant.
The axial length of the test section was sub-divided into 10 sections, so that the temperature drop
in each section can be considered negligible, to ensure the validity of the last assumption. In

each section, the heat loss, Q, is presented in Equations (IIL6) to (II1.9) (see Figure II1.9).

At the inner tube surface, the heat is transferred through forced convection from the fluid to the

surface and is expressed as

m-9
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Figure II1.8: Heat Loss from the Test Section in Adiabatic Flow as a function of Inlet
Temperature.

hpe T, -T,) = D, Z

320

(111.6)

where hg is the heat-transfer coefficient for forced convection in W.m2K", T, is the butk-fluid

temperature in K, T,,; is the temperature at the inner wall in K, D, is the inner diameter of the

tube in m, and Z is the axial length of the section in m.

At the outer tube surface, the heat is transferred through conduction from the inner to outer

surface and is expressed as

_ 2nkmz

- . =T
InD, D) ™ =

I - 10

(1L.7)



where krg is the thermal conductivity of the
test section in W.m'L.K?, D, is the outer

diameter of the tube in m, and T, is the

- T
temperature at the outer surface in K. * 0 SRRy
The same temperature is assumed for both the S Trw,l e Trse
. e, b 3
outer surface of tube and the inner surface of o
. . 2 Tw.o FERBR0
insulation. SR BR85S

At the outer surface of insulation, the heat is

transferred through conduction from the inner

to outer surface of insulation and is expressed Figure TIL9: Analysis of Heat Loss from the
as Test Section.

2Tn kF/G Z

- - T. I11.8
InD,.7D) Tuo = Tiso) (s

where kg is the thermal conductivity of the fiberglass insulation in w.m K, D, is the outer
diameter of the insulation in m, and T, , is the temperature at the outer surface of the insulation

ns,0
in K.

The heat transfer through natural convection from the outer surface of insulation to the

environment is expressed as
Q=hye Tiso =TI T D Z (111.9)

where hyc is the heat-transfer coefficient for natural convection in W.m2K!, and T_ is the
ambient temperature in K. Combining Equations (IIL.6) to (IIL.9), the heat loss from the fluid

to the environment is expressed

I - 11



o0

1 inD, /D) W@, /D) . (I11.10)
+ + +

hee ® D;Z 2T kp Z 2. ke Z hy® D, 2

T, -T

The heat-transfer coefficient for forced convective cooling is calculated using the Dittus-Boelter
equation {Dittus and Boelter, 1930]

hpe = 0.024 Re)® Pr,” (LIL11)

where Pr, is the bulk-fluid Prandtl number

- 178 Cp,

Pr

(111.12)

with Cp, being the specific heat in J.kg" K" and k, the thermal conductivity of bulk fluid in
W.ml K.

The values for thermal conductivity of Inconel-600 (which is the material of the test section) and
fibreglass insulation are obtained from data provided by the Huntington Alloy, Inc. (Figure I11. 10)
and the Manville Fibre Glass Group (Figure I1I.11), respectively.

The heat-transfer coefficient for natural convection to air at atmospheric pressure is expressed

as

/4

T, (I11.13)
hye = 142 | o=
NC 7

for ranges of (Gr,.Pr),;, between 10° to 10°, and
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Figure II.10: Thermal Conductivity of Inconel-600.
R, =095 (T, - TJ" (IIL.14)

for ranges of (Gr,.Pr),, between 10° to 10!, The Grashof number, Gr,, for air is defined as

_ 8B Ty, T Z° (ITL.15)
v'.?.

Gr

2

where g is the acceleration due to gravity (9.806 m.s’%), v is the kinematic viscosity of air in

9 .
m2.s!,
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Figure 1.11: Thermal Conductivity of the Fibreglass Insulation.
1

b=— (111.16)

Tmean
and
Tooan = E‘_;j + 273.15 (111.17)

The Prandtl number, Pr,;, of air is defined as

Pr,, = (_”_C_p (111.18)
k air
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The heat loss at adiabatic flow is shown in Figure HI.12. It depends strongly on the temperature
where larger heat loss corresponds to higher temperature. As a function of the Reynolds number,
no definite trend is displayed in Figure II1.13. Although there is some uncertainty for using a
simplified-conduction model, this analysis has shown that the heat loss through the insulation can

be considered as negligible.

For flow inside a heated channel, the power loss is determined based on a heat balance from data
having a subcooled outlet flow (i.., bulk-fiuid temperature is less than saturation). To further
eliminate those data with subcooled boiling, a criterion of 2°C below the saturation is employed.

Figure 111.14 shows the difference between the applied power to the test section and the

0.14

o

-

n
|

'L

CALCULATED HEAT LOSS (kW)
o ) o
R 3 S
| | |
B

o

Q

N
|

o I I | | }

220 240 260 280 300 320
MEAN FLUID TEMPERATURE (°C)

Figure 111.12: Calculated Heat Loss as a function of Inlet Temperature Based on 1-Dimensional
Conduction Model.
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Figure I11.13: Calculated Heat Loss as a function of Reynolds Number.

calculated power based on a heat balance of the inlet and outlet flows. Although the data are
quite scattered, it indicates only a small power loss (about 2 kW for 50 kW of applied power).
This power loss is primarily caused by the heat dissipation through the power connecting clamps,
and possible errors in the power-supply and fluid-temperature measurements. These data can be

correlated into

Qo5 = 0.0407 Qpppiica (111.19)

Figures II1.15 and I11.16 show the power loss as functions of the mean buik-fluid temperature
(ie., W(T,, + T,,) and the Reynolds number, respectively. No definite trend is exhibited in

either figure. Hence, it is concluded that the power loss is related to the applicd power, and

I - 16
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Figure II1.14: Power Loss for Flow Inside a Heated Test Section,

Equation (II1.19) should be adequate.

III.3 CALIBRATION OF THERMOCOUPLES THAT MEASURE THE
TEMPERATURE OF A HEATED SURFACE

The thermocouples used to measure the surface temperature were not calibrated before the
installation. They were bent and spot-welded at the tip onto the test section (Figure 8.4). This
reduced the heat loss due to conduction through the thermocouples. A small strip of stainless
steel was used to anchor the thermocouple on the test section to reduce excess force on the weld
due to vibration during operation. This attachment method has been used in a number of

experiments performed at the Chalk River Laboratories, and appears to have no significant effect

I - 17
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Figure III.15: Power Loss as a function of Mean Bulk-Fluid Temperature.

on the accuracy of the measurements. During the experiment, a large scatter in temperature
readings was observed for thermocouple No. 4. It was later found that this thermocouple had
detached from the test section and the scatter was caused by intermittent contacts. The readings
from this thermocouple were therefore discarded. After the completion of the experiment, all
thermocouples were carefully removed from the test section and calibrated with the JOFRA
temperature calibrator. This will generally indicate the accuracy of the readings and the

reliability of the thermocouple.
Although the thermocouples were twisted, bent and subjected to severe changes in temperature,

they consistently provided accurate readings, with a maximum deviation of about 1% at high

temperature. The measurements from the calibration are presented in Table IIL.3.
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Figure LI1.16: Power Loss as a function of Reynolds Number.

Despite the small temperature difference, as indicated from the calibration, the temperature
readings were corrected to improve the accuracy of the measurements. These corrections,
however, were introduced based on the temperature recorded with adiabatic flow, rather than the
measurements from the calibration. This provides a better reflection of the differences during
operation, and not the close-to-ideal conditions that the thermocouples experienced inside the

calibrator.
The temperature readings of the thermocouples were compared against the bulk-fluid temperature

of adiabatic flow. In general, the relation between the bulk-fluid temperature and the

thermocouple’s reading is expressed as
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Table I1.3: Calibration of Thermocouples Measuring Surface Temperature.

T/C| Location Actual Temperature (°C)
(m) 200. | 250. 300. 350. 400. 450. 500. 550.
1 2.505 [200.7] 2503 | 300.0 | 349.2 | 398.8 ; 448.1 497.4 547.1
2 2.505 1200.41 250.7 | 300.1 | 350.2 | 400.2 | 450.7 499.5 5493
3 2.490 1199.0| 249.9 { 298.6 | 348.4 | 399.1 | 449.8 498.4 547.0
4 2.475 - - - - - - - -
5 2460 1199.0]248.3 | 297.8 | 347.1 | 397.3 | 447.1 496.7 546.1
6 2445 119991 249.6 | 298.3 | 348.2 | 397.6 | 447.6 496.8 546.8
7 2.318 [199.6| 248.7 | 298.1 | 3477 | 3974 | 446.6 | 496.3 545.7
8 2.074 [199.6] 249.3 | 298.6 | 347.8 | 398.0 | 4483 497.6 547.8
9 1.812 |[202.71 248.1 | 297.4 | 347.1 | 396.7 | 447.7 497.1 544.9
101 1.562 1199.4] 249.1 | 298.2 | 347.8 | 398.0 | 447.6 496.7 545.7
11 1.313 |[200.8| 250.6 | 299.6 | 349.2 | 400.2 | 450.6 500.0 549.9
121 1.062 |201.1] 251.3 | 300.7 | 350.8 | 400.3 | 450.3 499.8 548.4
13| 0.813 [201.1] 251.1 ] 300.4 | 350.1 | 400.8 | 450.7 500.1 548.2
14 | 0.560 1200.5] 250.3 | 299.6 | 348.6 | 400.1 | 448.6 | 498.7 548.0
15 | 0.310 |201.1] 251.1 | 299.8 | 349.7 | 397.4 | 450.1 499.9 549.6
Tb“_ =aq, +bT,, (111.20)

The coefficients a; and b; are shown for each thermocouple in Table I11.4.

IIl.4 TEMPERATURE CALCULATION AT INNER SURFACE

The temperature at the inner surface is evaluated based on the conduction theory using the
temperature measurements obtained at the outer surface, T, . Based on a one-dimensional
approach and by assuming that heat is only transferred radially, the conduction equation with

internal energy generation is expressed in cylindrical coordinates as
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1df aT\ 4, Table II1.4: Coefficients to be Used for

7”3;[’ ?J * s =0 (.21) Thermocouple’s Correction.

T/C :H b,
with the boundary conditions of 1 | -2.0307 | 1.0022
2 | 0.4794 | 0.9982
T=T,, atr=r, 3 | -0.4807 | 0.9982
4 | -0.9161 | 1.G0OO
T=Tw  2r=h 5 | -0.8146 | 1.0078
dT/dr=0 atr=r, 6 | -2.0255 | 1.0114
7 | -1.6665 | 1.0146
where q, is the internal heat generation in 8 [ -24817 | 1.0190
W.m™>, ks is the thermal conductivity of the 7 -1.1401 | 1.0084
10 | -0.6657 | 1.0043
test section in W.mL.K'!, r; and r, are the radii T 11587 | L0042
of the inner and outer surfaces in m, 12 | -1.2550 | 0.9982
respectively. After integrating Equation (II1.21), 13 | -0.8832 | 1.0001
the temperature at the inner surface is expressed 14 ] -12709 | 0.9996
s 15 § -2.0099 | 1.0171

) r
el -rd) o m[To]
T = T _ qo [+ i i -

1
Wi L -y
2 ks ro2 - rf 2

For a tube with thin wall thickness, Equation (II1.22) can be written as
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III.5 SINGLE-PHASE PRESSURE DROP

The single-phase pressure drop is established with tests of adiabatic flow (i.e., no power is
applied). Except for a small difference due to the variation of fluid temperature along the test
section, the pressure drop over each sub-region is about the same. Furthermore, the sum of these
pressure drops agrees with the measurements over the whole test section. Therefore, the pressure

drop over the test section is used to calculate the single-phase friction factor.
For a vertical flow of single-phase liquid, the overall pressure drop is primarily due to friction
and gravity (the acceleration component is negligible, since there is no change in density and

flow area). The frictional pressure drop, APg,., is calculated by subtracting the gravitational

component from the overall pressure drop measured in the experiment

APy = APy = APy, (1i1.24)
and the gravitational pressure drop, AP, is calculated with

APy, = Pime 8 2 (I11.25)

where Az is the length of the channel in m, g is the acceleration due to gravity (9.806 m.s2), and
Plave I the average liquid density in kg.m>. Using the D’Arcy-Weisbach equation, the friction

factor, f, is expressed as

Jric. D 2 pl,ave
AZ G?

(111.26)

where D is the inside diameter of the tube in m and G is the mass flux of fluid in kgmZs'. As
shown in Figure III.17, the calculated friction factor is larger than that of a smooth tube. The

friction factor for a smooth tube was calculated with
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(I1.27)
(I1.29)

(I11.28)
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Figure M1.17: Friction Factor of the Test Section.

(1.82 log(Re) - 1.64)2

f=

and the present data were optimized as

(0.6149 In(Re) - 0.4115)

f:

The friction factor was also expressed in terms of relative roughness, &/D,

3.7

Based on Equation (II1.29), the average relative roughness of the test section is 0.00103. The

friction factors calculated based on Equations (I11.27), (I11.28) and (II1.29) are also presented in

Figure II.17.



The friction factors as calculated from the measurements of pressure drop in each sub-region are
shown in Figure III.18. They display a similar pattern as in Figure II1.17, and follow closely
Equations (II1.28) and (III.29).

Ao w-gaitn

Figure IIL.18: Friction Factor for each Sub-Region of the Test Section.
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All measurements of pressure drop have to be aligned with that of the entire test section, so that
the results can be compared systematically in other heat-transfer modes. Since the differential-
pressure (DP) cells were calibrated before the installation, the uncertainty is probably caused by
the adjustment of the zero reading at the start of each test, which introduces a constant shift in
measurement. Based on the relative roughness and Equation (II1.29), the difference between the
measured and predicted pressure drop at adiabatic flow is included in all measurements for the
same test. This correction affects slightly the magnitude of the measurements (since the
correction is small compared to the high pressure drop encountered in two-phase flow), and does

not alter the trend of the data.

The friction factors calculated based on the corrected measurements of pressure drop are shown
in Figures IT1.19, which combines the friction factors for each sub-region as well as those for the

entire test section. As expected, the data agree with those calculated from Equation H1.29.
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Figure II1.19: Friction Factor Based on Corrected Measurements of Single-Phase Pressure Drop.
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IV. CORRECTED PRESSURE-DROP DATA
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Runmame | Date PT-108  |TE-103  |TE-105  |TE-33  |FI-L2  ]is-100  [POT-0l  [PDT-02  |PDT-03  |PDT-04  [PDT-0S | PDT-0e

Pressure TS Temp |75 Teup | Temp Flowrate | Power Pressure Pressure Pressure Pressure Pressare Presure

Outler Trdet Cudet Ambicot | Water TS Thf Dl Diff. Ditt, Diff, O,

MPa 5C Uc I B kW kPa kPa kPa kPa P2 \Fa
DPHS4300 | 12/05/89 9.71 783,38 8523 3158 11297 0.00 3029 2029 0.9 3029 ] RS
DPBS4303 | 12/05/89 973|  284.35 307.20 33| 11736 TR.0% 33.70 3341 3306 3281 )
DPB3a304 | 12/0589 371 28428 3057 37| 158 2002 4303 3330 IZo0 3223 T
DPBJ43035 | 12/05/89 97 28428| 31097 3151 11506 2504 5898 FERT] 1279 (K] ned] 1T
DPBJ3306 | 12/05/80 91 26342 3053 3176|1175 3008 7202 36.80 3744 1338 T MY
DPB94307 { 12/05/89 971 284.28 3.0 3183|  L1aE 3504 Bl 6535 45,72 3167 ) B
TFBS4308 | 12/05/8% 9.7 26335 31104 3136|  11667 20.08 9314 a7 35.57 .70 65| w2
DFBS4309 | 1205789 9.0 284.35 31104 30| usal 3512 99.43 B2.78 o404 79 ] IESTEE
DPB94310 | 120589 EX3) TR 04 0| 11578 S0.18 0324 90,55 701 3TI0 3085 WA
DFB94311 [12/05/89 9.71 28428 24 31.78 15,05 3T 9640 T3 ITX]] NRT] EEETY ]
DPB94312 | 12/05/89 9721  28aas 3.2 EE 5016 1000 100,59 096 4.4 A5 AaTam
DPC94313 | 12/05/89 9.71 28328 324 3191 116,18 6072 99.14 100.55 133 3522 ]
DPB44T3 [12/05/89 9.71 7.0 %512 3083 1730 15.04 3283 3245 1218 200 Maa| 1elsT
DPBS440% | 12/05/89 970 2.5 0383 3075 11392 2050 3254 3207 360 .30 e AL
DPB4405 | 1200559 oaa| 27143 310409 30.73 17.21 2543 35,60 3.8 3260 3216 R LY
DFB%aa0s | 12/05%9 970l 2n.0 310.83 3122| 1ems 047 51.07 3518 3395 3340 R TS
DPBYA0? | 12705780 L[] nar Mmoo 327 121.60 3514 6688 3265 3503 3331 R IR
DPB94408 | 12/05/8% 970 27117 310.97 3135 11932 3045 788% 5719 3583 TE2 KR IETER)
DPB09 § L0549 9q0) Tat 3057 3140 120,04 3512 §9.74 7.0 30,57 Tik2 waa| zeean
DPBRHAI0 | 1205789 971 FES R 3143 11745 S0.04 57.53 75.39 4861 3332 FERY) )
DPB54211 [12/05/39 9.71 271 31117 3142 11689 5510 103,64 ¥276 5788 1936 Va9 Ml
DPB4312 [ 12/05/89 9.7 EF]| .24 314z  N617 6016]  loa.z2 8878 66,08 604 HEH IR
DPB9a4T3 |12/0589 970 2191 IR 3151 12063 6510]  109.9% 97,09 Ta9 30,57 EECE] N
DPCO4414 |12/05/8% 9.71 279 31124 3151 11673 6666  100.54 9266 74,73 41.50 TCE RG]
DPBO4S00 | 15/05/89 963| 25304 25470 3052 11390 0.00 2547 947 947 2047 oAl 1an2
DPB34506 | 15/05/80 Taz| 24| 3044 3050 11436 2994 3212 355 RE 008 e R
DPB3AS07 | 1570589 S6z|  23614] 3106 30,68 115.56 35.14 3881 254 32,08 Al TO9R] 16550
DPB94508 | 15/05/39 063| 23627 310.23 30,60 naas 30,19 5567 1389 31.06 3094 n0A0]  WHS.I0
DPB24500 [15/05/80 9.63 25620] 3103 30,73 T18.02 504 GB35 FYRT) a3 7108 J0IN|  2ULHA
DPB93510 | 15/05/89 96z| 25627 31030 3080] 11408 30.10 79,38 5413 3296 N3 T0AS| 22898
DPB94511 | 15/05/89 962 25620 31030 3081 .73 3510 BE.1S 6132 36,17 3038 2075|2500
DEAGasL2 | 15/05/89 9.62]  236.04] 31030 3087) 11105 60.04 9496 71.56 4301 1030 55| amse
DPB945E3 |15/05/89 9.63|  25634| 31030 3094 112.54 65.08 9652 7636 121 3125 90| ze6AN
DFC34514 | 1570589 9.63] 256561 310.30 ateo| 1098 67.55 9190 T894 59.06 3212 963 29508
DPB34200 | 15/05/89 9.62] 29681 297.62 31.20 11381 0.00 31,38 3138 a8 N8 ILM| 156KD
DPBJa201 | 15/05/80 9.63 263%| 30498 3127 11573 5.06 327 3261 3249 1242 1231 0217
DPB3420Z 1570589 9.63| 29661 30996 36| 1147 10,00 ETRE] 3249 2.8 32401 O NGED
DPB94203 | 15/05/89 9.6 29674 3103 AT s 1508 5221 55 TIHL 0z Se6T| be2daT
DPB54204 | 15/05/89 9.63 296.27 31050 31.51 111.39 20.10 63.76 53.69 42.?’% 31.67 073 22481
DPB4205 | 15/05/59 9.63| 29607 31036 3167 . 2438 75.01 6266 5173 1551 S0ER| 25731
DPB94206 |15/05/89 962 29607 310.30 nIs 11040 3008 ¥3.03 .20 SH62 31,59 0I5 2#nm
| DPB94207 |15/05/%9 9.63 296,61 31036 Fi3s 108.08 3504 87.25 7201 .13 WH.24 T TR
DPB94208 | 1505789 962 29654 31036 319 10939 a0.08 91,86 5482 62 5403 P AL
DFB9420% | 15/05/89 S62]  29604] 31043 3191 108.50 4498 9030 B7.74 To16 58100 Ja08f  saKa4Y
DPBRIZI0 | 15/05/89 0.6 29634 310.50 3193 11343 S0.04 96.02 96.28 H3.59 65.53 EAT
DPC3az11 | 15705739 962|  29634]  310.50 32.02 11218 $3.05 3175 7532 ¥7.70 67.20 004 I8N
DPBY410D | 16/05/89 9.60 304.25 305.38 3230] 11754 0.00 33,72 32 3372 3372 K7 BT
DPBY4103 | 16/05/89 9.54] 30282  309.69 3243 11283 1492 63.08 5499 48,05 35,22 ETEE) L
DPBY4104 | 16/05/89 9.61 30268] 31030 F258 1214 2000 FERT ] 6142 5436 4158 EE NS
DPEJAI05 | 16705789 o6z 3m2zZ| 21016 T276| 11202 25.02 B3.23 7313 62.56 0.9 T B
DPBII106 | 16/05/89 De0)  s0242] 0.3 3275 112.26 30.08 CTXL] 79.31 6795 474 3603|393
DPB34107 |16/05/39 9.61 302,89 310.30 3279 11595 3504 98,52 .96 78,10 62,68 E) Y
DPB94108 | 16/05/89 9.62| 3mas| 303 32.88 11342 3002 9763 9277 283 6637 FEY T QT 7]
DPB34109 [ 16/05/89 9.63 303,36 3030 3282 11135 4512 9281 93.50 8634 A4 4678 22
[DFCO4110 | 160589 .61 30522[ 31030 3322 T15.37 5086 93.67 96.51 9149 75.28 5122] 41448
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TPRIG200 | 1770555 963] 2548|2978 2571 15460 0.00 5378 5378 53.78 53.78 S378] 26890
[DFBYZ | 170559 9.67 29593 3IDA3 29,61 14559 2023 8933 7182 53.66 5201 5145]  319.69
[DEB96205 {17/05/%59 9.3 205 56 310,16 30,0 14758 24583 17358 85,71 6263 5095 5025] 35547
DPBY6206 | 1770559 953]  29566| 31036 0.06]  146A1 02| tiE6s 9752 75398 5219 5015 35731
DPEYGHT | 1770550 953]  29573| 31036 3006 14347 3508]  129.62 106.68 8621 5580 29.14)  33L.07
DPBYG20S | 1705759 9641 29550 31050 3032| 15280 39.94] 15056 12419 100.87 tia2 S5 498.02
DPR96N | 170580 563] 29593 31036 3022 15224 506|192 TI3A6] 10961 7185 5358| 53236
DPB96210 | 170559 S8 29573 31050 30.15 150.05 s018| 16332 19046] 11584 79,07 5295] 55631
DPB9G211 | 1705759 963]  29546] 31036 0.9 15036 S495{ 16759 14838] 182 B6.50 53911 58516
DPB6212 | 17/05%9 9G4 29586| 31050 30.19 148.89 6002] 16528 15339 12935 93.98 54501 60248
DPBY6213 | 17705759 964]  29580] 31050 3025 148.63 5522]  163.15 157.74] 13600 161,08 3667] 62037
DPBY214 | 170589 963 29573| 21050 3007 148,10 7039] 15091 15826] 14185 107.61 9.03] 63278
[DPCoazI4 | 17/05%9 9.64 296.00 310.63 30,15 14839 7186 158.93 158.55 18312 10035 $9383| 63537
DFB96100 | 170539 9.63 30424 305,65 03t 150.61 T.00 S138| 5238 5278 5228 S128| 26139
DPBJG104 | 17/05/89 96| 8.0 31046 0,19 156,19 2010] 11836 T01.60 #7.76 67.04 5536|  43193
DFBI6105 |17/05/89 963 0504|3036 30.14 152.09 o ) 10930 9445 7493 $373| 46339
DPR6106 | 17705759 963 3kM 0.3 30.09 150.18 3008 13850 11838 10154 8I79 S293|  49859
DFBI6107 | 17/05/89 S63|  smas| 3036 30.06] 14963 3502] 18560 12460 10646 8397 5356|5180
TPBs6108 | 170549 963|045 31036 0.7 15380 2006[  159.05 128,31 T18.69 9355 S09a| 57533
DFB96109 | 17/05/89 964| 30201 31050 3005 15332 2498 165.63 Tas62f 12273 94.62 58.09]  589.78
DPB36110 | 17/03/80 063 03.06] 31043 30,03 15182 2988 16643 TSIi6] 13093 10357 ] S
DFBIGILT | 17/05/89 96| 3336|3043 06| 13120 5a56F 16430 18535 137.08 10942 €653  637.10
DPRIGIL2 |17/05/80 9.63|  3mS6| 31050 3004 15278 5493] 16193 160,66 150.09 72055 7539|6761
DPL96113 | 1705789 9.63]  3ma6| 31070 30,17 152.66 6822] 1610 15989| 15243 12285 7653 67808
DPB96300 | 17/05/80 9.63| 28238 28374 30.28 14835 0.00 48,50 48,60 1860 48.60 aBE0f 4Rz
DPB96301 | 17/05/89 96s| 28232} 253.64 3040 14363 506 4924 35,10 3902 3836 2878|  235.90
DPB9G3G2 |17/05/89 965 282.66 295.53 3044 15325 10.04 5282 5242 5225 5200 3174] 26265
DFB96303 | 17/03/8) 96| 28320 3001 81 3046] 15257 1504 5288 5233 51.95 5161 S122| 26004
DFB96304 [ 1770589 962 28198 305.65 3047 15429 1996 15| 5350 53.02 5252 S200|  266.10
[DFB96305 [17/05/89 954 2828 31009 3054] 15550 25.04 6147 5492 S125] 5366 5299 29.09]
[DPB96306 | 170589 9.54 28232 3030 3059 152.95 30.04 BSAT 36,65 5333 5242 S166]  301.03
DPBYGI0T | 1770589 964 28232f  310.3 30,68 15051 3198 1025 7115 52,96 5138 s0.52] 32989
DPBOGI0B | 1770589 963|  28238] 31036 0861 15449 2004 120.00 2% 57.02 5350 S278| 31490
DPR%6310 | 1705789 953 28225 31036 3065 15035 2990 TEKY R ERE 7538 5216 S670] 43752
DPB96IIT | 1720539 9564 2232 3043 3035 148.94 54.98 152.5 1219 8165] 5283 S0.00| 46896
[GPB96312 | 17/0589 9.63 28225 71050 3073 14797 s002| 15796 130.36 98.3% 5533 4943 496.09
DPR96IIS | 170559 963 25238 310.50 3078 15127 6a08| 16726 142.01 109.21 60.57 5135| 53534
DPB%61IS | 170589 563 28238 37057 3019 152.09 7032 17008|  151.3 11548 66.57 SI08| 56333
DPB36315 | 1770580 963|  28238] 31050 3078 15137 7520| 16535 155.99 123,40 7333 S174f  ST6.03|
DPCI6316 | 1770589 e8| 25| 3050 3073 15015 7943 16180 13849 12843 7919 5208| 58497
DPRIGMIC |17/05/39 9.6% 6837|2946 30,68 145,15 0.00 4789 3789 3789 3789 4789| 23947
DEBIGHN |17/05/89 563 273,61 305.83 30.60 14215 2998 3395 50,01 4924 48,59 4797|  250.15
DPBYGG7 | 170589 963 273,54 0.3 3070 146,75 35.00 7345 50.54 49,08 4831 4758 269.19
DPBYG08 | 17705789 9.63 7.5 310,06 3059 15101 40.06 96.67 59.51 5135 5098 s004[ 30958
DPBY6 | 1 7705/89 64| 27443 N030 3060 15035 3408] 11350 7698 52,28 5093 4983 34537
DPRF4I0 | L7589 963|  21s0| . 31043 3066 14759 3950] 1564 9283 55.00 4942 838 307
DFBIGAI1 | 1705789 9.63 66| 31036 3063 147.00 $5a0] 13527 10195 5047 934 4B17]  396.78
DPRISI12 | 170588 9e2[ 2130] 3103 30.62 154,77 5002 15029 112381 6478 5345 52231  436.56
DFBIGH 3 | 110589 9.63 13 31043 30,66 150.73 65.06 T5743f 12172 7567 5159 5046] 46050
DPBIGHS | 1705789 9.63 A 31036 3072 1413t 7004 15838 12796 874} 5134 3855 4IBI1
GPR9H1 5 | 17405789 .63 37| 31050 3087 4842 7493 161.53 13589 97.60 $3.65 49.06|  SOL7E
DFB96416 | 17/05/89 9&3f 2707 110.50 3028 149.01 7988 16142 1az6s| 10799 5736 2052|  522.55]
DPCIANT |1IA580 563f 213 3077 037 148,67 83.61 15617 13270 11345 60,07 A2} S
DPB6500 | 1770589 963  20044| 26140 3088| 15390 0.00 50.06 50,06 50.06 5006 S0.06|  250.29
[ DFB96%06 |17/05/89 565 255.97 797.22 3096 T50A45 2998|5173 S1.02 5033 30.67 a916] 25145
[DFR%6ST | 170589 9.63]  25990| 3ozs68 3098 15080 3500 S248 S1.56 50.63 3996 926|  253.76
DFBI6508 [170V89 9.63] 23956 0828 3094 1371 4006 51,04 5144 50,48 4959 879|  253.76
DPBIG509 | 1770589 9.63 25949 31030 3094 15138 2498 6633 5279 5171 50.66 4998|  27.65
DPB96SID | 1705759 163 25543 0D 3.0 14548 5004 3086 53.06 4925)  48.09 47.18]  288.67 |
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DPBS6SH1 [17/05/89 963] 259.08] 31030 EIKE] 147.06 S396]  108.17 ISR 5033 3903 YR S
DPB96512 | 17705789 968|  25942f 31036 a7 14853 Y7 EEEE 756 5136 3993 [o9| M8
DPB96513 | 1700589 963  035| 31030 Tiaaf 15001 G198 13651 9180 =37 151 N[ 3%
DPB96514 { 17705789 96|  2949] 31030 N2B| 15097 70.00] 13883 10673 514 5102 S038] 41834
[DFB6515 | 17/05/59 9.63 25949 31030 3144 14891 7502 15642 1785 6504 S0.66 ITRE) IR E
DPB56516 | 177057389 5.63]  25948] 31036 NA2| 14755 S0IZf 15948 12458 7530 5048 FTLT) TR
DPB56517 | 1770589 963|  25949| 31043 3137|1489 B] 15815 12893 BS.58 5183 SB[ 47653
DPC6S18 | 17/05/89 93|  25950] 31063 3149 149.70 B8E7| 15059 13072 w27 5349 S006]  <m2w
DPBY7100 | 31705789 95| J0z75| 30370 77.69 16779 o0 6343 6343 6343 w3A3 8343|3704
DFBY7102 {31/05/89 9561 30275| 30949 2769 16544 996 T698 Mz 532 6281 6253  S4b.3A
DEBO7104 | 31/05/59 955|  30289] 30956 773 16099 2000[ 12455 106.10 K198 .63 SIAf] TR
DPB97106 | 31705759 955  sm;:] o6 7779 168.56 2954} 162.00 136.07 Na.gz B257 &+70]  sessa
DPBS7I07 | 3105789 535|  303M8|  3MA2|  2096| 16545 EXT] IEERL T45.65 12295 9083 05| 6005k
DPBF7108 | 31/05/8% 955|  30275| 30962 7753 16759 99| 186.13 157.69 13259 3927 wl0| 63736
DPBYI109 |31/05/89 955 3675|3088 2753 16554 4398 19299 166,46 140.73 107.40 &1t 61958
DPB97110 |31/05/29 9.56]  30275| 30983 2177 163,97 5016| 19853 17438 14827 11439 5904[ 71043
DEBGTIT | 31705759 954 3203] 6.6 7781 16352 5336|1986 18074 TSH96] 12106 TI50] 139
DPBOTIZ | 31/05/89 53| 38| 30976 7759 168.67 5002 20939 193.20 1&.20]  131.0 T646] 75404
DPBYNIT3 | 31,0589 2.5 30275 300.76 27.75 166.70 6539 205.06 19585 17285 136.64 7929 96,16
DPBYI114 |31/05/88 955|  30ze8| 3099 2178 16549 70080 202.29 19644 ] R 8277  Ac.2A
DPBY7115 | 31705789 955 0255 30996 2775 165.58 7531 2.8 196.53 183.63 146,95 B633f  BIZAZ)
DPCIT116 | 3170559 9s5|  3m262| D96 2773 16663 T3] 279 197.0 18617 14918 88da] ML
DPBJT00 | 31/05/59 356[ 29539] 29641 22| 16543 0.0 50,79 6079 079 60.7% GOTI| M
DPBFI202 | 31/05/89 S51|  293.70| 30458 725|  16847 9.98 6234 6198 5148 6123 098] 308.26
[DFB9720¢ [31/05/89 555|249 30956 7727 16491 1996 9818 7340 62,18 6154 G098 357.03
[ DFBY7206 | 31/05/89 957 295.19 30976 2721 16930 3602 138.53 11276 79.26 65.13 54,21 A62.64
[ DPBGT207 | 3170589 5561 23478 0962 7723 16746 3486 15267 124,26 9233 a1 &308] 50043
DPBY7208 | 31/05/89 954  295.19] 30936 7738 16481 92| 16571 13562 10719 T8 rYre T
DPBY7209 | 31/05/89 S57f 29e55| 30975 77A3| 17006 7Y 183,08 15118 11935 7460 B5.14|  SOR.I0
DPBY7208 |31/05/89 557| 2:38| Ima2 2680]  165.16 301z|  165.76] 1354 10512 6699 6133]  SW.I1
DFBYIZ08 | 31/058% 5] 29e72| 3083 2681 16742 4619|1675 13674 10642 68.03 s290] s
DPBF7209 [31/05/89 356 25431 309.60 2684 16713 43.98 180.24 14809 117.66 7276 6333 8672
[OPBY7210 {31/05/89 935| 29465 30962 2686] 16650 soozl 19076 15940 125.15 B1.0 63.10] 62483
DFBYI2IT |31/05/89 954| 29338} I00ar 77.01 165.16 S50| 19600 16148 13643 B7.68 6246| 655,11
DPBY7212 [31/05/29 955 20aA44|  309.76 2698 16535 &002f 20050 17637 1877 96.03 W3] 08637
DPBHI213 | 3170589 955  294565|  309.62 705 16853 650z| 2om.2+ 187.76]  155.39 10540 5568 THAl
DPB97214 | 31/05/8% 956]  29aE5|  HME3 77 166.69 T000] 2968 195.07 163.55 T334 36| 15542
DPB97215 [31/05/89 957]  Z9478] 31003 730 16701 7516] 20495 19967 B3] 12218 6820|  768.52
DFBY7216 |31/05/89 935| 29465  305% 7743] 16846 7998  205.76] 20032 T7640] 13007 TOT1| 19043
DPCOT21T | 31705759 956)  20e55|  309.89 2690 16846 8217} 20535 20040 17840] 13277 TS| TRTH
DPBJ7300 | 31705789 956|  280.8| 28149 26.17 16870 0.00 6.0 61.03 61,03 .03 ) ECEE
DPBY7302 | 31/05/89 958|  2saz|  2093 2677 165.11 9.98 6132 6096 B0.72 GOAS wa| ;e
DPB57304 | 31/05/8% 956|  28028| 302t 2638 167.73 20.10 5380 5349 5261 210 5153 11380
DFBY7306 |31/05/89 956]  28042| 30049 26,76 17057 30.06 79.21 6654 65.65 64,12 07 3813
DPBY7308 | 31/05/89 953|  281.30] 30062 2%76| 16482 14| 12896 B8.66 63.15 61.68 GOAG| 40490
DPBFT309 | 3170589 956) 37| 30969 2676]  161.68 FTYT] B YTRT 1005 68,53 63.73 G138 4%.13
DPBY7310 | 3170589 956| 28191 30969 26.76 16763 ) 12636 7719 6354 5246|973
DPB97311 |31/05/89 958  mis4| 30956 2679 16358 12| 17647 13664 89,73 6124 6129 SN
[DPBST312 | 3170589 956] 28177 309.69 2676 16554 50.04 190.89 151,60 102.12 6599 6319 S78.13]
DPB3T313 [31/05/29 954] 28191 309.62 26.76 T70.1 8522|  20AT T4568] 1160 89,13 5438] 62401
DPB¥7314 | 3105759 956 28191 30983 2681 167.21 0.4 20606 172.26 12832 7106 BLI6| 64536
DPB97314 |31/05/89 353 28191 30935 2676|  i6as F00a| 20128 173,76 129.52 T1.68 06| 650.56
DFBS7315 [31/00589 955 28191 30983 2678] 16643 7496 20566 179.50 13754 7539 6212|  Gh583
DPRYI3I6 |31/05/89 956| 28191 300,76 2678 16657 B0D6| 20549 187.19 14657 8160 6231 GhUR0
DFBYT317 | 310589 955|  z8232| 30989 2681 16834 8506] 20856 196.16 15637 8953 23| 72008
DPC97318 | 31/05/29 955 28225 30983 2617 16840 89.10] 20526 19762 160.10 7521 3| Tzs
DPBY7500 | 20/09/89 952} 5278 25422 2876 166,75 0.00 57.15 5718 5715 5713 5745 285:7]
DPBY7501 | 20/09/89 952|252t 26038 %77 16553 504 726 5707 5699 5692 %79 D3
DPBY7502 |20/09/89 7.52 25278 266.18 28,76 165.21 958 5144 127 3699 561 651 373




DPBYI503 | 2009788 5.52] | 25278] 27181 2874 165.29 15.00 5795 5742 1 5616 5648]  284.62
DEBIT504 | 2009789 953} 25268| 27743 2877 164,53 2014 5819 57.61 5722 5684 5642| 28548
DPRYT505 | 2009749 752| 25230 250 36| 16470 2456 3816 800 5745 3686 56A0] 28664
DPRYIS06 | 2609789 952[  25:30]  25%.56 2655 16482 2954 5938 58.27 5776 5707 SGAS|  287.19
DPIY7506 | 2070970 D55 25230] 29424 2898 16198 35.06 852 57.65 36580 5598 5528| 28441
DeRI7SOR | 20/09/89 953 25230] 29902 2905| 16219 3018 5922 57.96 5691 3601 S520f 28548
DPRYTSCH | 2009789 952 2524d|  304.50 29.08 163.05 35.04 61,13 59.30 3807 5692 5556) 20126
DPBIISI0 | 2009789 95z| | 25278| 30855 2911 617 50.04 6996 5892 5753 56.29 5523 29876
DFBYISIT | 209789 95z] 25278| 30848 2521 16153 3510 5137 60,50 5842 5654 5567|  3B.58]
DPBYT312 | 200989 952]  252.78] 30858 2530[ 16211 B0.16|  114.63 65.00 5845 57.05 5567| 35214
DPBY1513 | 200980 9.52{  25237] 30828 2928 16283 5456 13292 7504 5899 5754 S601] 38215
DPBYTS14 | 2009769 9s2]  25230| 30838 2932 16416 7008 149.08 80,70 8072} SB66 5657] 41649
[DFBFTS1S | 2009/89 952|  252.50 308.88 29.39 162.13 7522 16149 107.71 IZXT] 7 5524 44650
DPRSTS16 | 20/09/50 9.52|  25230)  309.02 94| 16205 5000 1721 1267 G| 570 5611 47536
[DPRITSIT | 20000789 9.52 252.50 309.02 29.50 163.58 85.18 183.08 17718 7154 58.66 5705 50942
DFRGISIB | 20009/89 9.52]  25244] 3008 2961 163.00 8998 18647 14645 79.19 58,79 S6T1| 52961
DPRTTSI | 20009/29 9.52]  z52.68| 3.2 2574 162.59 9500]  179.67 T51.08 85.73 5938 S666] 53705
DPCHISY | 20,09/89 952 25271 308.29 591 T64.00 9785  168.99] 15226 9585] 6050 T3] 536.25
DPBYI400 | 20709/89 552|  20a1| 2o 05| 1634 0.00 S6.66 56.66 56.66 56.66 S666]  283.28
CPEITA01 | 20/09/89 9.53|  zr0m| 276 3029 1628 5.06 57.24 5716 57.08 700 5690]  285.59
FDPR97402 | 20/00/89 95z|  zi0.%| 28333 3035 16259 9.96 57.5% 5743 3716 5703 S6.72] 28588
[DPBO7403 | 20/09/89 9.52|  27028| 2889 3032| 16245 15.0¢ 5822 5778 3735 5708 S6.74] 286,74
[DPBs7404 | 20/00/89 9.54] 27041 254,24 3035 162.73 7004 5880 58.16 37.66 5118 S6.72]  2BB.8
[DPBI7a05 | 20/09/89 953]  zi0M|  299.51 3036 16208 7438 5338 58.56 58,01 57.36 5679 28992
DPRY7A06 | 20/09/89 9.53|  z7048) 30464 S04} 16330 3008 6094 5997 .16 5840 S7.62| 29627
DPBRITATT | 20709789 952 27048 30828 3041| 16248 35.10 6942 60.01 5897 SB.01 5713  304.06
DPRITA08 | 20/09/89 952 270.48 308.65 3046 162.93 40.18 93.66 6L.90 5947 58.40 5736 33147
DPBIT409 | 2009759 9.51 27048| 30882 30,51 161.66 4384|1146l 7040 59,31 5817 5698 26033
DPBI7A10 | 20/09/39 952  27048]  308.88 3052| 16292 S0.04| 13296 ¥7.25 G081 596 57.76|  399.00
DPRG7ATT | 20/09/85 953 Z70.48|  308.88 3062] 16353 SA96| . 149.1% 105.76 54.05 5975 S835|  438.24
'DPRY7412 [20/09/89 9.52 27055 308,88 30.62 16333 5992 163.09 12230 69.78 5970 5825] 47373
DPRGIAIS [2009/39 952  270A3] 30888 3071 163,17 6512] 17607 136.19 79.21 60.06 5840 51096
DPR9I414 | 2009729 953f 2048|3002 3086[ 16440 70.22] 18785 14839 90.00 6170 3934|  S49.05
DPB77415 | 2009789 952]  27068| 30902 3087 16415 7490 19418 15743 101.56 6238 59.05| 57646
DPBI7416 |20/05/89 953|  27005] 3. 3083 16396 g0.2|  197.83 16697 114.18 6430 39.0] 60445
DPRO7417 | 20/09/89 952| 27086 w2 086[ 16206 8504 1945 17201 12488 66.56 "5820] 61802
DIH37418 | 2009/89 9.53|  Z7086]  309.2% EET] 163.22 9002|  193.62|  178.52] 13434 F0.61 S900] 63764
DFC57419 | 20009789 9.53|  27086] 30933 3095 16371 %aa3| 186,19 17632 141.0¢ 75.13 S9.16] 64197
DPBITI0C | 2170989 951 28286 28476 3025 163.94 5100 5.5 3826 58.26 5826 5826|2911
DPBIT30 [21/09/89 953|  z28286] 29033 3021 163.20 504 3843 5845 5830 SE10 5801] 29131
[DPOST302 [2109m9 951 283.00] 29566 30,15 163.59 10.10 59.70 5942 9.8 5893 S8.66| 2953
[DPRS7303 | 2t/0578% 952 2Es.00| 30056 30200 163.5% 1508 50.22 59.80 3934 5891 SBS5| 29632
'DPBY7304 | 21705789 951 .30 30599 T0.27 16332 20.08 50.68 60.07 59.53 58.91 SBAZ| 29757
DPBYT30S | 210989 9.51 2633|3084l 3023 16232 2494 7309 6030 5949 5875 SB11| 31036
DPBYT306 | 210949 952| 2831|3082 3020 16350 30.00 9947 6692 61.26 6023 S941|  347.58
DPBYTI0T [21/09/89 952 28327 30848 3026 16211 N ) 8377 61.07 5561 SBGB| 38192
DP{i97308 [21/09/85 GS2I|  283.Z7|  308.88 3022 16342 3006 136,17 10332 65.73 60.54 5041 426.65
DPB9730% | 21/09/89 952 2m3.;1| 30895 06| 1625 298| 15199 T18.94 7465 6119 6000]  4684%
DPBIT310 21709789 9.51 283,33 308,88 3022 162.90 S0.04] 16581 131.83 8773 61.01 5923|5076
DFBITAIL | 21/09/89 9.51 283.27 308.88 3015 16278 5508 17796 T34 100.62 62.70 5938| 54582
DPBIT3IZ | 21709/89 952| 28320 309.2 2981]  163.60 60.00] 18845 15480] 11282 65.75 60.06]  584.20
DFB97T313 | 21709789 9ST|  28333| 30895 2081 162.08 6508  19342] 16803 12350 69.68 5925] 61297
DPBFT3I4 | 21/09/89 952 .21 30929 2972 16392 7012|1989 174.27 134.06 7545 60.14| 63480
DPB97315 |21/09/89 953  283.a0| 30929 272 16135 7506 19631 18046 141,14 160 59.80] 66153
DPBYTING |21709/89 952 28340 30922 25778 163,00 8004 10583 18758 149,25 9.73 60.60] 68431
DPBYTINT | 21709789 957|  2m333|  309.15 2978] 16269 8512  19146]  189.27| 15383 9753 6071 695.01
DPCO7318 | 21/09/85 931 18333 30935 74| 16234 8787 189.15 12846]  155.79 10232 a1.04] 69934
DFR3I200 [21/09/89 95z 295.19] 29651 3087 16199 0.00 SBAY 58.49 5849 3849 S849| 29247
[DPBO7201 21709789 957 29508  302.15 3091 16137 5.06 5825 59.07 58,76 672 S857| 20444
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[ DPB97202

219789 953]  29512] 30700 05 16146 398 w07 5983 3933 93] SBE0] | 2964
[DPBS7203 | 2109789 952]  295.2]  308.61 3084|1642t 15.06 8118 63.03 6176 6128 ot )
[DrB97204 [21/09/59 352  295a2] 30652 3095 16345 1998 1020 B0.65 6184 60,69 B0} aesad
DPBJ7205 [21/09/89 952|299 30875 3096] 16213 25a0] 12031 9856 70.61 6038 s9.03]  4t07
DPFBY7206 [ 21/09/89 952  293.78] 30838 3097] 16242 3002 13602] 11220 3.2 B102 5974] 45401
DPBY7207 | 21/09/8% 553 20892 30895 3099 613z 93] 1] 13698 9835 55,26 6135]  S08.26
DPFB97208 | 21709789 DSz} 29505 30888 3109 162.69 T99a]  166AT| 35| 104 7035 w0a6] 54727 ]
DPBS7209 | 21/09/89 553|  29505| 30908 310] 16348 asoa| . 17811 145,71 12054 774 e D)
[DFE97210 (21709789 351 295.12 308.58 ETEE) 16424 50.00 18949 16145 130.82 B6.08 Y] C%T
DFBSIAT | 21/09/80 952 2%a92| 30915 35| 16075 5496] 19098 T67.57 13671 9333 w093] 65197
[DPBS7212 | 21709789 9.52 295.05 915 313 164.24 60.00 191 199.76 19743 10243 G661 GvsHy
DPBF7213 | 2109785 953 20485 3935 22| 16308 6496]  196.19) 1844l 153.06] 10945 S0l 70997
DFRG7214 | 21/09/39 952 25499 30929 318 162.18] 702 151.40 18726 159.29 17,10 IR R
DFBY7215 |21/09/89 S5 29472] 30935 3128] 16184 T504] 18985 8.3 103|132 0t T
DPBI7216 | 21/0959 9sz| 28| 30035 3139]  163.15 7956] 19193 TIkE TTi99| 13047 Toa1| 7RIS
DPC97217 |21/09/89 952| 2maz| 32 3131 1332 8248|  152800 10219 175.15 T3 TI8L] 78970
DPB57100 | 21/09/89 5521 30538] 30700 3199) 16338 0.00 G087 60.87 6087 ] GOET) 304
DPBI7I0N 12109789 92|  30552] 30852 3199 1a.01 50t 80.96 74.68 AT IET) 5165 W273 ]
TPB97102 | 21/09/39 9.51 30511 308.82 .83 161.61 1014 99.31 89,18 78.07 5290 60,25 013
DPB57103 |21/09/59 952|  305.41 308.88 31.96] 16356 1500 11847 10431 9030 TI.52 6173 4.8
DFB57104 |21/09/89 951 305,17 308.52 3199|  16485 2008 138.15 T19.81 10308 8274 N
DPB37105 | 21/09/89 951 30508| 20888 207) 1645 2518 15316 13197 11281 91.02 654l 53510
DPB57106 | 21/09/8% 951]  30552]  308.75 3208] 16355 3008] 16591 T34 12216 90.44 e.60]  600.69
DPBI7107 | 21709789 951 305.10 308,95 3200] 16450 3502] 179.28| 15552 13201 107.05 093] 63686
DPBY7108 |21/09/89 552] 30545 30893 3212|1640 4019 18807 T65.33 Y5l B 7a38]  GHS.2A
[DPBF7109 | 21/09/89 951 305.18 309.02 3213 16234 45.00 190.15 170,61 146,05 118.50 7608 10429
(DPB97110 |21/09/29 9.51 305.11 09.02 202 16295 50| 19505 179.00| 15425 12454 g0z 7A632
DFB97111 | 21/09/%9 951 0545|3092 3216] 16199 Se98| 1937|1837 T6102] 13066 WT0| 75568
DPBJ7112 |21/09/89 952 305.04 0.2 32.18 162.06 59.86 192.17 187.26 167.16 13572 B38| 11247
DPBT113 | 21/09/89 951 305.04] 30915 3218| 16279 6506 19229 190.6% T7a33|  181.90 9220 7974
DPBY7114 | 21709789 95z]  305.04] 309.19 3222| 16244 7014 191.13 18937 TT9.18 146.73 9651  HO6.1S
[DPBI7115 [21/09/85 9.51 305.25| 30935 3222] 16202 7506 191.49|  18580]  181.80] 15045 1073|6279
DFCIT116 | 21/09/89 752|  3es08] 30935 3232} 16212 7697|1931 18480] 18230 15136}  10180| 81452
DFBY6300 | 21/09/89 751 263.06] 28442 3274 1409 000 Fry) 33A1 a1 Al @Al 2
DPBY6301 210985 953 34| s 3279| 14174 .18 504 379 Fryd] 24,56 FrE7) IEYTXT
DPBIGH2 |21/09/89 95z|  2:340|  297.69 3280 14120 1012 4527 2495 v 4446 FYETY REETYE
[DFB96303 | 21709759 92|  28293] 30322 3276] 14095 15.02 4585 1522 44,79 51 RI0| 25
[DPB76304 [21/09/85 952|  282.1B| 3088 3279 140.29 1992 A7 4556 4506 4456 4a13| 20058
DPBI6305 | 21/09/89 951 28238]  308.61 3283]  139.99 2502 69,28 0 4533 FryYy Bis| 25150
DPB96306 | 21/09/8% 9.53 28286  308.85 3277 14041 30.08 87.00 5219 45594 45,14 aAl| 28613
[DPB96307 |21/09/89 951 282.79 30838 73.01 138.40 2502 T00.51 78.84 SC45 .23 345 30N
[DPBIG3I0E | 21/09/89 951 2E00]  308.52 301 12041 3029 .07 9281 61.60 3576 38| 36378
[DPBIG309 | 21709759 9.51 2540 30882 3303 14225 4as8| 13080 16478 7399 3802 3597|  sos.
DPBSS310 |21/09/89 052|  28327|  308.88 3257 140,78 5008 1371 113.59 7KL 3981 53T 4M.16
[DPB9G31N | 21/09/89 951 28333 308.58 3285 14249 5516]  147.83 124.98 9500 $4.66 S6I8F 47081
[DPB95312 | 21/09/8% vs2|  2321| 3015 3258 140.53 5088|  147.25 130,98 10068 39,16 4524 4KG.10
[DPE96313 | 21/05/89 9.51 ey 32E5| 14340 B494]  151.98] 14131 11002 66,30 3690|5120
DPBIG314 12170989 053} 28:20| a2 3290f 142400 T006]  14656f 14495 11501 7210 2655 sS40
DPCIG3IS | 21709759 92| 28333 309.29 3282 14220 7506] 14188 146al 11932 %030 ATAR] 53775
DPB53300 | 2200989 955|  285.06| 28415 3007 99.72 0.00 2459 2455 2459 2459 us|  2n
DPBS4301 | 22/09/89 556| 28219 2934 30.15 39,70 530 25.05 2494 2479 785 22| 1A0
DPR4302 | 22/09/89 9.55 00| 30174 3015 9830 998 2523 2505 2483 2474 2450 12471
DPB33303 | 22/09/89 956]  282B6| 30861 014 98.71 1504 2820 2503 2453 2460 238|121 48
DPR94304 | 2209729 955| 23239] 30855 0.8 ] 1994 3289 3094 25.70 2555 1527 15128
[DFB94305 | 22/0929 9.54]  28300] 30895 3018 10253 2500 3553 437 2944 2652 WAI| | 1H3.57 |
DPB54306 |22/0%/89 954|829 s 3025 10034 2998 64,65 5206 3710 2607 25A0| 20637
DPB94307 |22/09/89 9.54 28272]  309.15 3030 99.03 3498 A0 $9.76 3510 7753 W3] 2ol
[DPB94308 | 22/09/89 955 283.20) 30935 3029 102,13 30,04 7959 .76 S3.18 3241 2628 26293
[DPBS4305 | 22009789 9.55| 28286 30935 3037 9525 455 7734 7373 STA1 3672 Haa| 25
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TPBH3I0 | 22009789 9.55]  283.13]  309.35 3041 10128 3006 7925 8050 63.96 2277 2654] 29554
DPB343T | 22009789 95| 25293| IR 3045 102.66 3510 7855 8523 63.00 A825 2761] 31054
DPB54310 | 2209789 555|  zm2T| I3 3048 106.07 5146 85.29 CZRT] 66.38 4503 59| 32064
DPES43LL | 2209789 956] 233 30935 3048 10575 $333 5733 5781 69.69 46,90 62| 32208
[DPRSATIT | 2209769 9.54 283,13 309.22 T3047] 10563 54.92 8635 88.92 142 49.05 2888| 32728
[DPBMTT | 22/09/89 9.55 8377 30935|  3050)  105.76 5607 85.19 B9.15 7188 49,96 2901 12899
[DPC3TT [ 220059 9.5 28313 309.35 3052 10548 5657 33.63 85.35 7231 S0:77 291 B
DPCM3T1 | 22/09/80 9571 28333| 30935 30.53 106.00 57.01 2383 2947 72.23 SO81 20.18| 32786
DPCN1 [ 22/09/80 X ) EEE 3057 10476 5680 5294 .73 7180 50.58 2%96|  32497
DPBS4100 | 22/09/49 9.56]  Im.azz| 30450 18| 105.66 0.00 28.00, 26.00 28.00 28.00 26.00[  139.99
DPBEMI0T |22/09/80 985|  30606| 3090z 3119 10557 506 3625 3435 3135 27.69 2543|181
DPR54102 | 2209749 954 30s98| 3091% 310 10345 254 46,07 41597 3693 3208 2574 18299
DPRIAI0S | 22/09/89 054 0248 309.02 30.95 108.26 15.00 47.68 4339 36,50 3057 267 18039
DFB54104 | 22005/89 955  20268| 30908 3091 10543 1994 5349 5166 347 1589 2/27] 21011
DPBSAI0S | 22/09/89 e TR 3091 10702 25.08 64.02 6155 53.89 4334 3030 23542
DPB54106 | 22/09/89 955 3m.16| smxm 3092 10495 30.08 68,86 6825 60.24 4857 34567|  280.81
DPBS4107 | 22709789 9.55| 30356 30935 3080] 10582 3527 7152 7323 66.82 5413 63| 305.05
GRBS410E |2209/89 9.55| 30262 3098 3087 107.43 4018 7544 79.90 7363 5932 41.03| 33044
DPCSRICT | 22/09/89 955 304.03 309.29 3079 107.20 2342 69.15 7633 7467 6158 430|327
DPB34300 | 11/10/89 956] 2874|2846 29.63 103.60 0.00 2618 2618 2618 26.18 2618 13092
DPCH43E1 1171039 9.6 2BIAT 30942 2957 10226 55.08 7928 85.70 59.51 4396 2784)  350.52]
DPC43T1 FI1710/89 956| 28381 30942 29.60| 10196 56.04 7657 85.04 7027 50,3 2795 37018
DIP9as1Z [11/10/89 956] 28381 30949 H52F 10052 57,08 7241 8385 69.69 549 3779| 4B0.09
DPP94313 [11/10739 955]  285.25| 30943 29.61 0254 58.90 7464 87,21 7203 5272 2885 578.54]
[DPP9a3T4 | 11710729 956  26388] 30956 2971 105 60.16 7459 866 73.54 5483 2977 371938
[DPP3a11s [ 1171089 G.56]  283.54 30542 20.70 103,00 6139 7132 86.39 7231 5535 29.56| 37043
[DPFoadts [ 1171089 9.55 283 AT 30049 29.78 10255 6280 7085 8562 7223 5644 2992)  368.70
DFP94317 [11/10/39 936| 28351 30949 2983] 10376 6428 7137 85.70 73,20 5813 3070| 37245
DPPY431E | 11710489 936 283.67 30949 2983]  103.23 6564 7085 8277 73466 55,03 3059 36206
DPP949 | 1171089 9.55 283.54| 30942 2991 10216 67,14 7230 7246 7354 60.25 3135|3503
DPP94320 | 1171089 956 26333 309.62 2088 100.95 6941 7308 6631 7227 60.62 38| 34LB
DPP9a321 | 1171089 555 2m347| 30949 2991 103.72 .07 76497 68.08 7412 63.63 3291|  350.3
[DFP9a3ty [11/10m9 3,55 283.33 0949 3013 101.64 5795 7443 B531 7027 5148 2829f  330.61
IDPF94316 | 11710789 056|  ZE367| 30949 3006F 10240 5523 055 8574 69.62 49,14 2787|  332.63
[DPP9a3Ls [11/10/89 3.55 283.54 30935 3041 102.70 5277 8257 8547 6835 47.01 27.64] 32801
DPRYGI00 | 1171089 955|  281.68|  283.06 2990] 13349 0.00 2035 4033 4035 4035 4035|2073
DPCIET 5 {11710/89 555] 28191 3543 3085|  13546 T359|  13009|  135.68] 10849 7235 4315 40346
DPP96ITe [11710/89 G46]  281.70] 30956 30.06]  135.06 7592) 12385 13476  109.53 7597 3360|  490.88
DPPS6IIT |11/10/89 9.5 28232 30956 3009 134,25 7735 11699 131.57 10933 7949 4401 48393
DPPIG3I8 |11/10/89 956 28238  309.62 3015 135.02 7928  113.65 128.65 108.92 B1.57 4435|  480.76
'DPPOE319 | 11/1089 936| 28238  309.69 302z| 13602 81.05| 11215 12700)  110.2 Ba29 SaT| 48279
DPPOS3Z0 |11/1089 956] 28238 30996 36a1] 13692 BL81 TI065|  11130] 10646 B86.12 4596 4.5
[OPPIGIZ1 | 11710789 T55|  28238)  309.69 3020 13665 8387L 1183 1012|1062 B8.18 4626| 46230
[DPRIT300 | 121089 957 Z8252| 2 3086 16238 0.00 5122 57.22 5722 5122 s722]  286.1
DPBI7301 [12/10/89 9.57|  28286| 28998 3057 16250 5.06 5774 57.68 5749 ST40 STZ7| 28698
DPRITI02 | 1210589 o857|  28293] 29559 31.03 161.87 9.96 5838 57.99 5792 5740 57.25|  288.13
[DPRITI0S | 1271089 9.57 E293| 980 3056|1616 1203 5855 5830 5795 57,59 57.27]  289.58
DPCS7317 |1210/8% 957 2320|3099 3054 16034 8752 18344 19146] 14999 9841 917 61741
DPPO7318 |12710789 95| 283.00| 3098 3092 16107 3941 17802] 19188 15168 10140 5071 6770
DFPIT318 [121089 958 282.86 309,83 3098 162.10 31,00 17403 19138 15237 187 60.36) 61625
[ DPPIT320 [121080 957 28293]  309.83 3097 162,40 9272|  169.76 15862| 15237 106.65 6096] 6735
DPPI732L | 121089 958|  28286] 309.83 30.97 163.10 9436] 16457 18484 15137 109.24 6143] 66644
DPPITIZ | 1210785 57| 28300| 30983 3 163.63 9596]  158.05 T78.11 151.08| 11246 6223| 657,78
[DPRITIT | 1271 789 57| 28] 353 .03 6453 97.63]  15843 TR30]  15193] 11589 6322] 4509
DPF97324 { 110589 957 ZB20]  309.89 NI 165.08 9955 161.63 13594|  148.60 11953 6428 63095
DPBITI00 121089 956] 30511 306,66 3080 1664 0.00 6267 62.67 62.67 6267 g267| 31335
DPBI7101 { 1 /1089 957 20585 309.08 3078]  163.98 5.06 7835 7332 62.06 6077 60.54| 33470
DPRITIOZ | 1210/89 957  a0430] 30942 nss] @3 596 9119 BZ60 6787 59.19 58871  30.23
[ TrCHT1Ls 1271089 957] 30531 3093 8| 1628 T3] 19086| 19008} 1788|1484 9921 80506
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DPP9T116

12109 957] 30538 30983 ] ] T793] 19120 1o 7591 15021]  10068]  BiL.70
DPPITITT 12710789 957]  305.25] 30983 35 16631 96| 19T 1979 1833¢] 15383 o) LX)
DPPOTIT7 | 121089 9.58 30545 3053 337 165.78 79865 19853 195.52 15522 TS 8 T3] T
DPPITIIE | 12/10/89 957 30531 30953 N 16587 ®I35| 19189 194.68 18553]  15539]  1m13]| | 8a07a
[DPPGTIS |12/10/39 957 305.58 983 31.20 165.88 8299 185,12 15318 185.53 157.18 10643]  BB.1S)
[DPP97120 | 12089 9.57 30538 30989 322 166.20 Ba53| 18243 19160 185.76 15806] 10731 82613
[DFP971Z1 | 12710589 956]  305.52| 30933 I130f 16644 B641] 181,10 189.59 ER R S
DPPOTI21 1211089 9.58 30525 30983 3123 165.16 B6.39 178.04 186,10 183.37 157.33 107,85 31.1.43“
DPPSTIZ [12/1058% 957] 305251 35 3131 16456 T95] 17781 T80.03|  18z49]  1s8.29|  1was)  smasl|
DFFST123 [12710/89 9.58| 30531 309.96 31200 16546 B98I 18168 1735 18001 1S8.04] 1108|8056
DPPO7124 |12/1089 9.56 30552 309.53 3020 16530 9137 186.53 16743 17987 158.54 11349 807.66)
DPPITIZS |12/10/89 9571 3.0 309.89 3131 16593 9285 18930 16347 Ta| 5tar| | 13s) s
[DPPG7126 | 1271089 957 305.58 309.96 3140 166.12 94.49 T9a.1% 159.13 171.56 15531 TISB8| 79842
[DFP§71Z7 [12/10/89 TS| 30552 30989 33| 16653 96.13] 19894 153.39] 16413 TS4B3| V78| 793R
[DPP37129 | 12710089 959|  30525| 31003 3150] 16806 97.91 20742]  159.39 14838 15497 TW9.08| 78801
DFB96100 | 121 /89 9.58]  302.28| 30380 92 13%.13 0.00 3516 2516 4516 4516 3516|252
DPBY6I01 |12/10/89 9.57 30275] 30875 3206 13849 516 3197 3620 3581 as Tl 3555 25
DPBIGI0N |1210/89 9.57 303,16 0.2 31.86 136.61 10.18 70,5 6432 53.30 482 a349] 2756
[DPCI6113 |1210/89 9.57 T04.17 30983 3190 139.00 5545] 1941 147.660 V36,65 2.5 7633 610.4%
DPPIGI14 |1210/89 957 3m7|  309.69 1218|1838 6643 13703 147.35 13718 N3 TEST|  6OR4G
DPP96I11S (121080 9.57 017 309.83 3218|1381 6.09] 1% 1938 13854] 1aa ECRH G
DPES6LI6 |1210/8% 957|  308.0] 30976 3198 13905 6955 13225 18] 139.27 11585 7919 61097
TPESEI17 | 12710789 056[ 30417 309.76 3154|  136.54 2| 1B 19603] 1396|1070 CRE T
DPPY6118 | 121089 957|  soal7| 30983 3205 14061 7285] 12798 145624 4081 11854 ®i51| 61365
DPPIGITY 1210780 956]  30417| 30983 T218|  139.02 7251 12683 142|183 119.44 YT YT
DPFI6IZ0 (121089 9.57 97| 3083 3201 140.11 T6.5| 12798 13954]  tataz| 1195+ BA.20] 6.0
DPBI6LZE [1210/89 957f  30a17| 30983 3201 130,46 7781 13133 28] 1.3 1204 B622|  6b6As
DPP961Z2 | 1271089 958|  304.10] 30983 3225| 14045 79450 13421 42| i3ras| 1094 B695] 6055
[DPPISIZ3 [12710/E89 951|  aea7| 30936 T2aa| 13959 moz| 1503 1892|1369 11840 ®BAI]  GOZLL
DPF96124 | 12710589 957| 30417 309.83 3225 140.19 8297 14212 12034 12065 11642 BOT3| 59605
DEFIG125 | 12710/89 957 30417 309 53 32.28 140.6% B4.61 145.64 117.53 TI6BB| . 113.66 Dl2a]  SBs2
DPP96IZ6 | 121089 957T| 30417 30983 3238| 18146 86.07] 15020 119.64 10226] 11263 927z| 51498
[DEB94100 | 121089 9.58 304.57 305.99 3264 116.54 0.00 33.24 “33.24 324 33.24 ) T
[DPESA101 [1270/9 “958| 30363 30855 276 11252 498 3063 3501 3178 3137 CTPT I
DPRO3102 [1210/89 958|  306.59 922 3270 112.50 10,08 5107 4724 4124 3660 3023|2062
DPC34109 [12/16/89 9.57 I0275|  309.62 3271 113.61 a574] 7318 B2.13 7622 82,17 300 33540
DPP94110 | 1271029 957]  Ima2| 30956 3293|124 B3 74271]  B3Al TRET A7 Ha98| 34340
[DPP3aIT | 12/1089 FICT) Y] T 3238 1011 9563 116 8218 7937 6506 4620|4396
DPP9AI1Z | 121059 9.57 03491 30956 3256 11052 5148 79.64 90,22 6,03 K] S0 T
DPF94112 |121089 957]  ImI6|  309.56 32,51 113.02 SL.52 6412 76.19 712 §625|  4Tas]  am.2?
I DPB24200 | 13/10/89 9.59 293,90 295.19 31,89 101,51 0.00 2517 25.97 2507 2507 BT AT |
[TPB3az01 |13/10/89 CICe) ETTTT] TP 3158 99,81 258 2548 2542 25.31 2525 57| 126488
DPBRZ01 (1310589 DS 2417|3092 3191 0143 0.3 3246 26.65 2631 2614 598 13753
DPFC34210 |13710/89 9.39 20438 30983 36| 10278 2881 TBAG 8540 7425 S647 w2s0] Azl
[DPC34210 [13710/89 958 Wal7| 30969 3173 10105 0.8 7604 4.29 7475 56.89 258 1504
DPPoazIl |15710/89 958|  2:s8| 318 .61 01,00 STA6 7246 8290 75.60 T8 Vay| a2
DFP94212 | 13/10/80 98| 2458|3096 3158 10098 5305 7032 282 76,60 35.60 WAT| 32250
DFP94213 [1310/89 958 294.65. 30983 N5 101 48 5471 §9.63 8350 7568 5034 I} 3BT
DPPgA2Ia | 15109 93| 29344 30983 30| 9993 56329 63.88 055 7710 5972 3579|  HEAG
DPFJazIs 131089 9.58]  295.12] 3096 3083| 10137 378 6810 8236 7948 w213 IaK| 330,58
DPP4216 |13/10/89 9.5 25478]  309.8 3051 10034 59.73 68.30 ITRE] RS G218|  SRa0] Azl
DPPS4ZI7 | 1371089 9s8|  2%4.78|  309.89 3089 101 20 61.25 69.74 79.55 7502 63,33 36] 33148
[DPF9az18 | 13108y 959] 2949z] 20983 3085 99.91 6289 7050 T3 7587 6168 W39 9205
DFPI42I0 [1310/89 GSE|  208.58| 30939 3093 99.87 64.59 7315 6924 7579 .17 w0AzZ| 2T
DPFJ4220 | 131029 955| 2199 30989 3050] 10150 Go31) 7627 6782 7587 56,00 a4 3029
5PPo4221 |13010/89 958]  2%472|  S976 3099 99.57 €179 7130 6513 7210 6542 4265 32365
[DFPoaz22 | 1310759 0581 29458] 30989 3658|1000 5137 7788 .13 7357 6639 2| 35|
DPF9a222 |13/10/89 938} 205.12] 393 093] 10152 70.14 B14G &163]  6iA% 700 W“60| 086
BPC94109 | 1371089 95| 013|368 25| 10114 Xy 6570 Tig6| 6117 3429 3634 29546
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DPCHMI0 |13/1000 557]  so11a] 30935 3B 9852 3327 6796 73.59 G8AZ 55.28 36.65] 30231
DFPIATIC |131G%9 OSE[  301.3]  309k2 3 103,16 24.59 7067 TEEG 7183 5774 3B63] 31586
DPPIAIT] |13/10m9 959 30154 09.69 3126 10022 2633 6767 7590 7243 5883 974 3142
DPPIa112 | 13089 253| mal| 66 3130 99.06 4157 5680 7613 7383 5993 4065] a7l
TPPOLIS | 1371089 95| 30181 309,59 IR 10055 973 6553 7618 75.79 6192 4239|3365
DPP4l14 |17 089 9585|3074 36 3125 10116 5121 8553 T35 7756 6385 $398| 329.05
ETER (EE 358  301.07] 30969 3128 99.36 5291 73] 7928 T945 515 3449 33462
DPPo4116 | 13/10/89 9.59| I0167| 06 3130 10083 5443 6126 75.13 7854 6421 45.25] 32798
[DPPa4117 [1310/9 9.58 30141 300.59 345 100.29 56,17 6681 71.00 B1.08 6718 717 339.67
DrPga17 | 130089 959] 30086 30983 3136 996 5619 57.01 T745 B1.13 5655 63| 33708
DPPIATIR | 131059 98] 0160|  308.76 345 5936 5793 5819 7109 79.18 Ga.68 a5 e
DPPI3II |13/10/89 938]  30173| 3076 3151 10125 59.47 7073 7132 7983 €5.56 4870] 3365
DPPIATID |13/1G89 0S8 30174 309.69 3165 10500 6135 7350 7144 21.60 6813 5075]  346.16
DPPIN 2] | 1310789 9.58]  301.54] 30976 3163 T00.92 6289 7592 6947 7937 5691 S080| 34212
DFPIAIZZ | 13/10789 98| 301.67| 30962 NIz 3932 5453 7736 65.59 7510 66.63 51.20| 33548
DPPOILZE | 1371789 958 301A7] 30983 56| 1071 6631 BB 66,10 7318 68.29 s252| 34241
DPPo4IZ4 | 137167 58| 30160 30989 3191 03 6791 BIAB 6897 9.4 69.14 5377|3547
DPP94125 |13710/89 9.59] 30181 309.83 59| 10081 G045 8544 5962 6398 68.60 Sa05|  342.70
DPB96200 { 13710769 958  294.58] 29600 3134 13553 000 4257 257 3257 3257 3257 21286
DPR9&201 | 13/10/89 958| 29a.58| 30228 3126 1358 518 4256 4269 4260 2243 az3b| 21257
DFR6202 | 13/10/€9 95| 29431 16848 3131 1,70 1012 B3 .19 4295 3275 az47| 21488
DERSG204 [ 13710789 5.60]  20438]  309.56 24| 13374 1994 7639 63.89 4391 4236 a152| 26826
[DPB96206 | 13/10/89 9.58 29444 0949 3131 133.15 30,04 10363 8716 6777 4481 T
DPRY6208 | 1371 /89 98| 20444 WA 3134|1303 06e|  125.04] 10863 8539 5748 a23a| 41832
DPBYGZ09 | 137109 0.59|  294.24| 30949 09| 13347 2498 13243 T18.56 3335 5460 4312|452l
DPB96210 |13/1G8% 98] 25441 309.56 ILIGE 15476 3037| 13681 12810] 10155 73,04 aa31f 48367 |
DPB962L1 | 1371089 959l 2:24| 30969 3126 13532 55.51 T3] 134.68] 10813 7935 a569| 0287
DFB36212 |13710/89 58| 2oead| 30976 3138 134,36 6000 134585 T38.18 11382 8529 4743|5186
DPI96213 | 13/10/0 D58| 20aA4|  IE 3131 135.21 65.18] 13346 T40.61 11939 91.06 B79| 51315
DPCY6213 | 13/10/89 9.58 294.72 309.89 .29 135.72 67185 131.50 139.68 12240 94,10 S1.53|  538.07
DPP96214 | 13710789 08| 29465 30983 20| 15502| | 69.57]  1D02f 13992 123.86 95.60 5239|  539.80)
DPPIEZIS | 1310789 958|  z%.sB| 308 01 135.06 T 1206|192 12457 9696 5335| 53692
[DPP96216 | 13710589 557 20472l 3083 3L05 TBW| 7293 12088 T30 125.63 5817 5273 53720
[DPPG6217 | 13/10/89 [X] 204.65 30083 3113 136,48 7449 i85 13701 12602 99.81 55.53) 53605
[DPP96218 |13/10/89 5.59 25431 IME 13 136.79 7611 11742 13380 125.52 101.01 S644] 53432
DPPIG219 | 131089 958|  204.38| 30983 3121 136.23 7791 TI632|  13226|  172s2] 10207 5768 534
DPPOEZ0 | 15/10/8 9.58]  294.65|  309.83 3133 136.58 7957|1181 12068] 11959 T03.01 5935 51931
DPPY622L | 131089 9.57 294.72 300.83 3126] 13673 BL07 12117 114,14 116.86 104 31 €0.80] 51644
DPP96z2 113710789 959  20465| 3096 328 13163 8297]  123.37 T00.03]  107.55] 10453 6189) #9883
DPPI6223 | 13/10/89 97| 29a72] wwE3 34a] 13704 BEI| 12450 T01.59 97.74 104.69 6283 491,00
[DPEY7200 | 1671489 957 29519 296,61 3015 162,15 0.00 55.54 58.54 58.54 58,54 5854 20260 |
DPRYTZN | 16710783 9.57 29512 30194 30,15 161.63 504 59.18 59.12 5835 5815 5859 294.71
DPCITZI6 | L&/10789 95T 29492 | 30983 3037 159.1% 8090 184.93 167.89 T64.50 1262 6137|  730.15
[DPRY7200 | 26/10/89 95T|  294.24] 29586 3062] 16125 .00 5192 5792 5792 5792 5792|2891
DPBIT201 | 26/10/89 9.57 25431 30133 20,65 161.60 5.4 58,90 SB1 5845 58.33 5823 292.78]
DPCS7216 | 26710789 956] 29501  39E3 33| 1620 BI3| 19250] 19589 17030) 13019 69.50| 75881
[DPF97215 | 260089 57| 293.07] 30983 3163 16248 B287]  194.18 19735|  16980| 12892 5393|  759.39]
DPPITZL6 | 26/1 (/B9 9.56] 29377  309.83 3185 16334 84.63 19291 196.81 Taz| 13134 9.9 76343
DPPITATT |21 0/89 957|937 30083 398 16256 2641 183.79 95.16]  17184] 13282 T057| 75506
DPP9T21% | 261089 0.57 FTERE] 309.63 3196 162.15 B6.07 T79.52 193.70 173.00 135.26 TNI6| 75448
FDPES7219 | 261089 9.57 29377 300.83 3186 163.67 8969|1779 1331 1137 136.59 7262| 75651 |
DPPITI20 | 26/10/89 os[ B7|  maEs 3199] 16315 9105 1738 19754 173.65 13822 7348|  153.04
DPPI7221 | 26710089 A I S 3214 162.20 9253 16763 18300 160.07 138.63 7az0| 736,02 ]
[DPPI7222 | 26189 vs7] . 29371 383 32.03 16249 9461 17006 17542]  16646) 14043 T5.50] 73140
[DRPIT223 | 26110789 Ns7| 293.07 30953 3214 60,15 9613 165,84 13833 159.18 143,80 78.23) 69331
DPESTI [26/1089 9.5 203.00] 30983 3218 16108 9689]  17282] 13406}  138.29 130.88 770t|  669.94
DPRY7S00 | 277 089 9.58 257.00 258,53 3022 160.35 0.0 53.64 5364 53564 53.64 5364 26813
[OFa57501 [27/10E9 98| 25743 26473 055] 16366 506 5668 5622 5622 5616 5605 280,60
DPRY7502 | 2iA089 958  250.57 21089 3078 16990 1039 6079 ~60.03 59.99 59.82 59.61] 29993
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DPB97502

TINGES 958]  25750] 21096 3083|1664 1035 588 787 TRT] 37,09 Y] TR
DFB97502 | 2710788 958  23737| 2n30 3085 16136 1035 5543 555 SHET 462 50| 2R
[DPB97504 |27/10785 9.59 25757 282.12 3087 160.60 3022 5583 5518 375 w31 S398| 27435
DPB37506 | 27/1089 959)  25743] 29358 36,68 T6024 3018 5127 5614 5548 S153 a6 2T
DPBY7508 | 2771089 959]  I5757| 30430 3058]  159.66 39.92 587 687 3598 3499 =) BT
DPBY7510 | 277089 558 257.57 30925 30.72 161.28 2592 8353 59.07 G 5636 s8] M2m
DPB97512 | 271715/89 ~ 958| 25785 30942 30.50 161,68 59.81 127.40 7169 S84l 5109 5572] AN
DRB97514 | 2771089 955] 2557|  309.33 3065 195 7018 156.0%| 10534 6006 5598 S450] 43555
DPB97516 | Z7/10/89 538]  5743|  3maz 3036|1609 7984]  17743| 1304 AT 738 5573|  495.58
DFB97318 1271089 58| 25757} 30962 3022|6247 8990 189.15 857 BET 39.20 T B
DPCH7519 | Z7/1089 958|  257.98| 30988 3036] 16290 9670 17143 18950] 10539 B0.65 5699]  sSLT
DPPST518 | 27710589 957]  25805| 30976 3027f 163 9617|1713 148.68]  104.66 50,08 Seaz]  s4Tse
DPP97519 | 27710589 958 25785  309.16 3027 162.55 777| 16693]  15051] 10816 o130 STOR{  SS088
DPPO7SI0 | 27710789 9.58|  258.05 309.53 3023 @72 99.39 14592 14575 11254 8205 STA9] SM.S
[DPBI6S00 | 271089 038] 25661 25805 2821 138.22 0.00 FIRE] FYRY] a19 FTR A9 20395
DPBIGSOL 12710789 957 25600 26427 2%52] 13816 510 3194 4200 3158 FIrT) SLTE| 20980
DPBJ6502 | 2771029 958|  2600] 2.3 s 14091 1016 Bz 33,30 007 FETY) EETTHT I
DFB96504 | 27/10/89 959 25607] 28449 2856 130,76 2022 4430 2388 33.54 4525 FO T
DPBI6506 | 27710789 9.59 256.14 297.01 2840 30,50 30,08 4529 44.53 FEYE) 3335 FTRS| 21980
DPB9GS08 | /0789 9.59 256.00] 30841 2857 139.51 40.00 A9.04 500 .04 4325 3251|222
DPBYGSI0 | /71587 9ST) 25614 30935 2820] 13857 3039 Bl24 3057 4330 4335 Za| . zion
[DPB3GS1Z (27710769 958|  25607| 30942 2647 14061 6023 1158 7493 46,73 486 FOrT] Y
DPBU6S14 |27/10/89 G R ) 26,55 TH.58 7008|  13537] 10003 5442 el FEXT IETTIC)
DPB965IS | 27/10/89 38| 25607|  309.62 2654]  137.99 7998 13647 e 7281 3260 2261 4aa
|DPC96517 | 27710789 958 256,14 300.83 2676 TI83T| . B3.67 12597 11225 80.55 45ah 22| 41248
[DPP96516 | 27/10/89 738 256.14 309.53 2692 138.05 01} 129.03 N2.33 79.08 2532 4261| 41342
[DPPIGSL7 |29 9.58 2564|3953 2621 13858 8475 T24.24 TIZ51 B2.63 2597 aI85| 41342
DFPYSSIE |27/10/29 5.59|  25655] 30983 2593 1907 86.19] 11148 1252 8555 4659 23.16] 4054
DPP96318 [ 21/10/89 " 5.58 251.82 25271 1243 10022 0.00 23.86 2386 2386 2386 TIAG| 11932
DPB9450] | 2771089 9.58 25189 263.25 A2A| 9937 516 23.92 23.57 2367 2357 2335 87
DPBH4502 | 27710789 D38| 25216) 27246 Q12Az] 10001 556 2427 2413 24.00 7394 Z3E6] 12048
DPB94504 | 27710585 98| 2527 250,93 ETYT| ST TET] 1994 2525 2498 2475 2453 2433 1A
[DPB54506 | 2771089 9.58 252,71 30821 1242 100,39 3008|2719 75.29 2450 2448 ATl 12634
[DPB34508 | 27/10/59 9.57 25271 0.2 242 001 2019|5353 27 25.52 250 456] 1626}
DPB54510 [ 27710789 9.59]  25298| 30949 282 105.05 50.06 74.02 5276 2975 2690 Tez0)  212.24
DPB45I0 |27/10/89 958]  29326] 30942 KEYY] 0207 50.04 7361 5341 2983 25.60 EIREY TR
DPB4512 | 2710789 958|  25319] 30909 1242 9504|602 79.73 63.53 43.56 2537 20| 239,68
DPC4513 [27710/89 955  25326] 30976 1243 10040 8531 T 6892 5099 77,03 2466|2395
[DPF9as1z [ 27710089 T.58|  25360|  309.69 1241 102,34 6465]  E3.19 59.26 so0a| 2142 2542] 2546
DPPO4513 | 27/10/89 O58|  25574) 0969 1241 100,93 6631 7892 7038 5283 27157 AHT| 25841
DPF94514 [ 2710789 DSB|  233.60]  309.76 1242|  10056 68.20 7321 1188 5459 2807 2850 25697
DPP94315 | 27710789 9.58]  253.60| 30943 1zal 102.05 69.69 76 73.50 5730 29.05 28531] 2611
[DPF94516 | 277108 9.58 253.14 309.83 Q1242 103.09 7055 T3 7446 5853 29.57 25.57|  264.18
DPB400 | 27710789 9.5 26850 26946 1242 99.64 0.00 2408 24.08 2408 24.08 408] 12041
DPBSA0T | 27710589 9.5s|  26008| 2193 1zaz| 10217 430 2529 2531 25.27 2513 0| 138
DFBY2402 | 2771089 T56|  269.02]  28B.56 azAz| 100.6% 1010 2517 2501 2489 2471 W8] 12416
DPBS4404 | 27710789 9.56] 26891 305.52 242 99.93 1992 2552 25.20 2496 7465 2439|  1AT4
DPB4405 | 27/10089 955 26946  309.2 2Az| 10240 30.08 4988 3297 2647 2508 2559 16254
DPB94408 | 27/10/8% 956| 268898 309.% Tizaz]  100.18 3992 633 278 32.66 2533 AG| 20744 |
DFBH410 [2710/89 956]  269.39 30935 1244 101,37 50,02 3283 68.25 48.63 77.69 2569 25690
[DPB34a12Z | 270 0/89 755 26939 30935 1242 99.69 60.00 5029 7606 5975 "3 50| 2100
DPC9a412 | 2771089 9551 209.25| 30935 244 99,52 60.2% 937 7552 5975 416 2489 278.25
DPPI4A11 | ZI/1 0789 955|  29.3| 50938 1243 99.24 3909 79.19 75.06 5921 T35 24300 2110
DPP34412 |27710/89 955 269,53 30935 1243 o164 6129 82.60 7795 61,75 3548 T574|  289.51
[DPF94412 [27/10/89 955]  269A6| 30935 Sizaz| | 10108 "61.50 8110 T158 61,79 3590 2559 28601
DPP34413 | Z710/89 9856|2695 30942 1243 99.72 5313 7412 02 6153 V.04 2499]  251.14
DPF9adld 27710589 95| 269AG| 30935 1243 TR 64,78 7215 7833 §3A0 3653 2520]  ZHSAT
DPP9441s |2/ 0780 956] | 26987| 30942 0242|1860 6641 TaET 81.22 66,75 4076 Y B
DPP34416 | 21710589 O ) S nzaz] 10358 65.00 12 50.03 6154 4260 2665 31046
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DFPIRA17 | 2771 08% 9] 053] 30942 B8] 16297 6957 §9.04 1187 6598 2239 2678] 32962
DFP9as18 | 277107 935 ZI000|  309.35 3302|  10.04 3T 69.67 7168 69.15 25,03 2689| 25806
DPBITE00 | 31710789 956]  26857] 27000 3185 16491 0.00 3740 STAD 5740 5740 5740|2871
DPB77400 | 3171089 9.56] 26850] 27536 nE2|  16als 504 s682] 125 57.06 56,99 5693| 28585
DFBY7401 [N/10789 9.55 268.50] 27600 ESICTS 162.58 5.06 $7.06 5717 5694 36.94 5685 784.99 |
DPBIT402 | 3171029 956]  268.57] 28170 398 162.17 1016 57.52 5755 57.21 5702 TG28| 285485
DPBY7408 | 3171059 953]  26851| 2924 3201 16147 1988 SEAL S8.09 5756 57.20 5675 25845
DPB97406 | 317109 955)  26857] 30255 205|182 2986 5053 5894 58.13 5745 S673] 29047
DPROT4CH | 31710089 958]  z8857| 30949 3202|1615 3004 7832 6053 59.29 5836 5732]  313.56
FDPRS7410 |3t/104B9 955 268,57 309.35 3186 15191 s000]  123.89 T6o8| 5763 5642 5519 37156
DPRG7412 | 3171089 9.56|  268.57 309.35 3196 15071 SoEB|  15228] 10984 6240 S6.60 5514]  439.66
DPRI7414 | 31710789 955 2854|0942 32.05 159.06 7000]  177.56] 13647 8037 5797 5620] 51439
DPRY7416 | 31710689 955 26884 30935 31.98 16138 B0.12 19320 15632 104.03 6081} 5758  SIB.75
DPBFI41E | 3171089 5,56 26905 309.76 3208 160.09 89.96 188.99 166.25 12608 6530] 5742  6i2S1
DPCIT419 | 31710789 956] 26553] o098 3206] 16234 9500]  18270| 16132 135.62 T003|  58A6|  617.12
DPPS7418 | 31710589 9551 20939 30962 3203 16130 94.61 183.10 161,98 13501 69,79 5823|6151
[DFF37a19 |31/1039 o ) 207 16242 9621 168.56]  158.24| 13774 7169 SE41| 60183
[DPPG7a20 (31710589 953  260.53 305,56 1202 16297 978 15147 156.20 14047 7384 59.11 58882
[DPP97a2] [31N089 055 26946]  309.76 3209 164.08 39,65 142,70 14639 183,01 7548 59.99 57471
DPPI742Z | 31710/89 954|  269.53]  am.62 3209 164,48 10035 143.86 140.08 14432 76.83 s018]  S72H
[DPBge400 [02/11789 953|  2L@| 27225 27.96]  138.59 0.00 4234 4224 4124 2254 4228|210
[DPRGGH00 |011/8% S| 2055 2783 2803 138.03 504 4258 247 2228 4229 4216] 2.0
[DPR96401 [02/11/89 9.5 270,68 892 2801 13838 S00| 4247 4243 4228 4226 4211 21178
DPB5640Z | 02711789 957]  20a5|  285.50 2798} 138.29 996 43.04 4278 4262 4250 a229| 21351
DRB96404 [02/11/89 5,60 270.15 298.50 28.21 137.30 2002 4351 43503 4270 4237 22,01 218.37 |
DFBI6406 |02/ 1/59 K | 30922 2818 181,17 2992] 5026 46.36 45.66 35.10 WaAT| 23342
DPBY648 | 02711729 952]  Z7096| 30922 2796 13781 30,06 9031 5717 4474 23.98 Bo7| 28236
DPBIGAIC |02/11/89 9.59| 27089 30989 s8] 14126 29E8] 11669 85.18 50.09 4574 68| 4798
DPRJIGAIZ |02/11/89 9.58|  27096] 30956 2810 13932 §027F 13896 10757 6836 4564 3a06| 41262
TIPB9GAT4 | 02711789 D551 28|  3m.05 W] 13839 T0azZ| 14558 12235 8845 3810 B2 458.50
DPRIGALS 0/11/89 9.58]  270.96 309.53 28,03 13956 7978 12075 VBT 10407 55.67 4434 48389
DPCo6415 |02/11/89 9S8 209  309.83 2802] 13749 8025| 13244 12343 106.03 5632 310] 46629
TFPgcata |02/11/39 958]  21137| 3096 2815|  139.3 T9.65| 14003 12877 108,03 5595 FYRYY T
[DPFI6A15 |0Z11759 9S8|  27143| 30989 2515 139.51 .21 TO4]  127.06] 10395 782 aaaz| 48274
(DFP96a16 | 0311789 958 21130 2098 2820F 14015 8251 128.81 12443 10753 59,59 MT3| 4t
DPPOG4I7 |O2/11/89 960]  27130] 31043 15| 14106 B43|  117.26 120.58 10892 61,22 2497]  462.54
DFPYGHE |02/11/89 98|  27096]  309.83 28.13 138.56 5.5 10445 10145 1098|6237 4393 4007
DPBS8200 | 06711789 U58| 20448 29607 2852] 19772 0.00 84,42 YY) 3442 2442 Ba42| 42208
DPB9E01 [06/11/69 955 204.11 30039| 2838 196.89 5.08 84.89 8413 84.65 8342 B4.21 423.52
[GPB9B202 | G6/1 1739 955 25407| 30457 2840 19498 10.06 85.69 85.27 84.96 84,61 823 42583
[DPBY8203 | 06/ 1729 9ss| 20417 30922 2833 19462 1996 11288 B5.50 34,61 2391 83.12] 452,66
DPBY8206 | 06/11/89 9.551 264,11 30542 28.58 194.53 049 167.18 129.07 8846 84,94 8379 56232
DPBYEZOR | O%/11/83 954 2917|3095 TBA6| 19454 3992] 20557 16449 11424 86.53 8499| 66995
DPBY6ZI0 | 06/11/85 9.54] 2924 30935 2882 19553 4990 23708 192,50 146.83 90.71 Ba91| 753
DPBSS2iZ 0611789 93S| 204.24] 30942 2886] 19791 60.00|  268.18 22097 T392{ 10349 8735 87945
DPBYEIS 011789 953 294.28| 30936 29.01 194.79 ToAa|  27784]  238a5|  18430f 12037 8530]  944.67
DPB98216 | 04711729 9.56 20424 300.69 25.02 194.72 ¥0.06| 28325 255.14 0197 13847 86.60] 100642
DPBIBZIE | 06111/89 956] z20e.24] 30989 2902] 19554 8982 28348  26499| 22651 15631 8EB6| 105490
DPBY8220 | 0611789 955|  296.24] 31003 29.02| 19763 9WI6| 29213 64| 2a02| 17452 93.09] 111030
DPBYSZI2 | ON11/88 954| 29424 3ooa 2904 19733 Toos| 29121 26291 241,19 T89.63 97.06] 111896
DPCIEZ2Z | 0G11789 9S4 29424 3989 29.90] 19686 11057  290.46 263.04|  24244| 19098 9T69| 111694
DiP9s23 | 06N 1/89 U35]  20424] 31003 2926 196360  111.02] 28535 262.95 UL63| 19116 9774|1001
GPBY0200 |06/11/89 953 19472| 29647 235 2078 0.00] 11285 11235 11285 112.85 11285] 56424
DPBYO01 0411789 TS| 29465| 30032 2954 23010 ] 11346] 11335 1.4 T1293] 56741 |
DFBS0X02 | 0w11/89 556|  2972| 30330 2950 22944 958 11441 T13.73 11359 112.08 11259 S68.27
DPBS0204 | 0611789 954  294.65] 30908 275] 22855 2008] 12070 115.08 11431 113.32 11249] 58674
[DPB50206 | 06711789 9.56]  29465| 30935 2970|2291 N045] 205A8|  1&1Ja| e8| 67|  11882] 70332
DFBYO20R | 0/l 1789 955  29472] 30935 2958 23049 a006) 2570 9861| 128.51 T175|  11552] 83058
DPBYOZI0 | 01 1789 953|  29458|  309.35 2955]  228.66 5000] 29649 734.08 15929 116.56 Na36]| 93106
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DPBS0212

06711785 954  29872] 3935 2960] 22718 S98B]  329.10]  26430]  19507]  119.78 ] T
DPBI0214 | 0611789 9.54] 29431 30942 276|205 7000] 36117 29541 23681 13013 116.00] 115608 |
TPBI0216 |06 1789 9S4 208.0z| 30956 77| 2 W04| N3 31746] 2500 14555 11380  1236EE)
DPBS0ZIE |06/11/89 956  29472] 30936 568|288 8996  389.48|  3354] 2125 TFE I R
DPBI0Z0 | 06/11/89 G55 29472] 30989 570]  229.11 10027)  39264]  35286) 29372} 1838 T80} 17740
DFBI0222 | 0471 1789 9.5% 294,72 30989 2976] 22910 100.65 T94.60] 35890 30722 20341 T179%]  1418.07
DFB30224 |06/11/8% 955] 29472 30 2986] 2905 TI075F  406.72]  361.90]  319.53] 22289 8| 187552
DPBY0226 06711789 9550 20a72|  3lude 2997] 22887 12986]  41653]  35228]  317as|  2a104]  1235s] 150380
[DPCI0227 |06/11/89 (K 29472 Ho.3 29.92 23254 137.72]  43166 336,51 30715 25579 TR SRR
[DPB33200 0611789 5.55| 28761 P TRE) 3013 66.75 .00 1344 1344 1334 1344 13ad 6719
DFB93201 | 0&/11/89 955 288Ba5| 30201 0.8 67.07 308 1350 1344 1352 347 T34z ISAT]
DPB93202 |06N11/89 955]  288.62|  309.08 3017 6673 1008 1875 1478 13.59 1352 1344 7412
DPB93204 J06/11/89 955  288.01 309.08 30.07 6789 3008 205 259 2267 1536 190z 11580
DPB93Z06 | 0611789 955|  28903] 3.5 30,03 67.69 30,08 4198 39.60 3237 2383 151|154
DPCI3Z07 |0H11/89 956| 28937 309,29 30.07 &8 3613 300 Ty 3755 T 1630 1690
DPP93206 | 06711780 954  288.62] 30905 30.06 6749 3450 424z 33,79 36.72 2018 1570] 16732
DPP93Z07 | 06/11/89 9551 287.13] w29 303 6642 36,50 378 i ETAL 710 X5 BT
DEF93208 |06/11/89 955 28625 309.29 3013 67,29 38.13 4150 2607 IEA9 1796 TS78] 17252
[DPF93209 {0511789 954) 28951 3022 3001 7.57 3979 3791 03 3149 3097 Tal 1o
DPP93210 0611789 955  28835| 3.2 3021 6690 3143 3186 87 42.06 N 1778 119
[DPPGaZI1 | 06/11/89 9.54 290.11 0022 2999 56.58 3293 3116 4753 4395 3290 1931 15291
[DPF93212 [06/11/89 3,55 29215 309.35 2995 6785 2436 38T 3506 4557 3243 2121 TH0.08
[DPP93Z13 |06/11/89 9.55 29030 309.43 2999 7075 4635 36,14 4674 26,69 34,68 2069] 18873
DPP93213 061789 955 29079 30935 30,05 66,64 3635 38.55 3631 4710 I8 8] T
DFP93314 06111789 055  29296| 30942 3002 69.29 813 040 a199 48.87 3643 T308] V9308
[DPP93215 0671789 9535|2881 0543 29.75 69,61 3977 .24 445 28,50 35.74 300 19348
[ DAP93216 | 06/11/89 9.54 289.10 0542 29.95 6711 S1.54 3201 4072 2953 3609 Ten] 19214
DFF93217 |06/11789 o58|  289a0]  309.35 29.63 6755 53.03 43,57 4098 50.80 3126 2230]  197.62
DPF93218 | 06/11/89 954 28957 3035 2578 5143 5452 2547 30,68 195 1) F T B TEAT
DPP93219 | 06/11/89 954 29269 309.29 2958 6639 5633 4732 3948 502 40,56 2595 206,57
DFF93320 06111789 US4 29140 30935 29.76 65.68 5733 4528 a.02 5234 4149 2394) 212463
DPBY2200 06711789 95| 26379 26389 2981 4539 0.00 837 &7 837 837 8.7 a87
DFB92201 |06711/89 956|  263a%| 263 29.78 45.18 492 5.7 837 837 (KT B.37 LA
DPB92202 |0611789 95|  26338] ;a1 2976 4545 9.08 548 BAS 237 BA3 B4z T
[DPBS2208 | 06/11/89 9.5 263.67 309.00 25.69 44,39 20,06 19.07 1510 T0:25 837 CK] 6207
DPBY2206 | 0671 1/8% 958] 26359 300,56 2955 4443 30.06 2932 2354 17.33 10,55 19 vi.22
DPC92207 |06/11/89 954 263.70 309.17 2964 3458 35.52 28.57 2981 2019 13.61 2.7 107,08
DPP92206 0611789 95| 263.56] 3092 29.66 4345 3473 7988 97 2062 1309 Bail 10247
DPPIZ207 |0G11/89 9.55 263.6¢ 309.28 29.61 44.50 36:37 2783 30.59 2183 1410 BAGL 10440
TPP92208 [06711/59 957 263.56] 30935 20,55 3513 3814 2635 3187 2305 1452 5355 10601
DPPS2209 | 06/11/89 955  26332] 30935 941 3508 3576 25.67 3283 2439 1570 Sa|  109.54 ]
DFF2210 | 0611789 TO56] 263.08| 30947 2944 487 4143 25.03 33.35 2567 1642 BET| 11006
DPF9Z311 0611789 954] 2632 0617 2940 5.2 293 2534 T358 270 17,24 903 11439
DPB91500 | 06711789 955|  263.56] 26180 29.30 2796 0.00 5.68 So8 568 5.68 Sod 2836
DPB91501 |06 1/89 954] 26351 29511 2932 2841 492 541 5.68 .6 5,68 5.8 %%
DPBY1502 |06/11/89 955]  26140| 3086l 2042 27136 T0.08 743 641 5.52 5.68 5.6 31,56
DPB91503 |0G/11789 955] 25949 300.15 2923 2694 T5.18 11.24 9.18 702 5.5% 568 5993
DPB91 504 | Oty11/89 935 25185 309.15 2928 7792 19.90 1539 1218 218 6.22 o8 001
DPB91505 |06711/8% 554 25812 309.29 2933 3647 2445 TE.28 1583 1133 7.78 3.8 6070
[DPCO1506 [06/11/89 .55 259.01 309.22 2931 292 25.59 1845 2014 142 975 604 7080
[DPP91505 §06/11/89 BS5]  29.56| @22 29.35 2932 2516 19.61 19.26 TRH7 UXT] o )
DPPILS05 |06/11/89 9.55]  26038|  309.29 2923 79.08 29.65 18.22 2033 149% 9,54 B.06 T
DPPRISGT |06/117B9 9551 259.05]  309.15 2922 2769 3145 16.78 3076 1579 1043 612 TI38
DFP91508 |06/11/89 955  23846] 30915 2931 2196 3297 1632 21.26 16.79 1090 622 734D
[DPP91509 |06 1729 USs| 25884  3M.22 7552 i34 3473 16.15 2134 1791 .54 GAD 7454
DPPIISI0 [0611/89 95| 26| 3095 29.10 2692 3582 1632 2080 18.68 1204 6.58 7628
DFB98200 [07711/89 9.57 29566] 29728 2937 198.10 0.00 #4.88 8348 Ba58 a5 8aB8| 4244l
[ DPR9B201 | 07011729 957)  29512| 30100 2924 19719 rY7) 8552 8538 8515 5498 B3| 42556
DPBIB20Z [07/13/89 95T|  29505] 30841 29.02] 19844 1039 8739 B6.69 863t B #5.36 ‘“ﬂ“
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DFBYEz0a |9 17 956 294.99 0922 29.15 196.19 2002 119.63 8685 8542 BA67 83971 46076
DPB9E206 | 07711789 95T] 2%65]  30949 2908 196.22 J045| 17001 131.90 30.00 8615 B5.04]  5C5.80
DPBGEZ08 | 07711767 957 28519 309.42 2900 19523 3019 208,21 167.03 119.00 8638 8488 67082
DPBS%210 | 07711789 95T 295.19] 30956 2850 19757 5018] 24273 19673 15164 9318 8626| 77674
DPH93212 | 07/117%9 958)  295.19]  305.62 29.08 196.17 6016|  26a.60]  219.9% .o 10690 8538| 86129
DPB9%ZI4 | 07711749 956)  29492] 30976 2874 15781 T01z| 28509 24a30] 19902 1844 87.84| 94786
GPB9R2I6 (07711789 957|  295.05] 30983 29.01 199,31 8006]  201.67 261.60] 21770 143.05 8322 10123
DPR9E21S |07/11/8% 9,57 29509 3098 2884 19537 89.96|  281.28 264.03| 22732 15088 89.04| 103270
TPRIRZZ0 | 07711789 736]  295.02] 30996 2281 19670]  100:06]  287.86]  26680]  239.63 177.88 9324| 107656
DPCIB22L | 07711749 357]  295.9) 3103 2880[ 19669}  108.01 286.18 259.56]  23982] 18855 9665 108320
DPPIS223 |O7/11/89 .56 295.19 30,09 2879 196.63 109.63 276.66 257.95 23850 19092 9774]  1073.10]
DPPI8224 | 07711789 956] 295.05] 3108 2853 19722 B[ 26548 25937  23982| 198393 9940  1069.06
DPPIRZZS | Q7711789 956]  295.18] 3109 7561 19755 11203] 26541 253.52|  237A8 195,53 100334 106675
DPP9sLZ6 | 07111789 957 295.a2| 31046 7568 19831 11871 26546 24921 23390]  19876]  101.92] 1060.1%
DFP9B22Z | 07711789 957|  29485| 31030 863 19558)  11635] 21129 23567|  23t59| 2018 10343] 105463
DPPOR2ZE | 07711789 956]  29485| 31030 2875 201.28]  18.13| 28093 201.50]  22841] 2000 10517 103270
DPBY0200 | 07711759 90| 29553 29705 2833 23196 Coo| 11419 114.19 114.19 11419 T1419| 57093
DPBY0Z0N | 07711789 957| 29566  301.00 2865 LA 519 11458 114.38 4.3 Tas0]  11356] 57083
DFBRZ | 0711729 958]  29555| 30454 |70 2993 03] 11847 11401 113.77 11367 Ti240|  s68.62
DFBY0204 | 07/1 1759 935 29566 30938 85| 22753 2023] 13750 114.81 11392 11326]  11.68| 591.13
DPB30206 J07/11/89 557 295.53| 30049 2834|2315 020] 210.28 14830 11831 11715 54| 71348
DPB30208 [07/11/89 9.62]  29586] 30989 2849 229.95 4013 257.36]  200.11 12993 11687 Tazi| s34z
[DFR90nI0 fo7/11/59 9.56 295.19 30949 28.59 232.20 50,04 301,87 238,70 T6289| 11931 11627 944,62
[DPB90313 [07/11/29 95| 295.66)] 309.69 2873 230,01 55.61 /32| 268,13 199,10 1206  1515] 104648
DiBa21a J07711/89 0.56]  295.53]  309.56 ®I0) 2007 60.68]  359.80|  295.29] 23008 13245 11457] 118113
DPBRIZI6 [F/11/59 95B| 295.26]  309.83 259 231,70 T983| 38290  3zte8|  256.63 14743 117.04]  tB634
DPBY0218 [07711/59 951 295.86] 3689 B3] 22956 89.69|  390.57 34035|  278.83 167.92 116.58] 130619
DPBS0220 [07/11/89 957]  295.66] 31003 2883]  23t.01 9967 397.90)  357.7| 29843 185.57 11852| 137110
[ DPBY0222 [07/11/89 957  295.66 31030 2582 231,05 11002 201,71 36486 31334 207,18 12003]  1420.75
DIB3022a |o/11/59 056|  20566] 31030 2BEE|  Z30.28 11990  40892|  363.20] 32296  227.01 123.02|  1458.54
DPRJaZ6 |07/11/9 957 205.66|  310.50 2BIS| 2073|1300z  42080]  356.30|  32.23|  243.09 12676 1483.07
DPCI0227 |07/11/59 957F  29546] 31036 56|  23249] 13791 43357 314.88]  305.14| 25820  131.95|  1438.83
DPPI0228 | 07/1 1789 9.56 295.46 31043 2W63) 23235 13753 431.20 298.36|  303.68|  258.04 131.85| 183777
[DPPI0Z29 | 07711789 957 29539 31050 W8]  230.54] 13801 4314  Zn98| 28003 25820] 13193 138814
[GFEO7100 | 2371789 58] a0ss5Z|  307.00 794|  172.59 om §7.20 0.00 OO0 0.00 T.00 0.00
DPBY7101 | 23/11/89 2.5  305.04]  309.62 2814 171.36 452 76.09 0.00 0.00 0.00 0.00 0.00
DPRSTI02 | 2311789 9.56 304,64 309.56 28,03 17136 1633 105.73 0.00 0.00 .00 .00 0.00
DPRY7104 | 2311789 953 2051 309.59 2830] 1715 0.3 14263 0.00 0.00 .00 0.00 0.00
DPRITI06 | 2311789 9.59| 40518 30996 2841 17201 2994] 17685 .00 0.00 0.00 0.00 0,00
DPBYTIOR | 23011789 9.58] 30511 309.96 28358 17146 a2l 20098 0.00 0.00 0.00 0.00 0.0
[DPBITII0 | 2311789 9,59 305.11 309.96 28.66 17230 50.04 217.66 0.00 0.00 0.00 0.00 0.00|
DPRYTITZ | 23711789 959] 30541 310.03 28I0F 1107 6043 22058 0.0 0.00 0.00 0.00 000
[DFRITI14 | 2311789 9.59 305.18 310.16 2850 a7 7096 219.16 0.00 0.00 0.00 0.00 .00
DPBITING |231178% 9.58 30525| 31030 Bma3| 1M 801z] 22746 0.0 0.00 0.00 0.00 0.00
DPCYTIT7 | 23011789 9.59 30501 31030 2%38| 17286 8631 22677 0.00 0.0 0.00 0.00 0.00
DPPO7116 | 2311789 938 30531 31030 2845 17233 8500 22843 0.0 0.00 0.00 0.00 0.00
DPPOTLLT | 23011789 95| 3001 F10.30 2830 17249 B6.68| 22614 0.00 0.0 0.00 0.00 0.00
DEPYTLIE | 2311788 959 3054|3030 2845 130 B821] . 218.64 0.00 0.00 0.00 0.00 0.00
DPPITLIY | 2311789 958|  30504] 31030 2842 17249 898} 2.5 0.00 0.00 0.00 .00 0.00
DPPYTLZ0 | 2311788 9.60| 30488 31030 2854 172.99 9180]  29.00 0.00 0.00 0.0 0.00 0.00
DPPITLI 23711789 960|  303.84] 31030 2849 17397 o3z2| 20831 0.0 0.00 0.0 0.50 .00
DPPITIZS 230 1/8% 958 30511 31030 2842] 17418 D4ER|  206.58 0.00 0.00 0.00 0.00 0.00
DPPY7124 | 2311789 959 305.25| 3100 2847 17343 %652 208.36 0.00 .00 0.00 0.00 0.00
DPPITIZS | 231 1/89 9,60 304.98 310.30 2842 173.08 98.16 212.00 0.00 0.00 0.00 0,00 0.00
[DFro7126 | 2711789 9.58 305.04 310.30 2850 173.09 99.8% 27.94 0.00 000 0.00 0.00 0.00
DPPYTIT? | 2311789 960 30511 31036 2855 17328] 10192 22256 0.00 0.00 0.00 0.00 0.00
DPPYTLZE | 2311789 957 3w 31030 2848 17425 1@m.z| 22862 0.00 000 .00 0.00 0.00|
DPFI7LIS | 2311/8% SE0] 30511 31043 2851 4.5 10484 23428 .00 0.00 .00 0.00 0.00
[BPB7300 [ 2311789 959| 2819|222 2873 172.60 0.00 G385 .00 0.00 0.00 0.00 0.0
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DFB37301 | 2a71 129 959  28252] 28950 ZREL T76.00 5.3 6593 0.00 .00 0.00 000 000
DPE97302 | 3 1/80 95| 28279 25458 2902 % 021 6645 0.00 0.00 0.00 0.00 0.00
[DPBS7304 | 23711789 9.60 282.72 30417 7879 17201 200 66,74 u.00 000 0.00 0.00 000
DPB97306 | 23711789 960|  28279|  309.89 2853 17469 30.08 8E.03 0.00 0.00 0.00 0.00 0.00
DPBY7308 | 23011789 950| 28266 30989 2896 169.54 3006|1338 0.00 0.00 0.00 000 000
DFB9I308 | 23/11/29 9.60| 28238 30996 2881 17241 008 135.3% 000 0.00 000 000 D00
DPBS7310 | 23/11/89 959| 28259 0559 /I6| 17428 SO04| | 170.0% 0.00 0.00 000 000 0.0
DPBY7312 |23111/89 053]  28259| 310403 2577 17500 G043] 20069 0.00 0.00 0.00 0.0 0.00
DPB97314 | 23711/89 95| 28238 309.95 2851 7225 6083  213.79 0.00 0.00 0.00 000 D00
DFB97316 | 23711789 560|  28306| 31030 2902 17478 8018|2343 .00 0.00 .00 0.00 000
DPBY7318 | 23/11789 958| 28238 30.53 2905 17381 9051 218.69 000 0.00 000 0.00 000
DPCS7319 | 23711789 9.38]  28238| 31030 29.02 17217 9584  213.56 .00 .00 0.00 0.0 0.00
DPF97318 {23/11/80 9.60] 28238 31030 29.08 T72.58 9502] ;1802 0.00 0.00 040 0.00 000
DFF97318 | 2311789 959 28238 310.30 2857 172,54 9680] 21910 0.00 0.00 0.00 000 TG00
DPPITILE | 2311789 958] 28245 31030 26594 17456 98az| 20007 0.00 00 000 000 .00
DPPGTIZ0 |23/11/89 9.58| 28238 31030 2854|  17422|  1000B] 19440 0.00 0.00 0.00 o 00
DEPIT321 | 23/11/89 959 28245 31030 29.03 17452 10074 1848 .00 000 D0 &0 )
DPP97322 | 2311789 D58]  28238] 31030 29.06 T7400)  103.36] 17847 0.00 0.00 5.00 000 T}
IDPP97323 | 23/11/89 959 282.38 310.30 5.0 175.16 105.02 176.57 0.00 0.0 0.00 0.00 0.00
DFP97324 [ 23711789 959] 28238 31030 2939 17342 105.47 17633 0.00 0.00 0.00 0.0 0.00
DPB97500 | 2311759 035 25565f 25702 2861 T74.02 0.00 6195 0.00 .00 200 w00 oo
DPBY1501 |23/11759 939|  2ssa2| 26126 2815 172.16 500 6160 0.00 0.00 0] 000 0.00
DPBRYIS0Z | 23711789 9.53]  254.01 267.55 2912 17043 1094 61.08 0.00 0.00 COn 000 0.00
DPB97502 | 2311/89 939 25a22|  260.62 2302 1718 1096 6137 0.00 0.00 0.00 0.00 0.00
DPBY7504 | 23/11/8% 963 25490 2197 8.6 17,5 1992 6.3 0.00 0.00 600 7] ]
[DPBY7506 | 23/11/89 00| 25552 289.03 29.00 173,16 30,06 6524 000 0.00 W 000 000
DPBSI508 {23/11789 9.59 25552| 29884 2865 171.62 39,77 6587 000 0.00 TG00 D0 .00
DPBYTSI0 | 23/11/%9 959] 23552 30882 28.58 1754 5043 7216 0.00 000 0.00 .00 000
DPB97512 | 2311789 9591 255,77 3043 2646 18437 SGE8| 106,13 a.00 2.0 0.0 [T T
DPB97512 | 23/11/89 9.60 753.01 309.83 2859 173.86 019 104,31 .00 .00 0 000 000
[GPBITSI4 | 23/11/89 9.57 255.65 309.83 2863 17030 70.55 T57.00 0.00 0.00 G0 .00 00
DPB97314 | 230 1729 958|  255.65f 30983 28.65 17121 7035] 15729 0.00 0.00 000 e 00
DFBS7514 | 2311789 958|255 WEs 7888 17030 801z| 18205 0.00 0.00 0.00 7] Nl
DPBJT514 | 23711789 9.8 255.38 0953 2891 169.69 8043 181,09 0.00 .00 000 i) D00
DFB97516 | 23011780 939] 25518 30989 2892 170,52 8996 20075 0.00 0.00 0.00 D00 0.00
DPB97520 | 2311789 950 255.59 310.9 29.14 T4 10000f 20000 0,00 0.00 000 000 00
[DPCIT521 |23/11/89 9,58 255.65 31003 29.08 171.54 103.14 79059 0.0 0.00 0.0 0.0 0.0
DPP37520 |23/11789 9.58 25565] 30996 79.20 ar 101.85] 19642 0.00 0.00 0.00 TG00 o)
[DPPg7521 | 23/11/89 9.59 255,65 310,16 2925 T 103,13 189.26 0.0 0.00 D.00 00 0.00
DPPIT522 | 2311780 9.59 255.65| 31016 2637 171.68 10418 16788 0.00 G0 0.00 0.00 000
DPP97523 | 23/1178% 958 2ssaz] 305 AT 17243 TS0z 17743 .00 000 0.00 000 .00
DPPO7524 | 2311789 559 256.00 31030 29.44 17205 10554 168.14 0.00 ) 0.0 0.00 0.00
[DPB74500 | 26/00/59 701 72339 249 24.23 29.64 0.00 .12 2312 3.2 312 .12 115,60
DFB74501 | 26/09/89 703 22291 47T 227 98,89 a98 2259 2293 2203 22 7291 Ti087
[DPB74502 | 26009789 Tez| 22291 74420 2420]  103.02 .98 24,57 2451 2439 2431 26 1]
DPB74503 | 26/00/89 7.02 22291 254.83 74,30 99.59 1450 2359 23.51 2336 73.28 25.20f V1587
DPB74504 | 26/00/8% T 2277 764.59 724 T00.43 2004 2416 23.80 7374 2348 RTINS
DPB74505 |Z6/09/89 TS 2332F | 21552 24.18 98.60 2502 64 2335 7100 7291 2273 111.56
DPB74506 | 26709789 02| 2339 28304 2426 10098 30,8 25.03 2462 2432 700 TIAZ| 116,08
[DPB7a507 |26/09/89 7.3 233,88 288.01 24,23 100,52 35.00) 3611 24,51 2436 2192 T592| 1ZA3
[DPB74508 | 26/05/89 7.0 22374]  288.01 2439 10199 20,12 5521 28,08 2470 257 2406] 19184 |
DFBT4509 | 26/0978% T02Z] 288 28788 24.53 100.36 4498 73.34 40.05 2436 4.8 4| THLEZ
DPB74510 | 2409789 TS 223 81 258,08 24.69 10240 5602 8938 5263 2670 258 E7¥T] BEETER ]
DPB74511 | 26/09/89 02| 25388]  258.08 7497 102,12 55.08] 10300 kL] .40 74,50 XTSI
[DPB74512 [26/09/89 70 2088 25801 2511 10049 60.0] 11197 81,22 3956 24,34 TG5] 2HIAS)
DPB74513 | 26/09/80 7.0 223.53]  28B.15 2501 99.41 s500] 1812 9215 48,63 24.60 2343|3172
DFBT4514 | 26709789 73| 2374|285 2505 10021 7000] 12458 10257 57,60 263} 2350 35338
DPE7A515 |26/09/89 70| i-s8| 28822 2458 9853 7498 128.22 %1 6737 %16 CEXE] RS
[DPCI4315 | 26/09/39 7.0 22405 W 25.07 99.20 7650 12447 2.4 1022 29.15 5% L
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DPC74515 | 26/09/89 7.0 205]  288.15 2517 99.55 76.23 12534 25 65,76 H07 2B33] 371935
BPCTASLS | 26009789 7.03 22444 28832 2529 100,87 7850 12781 11635 7334 3055 BE| 4157
DPBTT300 [26/09/89 702 25682 258.26 2578 163.57 0.00 5554 5554 5554 5554 5554 27769 |
DPBTTI01 | 26009759 W 25565| 26332 2573 164.66 508 5620 3588 5585 5582 5570] 271884
DPBTTS02 | 2089 7.0 25511 268.84 2507 16354 10.1¢ S6A0 5592 55.65 55.59 S541] 21942
DPRTT300 | 26/09/89 103 25531 27477 25.68 163.60 15.08 56.56 5623 5588 5564 5531]  279.13
DPBTI%04 | 260549 Ta 255.59 Z80AB 2575 163.60 2000|5750 56.69 56.27 5585 55.51 2815
DPBTI305 | 2609789 To3| 25521 286.05 2571 162.66 2502|5761 5685 56.23 55.80 5535 28144
[DPHT7306 | 26/09/89 703 255.18]  288.00 2570 161.10 3012 T 5631 55.07 55.12 5445|2992
DPBTT07 | 26/09/89 703 25518 288.00 2571 160.01 3492 110.25 6139 5535 S463]  5396] 33598
DPBTIY0E | 26/00/89 70 255.01|  288.01 2573 161.75 4006 13743 Bi.80 36,19 55.69 5484]  386.19
DPBTI303 | 2609789 W[ 255.8| 28808 35,54 161.60 4500]  16386]  106.56 5831 56,08 5533|4131
[DPBTITI0 | 26009789 TW|  25545| 28808 35,63 147 5004|  18689]  128.76 57.08 5550 5520{ 4511
[DPBTI311 | 26,0979 Taz|  2:52|  28R01 2566] 16242 5502 20651 148.34 79.56 56.21 S564| 54721
[DPBTI312 | 26/05/89 Tm| 253552  288.08 2569 160.76 6004|  z19.43]  165.73 9432 56.16 5484| 59078
DPBTING | 26/09/89 To] 25565| 28815 25.68 16034 6508| 23058 15278 10887 5774 5471  635.22
DPRTTHG |26/09/89 703 255.59 8822 3571 160.38 7022 23872 198.90 1360 60.73 5453 677.06
GPBTING | 26009/89 703 75558 28842 2577 T61.61 7504|  245.53] 21263 136.68 6530 Sa97f 11602
ﬁﬁﬁm 26/09/89 7403 255.65 288.49 25.81 161.19 B0.10 24876 22433 149.65 7135 5454 74978
DPBTINT | 26/09/89 Ta3|  25565|  288.56 2596] 16117 B5.08|  249.57|  23210] 15984 78.50 5436|7489
DPBTING | 26/09/89 703 255.65]  288.56 2577 161.63 89.96 25211 210.22 168,04 26,52 ss70| 80230
PRTIN0 | 26/09/89 T 255.65]  28B.62 2578 162.13 9510 25343| 2037 17339 9535 5650  821.06
DPCTING | 26/09/89 708 255.65 862 2595 163.79 0615 256.15 243,72 17520 9732 §733| 23058
DPPTI320 | 26/09/789 TO3| 25572  288.62 3577 163.77 9693f  25597| 28384 17574 0858 S728|  £32.02
TPPT732 | 26709789 7.0 256.7|  288.76 2575 163.67 97.60|  233.78|  243.72] 17647 T00.49 S7.50] 8324
GPPT733Z | 26009789 7| 25607| 28860 2578 163,78 9834|  251.82) 24395 .08 10164 STE3| 83289
DPPTI3T | 26/09/8% 70| 2%m] 28862 2583 163.75 9502 2962|2439 17789 10,19 5793| 8315
GPPT1334 | 26/09/8Y 7.02]  25593|  288.69 2582 16431 9965]  24755] 24353 17866 1047 58.24] 83289
DPPTI325 | 26/09/89 70| 25593 288,62 2575 163.17 10037 243.74 24234 178.24 105.61 58.16]  B29.42
[DPPT1326 | 26009789 702 256.14 288.62 2570 163.68 100.50 2829 24230 17893 10700 5842 83029
[DPPTT327 | 2609789 7.02 256.07 288,62 253 163.17 101,50 241,72 24245 17947 108.26 SE6G| 83173
DPPT7328 | 26009789 703 25600f 28876 2579 168.25 0203] 24148 24153 17943 109.27 5874 83145
DPPT7329 | 26/09/89 7.3 25614 288.06 25.18 163.73 W287]  28010]  241.03 T80.01 110,52 S894f 831,73
DPPT7330 | 26/09/89 T 256.44|  288.96 2580 164.74| 10350 23940] 24041 179.58 L4 33| 8316
[DFP77I01 | 26000739 703 256,14 288.76 2580 165.37 104.20 238.14 239.60 186.20 1324 59.57|  83L.73
[DPF77332 | 26009729 TOz| . 25614| 28850 2586]  164.28]  10486]  233.J0|  230.a4| 1790|1145z 5925| 82567
[DPP77333 | 26000729 TO3|  25604| 28853 2575 16341 105.53|  23243|  236.72] 17908 11566 5933|  82481
DPPT7334 | 2609789 T 256.14] 28853 2578 165.59 10619 23144|  237.18| 18031 116,75 6006| 826,54
DPPT7335 | 26/09/89 70| 236.04) 28855 2569 165.59 10688| 23081 236.18 18039 11813 60.24] 82653
DPPT7336 | 26/09/80 70| 25607 28876 25T 166.17 1a0|  2827] 2326 1803t 119.30 6063| 8:36
[DPFIT337 | 26009 73| 2%.14| 2876 =73] 1817 180 22290|  23199F 18058 1211 609%]  BIB.17
DPPITII8 | 26/09/89 7.02 256.14 288 55 2573 166.04 108.59 22192 221.56 18039 12295 60.50 80749
DPPINY | 26/09/89 7.03 256.14 288.76 25,68 165.54 109,39 22348 214,86 180.74 124.39 6141 806.63
DPP7TI40 | 260089 7.03 256.04] 28883 2597 166,12 002|234z 20505 180.04 125.58 6131 79595
DPPT1341 | 26/09/89 7.0 236,14 288.76 2579 16627 110.33 22435 202.25 180.12 12657 61.57) 79566
DPBIAID | 2770945 708 254.15| 25518 2288 106.09 0.00 2622] 2622 2622 2622 3622| 13102
DPB74301 | 27709789 705 25340 26599 2284 96,54 499 2349 22,55 2278 2266 2267] 11285
DPR74302 | 27/09/89 708  254.63] 2758 2293 106.68 9.96 24.66 24.53 2460 2442 2437|1247
[ DFB74302 | 2709789 7.05 754.70 77525 2285 101.25 9.96 2461 2453 2460 2445 2432 12189
[DPB74303 | Z7/00/89 705|281 8468 2275| 10079 15.02 2484 2453 24,56 A 22| 1918
[CPR74304 { 27709789 705 2551 28815 2285 10093 20,06 37.30 2450 2487 24.58 2435 136403
DPB74305 | 27/09/89 704|  25338]  288.08 2283 10057 2484 55,54 36,54 2503 2476 24a5| 16633
GPBT4306 | 21/09/59 705 25559|  288.15 2279 078 3002 7430 5293 30.26 25.10 20.87| 20759
DPRT&306 | 27/09/89 7.05 25565 28815 2281 9592 3022 7314 52,66 3049 2442 2422 20842
DPBT307 | 27709/59 TO8|  29559| 28815 7254 10105 3510 8757 66.93 30569 2502 2466 23833
GPET2308 | 27705789 704  255.52| 28RS 2299 10024 40.08 96.52 79.78 5081 2679 2429 27800
DPRTAINS | 2709789 T4 25545 285.08 2307 10032 4016 96.52 7901 5077 2681 2424]  278.00]
DPBT4309 | 27/0%89 TS 25552 28842 205 10110 4296]  104.19 5082 G0A1 3066 2450) 31090
DPB7431D | 27/09729 705 25545 28835 2326} 10184 S016] 1175|1008 762 3671 2458| 34524
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DPBIa3l1 | 27/09/59 T05] 3558|2849 2326 10133 4T T1637 10763 F0.12 FERR EYC T
DPBT4312 | Z7/09/80 TO5|  25545|  28849 330 10053 5000] 11874 1414 BI.05 ) 2838 e
DPCT4312 | Z7/03/88 705]  255.59|  288.56 7333 T00.04 X T D W20 5302 ETRE] BT
DPCT4313 | 27709789 704| 23565 28842 B30] 10095 s+63] 11891 12030 9680 3478 032 GnLs
DPF74313 | 27/09/89 7.06 255.65 28856 128 100,68 65.24 1868 12095 97.28 5530 63| 4TRAD
DFP7a31& | 2705/89 7.05 25586) 25849 2331 10036 66,00 11585 12135 9848 S634 2638l 4300
DFF74515 | 21/09/80 708|  255.03| 28849 Taz] 10156 B652f 12035 12330 7998 5746 T SR
DPP7a316 {27/09/8% 704} 255.79| 28855 XY 10072 6732] 11954 1B826] 10044 3808 T
DPFIa317 |Z7/09/89 705| 25607 28856 2338 100.75 6195|1851 1357 013 5894 ETAT BT
DFF7a318 | 27709789 04| 25586 28849 26 100.14 5850 116.60 12057 100.7F KRR TS ames
[DPP74319 | 27/05/89 704 255,86 28842 B2 10205 65.48 122.60 125.88 10298 9.5 T
DPF74320 |27709/89 708  256.00] 28849 2313] 1000 5762 1B 1288| 10055 59.00 YT AL
DPF74320 |27/09/8% 7.04 256.14 288.56 B 102.78 6848 125,04 13695 10382 60,50 TIRO| | 450
DPF74321 | 27709789 704] 25607 28849 23.08 99.78 59.a8]  117.99 ThE| 10228 063 00| MM
DPFIa3Z2 | 27709789 To5]  256.04]  288.56 2305 10149 69,73 119.78 12572 10367 618 Toan] Sz
DPPT4323 | 2709/89 705 256.00] 28849 231a|  101.98 FoA1 11839 1269 104,56 CEX] 335| 439.00
| DPF74328 | 27/00/89 705]  256.00]  283.62 23,05 10174 ETRY) T8 12680] 10559 6307 ) A
DPF74325 | 2709750 705|  256.04|  283.69 B2 10158 78] 11348 25| 106.02 6398 W3] 43560
DPFia326 | 2709789 T05|  25607| 28856 2318|  101.16 T244] 11239 127.68 106.56 5465 Taa|  0.IK
DPF74327 | 21/00/89 708  255.93] 28856 2316) 10125 307 115.16 128.57 106.83 6538 Wa0| a9
DPPT4328 | 27/09/59 7051 256.00]  288.56 2314] 10042 7369|1193 1326 10667 66,06 THAR| 0TS
(DPP7a329 | 27/09/89 TO5| 256.14| 28856 73.16] 10058 7436|1118 12761 10036 6684 ETRTY T
[DPF74330 | 27/09/89 7.04 256.14 288,56 2316 0.2 7452 233 128.99 108.52 G167 EF )
I DPF74331 | 27/09/89 705|  25606] 28856 .27 101.63 7561 11146 130,01 109.18 o851 B3 awar
|WTTN9;39 7.04 256.00 288.56 23.26 100,10 75.59 10944 12845 108.10 6837 2941 44335
DPF74332 | 27/09/59 7O 25614 288.56 2322 101,39 76.33 11239 13088 10998 T N067]  452.30
I'DTPT:SS_ 27709789 705 255.19 288,56 23.21 10047 7691 110.60 129.61 109.63 69.74 ETE] TR
([oPF7a33a [a7709789 T04| 25509 28856 %% 100.79 ] RS T20.8] 109.60 69,17 Tia2| 4I8AS
DBP7a335 | 27/0978% 705| . 25607] 28869 7325 0.3 B1a| 10575 B8 11037 7008 03| 4Nn
DPFia336 | 2779789 04| 256.00]  288.56 =a0] 10281 7883 10627 1488 11247 7205 T L
DPP74337 |27/09/89 7.05 256.07 288.56 23.30 101.33 7945 105.58 T15.64 TIL14 T2 G ER
DPPT4338 | 27/09/89 704] 25600 28856 23.38 10091 B006|  109.50 nas] i .04 N[ 44393
DPB76300 | 27/09/89 T05| 25805 25915 24.09 133.29 0.00 1869 .69 38,69 I8.69 T
DPB76301 |Z7/0%89 705|295 266.66 409 133,39 502 .10 39.08 3885 ETRTY I XE] M
[DPB76302 | 27/00/89 705| 25798  zi382 24.08 13458 1010 3009 3988 3974 a7 020 1980 |
DPB76303 | 23/00/89 705 257.98| 28075 2418] 13457 15.02 4060 3031 4008 39,60 Wil 20002
DPB76304 | 210389 705  25798| 281407 A4 13738 1990 2134 3215 3174 a1.3s reETl TR
[DPR76305 | 27/09/89 7.04 258.05 288,08 2421 133.81 25.14 6588 40,65 4038 I978) 3998|2208
[DPB76306 | 27/09/8% 704 25791 288.15 2422 136.86 30.04 90.40 55.61 2203 4158 a.m| 2.0
DFBT6307 | 27709/39 705]  25785F 2885 221 13441 EEr] IR 7840 2965 4010 We0| 31400
DPB76308 | 27/09/89 705 25791 B8 2413 136.36 98| 13208 96,10 5281 TN A0i| 66
DPB76309 | 2i/03s0 — 705 25741 388.22 2415{  133.93 4438 14449 111,88 6532 A28 We] 4096
DFB76309 | 27/09/89 TO4f 25738 Z88.15 2029| . 133.50 @96] 14449 T2.26 6589 ac,08 Soaa| 401,24
[DPB76309 | 27/09/89 705|  257.85 288.28 2425 133.08 5029{ 15567 12934 79.39 4203 ETSE TS
DPBT6310 | 27/09/89 7.05 2571.57| 28842 2421 13244 S0.31 156.32 12942 7036 4213 2z] 44510
DPE76311 |27/09/89 703| 25805  28E1S 237 138.07 394) 16630 14443 D186 4557 3966 4H6.36
DPBI6312 |27/09/80 7051 258.05 288.56 4.2 135.25 G008] 17548 15774 104.53 5156 aunaf S0
DPBTS313 | 27/09/89 705 25791 288,49 24l 13534 65.04] 18177 T6840| 11625 S8A2 2020] sozb4
[DPBTG314 | 27/05/89 7.05 258.05 288.56 2445 13457 70.08 183.67 71548 12614 6591 4024|  SKH.S3
(DPB76314 | Z7/09/8% 705| 25805 78856 37 134,77 T0.04 18333 17543 126.07 66.0% 3020|  SHE.23 |
DPB76315 |27/09/89 705|  258.05 25,56 a1 134.78 7504] 18511 182,43 135,30 T3 a06H 61341
DPCI6315 | 21/09/89 705|  258.05]  285.56 43| 13579 7973 185.52]  187.35 14204 81,16 a176f | GRS
[DPP76314 | 27/05/89 To4|  258.2|  288.56 2458 136.53 78.52 189.90 189.13 142,00 7954 a206] 0.7
DFET6315 |27/09789 705[ 2585 288.56 25,03 136.18 7924 T89.21 189,09 14230 066 az17|  6ei6
DPFI6316 §27/09/8% T04|  258A6|  288.56 2507 13591 T9B2|  188.68 189.56] 14349 ¥207 SIAT| 64278 |
DPFTE317 | 27/09/89 704| 25833 288,56 5a20| 13598 8043 18742]  189.37 143.99 7290 a22%]  6AZAR
DPPI6318 | 2708759 7.08] 25846 288.62 2538 13548 B1.21 18742 189.63 T44.15 8319 43| 64102
DPF76319 | 27/09/89 705|  258.39 788,62 2548 13548 8174 186,39 199.50] 14355 8451 aLIR| 6434
DPPT6320 | 27/05789 Tl 23846 288.62 25.59 136.66 8233 19065 192.7% 146.61 B340 3301 asom“
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DeFisIzl | 29D T0a]  25839] 26809 2575 13695 8332] 18939 19356] 14715 8693 B2 65720
DPPIGH2E | 27709749 708]  258A6| 28856 2552]  13636 83.67 188921  193.60]  14B.0% 88.18 350]  659.1
DPPI6SZS | 27709780 706| 25853 28869 2612 13706 8434 89,65 1404|1485 BE.56 PERE]
DPPTGI2A | 2109789 TG} 258A6| 28856 2625 13561 B5.02| 17877 19150 14785 90.07 B2| 64970
DFP76125 | 2709780 TO5|  25646]  2eB62 2642] 13564 #SB0L 17652) 19190 14835 91.02 50| 64796
DPFI632h | 210970 705 75853 288.56 2655 T35.63 8641 175.77 19237 T49.04 9218 4365 65028
DPPI63ZT | 10089 70| 25848  288.56 265 135.65 8717 175.2% 10298] 15048 93.54 a381| 65259 |
DPFT6328 | 2709759 70| 2853|2886 2707 13589 8775 17438 19282| 15058 9439 2386] 65345
DPFIGIZ) | 21/09M89 7G| 238.53| 28855 2727 13585 88.32| 17293 19282 15139 9571 2420] 65373
DPPIGT30 | 2709/%3 705 5853 288.69 3735 13536 89a0| 17218 19228] 15192 96.57 @33 6332
DPPIGI | 27709780 705 25653 288.76 2738 13658 8915 17814 194.67 1538 9745 FYET] Y
DPFI&332 | 27/00789 70| 25860| 28876 2743|1368 5047 172.58 19335 15385 9890 So| s
BPPI63s | 27709789 TO06|] 2653|2890 62| 13562 91.09 166.76 18943 15251 99.26 2438 63883
DPFI633 | 21709789 70|  2853| 2853 68| 135.59 9174 T6693|  189.56]  153.20] 1.5 ATT| 651 A2
LOr76335 | 2700085 70| 25853 | 28862 2782} 135.18 9240]  16652] 1899 15396] 10140 3490f 65288
DFIT76Y36 | 21700787 75| 258.33| 28876 7793] 1351 92.97 16538 187.67 154.05 102.10 a50s] et
DPFI6337 | 2170989 T08]  238.53| 28876 797 13460 93,59 16520 186,75 15458| 10305 3519 65z
DPPIGIN8 | 2709759 705|  256.53] 28890 37.98 13527 9434 164.51 18567 1465 T04.04 a538|  es1az
DPPI6I | 21/09780 7.05 35853]  288.83 98] 135.00 D392 163.5% 18456) 1555 T05.21 574 e
DPPI6340 | 20978y 7.04| 25860  288.69 28.05 15444 9553 16457 182.93 155.70 106.32 as8a| | 65259
[PPT6341 | 21/09/89 7.05 258.67 288.96 28.14 13491 96.25 166.18 179.09 15542 107.10 10| 6s114]
[DFPT6342 | 21/09/89 704 23853 28876 %14 134.55 96.91 167.80 176.24 155,89 108.24 2631 552,01 |
DFPI6343 | 21/09787 To6|  2Bon| 28876 2815 13534 9752 16042 173.90 15552 10521 a651]  65315
DPF76343 | 27/09/89 7.05 WEI4|  289.03 =19 135.79 9820 17098 1i55a| 15627 11040 AT 65490
DPPT6}S | 27/0U4r%9 704 25887 288.9 28.22 136.00 0835 172.54 173.70 156.58 111.5 a735|  656.63]
DPB 4100 | 2109789 04 28130 282.18 2985 81.05 0.00 17.69 17.69 17.69 17.69 1769 B84 |
DPR7AI0N | 2770970 703|  281.03| 28801 9.84 94,24 356 2092 2535 2260 2252 2| =2
DPBAI0Z | 27709789 705  28.18[ 282 20.99 95.94 021 53.01 4652 3774 2888 2503]  190.61
DPBIAICH | 27/09/89 705 28303 78822 30,08 9505 T5.04 8553 6144 2843 3808 7605] | 23880
DPRTAI0E | 27709789 705 %096 28808 3008 93.56 1994 B0.05 7435 5794 4312 28.26]  282.67
DPBTAI05 | 27/00/8% 7.04 28378 2885 3032 9346 2502 8937 85.01 Tiad 5405 3A44|  33345]
DFB74106 | 21/09/59 705 az| 28815 3050 9267 30,04 95.25 91.58 7944 6053 3893] 36491
DPBT4I07 | 27709789 70| 8503|288 3046 9653 35.00]  104.55 100,37 89.18 §9.19 FYYY] R
DPB7A108 | 27709789 Tos|  z476]  288.28 3057 96.25 a004| 10714 TGAl 9295 Ta.25 a646] 42291
DPBIAI0Y | 27/09/80 785  285.10] 28838 3064 9449 2510|  10934] 10895 9732 30.02 2985 24354
DPBT4I0S | 27/09/8% 704 285.10] 28835 30,66 95.090 a502|  WrEe 107.68 9691 791 a93a) 44051
[DPCTali0 | 2770989 7.04 285.10 288.42 30.66 9460|5025 106,34 11054 100.07 8347 s202| 45234
[DPFTat0e | 270989 7o) 28503|  o#8ar 30.69 94.27 2903 108.70 110,72 9934 8253 S1,79]  452.63
DPPI3I08 | 27709789 T.05 WI38|  288.18 3068 3148 4977 T207% 12067 106.65 8475 3008]  483.16
DPPIA1I0 2709789 705|  285.10| 28835 3071 9644 s037] 11840 117.96] 10880 81T 5472 46380
DPETRINT | 27709788 704 W3] 28822 0,58 96,60 62| 12147 12092 10649 87.14 52.23| 48755
DRP74112 | 27/09/%9 T6| 28191 28849 3081 96AS| 5301 122.50 1250 107.69 8672 3049|  489.86
DFPTAI | 27709789 TOSf  28286|  2e8ar 30,76 96.61 S4o4| 12152 1507|1069 #9.50 S324|  496.20
DPPTA1 14 | 27709789 TOH|  283.00| 28835 076 3451 S514)  1is48| 12027 ] £9.53 5345] 49130
DPP74115 27709789 705 2293| 28849 3081 9511 S550] 1186 1765  108.53 5991 358 49332
DPPI4i16 | 23709789 704 28T86| 28835 3096 9433 56.52 118.21 1211 109.11 S062]  53.97| 49553
DPFIAITT |2IA9/89 704 272 28849 083 0497 5113 T19.61 3.9 11026 9142 31| 499.67
DPFT118 | 27709789 T4 WIIL] 28835 3050 95.14 58.03 11932 1323 11036 9238 5488  S01.98
DPPTATI9 | 27009780 705|287 288.56 309t 94.83 5504) 1183 1319 THa4 9347 5597 50371
DPPIAIZ0 | 2//09/89 705 Wa52| 28849 3054 9462 S988] 11788 187 nzar 93.35 5550F  S04.28
[DPF7a121 | 27709789 1,05 283.00 288.5 3085 95.02 61.06 11326 12427 113.65 3584 3750 506.59 ]
DPP74122 1270988 T03|  28286] 28849 3073 9582 6215 11387 12600] 11542 9752 58.10] 51236
DPPIAID | 219789 7.05 2306 28856 30.80 56,10 53.03 11176 1542] 116185 98,54 S9.14]  513.3
[DPPIa124 | 27709759 704 28293 | 28856 30.68 96.09 Sh0B|  10940]  12446] 11673 99,06 3040| 51092
DPPTAIZS 27700789 TS| 282.72| 28856 30.66 95.54 6s0z| 10859 12427 117,54 9984 SO.65F 51265
DPPIA126 | 2709789 7.08 w279 28849 3059 9595 6617 108.18 12442 11877 101.16 6054]  si5.54
DPPIa1Z] | 27/09/89 T08|  283.06] 28856 3062 96.12 5693 107.26 1857 1977 102.59 6186] 51785
(DPP7a128 2709789 705|  285.66] 28849 072 5651 @o| 0720|1253 ma3s|  iozer 6181|  s16.11
DPETALS | 2170989 7051 282.66] 28849 30,58 9636 “68.97 1934 80| 12007 1w 6262] 51698
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DPE74130 | 27/05/89 TO5]  282.49] 28856 3096 36,07 7000] 1061 56 12111 10376 FE2T TS
DPF74131 | 27700589 701 2879 78856 3097 96.03 7096|1124 1419 s 10150 @0 snal
DPFIa132 | 29/09/8% 705|  18286| 28856 30.76 96.02 7200 Tis.01 T8 12211 0054 S 52015
DPP74133 | 27709789 705|  28218| 28856 3069 9533 7299 11586 11161 12.65] 10436 6325{ | S21AS
DPPIA134 {27/9789 7ot 25300|  288.56 3047 9533 7397] 1782 108.61 1204 104,56 6503 5246
DPP74135 |27/09/89 705| 28272}  288.56 3030 9593 7510 12053 100.76]  123.271] 10541 BI3f  SHI
[DPE74136 | 27705729 704 26279 288.56 3044 95,70 7600 123.02 109.15 123.54 10539 G )
DPF74137 | 23/09/89 T04]  282.66] 22835 3043 9538 7705 12488|  10830]  12273| 10599 6137  Sanad
DPF74138 | 27/0978% TO0F|  28238|  2884% 30350 9199 7773] 12631 10745 1231 10599 6742]  sa0
DPF74130 | 2770589 ~7.05 282.79 28856 3043 94.83 7883, 12590 W30 121,61 106.51 6815 ST
DPF74140 | 27705/59 704 28272| 28849 3036 9548 8008 13119 A 17| 10770 sH93]  satal
DPF74130 | 27/09/89 708| 282791  288A 3037 9512 1906f  130.3 10822 1231 10745 oRB2|  Sa.93
DPB77500 | 25/05/89 T 22a2|  22532 3078 150.40 0.00 5095 35095 50.95 5095 $005)  asT7
DPBTI501 | 26009789 Toa| 22401 232.02 3071 16238 3.00 5338 5322 5306 S292 G BT
DPR77502 | 28/09/8% 70| axm| 233 3073|1622 10335 5362 5338 5302 SIES SITT| | 26454
DPETIS03 | 28/05/89 70|  22815| 24468 3083 161,50 1516 54.01 53.88 33421 5338 5300] 2660z
[DPE77503 (2800789 705]  2mB| 25177 3078|1629 2020 SaAT 53.95 5352 3.0 25| 267K
DPBT71505 | 25/09/89 T04| 22829| 25009 3066] 16248 2504 5470 5422 5356 315 5273l 6n1%
DPB77506 | 26/09/59 705 | 85 3073 161.69 29.93 5299 5462 33.56 5315 S264]  268.3
DPBTI507 |28/09/89 70| 2242 269.25 3074|1618 3525 55.63 55,12 5383 5328 S272]  zwas
" DPB77508 | 28/09/80 7.0 22429 77501 EORT] 161.12 40.16 55.81 55.19 33.88 5315 5233 26948
DPB7TS09 | 25/09/8% TH| 2:Az9|  m0s2 3083 161.43 o) 558t 5553 53.99 328 S248) 27006
DPBT7510 | 28709789 706] 224.29| 28666 30.86 159.92 5002 3817 5515 5349 5253 S195| 27035
DPBT7510 | 28/00/89 703|  22436] 28666 3089 159.18 50.02 5892 3535 $3.52 5251 $1.13| 29093
DPBT7511 | 26/00/59 Tl 2289]  288.01 3093 15543 55.08 7901 5512 5399 5252 S196] 29246
DPBTIS12 | 28709789 o Y S 3090  160.59 w0a| 107.29 5747 3438 5336 5230 3m02
DPBT7512 |28009/89 705 224.29 28808 3093 160.14 60.10 106.43 57,65 54,29 5336 5233 323a5
DPBTIS13 | 28/09/89 Tml 22801 288,01 3085 16126 5393 13448 5438 5268 54.01 CERT] SRR
[DPR7ISI4 | 25/09/89 702l 22429 28808 31.00 163.53 7000] 16026 7813 56.18 5554 S325| 40096
DPETI515 | 28/09/89 703|  224B4|  288.8 3100f 16080 75.04] 18641 10282 T55.65 363 SISE|  adk68
DFBT7517 | 28709789 T03| 22405 288.08 HOB[ 16290 5498 22145 139.03 5142 5490 T T
DPBTISI8 | 26/09/89 708] 22415 2808 N2z 15942 Sai0) 230,10 157.18 6hO7 5336 5230]  S56.61
DPETIS1O | 28/09/89 TB| A0 288,08 31,00 16338 9428 24193 17046 75.65 5539 SaA0 39354
[DPBT1520 | 28/09/89 704 AN 28542 31.03 162.03 100,14 24245 18228 ¥8.50 $5.34 S396]  617.79
[DPB77521 | 25/09/89 7.3 224.29 28835 3047 163.96 10454 24388 T90.51| 10035 $7.08 Si8a| 63173
DPCT7521 | 28/09/89 704| 22436 28856 3052f  162.60f  108.55] 23599 191.59 .7 STAT Sa12|  6asAE
DPPTT520 | 28/0/89 7.0 T0336] 28856 3065]  16276]  107.15|  239.00 79151 107,35 57.20 Sa01]  6asi6
DPP77521 |28/09/89 703 22436 259.56 3073 162.98 1853[  236.15 191,50 e 57.50 S307| 6463
[DPFI7522 [ 28/09/89 703 22436 288.56 3053 16253 o897 23686 19243 11267 5758 5407 Ty
DPFI7523 | 28/09/89 TO8|  22436|  288.56 3058 16235 109.51 23696 19298| 11352 57.58 5396] 64933
DPF77524 | 28/05/8% TO3| 22436 28856 3075 16238  10.08] 23692 19382 115.75 37.65 SI68|  G51.53
DPPI7525 | 2809789 ~ 10| 22436 288.56 3071 16285 TI06l 235.24 194,32 116,59 5783 5375] 65270
DPPI1526 | 25/09/89 703 22443 288.56 3097 163.37 .27 22837 19551 118.67 5833 5427 649,53
DFBT7100 | 29/09/89 7ot 28381 285.50 3192 16270 0.00 57.56 5756 57.56 57.56 3756]  267.80
DPE7TI01 | 29/09/89 7o) 283.04| 28801 3197 160.65 502 7817 50.10 5694 SGEG eS| 3W.15
DPB77102 | 29709789 70| 25:54f 28788 3185 TS0.85 T008]  103.68 8945 7060 5663 S6a8]  ¥n.20)
DPBTI103 | 29/09/89 TOR| 28245 28801 31.60 161.00 T488[ 12526 104,38 8199 SHAZ SToA| amas
DPBTI104 | 29/09/89 To4|  z8286| 28801 31.69 159.50 010] 15045 12439 9865 66.73 (T 2]
DPBTTI0S | 29/09/89 T03| 2832|2878 3165 16239 00| a2 14686] 11535 79,25 5031 578,95
DFB77106 |23/05/89 70| 2:.2| 28801 3 15944 30080 19146 161,00 126.35 $9.25 T6RS| 62715
DPBT7107 | 29709789 704| 28293 288.08 31.67 161.07 58| 2952 78.99 140,70 99.30 CoN ) KT
DPB77108 | 25/09/89 7B B2 288.08 N72| 16041 W30 21991 19157 TS305) 10891 o153 TS
[DPBTT110 [25/09/89 ) 2021 783.28 31AT 158.88 S025|  234.%8 2323 176,60 12641 G8AG| 5D
DPBT7111 | 25/09/89 T8 283.27| 28835 3124|1591 sso6|  zsazl 72319 78700 13451 7236]  B3687
[DFBTII2 [20/09789 7.04 28327 28842 343 16032 60.04 241 54 23173 198,11 143.53 7675 #9552
DPBTTI13 | 25/09/89 73| 283.27|  288.55 31.22] 15985 6520  243.08 23589|  20642] 15116 BOHS| 92062
DFBT7114 | 23/09/89 TO05| 28333]  288.56 II24f 15946 7000] 2aaa|  23AT|  21265] 15704 7T T
DFBT7115 |29/09/89 ;| 28367 28856 .28 159.04 T506] 24610 236701 21931 16380 9041] 95258
[DPCTTI15 | 20/09/89 70a| 28333 28856 I1.14]  158.08 TES0| 246581 236.66 215.54 167.63 0243|0166
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DPPTTIT4 | 23/0978% Tm]  2333] 2856 .19 15646 7701 AT 23697 21885 166.36 9150] 55148
DPPTIIIS | 2019780 TO|  283.58]  288.56 .08 T58.09 78A6|  z%69z|  2%a|  219.62|  169.9 093.06] 96766
DPFTTIT6 § 29/09/80 TO3|  28333{ 28856 Wa0| 15788 7934|  2#47.8|  2%.7a|  22016] 16855 9358|  970.54
DRETILT | 2909/ Tm| 33| 2EEL2 330 15798 B03%|  246.3%|  236.78|  22066] 16934 9a10]  971.2
DPFITIG | 2900750 Tm[ | 28862 .28 1823 BlAs| 24461 25731 2.6 170.28 9482| 97199
DFFITING | 20/09/49 Tl 3| 2885 IA6|  158.05 B260|  zazas| 23793 2262|1796 9631|9504
DPFITIZ0 | 2009749 TmE 20| 288462 ETRTS 158.52 §3.53]  24020|  239.04]  ZDAESf 17246 9634|  9I6.00
TPPTTIZI | 20009780 Tosf  283.33| 28876 05| 15%01 8a49|  23642| 23928 20451 17359 9828|  976.89
DPPTTIZZ | 29709789 T 28333]  288.56 .03 15855 8559|  233.65] 23985 22570| 17537 991 97862
DRI | 2909780 Tos| .| 28836 3066| 15852 8650 23238 240.51 22639 17537 9997| 97891
TPPIT128 | 2009769 To4|  2u374]  25E30 3055 155.05 ®738|  2™a2| 240.m|  22696] 17687} 10204 580.06
DPPTTIZS | 29/09/89 To4|  zH3.27|  288.96 3057 15957 B839| 22943 H124]  22177]  17659] 10195} 980.93
DPFT7126 | 2909789 708 28360  288.76 3055 15852 B94S| 22886 23981 72B08|  17152|  104.07) 98295
DPPTTIZ] | 29700789 703 03,27 288.65 3053 15939 90.53 7294 240.78 T2885| 177.08]  1820] 98324
DPPT71Z8 | 2009789 TG IH3.54| 28883 3053 159.66 9160  22874|  239.54]  22843| 17786  106.17| 98526
DPIFT7129 | 29/09/89 70| 28333| 25883 3046] 15983 9254]  228.68 0| 259.24 77.55 106.51| 98555
DPFTI130 | 20/09789 TMm|  283.60| 28853 3039 15973 9353]  228.05 HraT| 2mal 178.04]  108.22|  985.84
DPFTII | 29709799 Toa| 28333  288.96 3037 160,16 a7 2:32| BIHW| 0% 177.16]  10783] 98538
DPFTIT3Z | 2070979 Totf  283.33]  2%8.90 3046 159.83 5saT]  2323%|  233A3| 22858 1HAs] 1063  985.26
DPPT7133 | 2970989 TG 28340 28876 3048 16052 9650]  235.55} 22989  22B.66| 11783} 1113z]  087.28
DPPTHI 4 | 20/09/9 703 263 AD 288 63 30.52 16044 9748 23844 227.00 2973 17703 112.00 985.55
DPFT7135 | 20/09/89 Tod|  283a3|  288.96 3054 161.16 9BAG|  24138|  25.62|  22685|  17656]  112.59| 96786
DFFT7136 | 29/09789 74|  28333|  288.96 064] 16132 9959|  24542|  222.58 22590 17630]  11a04|  988.72
DPPT7137 | 29709789 704 2327|2893 3073 162.01 10045 24802 221.23 2423 175.73| 11828 98901
[DPFITI38 | 25709785 7.04 28354 288.96 30.80 161,32 101,45 251.59 217.81 222.23 175.78 11609|  988.15
[DPF77139 | 20/09/89 7.03 28333 288.96 3083 161.70 10254 255,08 216.58 22108 17545 1171 989.88
[DPFT7140 | 29/05/89 T03| 28333 28890 3094 T6243| 1042|2596  21404]  21877| 174461 T8z 989.59 ]
DPPT7181 | 29709/89 T8 333 28908 3095 16195] 10447 262.62] 21284  21688| 17371 11851 989.30
DPPT7142 | 2009789 7.0 28333 28890 31.05 16224 105.55 26741 20107 214.04 17259 120,01 59,59 |
DPPT7143 | 29/09/89 7.08 283.33 289.03 3101 163.21 10650] 27185 20519 212.15 171.63 121,31 991,61
DPFTI144 | 29/09/8% T4 2533|289 .01 163.58]  10746]  21607)]  20522| 21073 170.51 12222] 95044
[DPFT7145 | 29/09789 7.04| 283031  289.03 3151 16451 1W759|  zmAT| 215|204l 17028f R3[| 9074
DRFT7136 | 29/09/89 TO04|  28333| 28896 3198 160.54 9897] 24200 236.12| 22639 Tissz|  11212| 98728
DPB74500 | 0211789 T| 22339 20422 20.85 0.2 0.00 2364 23,64 2364 364 B6a] 1818
DPBIA501 | 02711/89 TW| 2291|2350 3094 100.65 504 23.52 23.60 2353 2351 2346| 11847
DPB74502 |0/11/89 708 22284 24481 T8 100.53 1021 23.69 2371 64 23.56 2354 119.05
DPB74504 | 02711789 70|  22235| 26345 982] 10173 3022 2450 2448 2436 ZA.08 2398} 121.94
DIBI4506 | 02/11/59 70| zz2a2| =85 %17 0150 30.08 7514 2483 7460 2431 2413 12338
DPB74508 0211789 78| 2242| 28835 7895 100,80 3019 3055 2618 T445 24,16 B8] 15108
DRB74312 |0/11789 7m|  2m222) 28805 28,68 1037 6023] 11078 7646 3599 24.52 A 27632
[DPH74514 |CXLI78Y 704 22194 25849 28.51 9980 70.10 15354 97.66 5385 25.07 2367  amA0
DPCIA515 | 0211789 704] 20194| 28856 2652 102.04 7948]  130.75) 11398 7089 29.09 2450 375.59
DPP74514 0211789 7.0 72222] 28856 28,54 102.25 79.06]  131.0¢ 11371 70:51 2891 2447| 37559
DPP7asts |0211/89 708 22235] 288,56 28S0|  100.69 3096 12792 115.86 73.97 2952 2395 37847
DPP7as16 011789 TG 22242| 28856 2856 101,03 8244 12556 11858 76.89 31.02 DET| 3.0
[DFF7a517 [0211/85 7.04 2242 288.56 2644 10.07 84,06 12417 120.94 79,28 3198 2403 38742
DPD76500 | 0311783 70| 22532) 22629 2873 141.05 .00 na FTRE] ar? FTRE] aL17| 20585
DPRT6501 |0M1 1789 70| 2470 23353 29.03 13847 4.90 4042 4040 3033 40.28 4026] 20267
DPR76S02 [0311789 70| 22470 2406 2893 14233 1010 4261 4248 22.33 42.28 az13| 21278
DPB7650% [03/11/89 70| AT 22 2884 142.05 1984 3296 4263 3240 3221 a195| 21306
DPR76506 [03/11/89 700| 2270 26809 %53 14116 79.94 33.50 2301 1263 4218 aATET| 20548
DPB76508 [0311/89 200 22450 28103 28.65 14161 40.00 44,80 24.05 4340 3293 a233| 21654
DPBIGSI0 JO31 1789 70| 2| 28301 2877 13755 4954 T343 32.98 4213 a1.27 a060| 24zl
DPR76512 JOX11/89 700|256  E88 2873 13130 Wa5| 12185 5940 Py 33.06 i 31348
DPRTGSIS [0X11/89 700 2z436] 28808 2963 13167 06| 16294 96.03 4552 a132 4065 39197
DPBT6SIS [0X11/89 700 22429] 28808 2956 138.03 7504 17772 112.08 50.60 41.66 4034 4343
[DPBT6516 [0X11/89 00| 22436 288.01 2977 13943 B0.94]  19007 126.03 5891 2228 FYVT) TR
[DPRT6517 | 0711789 700 2436] 25808 36| 1847 B524|  1958%| 13824 7022 42.18 avnio| 49499
DPR76518 | 0311789 700 3236| 258.08 IS EES 9006] 19745 147.50 8207 42.54 W73| . 5185
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[DFB76519 | 03/11/89 7.00 22484 28815 30,28 0.3 9510]  201.84] 15840 9280 355 HI0] w5
FDPB76520 | 03711/89 700 2477 259,08 2988 19118 100.08|  204.73 16656 104.58 038 KEXT] 7438
DFCT6520 | 031 1/89 00| 2=TT| 25815 3011 13989 9992| V90| 16540 10539 EYT] T BT
DPPIESI9 [03711/89 700 22.77{ 28508 30Wf 1395 S308| 20080 1644 1033t 587 TS
I DPP76520 |03/11/89 T00| 2247|2815 2987 13842 100.76 19340 165.6 10500 36,05 ETCTY Y
[DPF76521 |03/11/89 7.00 27454 882 29.50 13975 0213] 19278 16740 110.73 3724 059 SMeEa
[DPB76100 |03/11/89 697 282.52 283.67 25.90 13556 .00 Na8 3133 138 38 13B] 20001
DPB76101 | 031 /89 7.00] 2089 28757 2989]  139.5% 492 2732 60 3465 rEsy FYNT] Ty
DPB76102 0371780 To00| 28218 28781 2958 13725 1039 8097 881 5330 B2 359] IR0y
DPBI6104 § 0311785 To0|  2Easz| 28788 2090]  136.07 30.10]  12120] 10200 8197 T3E) FERT YT
DPBI6106 |03/11/85 G99 28245 287.31 2958 13684 26.98 12797 13118 107.40 EEER 3891 51596
DPBIGI08 [U3/11/89 599| 5279|2878 %99 13155 2018 16933 15195 13052 93567 SLaE[ 60743
DPB76110 | 03/11/59 700|  zsa.28| 28815 25 13760 S0.04]  183.99 16746]  145.57] 10343 3531|603
DEBT6112 0311789 T00|  280a8| 2882 2991 13654 6002]  189.33] 17981 161.19 n7n 62| T19A0
DPB76114 0311789 700  28048| 28828 20.87 13710 7000]  195.6¢ 157.00 17431 T32.38 el T
[DPCT6112 |03n 1789 7.00 28116] 28835 2579] 13853 7180[ 19824 100.28] 17846 13650 87| TRRAS
DFF76L13 | 03711789 TO00|  28096|  28B.22 08| 19909 TIZ3| 10945 19007 17796 T36.23 FXICE) IR TS
DPF76114 |G3/11/59 70| 1.0 288.8 2957 13838 7273| 19836| 1908 17958 13812 T5AT| . T9R0E
DEPI6115 | 03/11/89 To0|  28096| 28828 2985 136.69 Tasi| 19645| 1917 18082 139.48]  TLN7| . 796.15
DPFI6116 |03/11/89 700|  28056|  288.35 2997 13835 7588 19241 192.00 18204] 14098 W3] TLS
DPFIGI17 |0311/8% 700] 28095 28842 2950 13848 7739 186.58 19217 18354] 14300 BOAT| 79558
DPPIGLIS |03 1789 70|  281.16] 28856 29.86] 13823 7936|1819  15182|  183.89 1428 ®eI] 79007
BFF76119 | 0311759 TR0 Z8096| 28842 2936 137.15 3L07| 17748 tez| 8320|1447 8273 THG.92
DPPT6120 | 03/11/89 700 28103  288.56 2987 138.24 8270] 1931 19067 8550  145.26 Wa2a|  795.00
DEFI6I21 | 03711789 700|  280.73|  288.42 3052]  13736 Ba43|  177.98|  188.66 185.58] 1445 wiral 79z
DPF76122 0311739 J00]  28096]  288.62 WE| 13963 B600| 180,64  19086] 18881 137.37 BT48| . KU5.39
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