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ABSTRACT

A series of single-phase and two-phase flow experiments were conducted to investigate
the effect of flow obstructions on heat transfer, pressure drop, and critical heat flux inside an
8 mm tube. A novel technique of positioning flow obstructions using an external magnetic ring
was used to vary the type, spacing, and number of obstacles. Experiments on a single 18%-area
and 30%-area ring in liquid Freon-134a show a maximum increase in heat transfer of 10% to
60% at the flow obstacle, and an exponential decay in relative enhancement over 5 to 10
diameters downstream. The associated pressure drop for the 18% ring and 30% ring show a
head loss coefficient of 0.12 and 0.26, respectively. A total of 755 CHF data points were
obtained for both 30% rings and 3x6% area squarc blockages in Freon-134a and Freon-22.
Relative increases of 60% to 100% were obtained in CHF for the same local quality, and 20%
to 50% for the same inlet temperature. The results show an exponential rise in CHF with
decreased spacing from the exit. There was no accumulative effect (at the exit) when more than

1 obstacle was used to increase CHF, and no decrease in nominal CHF was observed.

Analytical models of dryout in annular flow were implemented using an object-oriented
framework to simulate the effect of various flow enhancement mechanisms on CHF. Numerous
reference tube models were assessed for use in enhancement model analysis. Detailed analysis
of liquid film stripping, droplet impingement, and mass transfer enhancement using the models
of Whalley et al. (1974), and Hewitt and Govan (1990) show that droplet impingement and mass
transfer enhancement are the most likely causes of increased CHF. A 10% to 30% run-off of
the entrained liquid impinging on the flow obstruction surface is enough to produce a maximum
increase of 20% to 50% in predicted CHF for the same inlet temperature. Subsequently,
increases in mass transfer up to 150% to 180% over 30 to 50 diameters are necessary to produce
the same CHF enhancement. A different set of flow enhancement parameters were required for
each inlet condition, given the complex nature of flow around the obstacle, current limitations
in the reference models, and the analytical equivalency between both droplet impingement and
mass transfer enhancement. Several recommendations are made for further research in the areas

of reference tube modelling, flow visualization, obstacle modelling, and object-oriented

simulation.
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Chapter1 INTRODUCTION

1.1 Background

Many industrial processes rely on two-phase flow and heat transfer as an efficient
method of heat removal and energy transport. Some examples are refrigeration,
air-conditioning, heat pipes, electric power. hydrocarbon and chemical refining. The design of
two-phase flow systems is governed by three parameters:

. rate of heat transfer - single-phase or two-phase, forced or natural

circulation,

. critical heat flux (CHF) - a condition whereby a small increase in heat

flux gives rise to a significant deterioration in the heat transfer between
fluid and heated surface,
. pressure drop - the losses associated with viscous dissipation and form
losses (e.g., flow obstructions), particularly in forced circulation systems.
CHEF is often associated with large and rapid excursions in the temperature of the heated surface,
which can lead to detrimental effects referred to as “burnout” or “boiling crisis™. *Departure
from nucleate boiling” (DNB) and “dryout” are terms used to describe the underlying flow and
heat-transfer mechanisms of this phenomena. Critical Heat Flux or CHF is a more general term

for the phenomena and makes no specific inference to its nature or consequence.



Even though a system is
designed to operate under single-phase
flow conditions, the evaluation of CHF
may be required in the event of an
accident. One such system is the
CANDU Pressurized Heavy Water
(CANDU-PHW) nuclear reactor,
illustrated in Figure 1.1. The CANDU
reactor employs single-phase
heavy-water as both moderator and
primary coolant in the reactor core.
The pressurized heavy-water circulates
through a steam generator and transfers
heat to light-water flowing in a
secondary loop, which is then
converted to steam to feed the turbine
The design of this

subcooled/low-quality (mostly

generators.

single-phase) fuel channel minimizes
heavy-water losses and the high costs
associated with its production ($300/kg
in 1987 according to Knief, 1992).

] uGHT-RATERSTEAM
[ uGHT-wATEA CONOEMEATE
B #EAVY-WATER COOLANT

] nEAVY-wATER WOOERATOR

Figure 1.1:

Simplified steam-cycle schematic for
the CANDU-PHW system, adapted
from Knief (1992) with permission
of Atomic Energy of Canada
Limited.

However, the evaluation of CHF plays a critical role in establishing the safe operating limit of

the reactor in terms of a thermal margin (the difference between operating power and critical

channel power or CCP). Alternatively, boilers and boiling water reactors (BWR) operate on a

once-through cycle, employing two-phase light-water as both primary coolant and source of

steam for the turbine generators. I[n these systems, a more direct relation exists between CHF

and the safe operating (non-dryout) limit of the system.



1.2 CHF Mechanisms

Numerous CHF mechanisms have been postulated depending on the flow conditions and
geometry of boiling. These can be classified into four categories:

. pool boiling

. low quality or subcooled internal flow boiling

. high quality internal flow boiling

. external boiling in crossflow
Pool boiling refers to boiling in a quiescent pool of fluid where, following the work of
Zuber (1959), CHF is assumed to occur as a result of hydrodynamic instability in the
vapour-liquid interface. As the heat flux is increased, the nucleate vapour bubbles, leaving the
heated surface coalesce to form evenly-spaced vapour columns. Eventually, the vapour
production becomes so large that the liquid surface tension, maintaining the stability in the
liquid-vapour interface, can no longer sustain the dynamic pressure forces of the vapour velocity
and the columns breakdown. At this point, the heated surface becomes blanketed with a vapour
film, reducing heat transfer to that of film-boiling. This phenomena is commonly termed
departure from nucleate boiling (DNB). The hydrodynamic theory of Taylor waves and Kelvin-
Helmholtz instabilities are combined with empirical correlations for nucleate pool boiling heat
transfer to model CHF (Whalley, 1990). Haramura and Katto (1983) extended the work of
Zuber (1959) and the experimental observations of several other experimenters to model the
DNB of such finite bodies as horizontal cylinders and ribbon tape, in both pool boiling and flow

boiling, taking into account the inflow conditions of the liquid to the heated surface.

In flow boiling, the situation is somewhat more complex because of the various flow
regimes and transitions that can occur along the boiling length. Some of these, illustrated in
Figure 1.2, are described as follows:

. bubbly flow — flow is principally liquid with evenly-dispersed and

uniformly-sized vapour bubbles,

. plug (slug) flow — vapour flows as large bullet-shaped bubbles,
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Figure 1.2:  Flow patterns in an evaporating flow, adapted from Whalley (1990) with
permission of Oxford University Press.

. churn flow - highly unstable flow of an oscillatory nature with liquid near
the wall continually pulsating up and down,
. annular flow — liquid film covering the wall with vapour and dispersed
liquid droplets flowing in the central core,
. droplet flow — flow is principally vapour containing evenly-dispersed
liquid droplets.
Although other flow patterns may exist, depending on the orientation and flow conditions
(e.g., horizontal stratified or slug flow), they are beyond the scope of this discussion. The flow
inside the CANDU fuel channel is horizontal, but for the range of mass flux considered in this

study, the flow can assumed to be either homogeneous or annular.

For low quality internal flow boiling, pertaining to the bubbly flow and plug flow
regimes, various CHF mechanisms have been postulated. According to Weisman (1992), early

attempts at modelling CHF in flow boiling concentrated on the same underlying mechanism as



in pool boiling. However since then, many theoretical and correlating methods have been
developed:
. DNB occurs as the thin liquid sub-layer beneath the bubbly layer reaches
a critical superheat (Tong et al., 1965),
. inhibition of enthalpy transport to the bubbly layer due to flow separation
of the liquid and bubbly layers (Kutateladze and Leontev, 1966; Hancox
and Nicoll, 1973),
. blockage of the liquid flow to the wall by the vapour flow from the wall
(Bergelson, 1980; Smogalev, 1981),
. dryout of the liquid sub-layer beneath vapour clots flowing along the wall
(Lee and Mudawar, 1988; Katto, 1990),
. bubble coalescence in the bubbly layer due to inadequate vapour removal
at the edge of the bubbly layer (Hebel et al., 1981; Weisman and
Pei, 1983).
In the plug and slug flow region, the above mechanisms are somewhat more pronounced given
the large size of the vapour clots. Fiori and Bergles (1970) observed that CHF was associated
with the passage of vapour plugs and resulted from the evaporation of the thin liquid layer
beneath the vapour plug. They observed fluctuations in surface temperature during the
momentary dryout of the vapour passage. These fluctuations grew in amplitude and the
temperature level increased rapidly when the wall temperature exceeded a postulated maximum
value for re-wetting. At low flow and low pressure, Mishima and Ishii (1982) and El-Genk et
al. (1988) associated CHF with the transition from different flow regimes: annular to annular

mist (dryout), churn to annular, and slug to churn.

For high quality internal flow boiling, the flow is normally assumed to be annular. A
widely accepted CHF mechanism is the depletion of a liquid film or "dryout". Dryout results
from the combined evaporation and entrainment of the liquid film and is counteracted by

turbulence-induced deposition of entrained droplets. In this regime, the emphasis has been to



accurately model the mass transfer mechanisms
governing entrainment and deposition in order to

predict the dryout location and CHF.

In external boiling, vapour is generated on the
outer surface of rods or tubes, as illustrated in
Figure 1.3. Normally, a vapour cavity appears in the

wake of the cylinder, reducing the amount of cooling

liquid reaching the back of the cylinder, and eventually

S I B
inducing CHF. Examples of external boiling are the "

horizontal kettle and thermosiphon reboilers used to Figure 1.3:  Forced convective

provide vapour in the distillation process of chemical boiling on a cylinder
in cross flow, adapted
from Haramura and
together to form a tube bank, and the fluid is Katto (1983) with
permission of Elsevier
Science.

refining. A number of heated cylinders are grouped

evaporated on the outside of the tubes. Whether the
tube bank is in pool boiling (kettle), natural circulation
(thermosiphon), or forced convective boiling, the heat transfer and CHF of the downstream
cylinders are augmented by the flow around the upstream cylinders. This results in the use of

bundle correction factors (F,>1), the first cited example of heat transfer and CHF enhancement
(Thome, 1990).

Internal flow boiling within a CANDU nuclear fuel bundle, as illustrated in Figure 1.4,
is also enhanced by the presence of various flow obstacles. Although the bundle CHF is lower
than that of a hydrodynamic equivalent circular tube (d=d.), according to Groeneveld et
al. (1992), heat transfer and CHF are increased locally in the subchannel from higher turbulence
levels within the small inter-element gaps, and from cross-flow between adjacent subchannels.
Turbulence levels are also increased everywhere in the bundle by upstream flow obstructions
such as end-plates, bearing pads, and inter-element spacers. The enhancement associated with

these devices has led to the addition of extra flow obstructions to the fuel bundle in the form of
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Figure 1.4:  Fuel assembly for a representative CANDU-PHW, adapted from Knief (1992)
with permission of Atomic Energy of Canada Limited.

appendages. For the design of these enhanced fuel bundles, the challenge is to optimize the
shape and location of the appendages in order to maximize CHF, while minimizing the costs

associated with manufacturing and increased pumping.

Each type of nuclear reactor has its own specific fuel bundle design. Groeneveld and
Yousef (1980) classified the various rod spacing devices into six types, as illustrated in
Figure 1.5. Given the tight lattice arrangement of the CANDU-PHW fuel bundle, the spacing
devices are limited to the wear-pad and plate-type (end-plate) spacers. These differences in flow
channel geometry and the positioning of spacing devices are important when considering the

experimental and modelling results for a specific type of nuclear fuel-rod bundle.
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Figure 1.5:  Types of rod spacing devices, adapted from Groeneveld and Yousef (1980)
with permission of D.C. Groeneveld.

1.3 Enhancement Technology

Before surveying the literature on heat transfer and CHF enhancement and associated
pressure losses, it is important to classify the various devices and techniques used to enhance
heat transfer surfaces. This will define the physical characteristics and operating mechanisms
of each device and emphasize technologies relevant to the current study. Enhancement
techniques are classified as either active or passive: passive techniques enhance flow
mechanisms already present in the fluid, while active techniques introduce other enhancement

mechanisms through an external source.

In pool boiling, the passive techniques employed are:

. surface pitting (corrosive chemicals)
. porous surface coatings

. dendritic surface scaling

. non-wetting spots (Teflon or epoxy)



These either promote nucleation sites or reduce the amount of superheat required for nucleate
boiling (Thome, 1990). Techniques used to enhance pool boiling within a tube bundle involve
welding or casting fins on the shell-side of the tubes. These primarily serve to increase the

boiling heat transfer area per unit area of conduction, as in single-phase flow systems.

In flow boiling, passive techniques consist of altering the flow geometry to promote and
increase mean flow turbulence. This augments both the convective boiling heat transfer and the
supply of liquid to the vapour generation sites. These passive devices are classified as

surface-roughness:

. helical-ribbed bore tubes
. cylindrical inserts
. spacers

. appendages
. wire wrap or wire mesh

or vornex-generators:

. twisted tape inserts
. twisted wire inserts
. winglets

The helical-ribbed bore tube, illustrated in Figure 1.6a, is an example of uniformly-distributed
or regular roughness commonly found in conventional boiler tubes (Watson et al., 1974; Kitto
and Wiener, 1982). The other roughness devices (Figure 1.6b; Figure 1.6¢) are spaced far
enough apart to be considered as discrete roughness. The DNB mechanism of CHF is
suppressed by higher liquid-core turbulence through increased capacity of the liquid to penetrate
the near-wall bubbly layer. The dryout mechanism of CHF in annular flow is enhanced by
increased core-turbulence through increased droplet deposition and prolonged existence of the
liquid-film. The position and shape of the roughness element can sometimes decrease CHF by
stagnating the bubbly layer in the low quality region or stripping the liquid-film in the high
quality region. Therefore, it is important to understand the underlying CHF mechanism and the

effects of introducing a flow obstruction. For example, some of the negative effects of flow
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Figure 1.6:  Surface-roughness and vortex-generator devices, taken from various
sources: a) Thome (1990) with permission of Taylor & Francis, Inc./
Routledge, Inc.(www.routledge-ny.com), ¢) Ilic (1975), d) Tigglebeck et
al. (1991) with permission of Elsevier Science, and e) Inasaka et al. (1991)
with permission of ASME.
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obstructions on liquid-film can enhance CHF through removal of the parasitic liquid-film
occurring on the unheated surface of a flow channel (e.g., the outer pressure-tube in a CANDU

fuel bundle), re-directing the liquid to vapour generation sites.

The vortex generators (Figure 1.6d; Figure 1.6e) operate in a similar fashion to the
roughness elements by increasing downstream turbulence. However, they induce a more
structured turbulence pattern which may be advantageous in certain situations. The vortex
generators can increase flow turbulence in desired regions of the flow channel, where CHF
would normally occur first. For example, positioning a twisted tape within the central core of
atwo-phase flow channel will direct the resultant turbulence and droplet deposition towards the

wall without introducing near-wall vapour stagnation or liquid-film stripping.

The above-mentioned methods of enhancement are all based on passive techniques. A

number of active enhancement techniques have been proposed and tested:

. ultrasonic vibration of the fluid and/or heated surface (Thome, 1990)
. inlet flow pulsation (Shuai et al., 1994)
. electrically-induced fluid oscillation (Li et al., 1994)

However, these techniques are often difficult to implement outside the laboratory and to justify

economically (Thome, 1990).

14  Objectives and Scope

The main objective of the current study is to investigate the enhancement of CHF by
flow channel obstructions. The results could be applied to both conventional and nuclear power
plants to increase channel power ratings, reduce unit size and cost, and increase service life and
reliability, which would lead to significant capital cost savings. In the specific case of nuclear
power plants, the enhancement of local CHF may enable higher local over-power trip settings

which can facilitate normal plant operations. Any enhancement program must take into account

11



the additional costs of added components (complicated manufacturing, increased pumping,
service-life, and reliability). A small portion of the study will be devoted to the pressure drops
associated with flow obstructions. Both experimental and theoretical work will be pursued to
impreve the mechanistic understanding of such devices and their effect on CHF. As in most
two-phase flow studies, the results from single-phase heat transfer and pressure drop will be
used as a basis for modelling the two-phase flow. The current investigation will be limited to
the positive quality region of evaporative flow where the flow is assumed annular and CHF

attributed to the dryout of a liquid-film. The following activities were performed as part of the
present thesis:

1. Various experimental and modelling studies were carried out on a single vertical tube
equipped with sliding cylindrical flow obstructions, representing different blockage
geometries, blockage area, and inter-element spacing. The type of flow obstruction used
was similar to that found in typical CANDU fuel bundles, namely spacer-type
obstructions with abrupt planar geometrics. The use of a single-tube eliminated the

complexity of fuel bundle subchannel intermixing and isolated the effects of the flow

obstruction.

2. Existing experimental and modelling literature on the effect of flow obstructions in
single-phase heat transfer, two-phase critical heat flux, and single-phase and two-phase

pressure-drop has been reviewed.
3. Specific literature on annular flow dryout modelling, with an emphasis on the liquid-film
entrainment and droplet-deposition which govern CHF, has been reviewed. Any

previous mechanistic models of spacers or flow obstructions are highlighted.

4. The existing dryout CHF models were assessed against both the CHF lookup table
(Groeneveld et al., 1995) and the experimental CHF data of Doerffer and

12



1.5

Groeneveld (1994) and Doerffer et al. (1995) to select one or more candidate models for

use in the present study.

Various single-phase flow and heat transfer experiments were performed to measure the
pressure-drop across a single flow obstruction and the heat-transfer downstream of a
flow obstruction at different Reynold's numbers. The results provide a better

understanding of the effects of the specific flow obstruction geometries tested.

Various two-phase flow experiments were performed in a vertical tube equipped with
a series of moveable flow obstructions to assess the effect of flow obstructions on CHF
as a function of their number, obstacle spacing, and the flow conditions (mass-flux,

pressure, quality).

The existing dryout models were compared with experimental CHF, with and without
flow obstructions. Various mechanistic and empirical relations were devised and tested
to account for the effect of flow obstructions in terms of discrete liquid entrainment,
discrete liquid impingement, and downstream decay of mass transfer enhancement.

Complex Fuel Bundle Design

When considering the complex geometry of a CANDU-PHW fuel bundle, the coolant

mass flux and temperature (quality) of a given location may be quite different from the

bundle-average values. Experimental or modelling results fora simple flow geometry (e.g., tube

or annuli) cannot be applied directly to predict the bundle CHF. Some of the geometric factors

affecting CHF are:

. Hydraulic diameter: increases in CHF are obtained using a smaller

hydraulic diameter (Groeneveld et al., 1992).

13



. Heated surface: highest values of CHF are obtained inside a tube,
followed by annuli heated on both sides, annuli heated on the outside
only, and annuli heated on the inside only. Parasitic liquid films on the
unheated surface and the effect of curvature on liquid film entrainment
are cited as the key factors responsible for these differences in CHF
(Rogers, 1966).

. Heat flux distribution: cosine and truncated cosine heat flux distributions
produce a lower CHF than uniform heat flux distributions
(Rogers, 1966).

. Inter-element spacing: CHF is increased with increased bundle spacing
over the range of 0.4 mm to 2.0 mm (Rogers, 1966); increases in CHF
are obtained by increasing the gap size of a concentric annuli from 1.5to
5 mm, but then CHF drops off after some critical value (Groeneveld et
al., 1992).

As described by Rogers (1966), the complex flow geometry of a nuclear fuel-rod bundle
results in the non-uniform distribution of mass flux, wetted perimeter, and radial neutron flux
throughout the flow subchannels. The resulting imbalance in enthalpy (quality) across the flow

area causes CHF to occur at bundle-average qualities well below the critical values of both the

tube and annuli.

It should be possible to add various subchannel flow blockages to adjust the subchannel
geometries and produce a more uniform flow and quality distribution within the bundle.
However, these modifications can also upset existing enthalpy balances within the bundle. The
present work is limited to a single tube to isolate the effects of flow obstructions on CHF,
separating them from the effects of flow and enthalpy re-distribution which result from the

presence of flow subchannels.
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1.6 Thesis Structure

The next chapter reviews the existing literature on flow obstructions and annular flow
dryout models, forming the basis on which an analytical treatment of CHF enhancement will be
derived. Chapter 3 describes the single-phase and two-phase (CHF) experiments used to
parameterize and validate the CHF enhancement model. Chapter 4 describes the development
of modelling software used to simulate and test the reference-tube and enhanced-tube CHF
models. Chapter 5 presents a detailed assessment of the existing dryout models, comparing their
results to both the AECL-UO CHF lookup table and specific experiments. The reference data
points from the CHF enhancement experiment are further studied by comparing their tube-length
profiles and sensitivity to key parameters in the model. Chapter 6 provides a detailed
assessment of the CHF enhancement model, starting with a preliminary assessment in water,
followed by a detailed statistical and graphical analysis of the 30% ring data in Freon-134a. The

final chapter summarizes the findings of this study and indicate areas for future research.
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Chapter2 LITERATURE REVIEW

2.1 Experimental Studies

This section describes numerous experimental and empirical studies carried out on the
effect of flow obstructions on single-phase flow and heat transfer, two-phase flow, and CHF.
Not all flow obstructions and channel geometries cited are applicable to the tube and cylindrical
insert obstruction used in this study, but some of the trends, observations and conclusions do

provide insight into the tube flow-obstruction problem.

2.1.1 Effect of Flow Obstructions on Single-Phase Flow and Heat Transfer

Any study of two-phase flow begins with a review of single-phase flow, as many
characteristics of two-phase flow are derived from their single-phase counterparts. In this case,
the literature on single-phase flow and heat transfer with various enhanced and rib-roughened
channels is surveyed. The emphasis is on observed flow patterns, non-dimensional similarity
analysis and quantitative characterization of turbulence downstream of a flow obstruction. The

flow obstructions found in the CANDU fuel bundle have a spacer pitch-to-height ratio (p/e) in
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the range of 60-250. It will be shown that these large pitch ratios produce a particular

turbulence pattern downstream of the flow obstacle.

Law of the Wall

Before discussing the literature on single-phase flow in rough channels, the theory on

smooth-wall turbulent boundary layers, namely the "law of the wall”, is reviewed. Prandtl

reasoned in 1933 that the velocity profile in the region close to a wall should only depend on

wall shear stress, fluid properties and the distance (y) from the wall:

)
u?
The boundary layer data,

presented using the above
parameters, collapse into a
velocity

single "universal"

profile, as illustrated in
Figure 2.1. The divergence of
the data far from the wall
indicates a dominance by other
effects (i.c., pressure gradient)

in the outer region.
Coles (1956) referred to the
excess velocity illustrated in
Figure 2.1 as the "wake-effect"
of the free-stream. For a more

detailed illustration of the

T
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Figure 2.1:

Velocity profiles using inner-law variables
y"and u”, adapted from White (1991) with
permission of McGraw-Hill.

17



laminar sub-layer, consult Figure 11-3 in Kays and Crawford (1993).

Various relations have been proposed for the “law of the wall”, such as the three-layer

approximation by Whalley (1990) for smooth tubes:

laminar sub-layer: u =y’ y <35, (2.2a)

buffer layer: u = ?lz' Iny~ - 3.05 5<y' <30, (22b)

. 1 .

inner-layer: U’ = =———Iny” + 5.5 > 30. 2.2¢
y o0 Y y (2.2c)

The inner-layer relation is based on the following logarithmic overlap law:

u’:i:l]n(&) + B (23)
u. K v

where (K=0.40, B=3.5) are universal constants. The overiap law has been derived from the fact
the boundary-layer flow is governed by both inner-wall (shear-stress) and outer-wall
(i.c., velocity-defect, or retardation in the flow) effects, and that over some finite length both
regions merge smoothly (u,,.,=u,...)- In the case of circular pipes, these relations can be

intcgrated over the flow-area to obtain wall-friction factors:

rw tw
S = lpuz Ty (2.4)
2 av 2 p

Carrying out the integration with the logarithmic-overlap relation, ignoring both the laminar and

JE- = 251n [&P] . 175 @)
G 7 \ 2
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Figure 2.2: Comparison of different friction formulas for a smooth pipe.

Converting to a logarithmic scale:

1
— = 2.035 log Re yA - 0913 2.6
— Re iy (2.6)

where A=4fis known as the Darcy friction factor, and /is the Fanning friction factor. According

to White (1991), the constants in Equation (2.6) were adjusted by Prandti to obtain:

1
— = 20 log Re /A, - 038 2.7
i Re v 2.7)

These friction factors (2.6, 2.7) are compared in Figure 2.2 against the well-known Blasius
formula (White, 1991):

f = 00791 Re;*” (2.8)
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According to White (1991), the Blasius formula under-predicts friction at high Reynolds
numbers (Re>/0°), whereas the Prandtl formulas fit the experimental data for a wide range of
Reynolds numbers.

Smooth-Pipe Velocity Profiles

The previous section described the “law of the wall”, applicable to a wide range of

turbulent boundary layers (i.e., flat plate), and its use in calculating friction factors in a pipe.

Now consider the steady-state, constant-property momentum equation for flow in a horizontal
circular pipe (i.e., no gravity force acting in the flow direction):

aut

U ——— +

aut la( )&‘X +
U == — == [(V+E )Ir—
¢ 3 "  ror M or

&5,
;

1 2.9)
p

flow:

Although the fluid viscosity and density are assumed constant, the tutbulent eddy viscosity, ey,
can vary across the flow cross-section. Introducing the assumptions for fully-developed pipe

du

du
u .= 0; = «—== (2.10)
& or
the momentum equation is further simplified to:
13 cu 1 dP
_— (v+e )r—] =2 ==— 2.11)
el A 2 ] p dx
and with the following definition of shear stress:
T du, y e | g 2.12)
= (p+p)— = p(v+e, )— = .
re (p’ ul) dr p( M dr r (

Equation (2.11) can be expressed as:
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_rl'gar- [‘trr] = % = const (2.13)

Integrating Equation (2.13) between r=0 and r=r, results in a linear shear-stress distribution:

-2 . .-

T To

0

L - y=r,-7r) (2.14)

This shear-stress relation is often used to model the liquid-film in annular (two-phase) flow.

k-Type Roughn v
> ghness Coletrook White |

20 |- O 48'% wmacth, 47% tine graine, 5% large graing —

© 88% uniform send, 5% large graine

8 07.5% uniform mnd, 2.5% terge graing

Clauser (1956) proposed a 4 08% umecth, 5% large wroi % A
( ) prop pReckarit s :ﬁ'
downward shift parameter for = === PranctiSchikhting o

modifying the logarithmic overlap L
10

velocity profile to account for the effect

of a repeated roughness with an

average height (k):
© W. L Moore minfieies @ Rand (fiume)
u’:.L[ny’+B-AB(k‘) o nF"'"‘."‘ Mwnflﬁlnl"\ml
K 1 10 0 10 0
2.15 covk
P ku: ( ) * v
v Figure 2.3:  Clauser (1956) profile-shift

parameter »B(k"), adapted from
White (1991) with permission of
Academic Press.

Unfortunately, .B is not a unique
function of £~ but varies with the roughness geometry, as illustrated in Figure 2.3. The curves

indicate that for k~>60, the relation is logarithmic (i.e., no viscosity effect) and this flow has

been termed fully rough.
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White (1991) curve-fitted the following relation to the sand-grain roughness data:

AB_, = — In(1+03k") (2.16)

L
K
When substituted into Equation (2.15), the following velocity profile for fully-rough &-type flow

is obtained:

I 1
u = —Iny" + B - —In(1+03k"
X y e ( )

2.17)

Lim| 2| + 85. k->60
K &

Similar to the Prandtl formula, the above relation can be integrated over the pipe-area to obtain

a k-type friction formula:

Re yA
LI 10g[ A - 08 (2.18)
/A [l + 0.0(k/d)Re ¥R
which indicates:
k . .
(;) Re, < 10 roughness unimportant
( 5) Re, > 1000: fully-rough flow (independent of
Re)

Similarly, the Colebrook formula (White, 1991) was devised to represent roughness

typical of commercial pipes:
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= -20 log[ﬂ ., 23

3.7 Red\lx

(2.19)

L
VA

which, when plotted for various (k/d) as a function of Re, has come to be known as the Moody
Diagram. The Colebrook formula displays a similar smooth-pipe and fully-rough flow
behaviour. In summary, k-type roughness is a uniform roughness geometry where for certain
low-flows, the wall can be treated as smooth while for high-flows, friction becomes independent

of Reynolds number and depends only on the relative roughness height (k/d).
Repeated-Rib Roughness

Webb et al. (1971) studied single-phase friction and heat transfer in tubes with
repeated-ribs. Different roughness geometries were tested, characterized by their pitch ratio
(p/d=10, 20, 40) and roughness ratio (e/d=0.01, 0.02, 0.04) where p, d and e are the spacing
pitch, tube inner diameter and rib height, respectively. They adopted the velocity profile and

friction factor relations derived by Nikuradse (1933) for sand-roughness:

u" = %ln({-) s u () (2.20)
2 1 d . 2
= = — + ") = — 2.21
i Kl"( Ze) “ele’) = 3x @20
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where K=0.40 is that obtained for smooth tubes. Note the similarity between Equation (2.20)
and the k-type roughness Equation (2.17). Webb et al. correlated the following u,” expression

from their experimental data over the entire fully-rough region:

eu,_
u, = 0.95(p/le)’ | e = - (2.22)

Similarly, they extended the heat transfer correlation for smooth tubes developed by
Sparrow et al. (1957):

/2
St.c = h = h = j;

pCu,, GG, 1+ 93Jf72(Pr- 1)Pr '

(2.23)

which is based on the hcat transfer-momentum analogy. To account for the roughness in both
the viscous wall-region and the turbulence-dominated core-region, the following correlating

function was derived:

St - f12
L+ VTT2lg(e " ple) F(Pr) - u,)]

(2.29)

where St and f are the rough-flow values.

Applying the above correlation to the fully-rough flow, they obtained the following

fitting-functions:

gle™) = 450(e)** (2.25)

F(Pr) = P®¥ (2.26)
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It should be noted that fand u,” are obtained from Equations (2.21) and (2.22), respectively.
They also described an efficiency index (n):

St/St, 1+ 93,/f2(Pr- 1)Pr
S, L+ J2(gPr™5 - u,)

n= (2.27)

which relates the relative friction expenditure necessary to obtain a given increase in heat
transfer. The resultant curves show a relative increase in pumping cost (n</) when low Prandt!

numbers and large ¢~ are considered. Equivalent measures of efficiency could be derived for

CHF enhancement.
Discrete Roughness

This section describes some of the detailed experiments carried out in both flat-plate and
duct-flow geometries, equipped with discrete flow obstructions. The term discrete implies that
the obstacles are far enough apart, in relation to their height, and that the flow is neither
continuous nor fully-developed. These obstacles are similar to those found in the CANDU fuel

bundle and will provide useful insight into CHF enhancement.

Okamoto et al. (1993) carried out a detailed study of the flow structure and heat transfer
over a flat-plate with two-dimensional repeated ribs. Each square rib (e=/0 mm) was positioned
at regular pitch intervals (p) to obtain the following spacer-pitch ratios: p/e=2,3,4,5,7,9, 13,
and 17. The time-average velocity, static pressure, velocity vectors and turbulence intensity
were measured in air with a free-stream velocity of U =/6.0 m/s, corresponding to
Re=pUe/u=1.0x10". The wall and fluid temperatures were measured during heat transfer
experiments in air with a free-stream velocity of U =/2.0m/s, corresponding to Re=7500. Both

rib and groove were heated through a thin stainless steel foil.



) w ) ted

Figure 2.4:  Photographs of vortices in water channel with Re=500: (a) p/e=2; (b) p/e=5;
(c) p/e=9, adapted from Okamoto et al. (1993) with permission of ASME.

Flow visualization in water at Re=500, as shown in Figure 2.4, highlights the following

characteristic flow structures:

. a small stable vortex positioned in the groove at p/e=2,
. a larger stable vortex occupying the entire groove at p/e=3, and
. streamlines reattach around the centre of the groove (x/e=4) at p/e=9.

From these experiments, Okamoto et al. concluded:

1) The turbulent shear layer thickness , U(#)=0.99U ., for a given value of x/e increases with

p/e in the range 2sp/e.9, but remains constant for p/e>9.

2) The profiles of turbulent intensity in the shear layer become self-preserving above the
ribs and grooves when p/e. 5. For p/e=9, the turbulent intensity in the shear layer above
the groove decreases with increasing downstream distance and does not achieve a

self-preserving profile.

3) The overall magnitude of turbulence intensity and local heat transfer coefficient were

found to be a maximum when p/e=9.

4) The free streamline leaving a rib comer reattaches to the ground plate for p/e=9, and in

the case of p/e=9, reattaches in the middle of the groove (xe=4). The turbulence
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5)

intensity and heat transfer increase immediately downstream of the rib up to the point

where the streamline reattaches, and then decrease gradually to the next rib.

The pressure losses are a maximum when the turbulence promotion is a maximum

(pre=9).

Tigglebeck et al. (1991, 1993) studied the flow structure and heat transfer behind

double-rows of delta-winglets in transition airflow for application to compact heat exchangers.

They investigated the effects of channel Reynolds number (Re = pUH/u = 2000-8000), the

winglet angle of attack (B=45-, 65°), and staggered versus in-line arrangements between rows.

Previous studies had shown:

. winglets and other vortex generators produce stable longitudinal vortices
in their wake, and
. counter-rotating longitudinal vortices are effective while co-rotating

longitudinal vortices are not.

They observed:

. streamwisc distances of 7-10 channel heights (L/H) between rows of

vortex generators produce the highest local and average heat transfer

rates,

. a second row of winglets further enhances the heat transfer from that of
a single row,

. the peak local heat transfer behind the second row is higher than that

behind the first row, indicating an increase in heat transfer from the
second row,

. a critical angle of attack exists: g,,;,=70° for the first row and g,,,,=55° for
the second row; the lower value of the second row has been attributed to
inhomogeneities and unsteadiness from the increased turbulence behind

the first row,
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Figure 2.5: Normalized span-average Nusselt numbers for in-line (s,,=0) and staggered
(ay,,=B/2) winglets, adapted from Tigglebeck et al. (1993) with permission of
ASME.

. the highest heat transfer rates are obtained when the angle of attack is
near the critical value, and
. there are no significant differences between the in-line and staggered row
arrangements.
Interestingly, the same optimum spacer-pitch ratios (p/e=L/H=9) are obtained with both the
square-rib and delta-winglet roughness elements. The channel height and winglet height are the

same in this study.

The normalized spanwise-average Nusselt numbers of Tigglebeck et al. (1993),
downstream of a winglet-pair, are shown in Figure 2.5. The term .y,, refers to the lateral
spacing between in-line and staggered roughness elements, and B is the lateral spacing between
elements of the same row. According to the graph, the Nusselt numbers have been normalized
using the measured values farthest downstream (NU,,). The heat transfer behind the second row
of winglets decays exponentially. One might expect the decay rate to vary with both Reynolds

and Prandtl numbers; however, no such empirical data are provided.
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Yao et al. (1982) reviewed the enhancement of heat transfer in and around honeycomb
and egg-crate rod-bundle spacers under single-phase and post-CHF dispersed-flow conditions.

They proposed the following correlation for single-phase heat transfer:

Nu -0.13(x/d,)
=1 + 555¢€ « Re > 10*
[ NUO ]rp ) ( : ) (2'28)

where « is the blockage ratio (4,,/4,), x the downstream distance, and d, the hydraulic diameter

of the channel. Again, the values are normalized using the values measured farthest

downstream.

A comparison by Yao et al. (1982) with available single-phase heat transfer data shows
accurate prediction of the downstream effect (0<x/d,<20) with the above relation. However,
large discrepancies occur in the prediction of maximum heat transfer at the spacer. The simple
analogy between friction and heat transfer, which formulates the basis of this correlation, is cited

as the probable source of this error and would imply that a specific correlation is required for

each bundle and spacer geometry.

Shina etal. (1989, 1991) investigated the heat transfer and pressure drop in a rectangular

channel fitted with a suspended plate-type flow obstruction. They defined the following spacer

configuration parameters:

. blockage: ratio of spacer thickness to channel height

. clearance: ratio of spacer distance from heated surface to channel
height

. length: ratio of spacer length to hydraulic diameter

. existence: ratio of spacer length to spacer pitch

. shape: flat, round, or bevel

. edge: leading, trailing, or both edge shaped
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A series of experiments were performed to determine the bulk-fluid modelling parameters

associated with each spacer. A performance index was defined:

Nu/Nu”®

L I
v Y . ) (2.29)

where (Nu*, f.*) refer to a standard spacer (square leading and trailing edge). Their results

indicate:

. the Reynolds number has little or no effect on either the relative heat
transfer enhancement (Nu(x)/Nu(~=)) or the decay rate (b),

. the blockage ratio has the strongest influence on both heat transfer and
pressure drop, with overall increases in performance obtained at larger
blockage ratios, and

. the largest performance index is obtained with an airfoil-type spacer

where both leading and trailing edges are shaped.

From all of these studies, one can conclude the following about discrete-roughness

turbulence-promotion:

1) When the pitch ratio is small (p/e<9) and a groove between adjacent spacers is evident,
a vortex generated in the recirculation zone behind the obstruction can occupy the entire
groove. This results in increased turbulence from recirculation which does not penetrate

the boundary layer above the roughness plane.

2) When the spacer pitch is large (p/e>9), the turbulence generation is limited by a decay

rate following reattachment of the free streamline leaving the roughness element.
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3) Maximum turbulence promotion is obtained when the spacer pitch (p/e) is such that

reattachment has just occurred, somewhere around half-way between adjacent roughness

elements.

4) Under most conditions, the relative increase in average heat transfer (S/St,) is smaller

than the relative increase in pressure drop (f7f).

2.1.2 Effect of Flow Obstructions on Two-Phase Flow and CHF

This section describes various two-phase flow experiments with an emphasis on the

pressure drop and flow structure around flow obstacles. At present, only heat-flux controlled

wall boundaries in annular flow are considered, where the two-phase heat transfer coefficient

is not as important as the hydrodynamic processes of annular flow. Most two-phase flow heat

transfer involving flow obstructions pertains to the post-dryout (post-CHF) region and is not

considered in the present study.

Pressure Drop

According to a survey by Groeneveld and Yousef (1980), the two-phase pressure drop

across flow obstacles is best predicted using either a homogeneous flow model or the Chisholm

(1967) correlation method. The homogeneous flow model uses a single-phase head-loss

coefficient:

and a two-phase multiplier:
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to define the two-phase pressure gradient.
phase distributions:

lg G°
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K £
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(2.31)

(2.32)

(2.33)

(2.34)

¢,2,, and d)é,, relate the two-phase pressure gradient to the single-phase pressure gradient of the

liquid and vapour flowing through the same tube diameter with the sane total mass flux,

respectively. Similarly, ¢,2 and (bz, relate the two-phase pressure gradient to the single-phase
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pressure gradient of each phase component flowing through the same tube diameter. The two
latter two-phase multipliers become undefined when their phase components are zero.
Assuming the same head-loss coefficient (K) in both single-phase and two-phase flow, and

making use of the following homogeneous mixture density relation:

PP
Py + p(l-x)

<p>=

(2.35)

1 | T

Vo=V -y s — - — =t 2.36
B o PP, (2-36)

the homogeneous pressure-drop at a spacer can be defined using the following two-phase
multiplier:

AP

v
&, = —2F = |+ x= (2.37)
sp.lo vi
Similarly, Chisholm (1967) used the Lockhart-Martinelli parameter:
(dPids
Sk g
where
2
dP 1,6 KG? dP
(-(E) - EK—’ (1 - x)? T (1—.:)2(-5)
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to define a correlating function:

(11_).) = | — + C
ds ) g e ds F.l ds Fl

%lw
A——w:‘_
.

o ——
1
—
n
[

(2.40)
=(d_P] (1-xP |1 + c,
s ) g1 X x?
from which the following two-phase friction multiplier is defined:
AP
¢,20 = =2 - (1-x)2]|] + <. Lz (2.41)
sp.lo X X

Chisholm and Sutherland (1969) used this method to model pipe fittings, where they used the

following expression for C:

0.5 0.5 0.5
c-li+(c,-1| & Xl |2 (2.42)
- v, v, vg

where empirical values of C, were obtained for different types of pipe fittings.

Groeneveld and Yousef (1980) recommend the homogeneous model as the most
thoroughly verified method of calculating spacer pressure-drops, and suggest the spacer-loss
coefficients given in Table 2.1. The symbols ¢, e, and d, denote the obstructed fraction (4,,/4,),
spacer height, and hydraulic diameter, respectively. Normally, the hydraulic diameter (d,) of the

flow passage without the flow obstruction is used.
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Table 2.1:  Recommended spacer-loss coefficients (taken from Groeneveld and

Yousef, 1980).

Reference Spacer Loss Coefficient
De Strodeur (1961)
K=C—S—, C =165, Re>4xi0*
(1-¢€)?
Rehme (1971)

K-C#é, C, =65, Re>5x10'

Idel'chik (1966)

i (1-ep?

p from Fig. 3; « from Table versus (e/d,) in Idel’chik (1966)

De Paz (1975) .

0.75¢ - € + f,—

d

K =
(1-¢?
thin plate orifice A
(conventional) - 1 B C - Lvem conmen
Cc ( l- €) Aonﬂce
Voj (1973) 4 z
K- |22 - 10 (i€
l-¢ Re
Critical Heat Flux

Groeneveld and Yousef (1980) provide a comprehensive review of the effect of spacers
on CHF and their results are summarized in Table 2.2. The majority of these experiments were
carried out in complex bundle geometries, making it difficult to isolate single mechanisms of

CHF enhancement. The following paragraphs describe a subset of CHF experiments reviewed

by the author involving single tube geometries.
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Moeck et al. (1964) carried out experiments in a heated tube fitted with a twisted tape
(p/d=11-69), and an internally-heated annulus (/D=15.2 mm, OD=21.8 mm) fitted with rings
(w=1.27 mm) on the inside of the outer surface of various heights (¢=0.0, 0.38, 0.76, 1.27 mm)
and pitch spacings (p=38, 76, 1 14 mm). Both these devices re-direct the liquid flow towards the
heated wall, thereby increasing CHF. The centrifugal forces of the swirl flow introduced by the
twisted tape re-direct the liquid droplets towards the outer (heated) wall. The roughness rings
of the annulus strip the parasitic film from the outer (unheated) wall, promoting film
development on the inner (heated) surface. For the twisted tape, a minimum flow of liquid at
the outlet (G, ,,>82 kg/m*-s) was found to maintain a continuous liquid-film on both the tape and
the wall surfaces. Overall, CHF was increased with increased twist-ratios (lower p/d) and higher
exitquality. For the roughened annulus, increases in dryout heat flux up to 500% were obtained
by increasing the roughness height from 0 to 1.27 mm at the same spacing (p=38 mm).
Increases in dryout heat flux up to 35% were obtained by decreasing the roughness spacing from
114 mm to 38 mm. Generally, the largest dryout heat fluxes were obtained with the smallest
ring spacings and the largest roughness height, where the experimental data were sometimes

limited by the maximum power output of the test section heater.

Tong et al. (1967) measured CHF on a single uniformly heated rod centred in an
unheated square channel, using a smooth and rib-roughened rod (¢=0.0025 in., p=0.05 in.,
p/e=20). Their data were compared with those of other similar experiments. Previous
subcooled-CHF experiments at e=0.013 in. showed increases of up to 100% in CHF for the
same local condition (P, G, x), while Tong's experiment in high-quality boiling at e=0.0025 in.
showed decreases of up to 40% for the same (P, G, x). The subcooled results at e=0.0025 in.
showed negligible change in CHF. These results were attributed to: large roughness in the
subcooled region which disrupts the bubbly layer in the near-wall region (increasing CHF), low
roughness in the subcooled region which does not disrupt the bubbly layer (having no effect),
and small repeated roughness in the high-quality region which hinders liquid-film development
(decreasing CHF).
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Table 2.2:

Spacer effect on CHF (taken from Groeneveld and Yousef, 1980).

Reference Geometry Spacer Type Flow Conditions Observed Effect
Peterlongo tube obstacle inside P=5 MPa, x=0-0.14, | 0-10% reduction in critical
(1964) tube G=1-4 Mg/m*s power. Contact area

(=0.5) obstacle/tube covered 30% of
heated perimeter.

Adormni (1964) annulus pin spacers P=5 MPa, x=0-0.6. Presence of 3 sets of spacers

G=1.1-3.8 Mg/m*s increased dryout power 5-50%.
Maximum increase at high x.
Shiralkar (1970) | rectangula | several shapes: air-water, Adiabatic study: depending on
r channel cylinders, V.,=13-40 nvs shape of flow obstruction,
rectangular adiabatic film dryout occurred
objects upstream or downstream of flow
obstruction.

Hic (1973, 1975) | annulus 3 cylindrical P=7 MPa, Increases in critical power up to
spacers (cylinder | G=0.5-3 Mg/m’ss, 80%. Maximum increase at
axis parallel to subcooled inlet high flows, low inlet subcooling,
flow) and short spacer pitch (p).
=02 Streamlining spacer resulted in
p=305 and smaller increases in critical
152 mm power.

Percpelitsa 4-rod Honeycomb-type | P=6.9 MPa, Mixing vancs increase critical

(1978) spacer with T,=240-280 -C, power by 35%
mixing vanes, G=1.0-2.5 Mg/m*s
=175 and
350 mm

Katsaounis annulus annular orifice P=7-21 MPa, Increase of 17% in CHF.

(1977) ~=0.69 G=0.4-4.0 Mg/m®s,

subcooled inlet
Rudzinski 18-rod ferrule-type grid P=7-8.4 MPa, No effect at low flows. At high
(1976) spacer x=0.05-0.5. flows. grid spacer produces 20%
.20 G=1.35-5 Mg/m®s higher CHF. Grid spacer acts as
film tripper.

Gaspari (1970) 19-rod plate-type spacers | P=3-5 MPa, Both types of grids act as film
«=0.50, x,=-0.3-+0.4, tripper. Plate-type grid resuited
ferrule-type G=0.2-7.2 Mg/m*s in 8% lower critical power than
spacers =0.10 ferrule-type grid. but higher

pressure drop penalty.

Gaspari (1968) 7-rod grid spacers P=3-5 MPa, Highest increase with plate and
~0.03. x,=0.3-+0.4, ferrule spacers at high x (25%
plate spacers G=0.4-2.2 Mg/m®-s increase over grid spacers)
=0.50, ferrule
spacers «~0.18
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Table 2.2 (Continued): Spacer effect on CHF (taken from Groeneveld and Yousef, 1980)

Reference Geometry Spacer Type Flow Conditions Observed Effect

Becker (1964) 7-rod grid spacers P=3 MPa, x=0.1-0.5, | Low flow tests, CHF increased

G=0.1-09 Mg/m*s | by 4%.
Kobori (1976), 28-rod grid spacers P=7 MPa, x=0.1-0.5, | Grid spacers had maximum
Takayasu (1974) G=1.2-2.6 Mg/m’s beneficial effect at low G and
low x; 10-40% increase in CHF
due to reducing pitch (p) from
421026 cm.
Yates (1975) 25-rod mixing vane grids | P=10-15 MPa, Reducing pitch (p) from 65 to
x<0.14, 40 cm increases CHF 20-31%;
G=1.35-3.7 Mg/m*s | maximum increase at high x.

Macbeth (1974) | 31-rod grid spacers, P=7 MPa, Large increases over 37-rod
p=160 mm, =0.25-0.75. bundle: up to 50% in critical
«=0.40 G=0.5-2.9 Mg/m*s power or 150% in CHF

(constant x); by increasing . from
0.13 0 0.40.

Stevens (1966) 19-rod castellated grids; | P=7.0 MPa, Compared to wire wraps,
tubular grids; subcooled inlet, castellated grids increase critical
helical wire G=0.7-2.0 Mg/m*s power by 14% while tubular
wraps grids increase it by 26%.

Ziclke (1974) 3x3 square | egg-crate type P=10-16.5 MPa, No effect of pitch (p) on CHF at

array spacer, G=0.55- high flows.
p=254,381, 2.74 Mg/m’ss,
533 mm subcooled inlet

Aden 3-rod grid spacers P=17.35-9.8 MPa, Twisted tapes increase critical

(unpublished) equipped with G=0.6-2.0 Mg/m*s, | power by 20%:; maximum
short twisted subcooled inlet increasc at high flows.
tapes
p=350 mm

Aden 19-rod grid spacers P=135-9.6 MPa, Increase in critical power of

(unpublished) equipped with G=0.6-2.0 Mg/m*s. | 25-35% for spacers with twisted
short twisted two-phase inlet tapes and 40-60% for spacers
tapes or flow with flow deflectors. Reduction
deflectors in pitch (p) from 206 to 80 mm
p=80, 175, 206, increases critical power by 10%.
350 mm

Smolin (1978) 7-rod honeycomb P=1.35 MPa, CHF increased by 15% and 30%
spacers G=3 Mg/m*s by decreasing pitch (p) from 700
p=100, 350, to 350 mm and 175 mm,

175 mm respectively.
Aden (1978) 19-rod., ferrule-type P=1-8 MPa, Increases in critical power up to
7 m heated | spacers G=1-3 Mg/m®ss, 60%.
length p=89, 100. 120, T,,=255-265 -C
200 mm
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Table 2.2 (Concluded): Spacer effect on CHF (taken from Groeneveld and Yousef, 1980)

Reference Geometry Spacer Type Flow Conditions Observed Effect

Ryabov (1977) 18-rod grid spacers P=7.4 MPa, Short twisted tapes increased
equipped with G=1.0-1.5 Mg/m®ss, CHF by 25-35% over the
short twisted T,=200 C standard grids, while flow
tapes or flow (subcooled) deflectors resulted in a CHF
deflectors increase of 40-60%.
p~175mm

Germak (1973) | 3x3 and egg-crate type P=10.2-16.75 MPa, CHF was increased by 4.4% due

4x4 square | grid and mixing | G=1.4-5.0 Mg/m*s, | to reduction in pitch (p) from 508
array vane grids 7,=221-330-C to 254 mm. Mixing vanes
p=254-508 mm increased the CHF from 3-5.5%.

Adomi {1964) 7-rod ferrule-type P=5 MPa, CHF increased by 18%.
spacers in the x,=-0.2-+0.6,
middle, pin G=1.1-2.2 Mg/m*'s
spacers on the
outside, ~0.19,
p=400 mm

Adomni (1966) 7-rod ferrule-type P=5-7T MPa, Wire wraps increase CHF by
spacers in the x,=-0.2-+0.4, 6-65% over the ferrule spacers.
middle, pin G=1.1-3.8 Mg/m*s Maximum increase in CHF at
spacers on the high x,,.
outside (~=0.19,
p=407 mm);
wire wraps in
the middle. pin
spacers on the
outside
(=407 mm)

Groceneveld 31-rod plate-type P=7.15-10.4 MPa, CHF increased by over 200% by

(1978) spacers (~=0.35; | .A,=15-500 k¥/kg, reducing pitch (p) from 457 mm
p=152,229, G=1.1-6.7 Mg/m"'s to 152 mm.

457 mm)

Janssen (1969) 16-rod transverse P=4-2-8.75 MPa. With the last spacer 100 mm
circular wire G=0.34- before the end of the heated
p=495 mm 1.70 Mg/m?ss, length, CHF is improved. With

subcooled inlet the last spacer 470 mm before
the end of the heated length,
CHF at high flows is reduced.

Ginoux (1978) 16-rod egg-crate type P=10.0 MPa. Spacers without twisted tapes
spacers withand | G=0.50- decrease the CHF up to 20%.
without twisted | 2.50 Mg/m®ss, while spacers with twisted tapes
tapes inlet subcooling 8°C | improve CHF up to 17% at high

flow.
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Watson et al. (1974) investigated the CHF of both subcooled and positive-quality steam
flow through vertical and inclined, smooth and helical-ribbed tubes. CHF normally occurred
at the exit, with increases in CHF up to 120% obtained in the ribbed vertical tube at high mass
flux. At low mass flux (G<543 kg/m?*s), CHF sometimes occurred upstream at values still
higher than those of the smooth tube for the same local conditions (P, G, x). The increase in
CHF was attributed to an increase in droplet deposition and suppression of droplet entrainment

from the swirling action of the spiral-rib.

Ilic (1975) evaluated CHF inan internally-heated annulus fitted with various rod-spacing
devices to maintain the gap between the internal rod and the external tube. Three types of
spacers were used and are illustrated in Figure 1.6¢c: 3-pin (bare), 3 surface-mounted cylinders
(cylindrical), and 3 streamlined cylinders (streamlined). Using various numbers and spacings
(3 bare at p=920 mm, 9 cylindrical at p=305 mm, 15 cylindrical at p=152 mm, etc.),
comparisons were made for the same inlet conditions. At high mass flux, increases in CHF up
to 60% were measured for the flat-faced cylindrical spacer at the lowest pitch-spacing
(p=152 mm). Less enhancement was detected at the larger spacing (p=305 mm), the flat-faced
spacer produced the largest increase in CHF, and the number of spacers had the greatest overall
impact on CHF. Although the spacers were mounted on the centre rod, they also contacted the
outer shell, aiding in the removal of parasitic liquid from the unheated wall. The lesser
enhancement with streamlining could be attributed to a lesser capacity of the spacer to strip the
liquid from the outer shell. The increased effect of multiple spacers in the annulus can be

explained by earlier and continuous removal of the parasitic liquid film.
Tong (1975) proposed the following empirical correction factor for the effect of
spacer-grids on CHF in rod-bundles:
F =1+ ¢pKe Y Re* (d0.5) 0% (2.43)

where ¢ and y are empirical constants (6=0.00005, y=0.0128), K is the head-loss coefficient for

the spacer grid, and z is the downstream distance from the spacer. This enhancement effect of
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a grid spacer decays exponentially with distance, diminishes with larger diameters, and increases
with higher flow (Re=Gd /u[I-a]) and larger head-loss.

Kitto and Wiener (1982) extended the work of Watson et al. (1974) to include non-
uniform circumferential heating effects on the smooth versus spiral-ribbed internal tubes. The
relationship between non-uniform and uniform circumferential heating (q,.../4..,,) for CHF in
vertical tubes is independent of quality for the ribbed-tube, while a strong function of quality for
the smooth tube. Again, CHF is always higher in the ribbed-tube with greater increases with
higher quality. These findings were attributed to the re-distribution of liquid film by the

spiral-rib from regions of low heat-flux to regions of high heat-flux.

Inasaka et al. (1991) investigated the CHF of subcooled boiling in tubes (d=6 mm;
L=0.10 m) with internal twisted tapes of varying twist ratios (p/d=2.7, 4.4, 8.7, =). Increases in
CHF up to 200% were measured for the same local condition (P, G, x) and the following

correlation was fitted to the data:

Aewpe - (1 4 0010)

9c.no- tape

(2.44)
10<0<10°

D
"
K

[N
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where g, is the centrifugal acceleration of the liquid at the tube wall, and ¥ the superficial axial
liquid velocity. The correlation is based on the premise that centrifugal forces acting on the
water disrupt the bubbly layer along the wall, preventing the occurrence of DNB-type vapour
blanketing. This method of correlation proved more accurate than previous attempts at using
an increased water velocity near the wall (due to the longer swirl-flow streamlines), which
implies the centrifugal acceleration is more prominent than streamwise flow patterns in

augmenting CHF.
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Special Effects

This section describes some adiabatic two-phase flow experiments involving air-water
mixtures at atmospheric pressure or special electrolytic solutions to better understand the flow
patterns and mechanisms of CHF enhancement. Shiralkar and Lahey (1973) studied the effect
of blunt flow obstacles on liquid-film flow in an attempt to explain why CHF in fuel bundles
tends to occur just upstream of a flow obstacle. A force balance on a dry-patch revealed the
most important terms to be the dynamic pressure of the liquid and the surface tension forces.
With obstacles, an additional force is present due to the pressure rise in front of the obstacle
associated with stagnation of the vapour stream. From flow visualizations in air-water, the
following observations were made:

. Without obstacles: “*At low air and liquid flow rates, ripples appeared on

the surface which rapidly formed two-dimensional waves. On increasing

the air or liquid flow rates, the water surface became pebbled. At still

higher air flows, roll waves formed on the liquid surface.”

. With obstacles: “... as the liquid film flow was reduced, dry patches

were observed near the obstacles. Typically, these patches occurred in

front... Sometimes the dry patch occurred behind the object, particularly

for the short cylinder.”
Using a semi-quantitative analysis, it was determined that the kinetic energy of the waves in the
liquid film and the pressure rise in the stagnation region of the air stream were the dominant
factors in the dryout upstream of an obstacle. The dryout downstream of an obstacle was found
to be dependent on the strength of the air vortex and the liquid film momentum in the wake of

the obstacle.

Namie and Shiozaki (1991, 1993) investigated the entrainment fraction, the ratio of
entrained liquid droplet flow to total liquid flow, in air-water flow inside tubes fitted with
helically-ribbed and wired inner surfaces. Various rib heights, wire diameters, and pitch ratios

were used. The total liquid flow was varied from 17 to 83 g/s in the 19.5 mm ID tube (G=560
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to 2700 kg/m?s), and the air velocity from 20 to 60 m/s. The entrainment fraction at the outlet
was measured as a function of the air velocity, tube-type and liquid flow rate. It was found that
the entrainment fraction decreased with increased roughness height (ne/p), increased air velocity,
and decreased helical pitch. Flow visualization showed that the disturbance waves in the liquid
film were disrupted by the helical roughness, reducing their number and height, and changing
their shape from two-dimensional (annulus) to three-dimensional waves. Namie and Shiozaki
attributed these effects to two possible flow mechanisms: re-direction of the film flow by the
helical structures (reducing the kinetic energy of the film), and centrifugal forces (induced by
the swirl-flow) acting on the liquid film. To determine which of the two entrainment
suppression mechanisms was dominant, a similar set of experiments were performed in an
annulus with helical ribs mounted on the inner-rod surface, reversing the direction of centrifugal
body forces acting on the liquid-film. A similar reduction in droplet entrainment was observed,

indicating flow-redirection as the most probable cause of entrainment suppression.

Berger and Hau (1979) studied the effect of square-rib roughness on the mass transfer
inside tubes. They used an electrochemical analogue technique in which the tube wall was
constructed from discrete (isolated) cathodes, and the electrical current measured across a
common anode downstream. A special aqueous electrolytic solution was used which ensured
the reaction at the cathodes dominated the current, permitting a direct measure of the average
mass-transfer rate across each wall-section downstream of the rib. The pitch ratios were varied
from p/e=3 to 10 for a fixed height-to-diameter ratio (4=110 mm, e=4 mm, /d=0.0364),
corresponding to a 14% blockage area. The Reynolds number was varied from 10* to 2.5% 10°.
The mass-transfer coefficients on the ribbed-wall (ky(x)) were compared to that of a smooth pipe

(k,) taken from the earlier work of Berger and Hau (1977):

Cand

St =

T = 0.0165 Re %4 Sc %67 (Sc > 1000) (2.45)

[N

The results for ky(x)/k,, shown in Figure 2.6, indicate a two-cycle rise and decay between each

rib element. A first rapid rise-and-fall occurs before and after the obstacle associated with flow
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redirection in front of the rib and in the

wake behind the rib. A second “r =

progressive rise occurs in the as}-

recirculation zone following the rib up ol Re

to the reattachment point, 4 or 5 et

rib-heights downstream. This T

phenomena has already been illustrated o r 3209110°
in the single-phase heat-transfer ,Su_ a9 gt
experiment by Okamoto et al. (1993),

reinforcing the analogy between heat or nand
and mass transfer. Following sl

reattachment of the boundary layer,

mass transfer decreases as the boundary T

layer re-develops and approaches that I

of a smooth tube. In all cases, the °crEae s ‘.,.7 te®

values of ky(x) were higher than those Figure 2.6: Mass transfer coefficient distribution

measured in the smooth tube. As the downstream of a roughness rib for
- . ple=10 and Sc=1535, adapted from

mean flow (Re) is increased, the ratio Berger and Hau (1979) with

ks (x)/ k. decreases — which is attributed permission of Elsevier Science.

to the fact that the mean flow
turbulence increases with Re, diminishing the relative contribution of the roughness element.

Berger and Hau fitted the following correlation to the average mass-transfer rates (p/e=10):

Sty = — = 0.281Re™®3%Sc%  (Sc > 1000) (2.46)
u

which, when combined with the previous relation, defines the average mass-transfer

enhancement ratio:



St -0305 Q067
R _ "R _ 0.281 Re Sc = 17.03 Re-o,lss
St. k00165 Re %4 Sc 067

s

(2.47)

and represents an increase in mass transfer of 200-400% over the range 10*°<Re<3x10°. Berger

and Hau also observed:

1. For high Schmidt numbers (1000<Sc<7000), the normalized mean Stanton number,
St,/St,, is independent of Sc, but decreases with increased Re. However, from their
previous experiments, this mean-flow effect is very small at low Schmidt or Prandtl

numbers.

[£5]

The normalized distribution of mass transfer, k. (x)/ k g » is independent of Sc over a

wide range of Schmidt or Prandtl numbers.

No relations for the normalized local mass-transfer enhancement ratio, kg(x)/k,, or the effects of

low Schmidt or Prandt! numbers (typical of steam flows) are given.

Nishida et al. (1994) measured the liquid-film thickness and flow patterns near a typical
boiling water reactor (BWR) grid spacer in a 4x4 and 9x9 mock-up nuclear fuel bundle, using
air-water. They compared two different comer lattice spacer types. The percent change in the
corner-rod liquid-film was dependent on the spacer shape, and superficial gas-velocity (G/s,),
and independent of the superficial liquid-velocity (G/p,). A correlation was observed between
the percent change in liquid-film thickness in the vicinity of a spacer and the order of rod-dryout
in the bundle critical power data (CHF). Further testing on comer, side, and inner rods, using
multiple ferrous-type spacers, revealed that although the film thickness decreases across a
spacer, the thickness recovers downstream of the spacer. This has been attributed to a net
increase in droplet deposition due to the increased turbulence of the air flow. Nishida et al.

concluded that BWR-type spacers have two impacts on the liquid-flow: gas-flow turbulence
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increases both the droplet deposition and entrainment; the direct interaction of the spacer with

the liquid-film can redirect liquid flow through stripping and impingement.

2.2  Modelling Studies

This section reviews the literature on dryout CHF modelling. The first part is a
comprehensive review of the different formulations and applications of existing dryout models.
The second part describes one particular model and the various constitutive relations which can

be incorporated into it, and the third part reviews the literature on spacer modelling.

2.2.1 Existing Dryout Models

The first comprehensive analytical model for dryout CHF in annular flow was developed
by Whalley et al. (1974) and is a compilation of various annular flow mechanisms previously
studied. The first mechanism is the triangular relation which defines the inter-relation between
liquid-film flow, film thickness, and frictional pressure-gradient. The second mechanism is the
mass-transfer process describing both the droplet deposition onto the liquid film and the
entrainment of liquid-droplets from the wa'~y surface of the film into the core region. The model
provides a closed-form solution to the governing annular flow equations under steady-state,
constant-property, and uniform heat-flux conditions within a tube. The droplets and vapour
inside the core region are assumed homogeneous. The model was applied to CHF data in water

and Freon-12 with errors typically within +10%.

The model by Whalley et al. (1974) was later expanded by Whalley (1977) for dryout

in fuel-rod bundles. The equations for a rod-centred subchannel were derived with the
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liquid-film, and droplet and vapour core assumed uniform around each rod. The crossflow
between adjacent subchannels was modelled using a combination of flow mechanisms:

. the droplet transfer from turbulent mixing between subchannels is a
function of the droplet concentration-gradient between adjacent
subchannels,

. the droplet transfer from the gas crossflow between subchannels is a
function of the entrained droplet fraction in the subchannel from which
the crossflow originated, and

. the gas crossflow itselfarising from pressure-gradients between adjacent
subchannels tends to re-distribute the vapour so that the total axial
pressure-gradient is the same in all subchannels.

The model was shown to predict CHF with reasonable agreement to both 7-rod and 16-rod
bundle CHF data.

Saito et al. (1978) presented a model similar to Whalley (1977), except the subchannel
was flow-centred instead of rod-centred (i.e.. more than one film per rod) and included the
transient terms in the formulation. The crossflow between subchannels was neglected, with each
subchannel in parallel having the same bundle-average mass flux. A generalized formulation
of the axial mass, momentum, and energy equations for a multi-fluid system are presented and
applied to various flow geometries: tube, annuli, and rod bundle. The model not only includes
the interfacial drag between film and vapour (Whalley et al., 1974), but also considers the drag
force between entrained droplets and vapour. An extensive validation process was undertaken
to verify the model against the following experiments:

. entrained liquid fraction, pressure-gradient, and film thickness of

equilibrium air-water flows in a pipe,

. entrained liquid-flow rate, film thickness, and pressure-gradient

of non-equilibrium air-water flows in a pipe,

. entrained liquid and liquid-film fractions at the channel exit of

boiling water flow in a tube,
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. pressure-drop and CHF in boiling water flow (P=7.0 MPa,

uniform and non-uniform axial heat-flux distribution),

. rod-film fraction and rod film thickness for boiling water flow in
an annulus (P=7.0 MPa),
. CHF for boiling water in a uniformly heated annulus

(P=7.0 MPa, unheated outer tube),
. CHF for boiling water in a bilaterally heated annulus
(P=17.0 MPa),
. CHEF for boiling water in a 16-rod bundle (P=7.0 MPa, uniform
axial and radial power distributions).
The RMS accuracy of the model was +15%, except in 16-rod bundles where under-predictions
in CHF as much as 50% were observed at low flow conditions (G=100 kg/m?s). It should be
noted that flow-boiling tests were conducted using steam at 7 MPa under steady-state conditions.
Sugawara (1990), and Sugawara and Miyamoto (1990) presented a model very similar to Saito et
al. (1978), except they derived their own entrainment and deposition relations and attempted a

morc mechanistic transition to annular flow.

More recently, Hewitt and Govan (1990) have providled a new set of
entrainment/deposition relations which cover a wide range of fluids, pressure, and mass flux.
They successfully applied the relations to model steady adiabatic flows, evaporative flows in

both dryout and post-dryout, as well as condensation flows, and transient dryout and rewetting.

From the existing dryout models, numerous forms of the constitutive relations governing
interfacial shear stress, entrainment, deposition, and transition to annular flow are obtained, with
their range of applicability provided in only a few cases. Since the present study only considers
steady-state CHF inside a tube, the model formulation by Whalley et al. (1974) was chosen for
its relative simplicity and applicability to a wide range of flows. To select the appropriate
constitutive relations, those obtained from all the existing models are described and form the

basis of the assessment of current CHF dryout models in Chapter 5.
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2.2.2 The Whalley Model

The annular flow dryout model of
Whalley et al. (1974) is a three-fluid
model, separating the flow into liquid-film, dw G .
entrained droplets and vapour, as illustrated ‘?D S Ggg O
in Figure 2.7. The following assumptions 0 T . ’]
are made: Gy fl‘e 0 % v
. constant fluid properties T 0 O
(i.e., no flashing)
. constant area flow channel > 8 l'_ J
. steady-state conditions 4a
. liquid droplets and vapour

h in th o
are _tomogeneous 1 the Figure 2.7:  Three-fluid modelling in annular

central core two-phase flow.

. phases are in saturated

thermodynamic equilibrium

Conservation Laws

From the conservation of mass on each fluid component:

d dG
Z(p,u,pau.) = 7:5 =T, -T; -T, (2.48)

vap

d dG
4 (pugeg) = 2 -1, - T, @)

49



d _ aG,
z(pgugozg) = 7;& =T, (2.50)

where the following liquid-phase fractions (e, e;), void fractions (ay, «, x,):
A A A

IF _ E _ - -
a,F=7= I-a %-7-(l-a )a o -f—agcac

]2 w - 1 (2.51)

and core quality are defined:

G G

r = —& = g

c a F_G; 2.52)

From the conservation of momentum:

d

dP
—(GlFulF) = (Po - T - Fvap)ui T G
ds ds
W W (2.53)
. ST . T
plang.c w4 i 4
dG . u dP
i £ = (T, - D)y, - G * PIEE, (2.54)
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dG_ u dP W,
—d%ﬂ = Pvap u; - ag—d; * pgaggs - 1,7 (255)

The mean fluid velocity (1) at the interface is used to describe the lateral transfer of momentum
between film, droplets, and vapour. The g, term is used to define the gravity force acting in the

flow direction (i.c..g, = gA A, = gcosf ). Summing up only the core terms:

deCS“‘ = (0, + T, - D)y, + nog, - ac‘fT’: - ti% (2.56)
and assuming a uniform turbulent core:
u; = ue(8) = u(d) = u, (2.57)
Substituting the core continuity equation:
dd_if =T +T, - L, (2.58)

into the core momentum equation results in the following pressure gradient equation:

dP |- ¥ du,
a . - =T + G == 2.59
ds Pe8s ac[ ‘4 < ds (2.59)
where the core density is defined as:
_ _ %Pt %P,
p. = (1 -agc)p, top, = -—a— (2.60)

[+

If the liquid-film is sufficiently thin (.= 1), the pressure-drop can be further simplified to:
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where
W, 4 w 4d.
— __‘ = —-‘- d = d" 26
A d A 2 !
From the conservation of energy:
d . . : : W,
Z(GIF‘I) = (Po - FE)‘I - D * QWT

—(Giiy) = e - 1p)i
2 (Gei) = (T - T)

d L .
—;(Gg’g) - Fvap ‘e
Introducing the enthalpy of vaporization:

lg=ll+ ’lg

and substituting the liquid-film continuity equation into the film energy equation:
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(2.64)
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W
%(G’F"/)= (FD - FE)il - r‘vap(il M ilg) + qw_A_w

W (2.67)
B (PD - I - Fvap)il - Lapllg * qw—Aﬁ
results in the following expression for the volumetric evaporation rate (I,,,):
. W, 4.4
L= ——=== (2.68)
vap i, 4 i d
It should be noted that since the fluid properties are assumed constant:
di di di di
& Sdp . Hdp _ (2.69)
ds dp ds ds dp ds

The volumetric entrainment and deposition rates are normally expressed based on an equivalent

mass-flux over the interfacial area:

I‘DA A =D WWAs FEA As = EW As (2.70)
Hence,

4 4
T, = D; I = E; 2.71)

Deposition Relations

A general expression for deposition (D) can be defined using Fick's law:

D= - l%i_ = k(C.-C,) = kC (2.72)

i
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where 4 and & are the mass-diffusion and mass-transfer coefficients, respectively. Since the

liquid-film interface is all liquid, the concentration is normally neglected (C=0) and the

volumetric droplet concentration within the core is defined as:

’(p,umdA

pu(l- agc)Ac

C

[udA uIE(l-agc)Ac+

4

(o) “15( - agc) o

u o A

ue(l -agc)ac +

The various dryout models cited use
different correlations to describe the
mass-transfer coefficient (k) in

Equation (2.72).

Whalley et al. (1974) used the
annular flow model itself to predict values
of k which best fit the experimental CHF
data. This purely empirical approach
indicated a functional relationship with
liquid surface tension, as illustrated in
Figure 2.8, even when different fluids were
considered. The following relation has
been curve-fit by the author to the data in

Figure 2.8:

g g’c
G 2.73)
107 T T
ag 6
s
-~ ‘3
5 it L
L3
]
107 L L
10 107 o 1
k(ms)
Pressures and fluids used in Fig.
P
Data point Fluid (bar)
1 Steam-water 180
2 R12 10.5
3 Steam-water 6
4 Steam-water p1
5 Steam-water 10
6 Steam-water 1.5
Figure 2.8: Mass-transfer coefficients in
two-phase flow, adapted from
Whalley (1990) with permission
of Oxford University Press.
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log,,(k) = 2.8163 + 4.0685log,,0 + 0.7430 (log,,0) (2.74)

where & has units of m/s and o units of N/m. Whalley and Hewitt (1978) later derived the
following relation:

2 <.
M |2 (2.75)
dop,

LI
u,

and Saito et al. (1978) derived their own relation for flow-boiling in round tubes using a limited
set of steam-flow deposition data:

k= -1698x102 - 2.117x10°*C + 2.896x10°*C?

- 2.192x108C? + 7.778x10°1 C* - 1.027x10° C* (2.76)

where & has units of m/s and C units of kg/m’. More recently, Hewitt and Govan (1990) derived
an empirical relation for &£ from the data shown in Figure 2.9:

0.1815 | -2 £ <03
pgd Py
k = | Q.77
0.083 |—°-[£) P C 03
| pgd Pe Py

where & has units of m/s. Sugawara (1990) used the analogy between heat and mass transfer to
derive an expression for k.

Using the Reymolds-Colbum analogy for heat transfer
(Holman, 1981):

(2.78)
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Figure 2.9:  Deposition correlation, adapted from Hewitt and
Govan (1990) with permission of Elsevier Science.

we can derive a similar expression for mass transfer:

2

k S u
Sc?? = £ = 4Re® Sc = —
- oA (2.79)
where k/u_, is sometimes referred to as the Stanton number for mass transfer. The Prandtl
number (Pr) denotes the ratio of kinematic viscosity (eddy diffusivity) to thermal diffusivity,
whereas the Schmidt number (Sc) denotes the ratio of kinematic viscosity to mass diffusivity.
By introducing the Lewis number (Le), the ratio of thermal to mass diffusivity, we arrive at the

following empirical form for mass transfer:
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k
u

av

-23
= ARe®Sc 2 = ARe"Pr'm(-i—‘:) = ARe®Pr¥’Le ?? (2.80)

which, when compared with Sugawara (1990):

c) % 0.l <p<7MPa
= 9.0x1073 = Re % pr %3 (2.81)
P 10* < Re, < 10°

o l’*"

indicates a Lewis number of unity was assumed (Sc=Pr). In this case where liquid droplets are
diffusing through vapour, it is not evident that the mass and thermal diffusivities should be the
same. However, this may have been partially compensated for by the use of a non-dimensional
concentration (C/p,) in the above correlation, which varies with both quality and pressure.
Sugawara also defined a deposition suppression term to account for the fact that the vapour

leaving the liquid-film through evaporation opposes the deposition of droplets onto the

liquid-film:
D' =D - ue *'C=D- (_‘!.w_) e c 20 (2.82)
Pelig
P 30v
8, = 7.90[ —] (2.83)
Pcr \":IF/ p,)

The term 8/8, denotes a relatively thin liquid-film, where the radial gas stream is assumed to
have a significant effect on droplet deposition, and is shown to have a significant impact on both

film flow and CHF for large boiling-lengths (i.e., in excess of 300 diameters).
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Entrainment Relations

The entrainment of liquid (E) 10 T Y

from the wall to the core region of
annular flow is different from
deposition since the source of droplets
is a saturated liquid (C,=0).
Whalley et al. (1974) modelled

entrainment as a process tending

towards hydrodynamic equilibrium:

Figure 2.10: Entrainment correlation, adapted
E = kC, (2.84) from Hutchinson and
Whalley (1973) with permission of

. Elsevier Science.
Hutchinson and Whalley (1973) found

a strong correlation between the equilibrium concentration (Cg) obtained in adiabatic air-water

cxperiments and the interfacial Weber number:

§= i - shear forces (2.85)
] surface tension forces

as illustrated in Figure 2.10, to which the following relation was fitted (Tahir et al., 1987):

7.6 LX) 2 1,6 ’ ftia\
0.036 - 422y —| + 253} —| - 427} —| . |—]| <03
o o o \ O )

Cp = (2.86)

[0.33 . 2.22@-9)] ( 1:.6\
10 ° . ] =203

\ O}
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Saito et al. (1978) derived a similar series of expressions to correlate the equilibrium

entrainment rate directly:
2
7.6 T,
E = -2695%107° - l.104(—’—] + 4444x10| —

g g
t5)° TN
+ 1.241x103(—‘-] - 3.775x103['—] ,
o g
5]’ 5|8
+ 4.077x103(—‘-] - 1.510x103[—'-)
ag (e}
)
E = -4504x10 + 1.824x102[—'-]
g
t.6)" 1:,.6 3 1:‘.6
- 6.828x10| =—| + 1.343x10| =—| . <] =] <5
g o) o
< 5)* 6 3
- 1.268] =—| + 4.519x10°2] =—
(0] g
.0
E = +4670%10 + 4.725x10(—'-
o t‘.G
= 5)2 <5 5<(—5-)le
- 4.534(;] + l.SISXlO"(;]
g ag

and

[(2)- ]
-4605|{—~=1]- 10 0
E = O.OIpI{l -e a } [_'_) >10
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Equation (2.90) is said to represent the large jump in entrainment typical of churn-annular flow

transitions.

Hewitt and Govan (1990) correlated the ratio of entrainment-to-vapour flow rates based

on liquid film flow rate directly, as illustrated in Figure 2.11:

dp 0316
£ 575107 | (Gy - Gl — . G > G
—_— = Opg (291)
GS
0 v G < Gpe

where the critical film flow rate for the onset of entrainment is given by:

Gyped
€ = Rege = exp [5.8504 + 0.4249 Ly Rl (2.92)
Ky W, Py

Sugawara (1990) used the following correlation to model entrainment:

0.27<p<9 MPa
3x10* <Re, <7x 10}

S - [ t‘,Aheq ug,‘l & o (2.94)
k c o] P

where the equivalent wave-height (s4,,) is correlated:

E = 107S,, { (2.93)

Ah, g =

€, . Re, 2 1x10°
' (Ak, >0)  (295)

€ [213log,(Re,) - 9.68] , Re, < 1x10°
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Figure 2.11: Entrainment correlation, adapted from Hewitt and
Govan (1990) with permission of Elsevier Science.

against an equivalent sand-roughness defined by:

€ = 0576 + 21.73x10° & - 388x10%8® + 55.68x10° & (2.96)

Interfacial Shear Stress Relations
Whalley et al. (1974) used the interfacial roughness correlation formulated by

Wallis (1970) to calculate shear stresses at the interface of the liquid film and homogeneous

liquid-droplet/vapour core:
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2
u
=ik 2.97)

f = fc[l + 360( %)] (2.98)

where the core friction factor is determined from turbulent flow pipe-friction correlations, as
described in Section 2.1.1, using an equivalent gas core Reynolds number:
Gd (G, + Gy)d

Re_ = 2.99
7 Ty, b (2.99)

However, because the Wallis relation is based on a limited set of air/water flow data at low
pressure, Whalley reported an RMS error of 90% in interfacial shear when applied to a wider
range of stcam flow data. Using a trial and error approach, Whalley and Hewitt (1978) fitted

the following modified correlation to take into account some of the pressure effects:

/3
VAR 24[ ﬂ] (%) (2.100)
pg

This reduced the error in interfacial shear to about 26% for the tested data set. Saito etal. (1978)
use the friction factor of Moeck (1970):

2 5 1.42
A = 4f = 0.02)1.0 + 545.0( 7) (2.101)
which, contrary to Whalley etal., is independent of Re. They also include the interfacial friction
between droplets and vapour (non-homogeneous core) but these terms are neglected in the

Whalley model. Sugawara and Miyamoto (1990) used the original Wallis correlation.
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The Triangular Relation

To solve the interfacial shear stress, liquid-film mass flow rate and film thickness
simultaneously, a triangular relationship relating the three is required. One method would be
to solve the film and core momentum equations simultaneously. However, more direct
(empirical) methods have been developed:

. Universal Velocity Profile Method

. Shear-Stress Integration Method

. Approximate Thick-Film Analysis

The Universal Velocity Profile Method, presented by Whalley (1990), uses the "law of
the wall", as described in Section 2.1.1, to define the liquid-film velocity, replacing the wall
shear velocity with the interfacial shear velocity. The resultant non-dimensional velocity profile

is integrated to obtain an estimate of the liquid film mass flux:
au, .. y- du_
Gp= — 1 - 2} — “dy” Note: d” = — ;
F e f[ [d,]]v y - (2.102)

This mass-flux must be iterated as a function of film thickness until the desired liquid-film mass
flux is obtained. Comparisons between annular flow data and this form of the triangular relation
are only accurate in low-pressure air-water flows where the liquid films are thin and
conscquently, the wall shear stress and interfacial shear stress are almost equal. The inaccurate

data invalidate the inherent assumption that shear stress is a constant.

Hewitt (1961) developed the Shear-Stress Integration Method based on the analysis of

Dukler (1959) involving the direct integration of the liquid-film shear stress in annular flow:
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2 2 2
1 dj r; 1 re=r;
ich 'E(ch*f’s’)(‘] - 3("18*%’5][ ; ]
2 (2.103)

which has been shown to predict a wide range of annular flows quite accurately. However, the
methods were too cumbersome for implementation in any annular flow dryout models (Hewitt

and Hall-Taylor, 1970). If the following simplification can be made for the liquid film:

T
(p,-pP.)g—
-

« lp,g . L’E. (2.104)
ds

then a linear shear-stress distribution is obtained for the liquid film:

l dp r
= = — R
©(r) 2( Pg* ds) re g (2.105)

!

Similar to the Prandtl friction factor, the logarithmic inner-law:

1
u = —=In(y’)+ B
K ) (2.106)

can be integrated over the film area to obtain the liquid-film flow rate:
2
d d
) (2.107)
' B[l i ( l i _Z-E) ]}
d

a,




The linear shear-stress distribution (r,=zxr,/r)) permits use of r, in the definition of y™, instead

of -, removing the constant shear-stress limitation of the Universal Velocity Profile Method.

The method used by Whalley (1977) is the Approximate Thick Film Analysis Method
developed by Turner and Wallis (1965) from the methods of Armand (1946). It uses a two-
phase liquid-film friction multiplier:

l 2
, _ (dPids), _f“’ 3 Ty T

= = = 2.108
d (aP/ ds)F.lF f ( 1 2) TF.o ( )
IF

where (dP/ds), is the two-phase frictional pressure drop, (dP/ds); - the single-phase frictional

pressure drop if the film were occupying the entire tube, and V- the superficial film velocity:

_ G

VIF = Up (l - (!c) = T (2[09)
1

Hence,

= - = = (2.110)
(1-a)? [ﬁ(l_é)r Gir
'FZp,

Hewitt and Hall-Taylor (1970) found that this method reproduced the results of Hewitt (1961)

when a smooth transition in f;- was used from laminar to turbulent flow:
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Jr = ’fuzv.m + fifuat ] 2.111)

where f, -\ and f, -, . are the single-phase friction factors for laminar flow (i.e., 16/Re)and

turbulent flow (i.e., Prandtl or Blasius formula), as described by White (1991).

Transition to Annular Flow

Since most evaporative flows begin with a subcooled inlet, some method of handling the
different flow regimes (single-phase liquid, bubbly flow, chum, chum-turbulent, annular flow)
and the transition between them is required. Most existing dryout models are formulated with

three possible flow regimes:

. single-phase flow
. bubbly flow (using homogenous or drift-flux models)
. annular flow (Whalley model)

The first transition from single-phase flow to bubbly flow is normally assumed at the point
where the mixture enthalpy reaches that of a saturated mixture (i=i;). Both fluids are assumed
to have the same temperature, often referred to as thermodynamic equilibrium. This is not the
case in subcooled boiling, where significant void fraction can occur at low pressure with the
mixture well below the saturated liquid enthalpy. Since dryout modelling is only concerned with
CHF in the positive-quality region, detailed modelling of subcooled or bubbly flow region is not
required. However, this limit of applicability does prevent a more unified approach to CHF

modelling, covering all the flow regimes.
The transition from bubbly flow to annular flow or onset of annular flow (OAF) has been

defined in two ways. Whalley etal. (1974) made the assumption that OAF occurs at an arbitrary
flowing quality of 1%:
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Xp = = 0.01 2.112)

Q

which has proven to be reasonably accurate in predicting CHF for saturated boiling lengths (L)
as small as 0.1 m, and has been adopted by most dryout models. Sugawara and
Miyamoto (1990) proposed a more mechanistic approach to modelling the transition using the

Baker flow map for horizontal flow (Baker 1954):

& o = (P + 09/P,)el %)

+ (3.1 - PIP)) (2.113)

where P,=4.0 MPa and G,=729 kg/m?s are reference values. It was assumed that the same
transition holds for vertical flow in both tubes and rod bundles. It should be noted that the Baker
flow map is for horizontal adiabatic gas-liquid flow in small tubes, and that better two-phase
flow maps do exist (e.g., Hewitt and Roberts, 1969 or Taitel and Dukler, 1976). The reference

values (P,, G,) are for water. as are all the correlations taken from Sugawara and
Miyamoto (1990).

The associated entrainment fraction at OAF must also be defined:

G G

F,= = = —=— @2.114)
G, Gp + G

Whalley et al. (1974) arbitrarily assumed F,=0.99. while others have varied F, only to find that

for most heated lengths, CHF is insensitive to F,.

Sugawara and Miyamoto (1990) included a critical maximum film thickness at OAF:

Y2, )2
5<6 = 9 L | Y A (2.115)
“ 2 Pr P q. A,
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A -0.8
2| =25x10° S ek (2.116)
A, G, P,

where 4 /A, is the sum of projected areas of the vapour columns in the liquid film per unit area
of the heated surface, and G,=2000 kg/m?s is a reference value. If the liquid film thickness at
OAF is greater than this value, the value of &, is used. This suggests that the value of F, must
be adjusted to obtain the proper film flow rate and interfacial shear stress when the critical film

thickness is exceeded; however, no further details are provided.

2.2.3 Spacer Models

This section describes a number of spacer models available for CHF in annular flow.

Mitsutake et al. (1990) proposed the following empirical spacer model:

AP d, A,
ol gg)e o nlie

E'=(l+n,)E D'=(1+mn,,)D

(2.117)

where the net effect on both entrainment (E,+E’) and deposition (D,,+D’) are specified using
various Spacer parameters (n,s n,,, Mu.o» fimic.c) determined from existing bundle critical power
data. (P /aP) is the ratio of vapour dynamic head to total dynamic head, (d,/d,) is the ratio of
spacer gap size to subchannel size, and (4,/4,) is the spacer blockage ratio. 5, acts as a
liquid-film stripping mechanism, n, as an impingement mechanism, and n,, as a
turbulence-enhancement mechanism. No specific relations for n are provided and the
comparisons made between the model and bundle experiment are reported in overall statistics,

making it difficult to separate the spacer-effects from the other bundle effects.
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Nishida et al. (1994) assumed a constant Schmidt number along the length of a conduit:
Sc = M =
c H,, [IL (2.118)

and a constant boundary-layer thickness (/=4y):

A k_Ay  k,
£ = 2— =2 (2.119)

A kAy K,

to adopt the eddy-cnhancement model of Lahey et al. (1977) for a bundle spacer:

(z)'ﬁ 3 g<i.S
A,k JN2TLAINY b = (2.120)
Bk [7_2 Ll 5.z, 18L[2

47:2) LZ; -/; ‘ nl Lc nzde -/:

where L. is a characteristic length determined from experiment. The downstream profile for

(f =0.003)
10000 ;
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Figure 2.12: Deposition enhancement profile (Nishida et al., 1994).
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deposition enhancement using this model is shown in Figure 2.12. In comparison, the
single-phase heat transfer enhancement profiles (Nu,/Nu,) display a more exponential-type

decay. The ratio (k,/k,) can diminish below a value of unity, contradicting the results from other

experiments (Berger and Hau, 1979).

Knabe and Wehle (1993) hypothesized the following spacer-effect for mass-transfer in

annular flow:

. An equal portion of film, from each of the walls surrounding a spacer, is
stripped and re-distributed equally over all walls surrounding the spacer.
The amount of film stripped is proportional to the degree of contraction
of the spacer area and liquid-film thickness (phase re-distribution).

. A local deposition coefficient (rg,) determines the portion of entrained

droplets deposited on the wall due to direct interaction with the spacer:
A GIF = 1’]E,.\'p GlE (2 12 l)
. A deposition enhancement multiplier (np,,) determines the turbulent
enhancement of deposition downstream of the spacer:
! -
D' =mnp,D =my kC (2.122)

By fitting their spacer model to critical power data from different 3x3 and 7%7 rod-bundles, they

obtained the following relations:
Negp = 1.5-10%

Ty = A, 7% (2.123)
A, = 40-80

No mention is made of the film-stripping mechanism of the spacer model, leading one to

speculate the effects were not considered.
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Chu and Shiralkar (1993) compared the COBRAG subchannel analysis code with a
spacer model included to the critical power measurements taken at the ATLAS Test Facility of
GE Nuclear Energy. The spacer model incorporated the following effects:
. Upstream film thinning: an observation made at GE that CHF often
occurs just upstream of a grid-spacer due to scrubbing of the film by a
horse-shoe vertex in the stream flow created by the obstruction of the
film contact, and the increase of interfacial shear inside the grid-spacer
(Shiralkar and Lahey, 1973).

. Downstream turbulence enhancement: turbulence generated by the
spacer structure enhances mixing between subchannels and deposition
of droplets from the core to the wall sub-regions. Parameters affecting
turbulence: distance downstream from the spacer, projected area of the
spacer, drag form coefficient, hydraulic diameter of the subchannel, mass
flux at the spacer.

. Collection and run-off at spacer: a portion of the dispersed droplets in
the core is deposited on the spacer surface as a film, depending on the
spacer surface area and geometry. A portion of this liquid film runs off
the spacer and is deposited on the neighbouring wall surface.

No further details on the spacer model or its parameters are provided. They did make the
following observations on the effect of spacers on CHF:

. Spacer type: CHF with grid-type spacers is 10-15% lower than with

tube-type spacers at the same flow conditions. The tube-type spacers
which are closer to the rod produce more run-off whereas the grid-type
spacers produce higher turbulence (oP) but have less of an effect than
run-off.

. Spacer thickness and height: both thicker spacers and smaller

spacer-to-rod gaps produce slight improvements in critical power.

. Spacer pitch: decreasing spacer pitch increases bundle critical power

multiplying the net beneficial effects from each spacer.
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Chapter3 EXPERIMENTAL STUDY

A series of experiments were performed at the Chalk River Laboratories (CRL) of
Atomic Energy of Canada Ltd. (AECL), during a 5-month term appointment, to investigate the
effect of cylindrical flow-inserts on heat transfer, pressure drop, and CHF inside a tube. The
data obtained from these experiments were used to develop and formulate analytical models for
both heat transfer and CHF enhancement inside a tube. The following sections describe the
cxperimental test facility, the single-phase experiments, the two-phase CHF experiments, and

the results obtained.

31 Experimental Test Facility

To investigate the effect of flow obstructions, two different test sections were designed,
manufactured, and installed in the multi-fluid MR-7A loop at CRL. The first test section used
a single flow obstruction, a series of wall thermocouples, and a differential pressure transducer
to measure single-phase heat transfer and pressure drop. The second test section was fitted with
a number of flow obstructions (N,,,=1-5), each with its own set of wall thermocouples to detect
CHF in two-phase flow. The MR-7A loop is shown schematically in Figure 3.1 and consists of
a working fluid flowing through two magnetically driven gear pumps connected in series with

an electric preheater and test section. The fluid passes through a condenser and subcooler betore
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Figure 3.1:  Schematic of the MR-7A two-phase, multi-fluid flow loop.

returning to the pump inlet. The pressure in the test section was controlled via a nitrogen-filled
pressurizer which was connected to the loop at the pump outlet. By controlling the flow of
cooling water to the condenser and the power to the preheater, a desired fluid temperature at the
test section inlet could be achieved. The loop and test section were equipped with
instrumentation to measure the mass flow, absolute pressure at the test-section outlet, static
pressurc-drop across the test section, power applied to the test section, and various other fluid
and wall temperatures. The measurements were recorded by a data acquisition system (DAS)
using the PARAGON™ software. The test section was resistance-heated using a 50 kW
variable DC power supply connected to the test section using copper cables, copper clamps, and
conductive copper grease to minimize the electrical contact resistance. In both the single-phase

and two-phase experiments, Freon-134a (R-134a) was used as a common working fluid. For
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the two-phase experiments, additional experiments were performed using Freon-22 as the
working fluid.

3.2  Single-Phase Experiments

3.2.1 Test Section Apparatus

The test section used for single-phase heat transfer and pressure-drop is shown in
Figure 3.2, consisting of a vertical 8 mm ID round tube, 1 mm thick, made of Inconel 600, with
a heated-length of 2.05 m. A single ring-type flow obstruction was inserted into the test section.
The MR-7A flow loop was already instrumented with a differential pressure transducer,
connected to pressure taps located before and after the test section (DP,=PT, - PT)), an inlet and
outlet fluid thermocouple (T, T,,), and a wall thermocouple at the test section outlet (TC,,).
To more accurately measure the pressure drop actoss the flow obstruction, another differential
pressure transducer (DP, = PT, - PT,) was connected to two additional pressure taps, located
before and after the flow obstruction, spanning a shorter distance (504 mm). This required that
two separate test sections, one for single-phase and the other for CHF (to follow), since a
number of flow obstructions were studied in CHF at various positions, and this could not be

done with the short-length pressure taps in place.

Two different rings were tested, as specified in Sections D.1 and D.2 of Appendix D,
both with an 8 mm OD and 6.5 mm in length. One ring had a 7.25 mm ID (18% blockage area)
and the other ring had a 6.7 mm ID (30% area blockage). The outer wall surface temperature
was measured using two moveable thermocouple carriers (TC,,, and TCy,, in Figure 3.2). Each
carrier was designed to hold three thermocouples, spaced an equal angle (120°) apart, as shown
in Figure 3.3. Each thermocouple was mounted through the centre of a bored screw, and fixed
to the tube using a small spring, inserted in between the screw and the thermocouple tip. This
allowed the thermocouples to be positioned for a particular test configuration, and then fixed for

the experiment. These carriers were designed to be moveable for the CHF experiments to
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Tin: inlet fluid thermocouple
Tout: outlet fluid thermocouple
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PC: power-clamp
PT: pressure tap
TCw: wall thermocouple
Tin

Figure 3.2:
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Single-phase experiment test section.

follow. For the single-phase heat transfer experiments, the flow obstruction was moved instead
of the thermocouple carrier, so that a constant thermal contact resistance could be maintained
between the test section and thermocouples. To minimize heat conductance with the carrier, a
teflon sheath was wrapped around the thermocouple wires; to minimize thermal contact
resistance with the tube, copper tips were welded to the ends of each thermocouple. To

minimize heat losses, heavy foam insulation was wrapped around the test section.




A novel technique was used to relocate the flow obstruction at different axial locations
during the experiment. An annular cobalt magnet, fitted to the outside of the tube, was moved
along the tube to position and hold the metal flow obstacle in place on the inner side of the tube.
This allowed the effect of axial distance to be studied in detail, without having to know the exact

position or magnitude of the effect prior to the experiment.

spring to hold TC

copper tip bored screw

TC terminal

TC wires wrapped
with nylon sheath
(inside screw)

inconel tube
sliding ring (resin)

Note: 3 x TC per carrier, spaced 120 deg. apart

Figure 3.3: Thermocouple carrier configuration.

3.2.2 Experimental Procedures

Preliminary zero-power and reference tube tests with no flow obstruction were
performed to check for energy balance and heat losses in the system. These reference test results
were also compared with existing empirical tbe correlations, to confirm that all components

of the system and data analysis were functioning properly. Originally, a test matrix based on two
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power settings (2 and 5 kW), two inlet fluid temperatures (6 and 20 °C), and four mass fluxes
(1,2, 4, and 6 Mg/m?s) was proposed. However, the inlet temperature and power setting were
later varied to provide maximum accuracy in heat transfer measurements, by applying a
maximum power for each inlet temperature and mass flow. Before applying power to the test
section, the desired flow conditions were established, and the test section power was increased
until the wall temperature in the vicinity of the downstream PT and TC was near but safely
below the saturation temperature of the fluid. At each power setting, the mass flow, outlet
pressure, inlet temperature, and wall temperature were monitored to obtain a steady-state
condition, and all data were recorded using the DAS. To ensure the repeatability of the results,
five measurements were recorded at each data point, and the same procedure was repeated for
the following range of parameters: mass flux from | to 6 Mg/m?s, inlet temperature from 3 to
10-C, and power from 4 to 20 kW. The resultant Reynolds number varied from 35,000 to
250,000.

3.2.3 Results and Analysis

Detailed information on the single-phase experimental data is provided in Appendix A,
including a full test matrix of tabulated DAS output, and a procedural and error analysis of all
the measured and calculated data. The heat transfer analysis is presented first, followed by
pressure drop. The first step in analysing the heat transfer data was to assess the heat losses
from the test section, since they have a direct impact on the measured heat transfer coefficient.
Figure 3.4 shows the calculated heat loss as a function of outer wall perimeter and outer wall-to-

ambient temperature difference (AT) defined by the following integral over the surface area of

the tube:

L
Qi = [U,Puy (T~ T.)dz = U, (AT) 3.1)
0
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Figure 3.4:  Hear loss regression analysis (all data).

The term AT is calculated from the measured outer wall temperatures, as described in
Equations (A.2) through (A.4) in Appendix A.3.1. A linear regression to the zero-power Q,
data in Figure 3.4 provides an estimate of the overall heat transfer coefficient on the outside of
the tube. Although a positive trend with AT is observed in all the data, large negative offsets
(heat gains) arc observed when power is applied to the test section. Some of these negative
offsets are explained by uncertainties in measured power (Q), mass flow (Ani), and bulk fluid
temperature. The RMS error in Q. is determined using Equations (A.22) through (A.32) in
Appendix A.3.2, and used for the abscissa in Figure 3.5 to illustrate most of the heat loss data
lie within £20 (i.e., 95% of the normal distribution). Therefore, little significance is given to
these measured values of Q... Although this error analysis includes all the quantifiable sources
of calibration error in the instrumentation, it does not include some of the implementation errors

that can arise:
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Figure 3.5:  Errors associated with heat loss measurement.

. ability of a single thermocouple placed near the exit of the test section to
measure the bulk fluid temperature, especially at large heat input rates.
It has been suggested that these results might indicate the need to instail
a mixing chamber at the outlet of the test section,

. ability of the DAS to correct the thermocouple readings for junction
temperature. Since thermocouples generate a voltage at both junctions
(i.e., one at the measurement tip and the other at the terminal junction),
the DAS is equipped to measure the air temperature in the vicinity of the
terminal junction and make an internal correction to the thermocouple
readings. This method is subject to error when a difference in
temperature arises between the air and terminal junction. It has been
suggested to connect the inlet and outlet fluid thermocouples (T, T,,)
in series, and make a direct measurement of the differential fluid
temperature (T, - T,), eliminating the need to make a terminal junction

correction.
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Figure 3.6: Heat imbalance as a function of total power

These suggested apparatus changes were not possible within the present scope of work, and so
the heat imbalance was interpreted as follows:
. no corrections were made for heat loss,
. where heat imbalances were larger than the RMS error in heat loss, the
actual heat imbalance was used to calculate the error in Power (2Q) and
the resultant error in heat transfer coefficient,
. as shown in Figure 3.6, only the low-power data (P<5 kW) exhibit heat

imbalances in excess of 2%-power,

A plot of % Q,, versus mass flow in Figure 3.7 shows the decrease in heat imbalance as the
precision of the flow meter is increased at higher flow (i.e., % of full-scale). The apparent offset
between the P<5 kW and P>5 kW data indicates an offset error in the bulk fluid temperature
measurement, as all thermocouples were re-calibrated in between these two data sets. The first

set of data are from the reference tube and 18% ring, and the second from the 30% ring.
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Figure 3.7:  Heat imbalance as a function of mass flow.

Although these errors may seem large for the reference tube and 18% ring data (P<5 kW), it will
be shown that these errors do not limit the interpretation of relative heat transfer enhancement,

since both the reference and enhancement values share the same error condition.

The reference tube Nusselt number (Nu) are plotted against three forced convection tube
correlations in Figure 3.8, and the associated statistical error analyses are provided in Table 3.1.
The errors are within the typical range of accuracy for these correlations, with the
Sieder-Tate (1936) correlation showing the smallest prediction error for this particular data set.
In assessing the ring obstruction data, as a function of downstream distance from the obstacle
(2/d), the Nusselt number measured far away from the rings (2/d=30) is used as a reference value

for calculating the non-dimensional Nu-enhancement ratio:

Nu . (z) Nu . (z2) Nu . (2/d)
N " “Nu(w)  Nu(zg,,) Nu(z/d=30)

(3.2)
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Figure 3.8: Reference tube heat transfer analysis.
Table 3.1:  Statistical comparison of reference tube data with
correlation.
Difference Correlation
Dittus-Boelter Sieder-Tate Petukhov
(1930) (1936) (1970)
average -11% -2% 4%
RMS 13% 9% 10%
maximum 20% 15% 24%
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The Nusselt number enhancement ratios for the two rings, as a function of downstream
distance at different Reynolds numbers, are plotted in Figures 3.9 and 3.10, respectively. The
results show that heat transfer enhancement only occurs over a short length (0<z/d<10), and that
all values at z/d>10 are essentially those of the reference tube (Ry,=1). To confirm the criterion
used to establish the reference Nusselt number in the ring-tube data, the Nusselt numbers
measured at 2/d=30 for both rings are plotted against reference values predicted using Sieder and
Tate (1936) in Figures 3.11 and 3.12. The results show that all values are within the RMS

difference between the correlation and the nominal tube Nusselt numbers (x15%).

Two sets of data are plotted in Figure 3.12. The data obtained using slightly higher
power (4-20 kW) had inner wall temperatures very close to the saturated fluid temperature near
the outlet (i.e., subcooled boiling may have occurred). The other data (415 kW) had inner wall
temperatures somewhat below the saturated fluid temperature near the outlet, and appear to
diverge less from the reference-tube correlation than the 4-20 kW data. For this reason, the
4-20 kW data were removed from the analysis in favour of the 4-15 kW data. The 18% ring
data did not require such an assessment since they were all obtained at low power (P<5 kW),

where the inner wall temperatures were well below the saturated fluid temperature.

The next step in the analysis was to curve-fit the following functional relation:

~ Nu ..(2) N Nu,.(2)

) Numf(m) Nuobs(zmax)

Nu

=1 + A expt t¥ (3.3)

The resuits for axial distance have already been presented in Figures 3.9 and 3.10 as lines with
symbols. The flow effect was derived from a linear regression of the peak Nu-enhancement
values, versus Reynolds number, shown in Figures 3.13 and 3.14. The resultant values for

(A,, b) are shown in Table 3.2 and compared with Yao et al. (1982).
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Figure 3.9:  Non-dimensional Nusselt enhancement ratio versus z/d (18% ring) -
measured (symbols) and curve-fit (lines with symbols) results.
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Figure 3.10: Non-dimensional Nusselt enhancement ratio versus z/d (30% ring) —
measured (symbols) and curve-fit (lines with symbols) results.
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Figure 3.12: Comparison of Nu(z,,,) with reference-tube correlation (30% ring).
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Figure 3.13: Effect of Reynolds number on peak Nu-enhancement (18% ring).
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Figure 3.14: Effect of Reynolds number on peak Nu-enhancement (30% ring).
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Table 3.2:  Measured Nu-enhancement parameters versus Yao et al. (1982).

Flow Obstruction Present Study Yaoetal.
(1982)
A, b A, b
Measured Function
18 % ring 0.10-0.35 0.40-1.5x10°-Re |0.62 | 0.18 | 0.13
30% ring 0.30 - 0.60 0.64-1.4x10°-Re | 044 | 05 0.13

Although the peak Nu-enhancement values (4,) are similar to Yao et al. (1982), the
decay rate is significantly higher in the present data. This could be explained by the fact that
Yao et al. based their correlation primarily on gas-flow data. One would expect the turbulence
generated by the flow obstruction to be dissipated much more quickly in liquid than in gas, due
to the larger Prandtl number of the liquid. This is similar to the entrance effect for turbulent
flow in tubes (Holman, 1981), where higher Prandtl numbers produce a shorter entrance length.
The decrease in relative enhancement with higher Reynolds number is in agreement with the
results obtained by Berger and Hau (1979) for mass-transfer enhancement. Since the heat and
mass transfer are already increased at high Reynolds numbers, the relative impact from the flow
obstruction is less. Plots of Nu(30)- Nu(0) versus Reynolds number for the 18% ring and
30% ring are shown in Figure 3.15 and 3.16, respectively. The peak offset in Nusselt number
remains more or less constant for the 18% ring, but increases with Reynolds number for the
30% ring. However, there is too little data in the experiment to support a geometrical

configuration parameter.
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Figure 3.16: Peak offset in Nusselt number with Reynolds number (30% ring).
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The pressure drop results were first assessed to compare measured frictional pressure
drops from the reference tube (i.c., no obstacle) with predictions from the Prandtl formula
(Equation 2.7). The results are presented in Figure 3.17, and show a dead-band region around
3.0 kPa for the DP cell #1 (L, =2.58 m) and around 0.60 kPa for the DP cell #2 (L, =0.504 m),
where the pressure drop measured is insensitive to changes in flow. The dead-band region
represents the minimum resolvable pressure drop. Only pressure drop readings lying outside
these two dead-bands are going to be reliable and valid. The standard deviation between the
reference tube data and the Prandtl formula was computed to be +1.2 kPa for DP cell #1, and
+0.60 kPa for DP cell #2. This RMS difference has a direct impact on the measured head loss
coefficients, since the reference tube frictional pressure drop was calculated using the Prandtl
formula and subtracted from the total measured frictional pressure drop to obtain the frictional

pressurc drop associated with the ring:

2
APnbx = APml - AP]' = Ropg puT (34)

100.00 B
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i
10.00 ,)’(/
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- //
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Figure 3.17: Predicted versus measured frictional pressure drop inside the reference tube
(single-phase flow, Freon-134a).
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Since the resultant AP,  only varied from 0 to 2 kPa for the 18% ring, and from
0 to 4 kPa for the 30% ring, only the DP cell #2 data were useable. In addition, only those data
with AP, _greater than the standard deviation between the measured and predicted pressure drop
inthe reference tube (i.e., AP, > 0.6 kPa) were considered statistically significant. This further
limited the useable data to mass fluxes between 4 and 6 Mg/m*s. The resultant head loss
coefficients (K, ) are presented in Figures 3.18 and 3.19 for the 18% ring and 30% ring,
respectively. Table 3.3 compares the statistical results obtained for both rings with those
predicted by the various relations cited earlier (Table 2.1). In all cases, the measured values
were lower than those cited from the literature, by at least a factor of 2. This might indicate that
the relative length-to-height ratio of the rings (i.e., H3,,=0.375mm, H,,,=0.650mm, L=6.5mm)
is an important factor in defining the overall roughness of the clement. Most of the other data

from the literature are for very abrupt changes in area (e.g., thin-plate and thick-plate orifices).

Table 3.3:  Comparison of measured and predicted head loss coefficients for small
ring flow obstructions.

Method Head loss coefficient (ana)
18% ring 30% ring
Present study 0.115 £0.041 0.260 +£0.039
(Re > 1x10%)
De Strodeur (1961) 0.44 1.01
Rehme (1971) 0.21 0.59
Voj (1973) 0.54-0.61 1.01-1.12
thin-plate orifice 0.50 0.89
(C.=0.813) (C.=0.755)
thick-plate orifice 0.27 0.66

Idel’chik (1966)
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Figure 3.18: Measured head loss coefficients for the 18% ring in Freon-134a (DP cell #2).
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Figure 3.19: Measured head loss coefficients for the 30% ring in Freon-134a (DP cell #2).
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33 CHF Experiments

33.1 Test Section Apparatus

The test section used in
the CHF experiments, shown in
Figure 3.20, consisted of the
same vertical 8 mm [D
Inconel 600 tube with a heated
length of 2.05 m, except the tube
was fitted with multiple flow
obstructions of the same type.
Each obstacle was paired with a
set of wall thermocouple carriers
to detect the occurrence of CHF,
just upstream of any of the four
obstructions, and one additional
carrier was used to detect the
migration of CHF between the
exit and the first flow
obstruction. One fixed
thermocouple was located at the

test section outlet (TCWo) to

2050
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sp |
, |
|
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— !
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TCf, RTD, g
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Figure 3.20: CHF experiment test section (four rings
installed; dimensions in mm).

detect the normal occurrence of CHF.

The flow obstructions in this case consisted of the same 30% rings, and a new set of

18%-area block-spacers. The block spacer consisted of three separate rectangular blocks located

circumferentially and inter-connected radially using a thin strip of spring-steel (see Section D.3

of Appendix D for details). Due to frequent changes in axial position of both flow obstructions
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and thermocouple carriers, the test section was left uninsulated. Prior to CHF tests, heat-balance
tests were performed to assess the heat loss from the test section, as a function of

wall-to-ambient temperature difference.

3.3.2 Test Procedures

All flow obstructions were initially located at the test section inlet to obtain a reference
value of CHF (i.e., little or no flow obstruction effect). Although the spacer distance (SP) over
which CHF enhancement could be measured was initially unknown, it was later found to be
0<SP/d<100. For the 8 mm tube, this translates to a maximum effective spacing (SP) of 80 cm.
After sctting the desired inlet condition (i.e., pressure, mass flux, and inlet fluid temperature),
CHF was measured by gradually increasing power to the test section until a sudden rise in wall
temperature occurred, as illustrated in the sample traces of Figure 3.21. Traces at different

times represent several different trials to achieve CHF.

Reference-CHF, TCWo @exit, TCW 1@30 cm from exit

TCWo
(CCP=6.10 kW)
TCWla
150 T 6.20
TCW b
140 T 6.15 -
E o 6.10 3 TCW2a
a8 120 \ 1 Powel :
g. 1o - 6.05 ; TCW2b
E + 6.00 8
@ 9 00 . TCW2
- 9 9 TCWlasg9s 3
- =2
o g | e TCW3b
= 20 TCWe 590 s
20 +58 O TCW 3¢
60 A + et + 5.80 Pow
0 50 100 150 200 250 ower

Time (sec)

Figure 3.21: Sample thermocouple trace for 30% ring in Freon-134a, all obstructions at the
inlet, CHF occurs at the exit and dryout moves upstream to TCW la.
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Figure 3.22: Sample thermocouple trace for 30% ring in Freon-134a, | obstacle located

55 cm from the exit, CHF occurs simultaneously at both the obstacle and the
exit.

The first flow obstruction was then located approximately half-way along the heated
length (SP= 100—140 cm), with one thermocouple carrier located just upstream of the obstacle,
and CHF was measured. The obstruction was then moved in steps of 10-20 cm towards the
outlet of the test section, and each time the CHF was measured until CHF occurred just upstream
of the obstacle. The steps were shortened and the obstruction spacing finely adjusted until CHF
was detected simultaneously at both the obstruction and the exit - this is termed the limiting
CHF since no further CHF enhancement can be obtained at the exit. Figure 3.22 shows a sample
trace where CHF occurs at both the exit and the first obstacle simultaneously, for a critical

channel power (CCP) of 7.16 kW and spacing of 55 cm. This is further explained at the end of
Section 3.3.3.

A second flow obstruction and its accompanying thermocouple carrier were then moved

into place approximately 120-140 cm from the exit. While maintaining an equal spacing
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Figure 3.23: Sample thermocouple trace for 30% ring in Freon-134a, 2 obstacles located
40 cm apart, CHF occurs at the exit.
between the first and second flow obstructions, and the exit and first flow obstruction

(e.g., SP=60 cm),

the CHF was measured. Again, the flow obstructions were moved in steps of 10-20 cm and the
resultant CHF was measured until the limiting CHF occurred. As more flow obstructions were
uscd, higher values of CHF were obtained at smaller obstruction spacings, as shown in
Figure 3.23 for two rings located 40 cm apart. It would appear that CHF enhancement inside

a tube is only limited by the number and spacing of flow obstructions.

The same procedure was repeated for three and four rings in Freon-134a, one through
five block-spacers in Freon-134a, and four block-spacers in Freon-22. Fora given pressure and
mass-flux, three to five runs were performed at each inlet temperature and obstacle spacing to
ensure repeatability of the results. The parameter ranges tested for each obstacle and fluid are
listed in Table 3.4.
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Table 3.4: Flow obstruction CHF experiment parameter ranges.

Obstruction Fluid P G Inlet Dryout No. of No. of
(MPa) (Mg/m’-s) Temp. Quality Obstacles Points
(°C)
30% Ring R-134a 1.13 2 40 0.32-0.43 4 i1
4 27 0.10-0.15 4 7
1.66 3 55 0.21-0.32 1-4 55
4 1 0.01-0.12 14 65
34 0.06-0.16 14 52
44 0.09-0.22 14 63
53 0.15-0.25 14 S8
18% Spacer R-134a 1.66 4 34 0.06-0.15 1-5 67
45 0.10-0.20 1-5 69
54 0.16-0.25 1-§ 69
R-22 1.89 3 6-38 0.08-0.30 4 62
4 748 0.04-0.30 4 115
S 9-42 0.02-0.24 4 56

3.3.3 Resuits and Analysis

Detailed information on the CHF experimental data are provided in Appendix B,
including a full test matrix of tabulated DAS-measured and calculated data. In total, 755 flow
obstruction CHF data points were measured, 311 (41%) of which were obtained using the 30%
rings in Freon-134a. The 30% ring data were selected for use in analytical CHF modelling,
since the single-phase heat transfer was measured for the same flow obstruction, and a large
amount of CHF data were obtained for various obstacle spacings and obstacle number, with the
same inlet temperature and flow condition. A complete procedural and error analysis was

performed on this particular set of data, and the results are presented in Appendix B. The other
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test data are presented here, without error analysis, to demonstrate their similar parametric
trends. As stated in Appendix B, although these CHF experiments were performed by the
author, all the resuitant CHF data were tabulated by Doerffer et al. (1995).

CHF Enhancement Ratio

To illustrate the relative enhancement effects of different flow obstruction parameters,

a non-dimensional CHF ratio similar to that defined for single-phase heat transfer was used:

qc obs
Rcur -

(3.5)

qc.mf

X, =const

based on either the same local quality (above) or the same inlet temperature and heated length:

- qc, obs

Reye (3.6)

q"‘ ref T..L,=const

Since the data span a wide range of inlet and flow conditions, it was necessary to obtain a similar

range of reference CHF data for use in the above relation (Equation 3.5).

Reference CHF

Although reference CHF data were obtained before and after each test with all flow
obstructions located at the inlet, this corresponded to only one data point per flow condition and
inlet temperature (as outlined in Table 3.4). For the 18% block spacer in Freon-22, the inlet
temperature varied with spacer configuration (i.e., inlet temperature will tend to rise with
increased channel power, unless adjusted using the preheater and/or condenser). For this reason,
Doerffer et al. (1995) performed additional reference tests with no flow obstructions and relied
on previous data (Doerffer and Groeneveld, 1994) to compute the reference CHF for all CHF
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enhancement data, at the same local quality. These reference data were obtained for the same
fluid and tube diameter, but with different heated lengths to cover the range of quality required.
Table 3.5 lists the parameter ranges for all the reference data used, as well as the correlating
constants used by Doerffer et al. (1995) to fit the following empirical formula to the reference

data:

Qeres = aP"G"™ + bP"G™x.® (3.7
The data at P=1.66 MPa and G=4 Mg/m?'s had to be separated into low-quality and high-quality
groups to obtain a better fit. The dependent variable in each case was critical quality (x;), or the
quality at which CHF was measured. Figures 3.24 and 3.25 show the variation in CHF with
quality, at pressures of 1.13 and 1.66 MPa in Freon-134a, respectively. Figure 3.26 shows the
variation in CHF with quality at 1.90 MPa in Freon-22. The two pressures selected for each
fluid are equivalent to typical operating pressures in water of 7 and 10 MPa', respectively. The
solid symbols in each graph indicate the experimental data covering the range of pressure and
mass flux shown in the legend. The lines represent the empirical correlation evaluated at the
mean pressure and mass flux of each data set. The 1.13 MPa data in Freon-134a (7 MPa
water-equivalent) show a slight increase in CHF when the mass flux is reduced from 4.0t0 2.0
Mg/m?*s, whereas the 10 MPa water-equivalent data in both Freon-134a (P=1.66 MPa) and
Freon-22 (P=1.90 MPa) show a slight decrease in CHF when the mass flux is reduced from 5.0
to 3.0 Mg/m?s. These trends will be discussed later, in comparisons with the analytical dryout
models, to predict some of the flow mechanisms responsible for this parametric behaviour. The
RMS error for this particular correlation ranges from 3% to 12%, depending on the flow

condition and fluid, and has been taken into account in the error analysis of the 30% rings in
Freon-134a.

t

Equivalent pressures are obtained by matching the deusity ratios (p/p,) of both fluids — for
example, Freon-134a at 1.33 MPa has the same density ratio as water at 7 MPa.
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Table 3.5: Reference CHF correlation data (Doerffer et al., 1995).
Parameter Ranges
Fluid: Freon-134a Freon-22
Pressuret: 1137 1.66 (10) 1.90 (10)
(MPa)
Mass Flux: 2 4 3 3 4 5
(Mg/m?-s)
Quality: .13-37 | .01-28 | .01-25 | .01-.11 | .15-24 | .08-.28 | .05-.27 03-.26
(dryout)
Correlating Constants
a -1.0655 0 75.2733 | 0.0314 | 0.89595 | 0.0703 ]| 0.6899 0.4135
n, 0.94499 | 0.70873 | 4.4176 | -1.3636 | 6.45803 | 4.6339 | 2.1649 4.308
n, 5.57447 | 5.87313 | -2.5849 | 2.2037 | -1.3346 | -1.3997 | 0.7151 0.783
b 1.07597 | 0.20383 | -280.06 0 -0.8129 0 0.71312 -0.4131
n, 0.94292 | 1.2779 | -6.0443 | -2.3613 | 6.73069 | 10.9269 | 2.16773 4.3461
m, 5.56147 | -0.678 | -3.0081 | 4.89685 | -1.375 | -2.2582 | 0.6665 0.7662
ng 0 -0.211 | 0.17789 | 0.54477 | 0.0108 | 0.48317 | 0.008 0.002
Statistical Error Analysis (using local quality)
No. of Points: 52 73 96 90 43 49 35 52
Avg. Error: 4.5% -10.5% § -0.1% -0.7% -1.5% 0.3% -0.4% -1.3%
RMS Error: 1.7% 12.1% 7.8% 2.7% 4.2% 3.7% 3.8% 3.2%
Max. Error: 129% | 23.8% | 164% 9.2% 17.2% 7.5% 7.2% 6.2%

t Values in parentheses correspond to equivalent pressures in water.
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Figure 3.24: CHF (MW/m?) versus quality in Freon-134a, P=1.13 MPa, G=2 and 4 Mg/m®s.
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Figure 3.25: CHF (MW/m?) versus quality in Freon-134a, P=1.66 MPa, G=3 and 4 Mg/m*s.
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Figure 3.26: CHF (MW/m?) versus quality in Freon-22, P=1.90 MPa, G=3, 4, and 5 Mg/m’s.

CHF Enhancement (Same Quality)

The CHF enhancement results obtained based on local quality are presented in
Figures 3.27 through 3.30 for the 30% rings in Freon-134a (two pressures), 18% spacers in
Freon-134a, and 18% spacers in Freon-22, respectively. The strongest influence on CHF
enhancement is the spacing between obstacles (SP/d), and between the last obstacle and the exit,
where increases as much as 260% were measured at the smallest spacing. Relative increases in
enhancement were also observed as the obstacles were located farther into the high quality
region (i.e., higher inlet temperature), as shown in Figures 3.28 and 3.29. Small increases in
enhancement were also observed as the mass flux was reduced from 4.0 to 3.0 Mg/m®s in
Freon-134a at 1.66 MPa (see Figure 3.28). The same overall magnitude of enhancement was
obtained with the 30% ring and the 18% spacer in Freon-134a, indicating the enhancement is

more efficient when the obstacle extends farther into the flow (i.e., for the same blockage area).
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Figure 3.27: CHF enhancement ratio (based on local quality) versus non-dimensional spacing
(SP/d) - 30% rings in Freon-134aat P=1.13 (G=2.0, 4.0 Mg/m*s), P=1.66 MPa
(G= 3.0 Mg/m?s), constant inlet temperature (7,,=27, 40, and 55°C), and
N,,=1-4.
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Figure 3.28: CHF enhancement ratio (based on local quality) versus non-dimensional spacing

(SP/d) - 30% rings in Freon-134a, P=1.66 MPa, G=3.0 and 4.0 Mg/m"s, constant
inlet temperature (7,;=11, 34, 44, and 53°C), and N, ;~1-4.
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Figure 3.29: CHF enhancement ratio (based on local quality) versus non-dimensional
spacing (SP/d) — 18% spacer in Freon-134a, P=1.66 MPa, G=4.0 Mg/m®ss,
constant inlet temperature (7,,=34, 45, and 54°C), and N =1-4.
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Figure 3.30: CHF enhancement ratio (based on local quality) versus non-dimensional
spacing (SP/d) — 18% spacer in Freon-22, P=1.89 MPa, G=3.0, 4.0, and
5.0 Mg/m®'s, varying inlet temperature (7,,=5-48°C), and N,,.=4, 5.
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Figure 3.31: CHF enhancement ratio (based on local quality) versus non-dimensional spacing
(SP/d) - 30% rings in Freon-134a at P=1.66 MPa, G=4.0 Mg/m’'s, and T,,=44"C
for different numbers of flow obstacles (N,,=1,2.3,4).

The thickness of the 30% ring is 1.3 mm, whereas the height of each block in the 18% spacer

is 1.45 mm. The larger spread of the data for the 18% spacer in Freon-22 shown in Figure 3.30

is due to the large variation in inlet conditions used during the experiment. The intent was to

obtain as wide range of data as possible for the 18% spacer in Freon-22, to compare with those

obtained in Freon-134a. As indicated by the legend, the inlet temperature was varied from 6 to
48°C for each pressure and mass flow, with very few points obtained at the same inlet

temperature.

To illustrate the effect of using more than one flow obstacle, a plot of the 30% ring data
in Freon-134a at (P=1.66 MPa, G=4.0 Mg/m*s, and T,,=44°C), differentiated only by the
number of flow obstacles (N,,), is shown in Figure 3.31. The data overlap for the same inlet
condition and obstacle spacing, indicating there is no cumulative effect from the presence of
more than one flow obstacle, within the range of spacings tested. At one point, the CHF moves

upstream of the first flow obstacle or occurs simultaneously at more than one flow obstacle. A
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comparison was made between the CHF measured upstream of the first obstacle and the CHF
measured in the reference tube at the same location (Doerffer et al., 1995) to show that these two
values are equivalent (i.e., no degradation in CHF). As CHF is enhanced downstream, a point
is reached where the nominal CHF or that of a less enhanced region will become critical — this
is referred to as the limiting value of CHF. As more and more flow obstacles are added, the
limiting value of CHF increases and higher values of CHF are obtained. Because the maximum
number of flow obstacles was limited to either 4 or 5, a minimum spacing of 10 cm (SP/d=13)
was obtained. If this minimum spacing were reduced by using more flow obstacles, one would
expect an optimal spacing to occur where any further reduction in spacing would decrease CHF,
due to the truncation of enhancement, as observed in single-phase heat transfer (Okamato et
al., 1993).

CHF Enhancement (Same Inlet Condition)

To facilitate comparisons with the model, the CHF enhancement ratios for the 30% ring
data were also computed for the same inlet temperature and heated length (see Figure 3.32). The
ratios are slightly lower because the reference value of CHF remains constant for the same inlet
temperature, whereas the reference value of CHF will decrease for a constant quality ratio as the
CHF increases. The same overall trend still applies. The reference CHF correlations were
reassessed using the same inlet temperature and heated length to produce the error results shown
in Table 3.6. The errors based on inlet temperature and heated length are typically 50% lower
than those based on local quality (see Table 3.5). This reduction in error can be explained by
the illustration shown in Figure 3.33. The CHF versus quality curve for a constant inlet
temperature follows a constant slope for the same pressure, mass flux, heated length, and fluid.

The same curve for a constant quality condition follows
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Figure 3.32: CHF enhancement ratio (based on inlet temperature) versus non-dimensional
spacing (SP/d) — 30% rings in Freon-134a (N, ;=1-4).
Table 3.6:  Reference CHF correlation errors based on heated length and inlet
temperature.
Parameter Ranges
Fluid: Freon-134a
Pressuret: (MPa) L13 (T 1.66 (10)
Mass Flux: 2 4 3
(Mg/m?'s)
Quality: 13-37 .01-28 01-25 01-11 .15-24
(dryout)
Statistical Results
No. of Points: 52 73 96 90 43
Avg. Error: -1.9% 4.9% 0.2% 0.1% -1.2%
RMS Error: 3.8% 5.8% 3.4% 0.8% 3.6%
Max. Error: 6.4% 11.9% 7.0% 2.1% 173%

+ Values in parentheses correspond to equivalent pressures in water.
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Figure 3.33: Comparison of CHF prediction methods which use local quality
versus inlet temperature and heated length.

a vertical line. The error is defined by the difference between the intercept of the actual and
predicted CHF curves, using either the constant quality or constant inlet temperature line, and
is shown to be a maximum for the constant quality line. It should be noted that local quality is
not a measurable quantity, but must be calculated from the measurement of inlet fluid

temperature, mass flow, test section power, and the properties of the fluid.

To illustrate the uncertainties associated with the CHF enhancement results for the
30% ring in Freon-134a, the average ratio and associated error are presented in Figures 3.34
and 3.35 for the same inlet condition, spacing, and number of flow obstacles (see Appendix B
for details). A large uncertainty exists in the calculation of heat loss due to a combination of
measurement errors in fluid temperature and mass flow rate, to produce an uncertainty in
measured CHF ranging from 1% to 2.5%. The largest source of uncertainty in the CHF ratio is
the prediction of reference CHF using the previously cited CHF correlations, where the errors

range from 4% to 12% depending on the pressure, mass flux, and local quality.
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Figure 3.34: Average CHF enhancement ratio (based on inlet temperature), with error bars
indicated, versus spacing (SP/d) for the 30% rings in Freon-134a at P=1.13MPa

(G=2.0, 4.0 Mg/m?s) and P=1.66 MPa (G=3.0 Mg/m*'s).
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Figure 3.35: Average CHF enhancement ratio (based on inlet temperature), with error bars
indicated, versus spacing (SP/d) for the 30% rings in Freon-134a at P=1.66 MPa

and G=4.0 Mg/m*ss.
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The largest error in CHF ratio is 12% and occurs at P=1.66 MPa, G=4.0 Mg/m2's, and
T,.=11°C. The average error in CHF ratio is around 6%. Although these errors seem large in
comparison to the magnitude of the CHF ratio, all the data collapse to within 5% of the nominal
CHF value at very large values of spacing (SP/d) — an indication of the true error. It should be
noted that the model should not be fit to the data by more than 5%, since any additional
precision will be invalid due to the uncertainty in the measured data. This is an important point

when considering the estimation of parameters for an analytical model.
Geometry Effectiveness

Since CHF was measured for both rings and blocks in Freon-134a at the same inlet
conditions, the effectiveness of these two geometries to enhance CHF can be compared, as
shown in Figures 3.36 and 3.37. At the lower quality (7,,=34°C), the 30% ring is roughly 20%
more cffective than the 18% blocks. At the higher quality (T,,=54°C), the 18% blocks are shown
to be equally effective, even though 40% less flow area is being obstructed. This last result
would imply that either the two flow blockages produce the same amount of turbulence (mass
transfer enhancement), or that the entrained liquid is more concentrated in the centre of the tube
with more liquid impinging the higher obstacle of the same area. Measuring the enhancement
of single-phase heat transfer behind the 18% blocks would help identify which of these two
mechanisms has a greater influence at high quality. If the 18%-area blocks produces
significantly less heat transfer enhancement than the 30% ring, one could conclude that CHF
enhancement at high quality is primarily a function of entrained liquid impingement on the flow

obstacle, re-directing the droplets to the liquid film.
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Figure 3.36: CHF enhancement ratio (based on local quality) in Freon-134a — 30% ring versus
18% spacer (P=1.66 MPa, G=4.0 Mg/m®s, T,,=34°C).
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Figure 3.37: CHF enhancement ratio (based on local quality) in Freon-134a — 30% ring versus
18% spacer (P=1.66 MPa, G=4.0 Mg/m®ss, T,,=54°C).
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Mapping the Effect of Spacing

The previous sections have shown how measured CHF enhancement varies primarily
with obstacle spacing and the number of flow obstacles used. To better understand how local
increases in CHF (near the flow obstruction) might translate into measured CHF enhancement
ratio, various hypothetical CHF versus pipe length curves are presented in Figure 3.38. Based
on the results from single-phase heat transfer enhancement, one might expect local CHF
enhancement to follow a similar pattern: rapid rise in CHF at or just after the flow obstruction,
followed by an exponential decrease in CHF with downstream distance. Three different flow

obstruction positions (a, b, ¢) are now considered to illustrate the following CHF enhancement

conditions:
a) the obstacle is positioned far enough away that the local CHF returns to
its nominal (reference tube) value,
b) the obstacle is positioned closer to the exit, such that the local increase
in CHF is enough to cause a measurable increase in CHF at the exit (i.e.,
for the same inlet condition and heated length),
c) the obstacle is brought close enough to the exit that the local increase in

CHF is enough to match the reference tube CHF just upstream of the

flow obstruction,
These three distinct points are identified on the accompanying CHF enhancement ratio curve,
to show the range of CHF measured in this experiment. The resultant CHF ratio for the nominal
tube at various distances from the exit (i.c., obstacle spacing) serve to illustrate the notion of
a limiting CHF, whereby any further decrease in flow obstruction spacing only serves to displace
the CHF upstream of the obstacle. It should also be noted that by introducing a second flow
obstruction (i.e., upstream of the first), the limiting CHF just before the first obstruction is
enhanced to allow greater CHF at the exit, up until the nominal value before the newly added
flow obstruction is exceeded. This scenario can be repeated a number of times with the use of
more and more flow obstructions near the exit. This same characteristic will be illustrated in

the CHF enhancement models to be presented.
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Figure 3.38: Interpreting the effects of flow obstruction spacing on CHF.
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Chapter4 CHF MODEL DEVELOPMENT

A computer software was developed to provide a flexible framework for the simulation
of complex physical processes. This chapter will describe the overall software architecture and
how it was used to build models of both the reference tube and enhanced tube CHF. These tools

are used extensively in the parametric mode! analysis of Chapter 5 and Chapter 6.
4.1 Object-Oriented Framework

An object-oriented simulation and modelling framework (OSM) was developed using
the Borland C++ compiler (v3.1) and Borland ObjectWindows Library (OWL)®. Like other
object-oriented programming languages (e.g., SmallTalk, Object Pascal, Ada, etc.), C++ uses
an object class definition to encapsulate various data and routines within a program. These
languages all share one common feature: they can allow or impose classes inheriting from
another (base) class to redefine their own methods of dealing with specific object data — this
is known as polymorphism. In C++, these specialized base classes are known as virtual (pure

virtual) or abstract classes, and form the basis on which OSM was developed. By inheriting

Borland C++ and ObjectWindows are registered trademarks of Borland International Inc.,
Scotts Valley, California.
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from base classes in OSM, one can define their own specific process models while still

inheriting the system functionality from OSM.

The primary purpose of OSM is to:

. allow the construction of individual component models and inter-connect
them at run-time, through specialized data-flow streams, to form a larger
system or network model,

. provide a standard method of handling input/output data for each
component object and the network, differentiating between different
types of data (i.e., configuration, input, output, simulated) through a
status specifier,

. define a standard template (name, description, status specifier, default
value, and choice of type: text, mode, integer, floating-point, etc.) for
each variable accessible within an object,

. automatically scan and connect the network model, generating a list of
the minimum input variables necessary to simulate the system and a list
of all variables viewable from the system,

. compile, test and simulate the network model through a system of
abstract references to monitor the convergence of individual component

models, and transfer data between inter-connected components.

Figure 4.1 illustrates the main components of a program called OSMWin which was
constructed to carry out the present modelling work. The C++ stream class library is a standard
component library, containing the basic /O functionality of the language. The Borland
container class library is a collection of standard container classes (e.g., binary tree, stack, queue,
array, sorted array, etc.) which are used by various components of OSMWin to manage the large
amounts of data required. The ObjectWindows Library (OWL) encapsulates the data and
routines necessary to write any Windows program. Standard interface objects such as windows,

dialogue boxes, menus, buttons and other controls are either declared or inherited from OWL,
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Figure 4.1:

Principal components of OSMWin.

and used to build a particular application (OSMWin). OSMWin is linked with both the OSM

library and a user-defined FLOW library, providing the standard simulation components to carry

out the present modelling study.

The OSM hierarchy of generic simulation and modelling class objects is shown in

Figure 4.2. They form the base classes on which specific component models are built. The

single-phase and two-phase FLOW library included with OSMWin is an example of how one

such component library can be built. Each component object or class in the FLOW library

inherits from OSM and provides a unique name, description, and type-specifier (Element,

Stream, Data, Network), and has the option of overriding the virtual class member function

(getVars) to return a list of its own variables.
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Figure 4.2: The OSM class hierarchy.

OSMData contains a list of constant variables and associated data, which are loaded
using standard read/write member functions, to encapsulate a group of constant model
parameters (e.g., the constant properties of a fluid or material). OSMProcess forms the basis on
which any process model is built, encapsulating the input and output streams necessary to
connect two individual process components. Each OSMProcess component has a number of
inputs and outputs, and a corresponding list of abstract (high-level) references to its connected
elements. OSMProcess encapsulates the commonality between [/O streams (OSMStream) and

component elements (OSMElement). OSMElement is a base class for all component objects,
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each containing static (configuration) and dynamic (input, calculated) data, and a reference to
each of its OSMStreams. OSMStream is a special sub-class of OSMProcess with only a single
input and output stream, to function as a data /O buffer between two inter-connected
OSMElements. OSMStream and its derived classes have no configuration data since they only

contain dynamic simulation (buffered) data.

OSMBIlock is a special sub-class of OSMElement, conveniently defined for component
models with no input or output streams. Objects derived from OSMBlock can only have
configuration and simulation (input or calculated) data. Examples of components derived from
OSMBlock are the standard CHF prediction methods: Katto (1984), Bowring (1972), and the
AECL lookup table (Groeneveld et al., 1995), which have been implemented in OSMWin to

compute CHF based on inlet conditions, tube diameter, and heated length.

OSMNetwork encapsulates the group of components forming a network or system
model. This class provides most of the overhead functionality, including the loading of multiple
(nested) networks, and the compiling, testing, and simulation of the resultant system. Each
network uses a system of abstract references to each OSMElement and OSMStream to
manipulate data and pre-defined member functions, operating at a very high-level without any

inner knowledge of the particular component object.

Based on the above class hierarchy, the following generic functionality has been
implemented within each OSMElement inherited class. Each OSMElement has a time and
time-step variable, set by the system and used by the component object to model any transients
in the system. Although the system was designed for transient modelling, steady-state models
are easily simulated using time as a simple run [D, where each time step simply demarcates an
independent solution to the system. An ExecStatus variable indicates when a new time step
has been launched, when an object still requires iteration, and when an object has converged.
A ConfigStatus variable is used by the system to tell the component when new

configuration data have been included in the input. This way, objects can be re-configured
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during a simulation, without having to reload the static configuration data (e.g., test the effect
of diameter or heated length). The read and write routines within OSMElement are used to
retrieve, update, and store data for a particular component object, calling on the optional
getVars (virtual) function to provide a reference to the object’s internal data. A connect
routine is used to negotiate a stream connection between two components: an OSMElement can
be requested to construct an appropriate stream object (if none exists), or connect with an
already existing stream object. In the latter case, the element has a choice to refuse an
illegitimate connection. An execute routine is used to define a single iteration of the
component object solution. Since the solution of one component is often a function of output
from another simulated object, this mechanism allows all objects to be solved simultaneously
and iterated in the most efficient way. By breaking up the solution into smaller components, the
software has the capability to interrupt the solution temporarily (using what are know as work

procedures) without having to terminate the program.

A static global variable ExecObjTable and associated addExecObj routine are used
to register component objects within a global database of OSMWin. These are maintained by
OSMElement and allow the system software (OSM) to be segregated from the component
libraries (FLOW). By using a global registry, component objects can be constructed
dynamically at run-time from a user-defined list of objects (network). The object registry also
allows other component objects and entire libraries (e.g., FLOW) to be added without having
to re-compile either the interface or overhead software. This is an important factor when
considering the proprietary nature of software and its future expansion to include third-party
component libraries. The overall simulation procedure derived from the OSMNetwork class and
used by OSMWin will be described.
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4.2 Reference-Tube Test Section Model

The network model for the reference tube CHF is shown schematically in Figure 4.3, and
is used here to illustrate the modelling framework. The functionality of each component object
is now described. The test section consists of a two-phase flow inlet (TPAInput)and a heated
test section (TPAPipe). These two flow elements can simulate both the subcooled
(homogeneous) and annular flow regimes. To predict the reference value of CHF, a heat flux
must be applied to the wall (g0) so that dryout occurs at the exit. The exact value of this heat
flux is unknown, and must therefore be resolved using some form of numerical solution. The
Iterator usesa Secant method of solution to iterate a single output value (So) until the error
between its dynamic input variable (Si) and an internal set-point value (Sp) is reduced to zero.
In this case, the input value provided is the current predicted CHF location (Lc), which could
be either within the annular flow pipe (TPAPipe) or estimated somewhere outside the pipe.
By specifying a set-point equal to the pipe length, CHF will be obtained at the exit . Two
additional inputs, a minimum output value (So_min)anda maximum output value (So_max),
are used to limit the output value to within a pre-defined solution domain. For CHF in annular
flow. a minimum value of heat flux is required to keep the fluid above the minimum dryout flow
condition (X2X(8,)), and a maximum value is used to keep the fluid from becoming
superheated (x:1). The following theoretical relations are used to define these two limiting heat

fluxes. First, a steady-state energy balance on the test section provides:

G Ax (iaul - iin) = qw Pw Lh (41)

where the hydraulic diameter of the tube:

44
d, = ral d, 4.2)

X
w

is used to simplify the relation for q,,:
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Figure 4.3:  Schematic of reference tube section model.
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Therefore, K is a constant for a given flow rate and test section geometry. Considering a current

set of values (q,,i;,i,,). and a limiting range of enthalpy values (i ,.i,). the following two

relations for minimum and maximum heat flux are obtained, respectively:

(i = i,)

Qomin = =1, (4.4)
(lnul - lin)

. (ig - i) 45

qw.“m (inul - iin) qW ( ’ )

where i, is the fluid enthalpy at maximum (peak) liquid-film thickness, and i, is the saturated
vapour enthalpy. It will be shown in Chapter 5 (see Figure 5.14) that the liquid film thickness
increases initially, from the onset of annular flow (OAF), up to a maximum value and then
decreases towards dryout. Because the dryout location has to be cstimated when the heat-flux
is too low, and there still exists liquid-film at the end of the pipe section, the solution domain
must be restrained so that the outlet is never in the initial liquid-film growth region of annular
flow (i.e., so that numerical iteration will not predict a lower heat-flux to decrease the
liquid-film at the outlet). The annular flow model is used to calculate both i, and i, (in every
pipe section), whereas the enthalpy at the inlet and outlet of the test section are obtained using
a special component object (iTrans) to transmit the annular flow mixture enthalpy stream
variable at the inlet and outlet of the test section. The ratio itself is computed using a simple

SigRatio component block to implement the following generic relation:

. (x, - x))

S, 4.6
(x, - x)) (4.6)

]

which is identical in form to both Equations (4.4) and (4.5). The AOBank and SigJctx10
objects are simply junctions used to pass a single output variable to more than one component
object. In this case, the heat flux is transferred to three different objects (q-min, q-max, and

Sect-1). The inlet and outlet fluid enthalpy are both transferred to both SigRatio blocks
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(g-min and g-max). Finally, the flow conditions at the inlet to the test section are controlled
by the TPAInput component object, where the fluid pressure, mass flow rate, inlet enthalpy,
and optional liquid-film flow rate are specified. The inlet enthalpy can be specified as either a

quality, enthalpy, or subcooling.
43  Standard Simulation Procedure
A standard simulation procedure has been developed to simulate any model constructed

using the OSM framework. The reference tube CHF model, described in the previous section,

will be used to illustrate this six step procedure:

. construct the network model

. configure each component element
. compile the network model

. define the input/output variables

. test and run the model

. analyse the model results

43.1 Constructing the Network Model

The first step in constructing @ | reer-:  rterator

. . . Jet-0 SigJetxl0

network model is to provide a list of | ExpIs TPAInput
transl iTrans

. . Sect -1 TPAPL
components and their associated | cagsz  irrans

. . . Jet-1 AOBank
class-object names, as illustrated in | Jec-2 AOBank
q-min SigRatio

g-max SigRatio

Figure 44. In this case, the first

Figure 44: Network component file

component Iter-1 is defined as an
(ref -exp.nwk).

instance of the class-object Iterator,
Jct -0 as an instance of the class-object Sigdctx10, and so on. An instance refers to an

actual object constructed from the specified class, each containing its own unique data. Many
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objects of the same type or class can | reer-: o Jec-o o
Jer-0 ¢ Sect-l 1

co-exist, but not with the same instance | Jct-0 g-min 0
Jet-0 2 g-max 0

name within the same network. BxpIn 0 goamel 8
Sect-~-1 Q0 trans2 o]

Sect-1 1 Iter-l 0

Sect-1 3 g-min 3

The next file shown in Figure 4.5 | feoce: @ ceros :

trans2 1 Jee-2 o]

contains a connection list, similar to an | Jet-1 0 g-min 1
Jee-1 1 g-max 1

clectronic wiring list, describing the | Jor 3 2 o :
. . . gq-min 0 Iter-l b8
inter-connections between various | g-max 0 Iter-1 2

components in the above network. For Figure4.5: Network component link-list
example, the 1 output (index=0) of (ref-exp. Lnk).
Iter-1 is connected to the 1* input of Jct - 0, the 1* output of Jct -0 is connected to the 2™
input of Sect -1, and so on. These two files provide OSMWin with the flexibility to construct
the network model at run-time, and allow the user to build complex system models from a basic
set of generic component models. The network object itself (OSMNetwork) can also be
configured as a component within a network list, in which case the list becomes a parent
network, and the component network a child or sub-network of the parent. There is no limit to
the number of sub-networks or layers that can be specified. Each sub-network must supply its
own appropriate data (i.e., component list and link-list) and those yet to be described. The
inter-linking of a sub-network with the other components in a parent network is carried out
through an /O map (e.g., ref -exp . ios). This is defined by the system when the network is
compiled, and describes which unconnected input or output of a component object within the

sub-network can be used for which input or output of the entire sub-network.
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43.2 Configuring the Network Elements

steady-state two-phase annular pipe

Fluid : name of fluid (propezty) : r-l34a : <Text> : <build>
d : pipe diameter [m] : 0.0080 : <Ploat> : <config>
L : pipe length [m] : 2.0500 : <Ploat> : <config>
Zi : inlet elevation [mj : 0.000 : <Float> : <cconfig>
Zo : outlet elevation {(m] : 2.050 : <Float> : <config>
Nodes : no. of fluid nodes [2-500] : 101 : <Integer> : <build>
Solve _Type : FD numerical sol’'n method : Stepl : <Mode> : <config>
NodeFile ; File to store Nodal variable values : gect-l : <Text> : <config>
ZDType : entra:nment/deposition model option : Govan : <Mode> : <build>
Node Type : annular node type option : Empirical : <Mode> : <build>
GlE_Zirac : entrainment fraction at ONAF (0-1}) : 0.9900 : <Float> : <config>

Figure 4.6:  Configuration data for the two-phase annular flow pipe (sect-1.cfg).

Once the network has been defined, the next step is to load it into OSMWin: the
component objects are constructed, and if their class objects require certain configuration data,
the system will look for an associated configuration data file in the network’s directory. A
sample file is provided in Figure 4.6 for the two-phase annular flow pipe (Sect-1). Each
object must supply a set of default values for each variable, and these are put into a configuration
file for the object (generated automatically if none exists). The configuration data illustrate the
standard variable templates used to define the I/O data. Not only does each variable have a

name, description, and default-value, it also has a format-specifier and status specifier. The

following variable formats are defined:

<Text>: a contiguous string of characters

<Floats>:

<Integers:

<Mode>:

<Array>:

a double-precision floating-point number which can be
displayed in either fixed, scientific, or engineering
notation

a signed integer

an array of pre-defined strings for which an integer is
indexed to the string currently being used

an array of variables, consisting of any number of the

above variable types

For the variable status, the following states and inherent functionality are defined:
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<builds: required to construct the object and cannot be changed
without re-loading the object (i.e., re-constructing it)

<configs: required to construct the object but can be re-configured
during simulation (special case)

<inits: static configuration variables auto-computed by the
component object based on other configuration
parameters (€.g., cross-sectional area of a pipe) — if these
parameters are sensitive to the configuration data
specified, and cannot be controlled by simply limiting the
range of the configuration parameters, then a

configure routine is required to test the object before

its simulation
<input>: a dynamic parameter requiring input from the user
<execs: a dynamic simulation parameter calculated by the

component object during a single iteration of its

execute routine
As described in the previous paragraph, only <build> and <config> variables are
stored in the object configuration file. The other variable types are used for input and output of

the network model, which are described next.

4.3.3 Compiling the Network Model

When a network is compiled, the | reer-:  Elemeat o
. Expln Element P
network is first scanned for unconnected | Exeln Element ]
Expln Element T

i i Expl Element WiF

input streams, and if any are found, the ps emex F

Figure 4.7: Network input variable list

associated objects are requested to
) q (ref-exp.ivl).

construct their own input streams. Then,

all objects in the network are scanned for the minimum required user input, consisting of all
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variables with status <input> and all variables on the unconnected input streams. This
information is stored within the data file shown in Figure 4.7, and later used to define the
simulation input data for the system. Finally, the network objects are all scanned for accessible
variables, to be used later in the selection of user-specified simulation output. All variables on
the output streams, the unconnected input streams, and internal to each specific component

element are considered a variable for output. The variables are stored in the file as shown in

Figure 4.8.
ltez-l Element iniOut : initial output signal : <Fleoats> : <config>
Tter-l Element Sp : controller set point : <Float> : <input>
lter-l Element minOut : minimum output signal : <Float> : cexec>
Iter-l Element maxOut : maximum output signal : <Float> : <exec>
Iter-l Stream OQutput 0 value : Analog Stream value : <Float> : cexec>
Jct-0 Stream OQutput 0 value : Analog Stream value : <Ploat> : cexec>
Jct-0 Stream Qutput ! value : Analog Stream value : <Float> : <exec>
Jet-0 Stream Output 2 value : Analog Stream value : <Float> : <execs
Expin Element Fluid : name of fluid (property) : <Texts> : <build>
SxpIn Element Mode : inlet specification : <Mode> : <build»
2xpin Element 2] : thermodynamic pressurze [Pa] : <Floats> : <input>
Expin Element W : total flow rate (kg/s! : <Ploat> : <ipput>
ExpIn Slement T : £luid temperatuze [(oC} : <Float> ; <input>
ExpIn Element WiF ; liquid £ilm flow rate (kg/sa) : <Floats> : <input>
2xpin Stream Output 0 W : total flow rate (kg/s] : <Float> @ cexec»
=xpln Stzeam Output 0 p : pressuze {Pa) : <Float> : <cexec>
Expin Stream Output ¢ & : enthalpy (J/kaj : <Float> : <exec>
EXpin Stream Output 0 7T : temperature [oC) : <Float> : <cexec>
ExpIin Stream OQutput 0 Wl : total liquid flow zate (kg/s! : <Float> : <exec>
Sxpin Stream Qutput 0 Wg : vapour flow rate (kg/s3) : <Float> : <execs
ExpIin Stzeam OQutput 0 WLF : liquid £ilm flow rate [kg/s} : <Float> : <exec>
Sxpin Stream Output 0 W1lE : entrained liquid £low rate (kg/s] : <Flcat> : cexec>

Figure 4.8:  Network trend variable list (ref -exp.tvl).

4.3.4 Defining the Input and Output Variables

The user must supply a minimum | geprn Element o

. ExpIn Element w

number of input data to make the | ExeI= Element T

Expln Element WLlF

. . . . I -1 El s
simulation resolvable. The orderin which | 1iei-:  Eiement P iout

. . Sect-1 Element L

these variables are specified, as well as the | sect-1  Elemeac 20

addition of other non-essential input data Figure 4.9:  User-defined input variable list
f- . .

(e.g., configuration data), are established (ref-exp.1rv)

by the user through a separate input variable file, as shown in Figure 4.9. The file is normally

copied from the network input variable list, and selected configuration variables are added to
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// inputa for REF-EXP.NWK - MR-7A Ref. CHF Data

// original: c:\osmappa\ref-exp\rilda-S.xls

1! d = 0.008 m.

/7 L. 2.05 m.

/7 Ax 5.0265B-05 8q. m.

/7t [sec) ? {Pal ¥ [kg/s] Tin [oC] WIF [kg/sl} Sp inigue L (m) Zo (m}
//RBF_134 Data

B 1662000 0.2016757 52.84 [} 2.05 128000 2.05 2.05
2 1665000 0.2050329% 52.88 Q 3.05 127000 2.05 2.08
1 1665000 0.2020672 53.06 0 2.08 126000 2.05 2.05
4 1622000 0.2061398 51.47 ] 2.05 132000 2.05 2.05
5 1665000 0.2058874 53.49 0 2.05 133000 2.05 2.05
[ 1665000 0.2077472 S31.81 [*] 2.08 132000 2.08 2.05
7 1660000 0.2024694 54.05 0 2.08 131000 2.05 2.08
//REFX_114 Data

8 1581600 0.2011072 55.38 [+] 1.6 121200 1.6 1.6
S 1580100 0.1985135 55.05 3 1.6 132160 .6 1.6
10 1578600 0.1981566 55.02 Q 1.6 122100 1.6 1.6
i 5906700 0.2010066 56.11 Q 1.6 121500 1.6 1.6
12 1602800 0.2020773 46.25 0 2.8 125000 2.8 2.8
p s 1614900 0.2C10066 46.17 [} 2.8 126100 2.8 2.8
4 1613400 3.2011625 46.12 0 2.8 125600 2.8 2.8
181 16041300 0.2021286 49.69% Q 2.8 123200 2.8 2.8
16 1587700 0.202027 49.54 0 2.8 122100 2.8 2.8

Figure 4.10: User-defined input data (ref -exp . ird).

it from the network trend variable list file. In this particular case, a set-point forthe Iterator,
the initial heat flux value, and both length and output elevation of the test section (Sect -1) are
added as input variables. A value for each input variable is provided in the order that they
appear in Figure 4.9 for each time step of the simulation, as illustrated in Figure 4.10. The time
step is currently determined as simply the difference between consecutive time entries in the file.
Double slashes at the beginning of a line (*//’) denote a comment line. Typically, this file is
created using a spreadshect program and exported as plain text.  The output from the
simulation is specified in a manner similar to that of the input variables, as shown in
Figure 4.11. This output variable list is used by the system to store the values of the selected
variables at the end of each time step, which are written to an output file at the end of the

simulation.
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Zter-1 Element iniout : imitial output signal : <Ploat> : <config>

Iter-1 Element Sp : controller set point : <Ploat> : <input>
Iter-1 Element minOut : minimum output signal : <Float> : <exec>
Itez-! Element maxOut : maximum output signal : <Ploat> : <exec>
Zter-l Stream Output 0 value : Analog Stream value : <Float> : cexec>
Expln Stream Output 0 p : pressure (Pa} : <Float> : <exec>
Sect-. Element [ : mass flow velocity (kg/m2-s) : <Ploat> : cexec>
£xpIin Stream Output 0 % : enthalpy (J/kgl : <Ploat> : cexec»
EXpIn Stream Output 0 T : temperature ([oC] : <Float> : <exec>
Sect-. Element dp : total pressure drop (Pa) : <Ploat> : cexec>
Sect-1 Element qo : normalized heat flux input (W/m2] : <Ploat> : <exec>
Sect-. Element L_CHF : CHF location (m} : <Float> : <exec>
Sect-. Element x_CHF : CHF quality (m] : <Float> : <exec>
Sect-1 Stream OQutput 3 value : Analog Stream value : <Float> : <exec>
Sect-. Stream OQutput 4 value : Analog Stream value : <Ploat> : <exec>
transl Element i : enthalpy [(J/kg] : <Float> : <exec>
transl Stream Output 0 : enthalpy [J/kgl : <Ploat> : cexec>
tzansl Stream Output 1 value : Analog Stream value : <Float> : <exec>
trans2 Element i : enthalpy (J/kg] : <Float> : <exec>
trans2 Stream Output 0 i : enthalpy [(J/kgl : <Ploat> : cexec>
trans2 Stream Output 1 value : Analog Stream value : <Ploat> : <exec>

Figure 4.11: User-defined output trend variable list (ref -exp. trv).

43.5 Testing and Running the Model

Once the network model has been loaded and compiled, and all user input/output
specified, the network is ready for testing and simulation. Whether testing or proceeding with
a simulation, the user input variable list is read in and compared with the minimum input
variable list to ensure that all necessary input variables have been provided. The associated
input data are all read in and stored in memory. During testing, the input data are transferred to
the appropriate component models and tested for configuration errors using a standard protocol
member function. All data within the input file are tested before terminating. If configuration
errors were found, the simulation is prevented from starting until the network has been re-loaded
and the input data corrected (i.e., tested successfully). When proceeding with a simulation, data
from each of the user-defined output variables are preserved in memory after each time step, and
once completed, they are appended to the data file shown in Figure 4.12. A date and time stamp
of when the simulation output was stored, as well as the time corresponding to each entry in the

input data file appear in the output data file.

128



43.6 Analysing the Model Results

The output data shown in Figure 4.12 are in a standard comma-separated vector (CSV)
format. Typically, these output files are renamed (e.g., r134a-5.csv) to correspond with a
particular source of input data (e.g., r134a-5. ird), and imported to a spreadsheet program
for further analysis and plotting (¢.g., ¥134a-5 . x1s). These standard methods and procedures

were used for ail the model analysis in the present thesis.

Tue Dec 23 14:21:30 1997

,iniOut Iter-. Element,Sp Iter-i Element,minOut Iter-l Element,maxOut Iter-l1 Element,value Iter-l
Stream Output 0,p ExplIn Stream Output 0,C Sect-1 Element,i ExpIn Stream Output 0,T Expln Stream Cutput
0,dp Sect-l Element,q0 Sect-1 Element,L_CHF Sect-l Element,x_CHF Sect-1 Element,value Sect-l Stream
Output 3,value Sect-l1 Stream Output 4,: transl Element,i transl Stream Output 0,value transl Stream
Output .,: trans2 Element,. trans2 Stream Output 0,value trans2 Stream Output 1
L.128.0000&3,2.05000000,66.00130:3,598.5381e3.137.50e].L.662026.4.0520e3.136.43e],52.Bi,-92.315e3.137.5
0e3, 2.0500e0,0.1696,153.12e3,287.83e3,136.43e3,136.43e3,136.43e3,171.2183,171.21e3,171.21e3
2,127.0000e3,2.050000c0,67.58l53e3.602.3577e3,L37.92e3.1.6650e6.(.0790e3,136.49e3.52.8!.-92.75ie3,137.9
223,2.0500&0,0.;684,153‘48e3,287.86e3,L36.19e3,:36.49e3,1]6.19e3,171.15e3.L71.l5e3.171.i5e3
3,.26.0000e3,2.050000e0,65.44745e3,592.4721e3,136.35e3,1.6650R6,4.0200el,2 6.79€3,53.06,-91.609e3,136.3
Sel,2.050000,0.1713,253.48e3,287.86e),136.7923,136.79e3,136.7%9e3,171.5683,1.71.56e3,171.56e3
4,;32.0000&3,2.050000c0.55.71624e3,600.8913e3,lJz.SGeJ.1.622026.4.105033.137.(7e3.53.47,-96.425e3.132.6
6c¢3,2.0498e0,0.1759,151.3903,2087.51e3,137.47e3,237.47e3,237.47e3,1.70.60e3, .70.60e3,170.60e3
5,LJJ.OOOOeJ,Z.050000e0.52.35505e3.600.8184e3,LJS.SSeJ,L.6650e6.4.0960e3,L37.5133,53.49.-94.22823,135.5
Se03,2.0500e0,0.1704,.53.11e3,287.86e3,137.51e3,137.52e3,137.51e3,171.43e3,171.43e3,171.43e3
6,132.000023.2.050000&0,60.60459e3.604.£021e3,LJA.SBeJ.L.6650e6,4.;330e3.1]8.01&3,53.81,-95.709e3,134.6
8e3,2.0500e0,0.1705,153.07e3,287.86e3, 138.04e3,138.04e3,138.04e3,171.44€3,171.44€3,171.44ed
7,LJL.0030c3.2.0SOOOOeO,56.7470133.587.0305:3,L31.97e3.l.6600e6.4.028023,L38.44e3,54.05.-93.953e3,L31.9
7e3,2.0500e0,0..759,152.88e3,287.82e3, 238.44e3,138.44e3,138.44e3,172.02e3, 172.02¢3,172.02e3
8,LZL.ZOOOQJ,L,600000e0,46.21950&3,732.5691e3,140.06e3,L.SBLSQS,(.0009e3.140.67e3.55.18,-63.L0le3,L40.0
sel, ..6000e0,0..733,249.91e3,287.15e3, 140.67e3,140.67e3,140.67e3,166.67e]}, 168.67el,168.67e)
9,122.LOOOeJ,l.600000e0,49.35204e3,725.798533.L(L.OleJ.L.SSOleS.J.9493e3,lin.klel.55.05,-81.391e3,;41.0
le!.2.6000e0,0.2737,150.Lle3,287.13e3,LiO.lleJ.LiO.LleJ,liO.lle3,165.67e3,L68.67e3.268.57e3
10,.22.2000e3,..600000e0,49.32911e3,724.6727e3,140.94€3,2.5786€6,3.9422e]1,140.06e3,55.02,-61.325e3, 140.
94¢3,..6000e0,0.1741, 150.07e3,287.12e3,140.06e3, 140.06e3, 140.06e3,.68.66e3,168.66e3, 168.66€3
11,221.5000e3.L.600000e0,(2.SJSSOeJ,726.4803e3.l37,2le3.1.5907e6,3.9989e3.14&.90e3,56.l1,-83.627e3.L37.
2.e3,..6000e0,0..756,.50.41e3,287.23e3,141.90el,241.90e3, 241.90e3,.69.35e3, 169.35e3, 169.35el
12,.25.0000e3,2.800000e0, 71.34745e3,464.4883e3,129.72e3,..6028e6,4.0202e3,125.6023,46.25,-11 .65e3,129.
7203,2.8000e0,0.1822,.50.44e3,287.35e3,125.60e3,.25.60e3,125.50e3,.70.77e3,170.77e3,2.70.77el
£3,126..000e3,2.800000e0,73.00177e3,462.7027e3,130.3622,2.6149€6,3.998%e3,.25.47e3,46.17,-115.76e3, 230,
36¢3,2.8000e0,0..813, 151.02e3,287.46e3,125.47e3,125.47e3, 125.47e3,171.20e3,171.10e3,272.10ed
14,.25.6000e3,2.800000e0,72.70877e3,462.3316e3,129.64e3,1.6134e6,4.0020e3,125.72e3,46.32, -i16.14e3, 129.
84c3,2.79970,0.5819, 151. 143,287 .4403,125.72e3,125.71e3,125.71e3,171. 133,171 . 23e3, 173 . 23]
15,123.2000&3.2.800000e0,54.66495e3,448.9336&3.118.84e3,L.6043e6,l.025203,l]l.2233.49.59,-123.45&3,;18.
64e3,2.8000e0,0.1943, 150.23e3,287.36@3,131.22e3,131.22e3,131.22e3,172.55€3,172.55e3,172.55e3
LG,LZZ.LOOOQJ,Z.BOOOOOeO.SJ.20986e3,148.5172e],llﬂ.21e3,1.5877e6,i.0192&3,130.9833.19.54,-124.8883,118.
2&83,2.7997&0,0.1960,149.51e3.287.21e3.130.98e3.130.9823,L30.9533,172.16e3,172‘16e3,172.16e3

Figure 4.12: Network simulation output (ref -exp . trd).
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4.4 Muiti-Obstacle Test Section Model

The network model used to simulate the enhanced tube test section, with flow
obstructions installed at various locations, is shown schematically in Figure 4.13. The only
difference between the enhanced tube and reference tube model is the introduction of additional
flow sections, one for each flow obstruction installed. In the illustrated example of Figure 4.13,
only one flow obstruction is shown. The pipe section model with a TPAOPipe designation
refers to the component object with an inlet flow obstruction, and includes various flow
obstruction parameters (Kstrip, Kdepos, Ao, and b) to be outlined in Chapter 6. These
additional parameters can be found within the configuration data of elements of this type. For
a complete listing of all the data files associated with these two network models
(ref -exp.nwk and obs-exp .nwk), as well as a description of each component model
object (purpose, internal variables, and stream data), the reader should consult Appendix C.
Sections C.2.1 and C.2.2 show how the present illustrated 1-obstacle flow network was

expanded to a 5-element, 4-obstruction flow network model.

The numerical iteration and solution of CHF becomes more complex when more pipe
flow sections are added. The peak film thickness enthalpy and saturated vapour enthalpy from
each pipe section must be compared to account for any film thickness and possible pressure
variations along the test section. The largest value of i, (peak film thickness enthalpy) and
lowest value of i, (saturated vapour enthalpy) are used to calculate the limits for the numerical
solution (SigRatio), as described in the reference tube CHF model. The maximum and
minimum values are determined by the high-value (HighSig) and low-value (LowSig)
component objects, respectively. Since CHF can occur in any of the pipe sections (Lc), the
value from each pipe is compared with its own length (Sp=L), through an error-signal
component object (SigError). By giving the error signal a positive bias (So=Sp-Si):

. when CHF occurs outside the pipe (Si=Lc > Sp=L), a negative signal is

produced,
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. when CHF occurs inside the pipe (Sp=L > Si=Lc), a positive signal is

produced,

and taking the highest value of all error signals (high-e), the lowest possible value of CHF is

obtained (i.e., the CHF closest to the exit in any given section). As will be shown in Chapter 6,

this solution methodology has been used to successfully resolve CHF in a five-section pipe

model, with up to four flow obstructions.
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Figure 4.13: Schematic of enhanced tube test section model with one flow obstruction.
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Chapter 5 REFERENCE MODEL ANALYSIS

This chapter describes the reference CHF analysis performed on the existing annular
flow models (no obstacles) to select an appropriate entrainment and deposition (E/D) model for
use in the CHF enhancement analysis. Two resultant E/D models are then reassessed in greater

detail, for the working fluid and operating conditions of the CHF enhancement experiments.

5.1 Preliminary Assessment

Four E/D models have been tested both quantitatively and qualitatively against the CHF
lookup table of Groeneveld et al. (1995). The lookup table consists of a large database of
experimental CHF data, compiled and averaged as a function of pressure, mass flux, and critical
quality for a standard 8 mm diameter tube wi:h water as a working fluid. The four E/D models
tested were:

. Whalley et al. (1974)

. Whalley and Hewitt (1978)

. Tabhir et al. (1987)

. Hewitt and Govan (1990)

The following sub-sections summarize the results of this study to select an appropriate E/D

model for use in the CHF enhancement analysis to follow in the next chapter. Further details
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on the preliminary model assessment are found in Vaitekunas et al. (1996). Attempts were also
made to incorporate the E/D models of Sugawara (1990) and Saito et al. (1978), but failed when
applied to Freon-134a, and indicate either an incompatibility with the three-fluid model
approach of Whalley et al. (1974) or an inadequate parameterization of the models for the range

of fluid properties tested.

5.1.1 Quantitative Assessment Based on Heated Length

Four E/D models are compared quantitatively against the CHF lookup table for a total
of 1000 CHF data points, computed for a range of 4=8 mm, L,,=0.01-51.2 m, P=0.1-20 MPa,

vat

and G=1-8 Mg/m*-s. The following methodology was used to predict CHF:

1. Ten (10) incremental pipe lengths ranging from 0.1 m to 51.2 m were specified with

saturated liquid conditions at the inlet (T,,=T,,, L=L,,).

8]

For each data point (P, G, L), the dryout model was iterated until dryout occurred at the

exit (L), with a constant number of solution nodes (N=100) to obtain adequate accuracy.

3. The CHF lookup table was iterated and interpolated over (P, G, x) until the L_ obtained,
using a steady-state heat balance, was equal to the pipe length (L=L,,). Although very
small saturated boiling lengths were considered (L,,, = 0.1 m), the CHF was assumed to
be obtained with very large heated lengths (L, / 4 >100), using high inlet subcooling.
Therefore, none of the heated length corrections, prescribed by Groeneveld etal. (1995)

for the lookup table, were applied.

4. A diameter of 8 mm was used which corresponds to the standard diameter used for the

data in the lookup table.
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Table 5.1:  Statistical comparison between the annular flow dryout models and the CHF
lookup table (based on heated length).

Method Max. No. of Avg. RMS
Diff. Points Diff. Diff.
[*0] [%6] (%]
Whalley et al. (1974) +! 34 0.01 0.67
+10 288 -0.63 5.13
£25 560 -3.82 12.86
+50 809 -9.19 22.87
ALL 1000 -8.24 40.03
Whalley and Hewitt (1978) +| 21 -0.16 0.46
£10 95 093 452
£25 182 5.56 13.53
£50 329 13.36 26.98
ALL 1000 59.56 105.73
Tahir et al. (1987) +] 18 0.07 0.61
£10 179 098 591
£25 421 1.69 13.87
+50 666 -3.15 25.03
ALL 1000 -22.26 48.15
Hewitt and Govan (1990) +] 42 -0.15 0.57
£10 239 0.20 5.30
+25 564 -0.44 13.73
+50 889 -5.14 24.58
ALL 1000 -7.65 31.23

Average and RMS differences between each E/D model and the lookup table are shown
in Table 5.1 for different ranges of the absolute maximum difference. For example, 560 out of
the 1000 data points obtained using the Whalley et al. model were within +25% of the lookup
table. The corresponding average and RMS difference for these 560 data points was -3.8% and
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Table 5.2:  Parametric comparison between annular flow dryout models and CHF lookup
table (based on heated length).

P G L No. of Whalley et al. Whalley and Tahir et al. Hewitt and Govan
[MPa  ([Mg/m' {m] Points (1974) Hewitt (1987) (1990)
1 s] (1978)
Avg. RMS. Avg. RMS. Avg. RMS. Avg RMS.
Diff. DifT. Diff. Diff. Diff. Diff. Diff. Diff.
[%] [%] [°a] 4] Lk [%] [%] [%] [%]
1 1-8 0.1-51.2 50 11.34 55.20 49.32 71.09 -58.00 62.69 -13.45 27.61
3 1-8 0.1-51.2 S0 12.81 44.86 35.33 60.92 -51.94 56.89 -9.86 22.59
5 1-8 0.1-51.2 50 849 42.95 38.71 65.18 -44.93 51.40 -7.40 19.59
10 1-8 0.1-51.2 50 431 2342 65.07 103.04 -17.04 34.68 6.65 2490
15 1-8 0.1-51.2 50 -19.30 28.50 68.25 115.29 2.19 35.83 -2.13 32.65
20 1-8 0.1-51.2 50 -45.40 51.59 30.23 124.02 -2.55 70.52 -37.52 4897
1-20 1 0.1-51.2 60 -5.33 12.65 4.10 4837 -46.78 60.27 -7.62 25.07
1-20 2 0.1-51.2 60 -1.22 21.60 30.21 60.32 -36.76 5543 -3.11 3236
1-20 4 0.1-51.2 60 -2.10 39.64 56.37 89.29 22397 47.26 -7.32 31.27
1-20 6 0.1-51.2 60 -4.17 54.89 66.65 110.68 -20.69 47.82 -14.63 31.00
1-20 8 0.1-51.2 60 -10.31 62.41 81.76 134.64 -15.35 56.25 -20.41 34.21
1-20 1-8 0.1 30 46.70 83.49 98.14 140.43 1.7 §7.43 -9.53 29.88
1-20 1-8 0.2 30 20.06 59.87 89.18 127.17 -26.35 59.29 -27.53 33.70
1-20 1-8 04 30 3.76 44.15 88.22 120.15 -33.13 61.62 -32.53 37.63
1-20 1-8 0.8 30 -8.24 31.80 79.30 105.44 -33.04 60.71 -30.18 37.57
1-20 1-8 1.6 30 -15.712 29.37 64.55 86.19 -39.67 55.75 -23.35 37.07
1-20 1-8 32 30 -18.06 29.19 53.03 77.62 -32.98 52.25 -11.06 34.11
1-20 1-8 6.4 30 -19.53 28.42 33.23 64.01 -30.97 50.49 0.53 32.62
1-20 1-8 12.8 30 -20.20 26.87 11.28 55.52 -27.80 46.40 6.85 24.71
1-20 1-8 25.6 30 -18.11 25.59 -14.64 56.91 -28.36 44.59 10.89 18.07
|-20 1-8 512 30 -16.90 28.27 -24.11 57.79 -27.09 44.19 9.73 13.2 |

12.9%, respectively. To investigate the influence of specific parameters on these differences in
CHF, statistics were computed at constant values of pressure, mass flux and boiling length, as
shown in Table 5.2. The results show that:
. the Hewitt and Govan model compares best in the 1-10 MPa range,
whereas the Whalley et al. model compares best in the 10-15 MPa
. the Whalley et al. model compares best at low flow, while the Hewitt and

Govan model compares best at medium to high flow,
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. the RMS difference increases for all models as the boiling length is
reduced.
From the last observation, one might conclude that the transition to annular flow, and the onset
of annular flow (x,,~0.01), is inadequately modelled. As cited by both Whalley et al. (1974),
and Hewitt and Govan (1990), these effects will tend to predominate as the CHF location
approaches the OAF. To illustrate any OAF effects, the differences between the lookup table
CHEF and the four E/D models are shown in Figure 5.1 versus dryout quality. Although all four
models show large discrepancies near the OAF location (x,,~0.01), large differences are also
shown at moderate to high quality, where large boiling lengths occur and the effects of OAF are
less significant. These results would indicate that there are other important factors which have

not been modelled.

5.1.2 Qualitative Assessment Using Local Flow Conditions

Given the large number of data points obtained from the previous assessment using
boiling length, the E/D model results could be interpolated for specified values of dryout quality
to produce lookup tables equivalent to that of Groeneveld et al. (1995) based on local flow
conditions (P, G. x). Parametric trends in both the E/D models and the lookup table could then
be compared as a function of a single parameter (e.g., quality, pressure, mass flux, and diameter)
while maintaining all other parameters constant. The following sub-sections will describe each

of the parametric trends in CHF obtained.

136



LEl

‘Aypenb sns1aa 3jqe) dnyjooj ay pue [apows (/g Yoo udamiaq JHD Ut duaRPId  I'S aandyyg

Lyjenb nokap Kujenb nodsp
01 80 90 vo <o 00 0l 80 90 vo <o 00
' + + %001- + + =4 %001
. et
[ %08 g saardy w.nw..h W r.w.%ﬁb.»rﬂ. %0§" o
wo B it R 3
%0 § et AT LR A 0 g
P o) by - V. - . :
%05 & WAL e Lwos 8
g +* .’#H”..f B
%00t J W00l A
= + + . =1
%081 ™ %0s1
- %00¢ %00C
(0661) urA0OD pue MIMIH (P (L861) 18 13 nyey (2
Apjenb jnoks Aijenb jnoka
p U P
01 80 90 to 0l 80 90 o o 00
, . -
+ +_wf. e i M e
14-d, b bt 4 4% 2 N &
+ e e a4 E2S + s a a
JH ...»'.r.r.....&—. .n...b.h wv#.f# + 8 W g
ST R Ry 7 8
Vi, oh, Sade 5 :
A E e o g a 0
R 1 e 5 3
4 Y ,
&“H&,.Lv &..«Mﬂ ..uv Hnrh.fr.p “*n %00€ [
= i
A Y L ooog

(8L61) mmay pue A3([eyA\ (4 (bL61) 1213 A3y M (¢




Quality

The results for CHF versus quality are shown in Figure 5.2 for 10 MPa in water at
different mass fluxes (Mg/m?s) as indicated by the legend of each graph. The trends in the

lookup table can be summarized as follows:

. a consistent decrease in CHF with quality,
. smooth profiles towards high quality, and
. rapid changes in slope and cross-overs between different mass flux

curves in the medium-to-low quality region.
All four E/D models predict a similar decrease in CHF with quality. The Whalley and Hewitt
model largely over-predicts CHF, while both Whalley et al., and Hewitt and Govan display a
characteristic “hump” in CHF at low flow and high quality, similar to that observed in the
lookup table. None of the E/D models show any cross-over between the mass flux profiles, as
demonstrated by the lookup table. The increase in CHF at high mass flux and moderate quality
is most likely associated with “wispy” annular flow. According to the Hewitt and
Roberts (1969) flow map for vertical upflow in a tube (see Whalley, 1990), at high momentum
flux (G, / p,). the entrained droplets appear as wisps of elongated droplets, and perhaps this

increases turbulent deposition overall.

Pressure

The results for CHF versus pressure are shown in Figure 5.3 for 4.0 Mg/m*s and
different values of dryout quality as indicated by the legend in each graph. The following trends
arc demonstrated by the lookup table:

. a maximum CHF in the 0—5 MPa range, depending on flow and quality,

and
. a second maximum in CHF at 15-20 MPa as the dryout quality is

increased.
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a) Groeneveld et al. (1995) b) Whalkey ctal. (1974)
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Figure 5.2:  CHF versus quality at 10 MPa and various mass fluxes (G) in Mg/m?s.
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Only the Whalley et al., and Hewitt and Govan models predict the maximum CHF in the
0-5 MPa range. The Whalley and Hewitt model predicts a rapid decrease in CHF followed by
an almost constant CHF for moderate to high pressures. Tahir et al. predicts a continuous

increase in CHF with pressure.
Mass Flux

The effect of flow on CHF is demonstrated by Figure 5.4 at a pressure of 10 MPa for
different values of dryout quality. The lookup table demonstrates a consistent decrease in CHF
with increased mass flux up to 4.0 Mg/m*s, and then reverses with an increase in CHF up to
8.0 Mg/m®s. The E/D models of both Whalley et al., and Hewitt and Govan show only a small
decrease in CHF with mass flux, while both Whalley and Hewitt, and Tahir et al. show only
large increases in CHF with mass flux. The latter would indicate that perhaps these two E/D

models were designed for high mass flux “wispy”annular flows.
Diameter

To demonstrate the effect of tube diameter, a subset of CHF data points was calculated
for a pressure of 10 MPa and mass flux of 5 Mg/m?s, using different boiling lengths
(L/d=12.5-6400) and tube diameters (¢=2-20 mm) to produce the results shown in Figure 5.5.
All E/D models show a similar decrease in CHF with increased diameter, which agree with the

relation proposed by Groeneveld et al. (1986) for the lookup table:

(&)
3 é.1)

X,

q.(d)
q.(8)

where d is in millimetres and n varies from -% to -¥4. The ratios calculated using Equation 5.1

range from peak values of 1.6 to 2.0 at the minimum d (2 mm), to minimum values 0f 0.6 t0 0.8
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a) Groeneveld et al (1995) b) Whalley et al. (1974)
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Figure 5.3:  CHF versus pressure at 4.0 Mg/m?-s and various qualities.
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a) Groeneveld et al (1995) b) Whalley et al (1974)
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Figure 54: CHF versus mass flux at 10 MPa and various qualities.

142



134!

's. WS 0°G PUe BJIN (01 1€ JIIWEIP SNSISA JIJOWEIp W § 0} aAnejal JHD  :S°S dandyg
[wnu} 12urerp (urus] sarourep
SEO=X —o— | gz 51 ot s 0 SE0=X —o— | oz g o1 s 0
0£0=9X —e— | ' * ' ' 00°0 0£0-9X —e— | " ' ' 00’0
) 05°0
§20-9X —o— 050 A §70-9X —ao a
= 001 &L
0T0=9X —e— 01 2 0T'0=X —e— os't a
§1°0=9X —o— o5t 2 §1°0=9X —o— ooz 2
i -
01'0-9X —o— L= 01°0-3X —e— 05T =
002 [ oo'c
§0'0=9X —o— §0°0=9X —o—
0s'z 05°¢
10661) urAOD pue MAIE (P (L861) 1®12 0ye) (3
{unu} 1o32werp (wut] 1or2wep
$£°0-9X —o—
- c .
J—— 0z n._ o1 H o oz st ot m o
000 0£'0-9X —a 09°0
0€0=X —eo— 05°0 -+ 0L'0
a §T0=9X —o— 080 O
ST0=9X —»— 001 W, 1 060 W
= 002X —e—o Ny o
070=9X —»— 05t & 0o =
& §1°0-9X —o— ot 2
S1'0=9X — o L 007 o L0712
- 01'0=X —e—o ot
01'0=9X —oa— st L o1
€0°0=X —o—
00'¢ 051

(8L61) utwayy pue A3ug (2

(+L61) 1912 Aoy m (®




at the maximum 4 (20 mm). These ratios are very similar to those obtained from the E/D
models, except for Whalley et al. (1974), which tends to predict a smaller diameter effect (i.e.,

values of 2 closer to zero).

5.1.3 E/D Model Selection

Based on the previous assessment using the lookup table for water, two of the four E/D
models were selected for use in the reference tube and enhanced tube model analysis to follow:
Whalley et al. (1974), and Hewitt and Govan (1990). The results of this preliminary assessment
are summarized as follows:
. Hewitt and Govan (1990) is in closest agreement with the lookup table
of Groeneveld etal. (1995), with RMS differences of 5%, 14%, 25%, and
31% for 239, 564, 899, and 1000 data points, respectively.

. Whalley et al. (1974) demonstrated slightly larger RMS differences of
5%, 13%, 23%, and 40% for 288, 560, 809, and 1000 data points,
respectively.
. Whalley et al. (1974) show a higher sensitivity to the OAF condition than
that of Hewitt and Govan (1990).

. Both models show the correct trend in CHF with pressure and quality as
demonstrated by the lookup table, but only show a small decrease in
CHF with mass flux.

. Hewitt and Govan (1990), and to a lesser extent Whalley et al. (1974),

show the correct trend in CHF with diameter.

5.2 Detailed Model Assessment

The two selected entrainment and deposition models are now evaluated for a range of

inlet conditions and fluid properties for which both reference and obstructed CHF were
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measured experimentally, namely the 30% ring data in Freon-134a. A statistical comparison,
sensitivity analysis, and tube length profile analysis are all used to ascertain the accuracy and

physical properties of the model under these very specific conditions.

5.2.1 Comparison with Experiment

Using the experimental data of Doerffer et al. (1995), and Doerffer and
Groeneveld (1994), the following statistical comparison was made for both the Whalley et
al. (1974), and Hewitt and Govan (1990) models, based on heated length and inlet temperature.
The results are summarized in Table 5.3 for average, RMS, and maximum errors within each
of the five groups of data for which the empirical correlations were derived (see Table 3.5). The
empirical correlations and the Hewitt and Govan model produce similar results, while the

Whalley et al. model produces RMS errors twice as large on average.

A histogram for the error in CHF over the entire data set (N=359) for these two models
is shown in Figure 5.6. A smaller error-band centred about +10% is obtained for the Hewitt and
Govan model, while a larger and more skewed error-band (centred about +15%) is obtained for

the Whalley et al. model. Similar to the results obtained for water, better overall predictions are

Table 5.3: Statistical results of the Whalley et al. (1974), and Hewitt and Govan (1990)
reference CHF models, based on inlet conditions and heated length.

Data Set Empirical Correlations Whalley et al. (1974) Hewitt and Govan (1990)
P G N Avg RMS Max Avg RMS Max Avg RMS Max
113 2 52 1 -1.9% 3.8% 6.4% 1.7% 6.9% 13.2% 73% | 3.6% | 15.1%
1.13 4 73 | -4.9% 58% 119% | 17.4% | 14.3% | 34.3% | 12.8% | 6.4% | 21.0%
1.66 3 96 0.2% 3.4% 7.0% 12.9% 9.0% 26.9% 14.1% | 7.2% | 28.1%
1.66 4.0 90 | -0.1% 0.8% 2.1% 11.6% | 83% | 24.1% 83% | 3.1% | 15.6%
(low-x)
1.66 4.0 43 | -1.2% 3.6% 17.3% | -3.1% 8.1% 156% §{ 32% | 4.5% | 15.7%
(high-x)
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Figure 5.6: Comparison of CHF error histograms between Whalley et al. (1974), and
Hewitt and Govan (1990).

obtained using Hewitt and Govan (1990).

Similar to the empirical correlations of Doerffer et al. (1995), the CHF versus quality
data are presented for each group of pressure and mass flux data, as shown in Figure 5.7. The
Whalley et al. model is shown to over-predict CHF at low quality while under-predicting CHF
at high quality. The Hewitt and Govan model tends to predict a lower CHF at low quality and
higher CHF at high quality, in comparison to the Whalley et al. model, and provides a much

better estimate of CHF.
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5.2.2 Sensitivity Analysis

The overall sensitivity of the E/D models to the inherent uncertainty in the empirical
correlations used to describe them, is studied through the following analysis of each independent

variable: entrainment, deposition, and initial entrainment liquid fraction.

Entrainment and Deposition

The overall sensitivity of the Hewitt and Govan model to uncertainties in the governing
entrainment and deposition correlations was determined by fitting an upper and lower limit of
each correlation to the data in Figures 2.9 and 2.11. As illustrated in Figure 5.8 and 5.9, the
following relations were used to define a limiting range for the entrainment and deposition

correlations presented by Hewitt and Govan (1990):

p,d 4, (C/pg):m ! (C/pg) s (C/pg)mm
k | 22— = . (5.2)
° 4, (C/pg) l ’ (C/pg) > (C/pg)m
= b = - I
[E/G)= 4,7 , ¥ (G - G) ™y pg] (5.3)

The associated parameters in Table 5.4 define a set of minimum, maximum, and mean values
for each correlation, used to obtain the CHF results shown in Figure 5.10. Most of the measured
CHF fall within the range of uncertainty of these two governing entrainment/deposition
correlations. Some of the predictions for minimum and maximum CHF fall outside the general
trend, and are the result of non-convergent CHF solutions. These non-convergent solutions lie
outside the physical limits of the model, indicating the need for both physically realistic limits
and correct parametric trends in these governing relations if they are to be used over a wide

range of operating conditions and fluids.
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Figure 5.9:  Range of uncertainty in entrainment model,
adapted from Hewitt and Govan (1990) with
permission of Elsevier Science.
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Table 5.4:  Approximate parameter ranges for the Hewitt and Govan (1990) model.

parameter CHF_;, CHF_, Mean
A, 0.039 0.18 0.083
b, -0.42 -0.6 -0.65
(C/p,) 0.04 0.4 0.3
A, (Clp,)” 0.15 0.31 0.18
A, 8.69x10° 3.21x10° 5.75%10°
b, 0.255 0.465 0.316

Similarly, the entrainment model, developed by Hutchinson and Whalley (1973) and used by
Whalley et al. (1974), was fitted to the following relation:

5

48T, Sz, b
CE = ) S = —_ A =
10mSh | §>§. o 5?2

[

lOmS‘_ +b

(54)

with the parameters shown in Table 5.5 providing the upper, lower, and mean values of the

correlation, as illustrated in Figure 5.11.

Table 5.5: Approximate parameter ranges for the Hutchinson and Whalley (1973) model.

parameter CHF,,, CHF ., Mean
m 2.19 2.18 222
b 0.62 -0.27 0.33
S. 0.3 0.27 0.3
A 110.09 28.57 210.26
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Figure 5.11: Range of uncertainty in the Hutchinson and
Whalley (1973) entrainment correlation,
adapted from Whalley (1990) with permission
of Oxford University Press.

Unfortunately, the same approach could not be used to define an upper and lower limit for the
k-values of the Whalley et al. model, since only a few data points exist (see Figure 2.8). Instead,
the effect of varying the mass transfer coefficient was analysed, with the results provided in
Figure 5.12. No single k-value for a given pressure and mass flux is sufficient to model all the
CHF data points. More importantly, the results indicate a lower value of k is required at low
quality, and a higher value of k is required at high quality. One flow variable which typically
denotes the level of turbulence exchange in a flow is the Reynolds number, and this will be

studied later during the assessment of tube length profiles.
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OAF Condition

To study the effects of the onset of annular flow condition, values of the initial entrained
liquid fraction (G,e/G,),,; were varied from 0 to 1. The results for the Hewitt and Govan model
are shown in Figure 5.13, and show that only high values of initial entrainment fraction can
predict the correct trend in CHF with quality. Lower values of (G,¢/G)),¢ produce much higher
values of CHF and eventually reverse the trend with quality. These results also indicate a strong
correlation between the current E/D models and their associated OAF condition, as best results
are obtained with (G/G,),,=0.99.

5.2.3 Tube Length Profiles

To illustrate the mechanistic behaviour of the annular flow model, various tube length
profiles are plotted against quality to assess their shape and relative magnitude in relation to the
operating condition. Each of seven inlet conditions tested during the CHF enhancement

experiment with 30% rings in Freon-134a are used.

Liquid Film

Figure 5.14 shows the variation in liquid film thickness and liquid film fraction, as a
function of quality for each inlet condition (P, G, T;,). Both E/D models predict a similar profile
for the same inlet condition, but values obtained using the Hewitt and Govan E/D model are
40-50% lower than those obtained using the Whalley et al. E/D model. Only a small portion
of the total flow (2-10%) is predicted in the liquid film, producing very small liquid films
(40-140 pm). The absolute magnitude of the liquid film is not as important as the relative
change in film thickness along the length of the tube in predicting the CHF at the correct dryout
location and quality. In these models, dryout is simply defined as the location where Gi¢=0,

regardless of the magnitude of the film thickness obtained. The film thickness before the OAF
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(x,,s<0.01) is undefined and is therefore plotted as a zero in Figure 5.14.

Core Volume

The profiles for the entrained liquid fraction and non-dimensional droplet concentration
(C/p,) are shown in Figure 5.15 for both E/D models. The models predict almost identical
droplet concentrations, but because the liquid film fractions are lower in the Hewitt and Govan

model, the corresponding entrained liquid fractions are higher.

Entrainment and Deposition

The profiles for the predicted ratio of entrainment to deposition, and the mass transfer
coefficient (k) are plotted in Figure 5.16. The peak value of entrainment relative to deposition
is a result of the following modelling process governing the liquid film: increases in liquid film
thickness and interfacial shear (core velocity) increase the overall rate of entrainment, while
decreases in droplet concentration with tube length reduce the rate of deposition. As the liquid

film begins to thin from evaporation, the entrainment rate tends to zero at the dryout location.

The main difference between the two E/D models is their formulation of the mass
transfer coefficient. As described in Chapter 2, the Whalley et al. model uses a k-value which
is only a function of surface tension, and therefore remains a constant for a given pressure, mass
flux, and fluid. The Hewitt and Govan model relates & to a set of non-dimensional parameters
involving the fluid properties, geometry, and droplet concentration. The end result is a linear
function of quality for a given geometry and operating pressure, as shown in Figure 5.16 (i.e.,
curves overlap for same pressure and quality). By increasing & with quality, the previously
observed deficiency in the Whalley et al. model (i.e., inability to model all CHF data with a
single k-value) has been eliminated, which is largely responsible for the improved accuracy of

the Hewitt and Govan model. The increase in k with quality also causes the peak ratio in E/D
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to skew towards higher quality, as shown in Figure 5.16, and increase in magnitude when the

inlet subcooling or mass flux are reduced.
Entrained Liquid Reynolds Number

Analogous to single-phase heat transfer, the turbulent mass transfer of the entrained
liquid to the liquid film should increase with the core flow. The Reynolds number of the

entrained liquid in the core can be defined as:

pju.d p,Ged _ Gged
ul l’l'l plat(l-agt) u’l ac(l -agc)

Rey = (5.5

which is plotted against quality in Figure 5.17 for each inlet condition (P, G, T,,). The linear
increase in Reynolds number with quality is identical to the linear increase in mass transfer with
quality, as given by the Hewitt and Govan model. However, Re;; also varies with mass flux,
which is not present in the k-relation of Hewitt and Govan. Comparing Re; with that of the
vapour:

Re = G, d

8
He & Oy

(5.6)

one can conclude that both Re,; and Re, will increase with mass flux (G), but Re¢ will increase
with pressure while Re, will decrease with pressure —due to variations in both liquid and vapour
viscosity as a function of pressure (see Figure 5.18). Since the core is a mixture of both liquid
and vapour, a mixture viscosity may be more appropriate. Further investigation of the core flow
Reynolds number may provide a better correlation for droplet mass transfer, to take into account

changes in both fluid pressure and mass flux.
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Figure 5.18: Dynamic viscosity of saturated liquid and vapour Freon-134a as a function of
pressure.

53 Discussion

The entrainment and deposition models by both Whalley et al. (1974) and Hewitt and
Govan (1990) have been shown in Section 5. 1.2 to produce the correct parametric trends in CHF
with quality and pressure. The Whalley et al. model predicts the experimental CHF data
presented for Freon-134a to within £15% (RMS), while the Hewitt and Govan model predicts
the CHF to within £7% (RMS). The improvements made by Hewitt and Govan consist
primarily of a mass transfer coefficient which increases linearly with quality. Both models rely
on large initial entrainment fractions (G,¢/G)), at the OAF. Any reduction in the initial
entrainment fraction below 70% results in a reversal of the trend in CHF with quality. From
inspection of the CHF versus quality curves, and the associated sensitivity analysis of £ and

(G,g/G)),. one can conclude that the annular flow model is divided into two main regions:
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. high droplet concentration/low-quality
. deposition-controlled/high-quality
In the high droplet concentration region, the magnitude of C/p, is so large that the CHF versus
quality curve is essentially controlled by the initial entrainment fraction (G,¢/G)), and the mass
transfer coefficient (k). As(G/G), is reduced, the slope of the CHF curve is not only increased
but the entire curve shifts towards higher dryout quality. This steep rise in CHF in the low
quality region is comparable to that reported by Pioro et al. (1999), where the limiting critical
quality or rapid decline in CHF for the same quality is postulated to be a transition point between
DNB-type CHF and annular flow dryout. Depending on the pressure and mass flux, the
transition point can be quite high (x.>0.3) and the change in slope quite noticeable (in water:
3<P<16 MPa and G<2.5 Mg/m?s), or not noticeable at all (in water: P<3 MPa or P>16MPa and
G>2.5 Mg/m>s). Interestingly, as k is reduced the slope of the CHF curve also increases at low
quality (nearest the OAF), as shown by Figure 5.12, and may be further evidence that k should
be proportional to Re. At high quality, the magnitude of CHF is a strong function of the mass
transfer coefTicient (k), and kK must increase with quality to fit the data, as shown by the results
using Hewitt and Govan (1990). This is referred to as the deposition-controlled region, and the
OAF location is far enough away that CHF is relatively insensitive to (G,¢/G,),. Once the dryout
model has been adjusted to fit the experimental CHF data in both these regions, the maximum
value of CHF for which the model still fits the data can be used to define a transition point
between low quality DNB-type and annular flow dryout-type CHF. As mentioned in
Sections 5.1.2 and 5.2.3, the effect of mass flux is not well modelled by either the Whalley et
al. or Hewitt and Govan models. The cross-over in CHF versus quality curves of Groeneveld
et al. (1995) in Figure 5.2a may be the result of limiting critical quality or a transition from
annular to “wispy” annular flow. Any small flow dependencies which do occur in the model are
most likely due to the arbitrary limits set for both & (C/p,<0.3), C¢ (5<0.3), and Gi¢ (G¢<Gigc)
at low flow and high quality. A more detailed parametric assessment of the annular flow model
parameters (Re, Clp,, p,d/0, (Ge/G)),, k) could result in further improvements to the annular

flow model.
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Chapter 6 ENHANCEMENT MODEL ANALYSIS

This chapter describes the assessments performed on both a single and multi-obstacle
CHF enhancement model, derived from the reference models of Whalley et al. (1974), and
Hewitt and Govan (1990), and modified to include various flow enhancement mechanisms. The
first section will describe the mathematical form of these flow obstruction effects and show
some preliminary results for water, which are then used to determine which of the proposed flow
enhancement mechanisms are most likely to augment CHF. The remaining sections will
describe the detailed assessments performed on the 30% ring data in Freon-134a. This particular
CHF data set was used since a large number of data points were obtained for the same inlet and

flow conditions, which makes it ideally suited for parameter estimation.

6.1 Proposed Enhancement Mechanisms and Preliminary Results in Water

To account for the observable trends in CHF enhancement, measured during the
experiments in Chapter 3, the following physical flow mechanisms were postulated:

. liquid film stripping

. liquid droplet impingement with run-off to the liquid-film

. turbulent deposition enhancement
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and applied to the existing dryout models to account for the effect of flow obstructions on CHF

inside a tube.

Liquid-film stripping is modelled by the discrete removal of a portion of the liquid film
flow (0<K

strip

<) at the obstacle location (z,,,):

G[F(zn})s) = ( l - K_m-,'p) GIF(Zn.b.\')
. (6.1)
Gig(Zabs) = Gip(Zaps) + Koy G (24p)

and associated transfer to the entrained liquid flow (G). The associated rise in droplet
concentration (C), increase in deposition, and decrease in entrainment (i.e., reduced film
flow. G ) could cause CHF to rise. Results from the simulation of CHF in water using one flow

obstacle are shown in Figure 6.1, and indicate that as larger portions of the liquid-film are

removed (K., = 0.25, 0.50, 0.75, and 1.00), a proportional decrease in CHF occurs, with no
100 T
0s 1
09 + .
Kstrip
09 +
P —o— 025
& aw } —o— 0.50
<
= i
g s —e— (.75
086 1
—o— 1.00
08 T
o 1
0.80 + + + o)
0 50 100 150 0

SP/D

Figure 6.1:  Effect of film-stripping (K,y,) on CHF ratio — single
obstacle in water with P=7 MPa, G=4 Mg/m*s,
d=8 mm, L=2m, T, =T,,,.

o m
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possibility for enhancement. Previous simulations in the reference tube have shown that a
majority of liquid flows as entrained liquid (see Figure 5.15), and that any reduction in the initial
entrainment fraction (G,/G,) causes the CHF to increase (Figure 5.13). Conversely, these

results show that any stripping away of the liquid film will cause the CHF to further decrease.

Similarly, the effects of liquid droplet impingement on the obstacle, and associated
run-off to the liquid-film, can be modelled as the discrete removal of a portion of the entrained
liquid flow (0<K,,,,</) at the obstacle location (z,,,):

G (Zons) = Gir(Zons) * Kiopos i (Zate)

(6.2)
Gie (2,5) = (1 - K iepos) G (Zhs)

and associated transfer to the liquid film. The resultant increase in liquid-film thickness should
increase the CHF to achieve dryout at the same location. The results for the single flow obstacle
in water are shown in Figure 6.2, where increasing amounts of impingement (K., =0.1, 0.2,
and 0.3) cause an increase in CHF. The line labelled “Upstream” in Figure 6.2 indicates the
ratio of nominal CHF at the upstream location (SP/D) to that at the exit (SP/D=0). The increase
in CHF ratio with decreased obstacle spacing is similar to that observed in the CHF experiments
(e.g., see Figure 3.32). The limiting CHF is clearly shown on the graph at the point where the
nominal CHF ratio at the upstream location meets the predicted value of CHF at the exit. These
results clearly show an increase in CHF enhancement with larger fractions of entrained liquid

impinging on the obstacle and depositing on the liquid film.
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Figure 6.2:  Effect of droplet impingement (K,,,) on CHF ratio —
single obstacle in water with P=7 MPa, G=4 Mg/m’s,
d=8mm, L=2m, T =T,

Similar to single-phase heat transfer, turbulent enhancement downstream of the flow
obstruction will also increase the mass-transfer deposition coefficient (k). Using the analogy
between heat and mass transfer, and the normalized Nusselt number of Yao et al. (1982), the

following mass transfer enhancement relation is introduced:

Nu' = Nu_,, - Sh,s - Kops = F(z) = | + 4 b (6.3)
Numf Shn’f kl‘t’f

In this case, the downstream effect of flow obstructions is modelled by modifying the
reference-tube values of k using the above relation. The associated rise in droplet deposition and
film thickness will cause an increase in CHF, as shown in Figure 6.3. In this preliminary
analysis, the amplitude of mass transfer enhancement (4, = 1. 5, 10, and 20) was varied while
maintaining a constant decay rate (6=0.13). Again, CHF ratios similar to those measured are

obtained. It is worth noting that for both droplet impingement and mass transfer enhancement
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Figure 6.3:  Effect of mass transfer enhancement (4,, 6=0.13) on
CHF ratio — single obstacle in water with P=7 MPa,
G=4 Mg/m®s, =8 mm, L=2 m, T,=T,,.
(at the same decay rate), the same decay rate in CHF enhancement with obstacle spacing was

obtained. Based on these results, the droplet impingement and mass transfer enhancement

mechanisms were both tested using the 30% ring data in Freon-134a.
6.2  Detailed Assessments in Freon-134a

The following section describes the preliminary analysis performed on the 30% ring data
in Freon-134a, to determine the optimum flow enhancement parameters for the model. The

droplet impingement factor (K,,,,) and mass transfer enhancement parameters (4, b) were

assumed constant for each inlet and flow condition (P, G, T,,).

168



6.2.1 Parameter Estimation

A combination of trial-and-error, visual inspection, and statistical analysis were used to
estimate an optimal set of flow obstruction parameters (K., 4,, b) for each of the seven data
sets for the 30% ring in Freon-134a, as shown in Table 3.4. As in the experiment, model results
were inspected to ensure that CHF was predicted at the exit. In some cases, reasonably good
agreement in absolute CHF was obtained, but the CHF location was predicted incorrectly. In

all the experimental data used, the CHF was always located at the exit.

The statistical analysis results for each optimal set of flow enhancement parameters are
shown in Table 6.1 for the Whalley et al. (1974) model, and in Table 6.2 for the Hewitt and
Govan (1990) model. The RMS error in CHF ratio is well within the estimated error of the
cxperimentally derived ratio (4—12%). Optimum values for (Ky.pq 4o, b) are shown to vary with
inlet and flow conditions. Larger droplet impingement factors are required with the Whalley
et al. model as the dryout quality is increased. Impingement factors for the Hewitt and

Govan model appear more consistent with all values in the range of 0.02-0.03, but the values

Table 6.1: Optimal enhancement parameters obtained using Whalley et al. (1974).

Data P G avg N Optimal Parameters
Set | (MPa) | (Mg/m’s) (crg) Kws | 4, | & Error
(CHF ratio)
RMS | Avg.
1 1.13 2 40 11 0.02 0 0 4.9% | -0.1%
2 1.13 4 27 7 0.04 0 0 48% | -2.1%
3 1.66 3 55 55 | 0.07 0 0 1.5% | -0.5%
4 1.67 4 11 65 | 0.02 2 026 | 2.1% | -1.0%
5 1.66 4 34 52 | 0.04 0 0 2.8% | 0.9%
6 1.67 4 45 63 | 0.09 0 0 2.7% | 0.5%
7 1.67 4 53 58 | 0.07 0 0 21% | 0.1%
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Table 6.2:  Optimal enhancement parameters obtained using Hewitt and Govan (1990).

Data P G ) avg N Optimal Parameters
S | (M) | (M) | T K | 40 | b ) e
rms avg
1 1.13 2 40 11 0.02 0 0 5.5% | -2.1%
2t 1.13 4 27 7 0 2 0.13 | 49% | 1.7%
0.02 0 0 5.7% | 0.3%
3 1.66 3 55 55 | 0.03 4 1.04 | 39% | -0.1%
4 1.67 4 11 65 | 0.02 0 0 5.5% | -4.4%
5 1.66 4 34 52 | 0.0! 2 026 | 3.3% | 1.2%
6 1.67 4 45 63 | 0.02 2 039 | 5.1% | 0.2%
7 1.67 4 53 58 | 0.02 2 052 | 28% | 0.3%

tEquivalent results obtained with both K, and (4,, b).

of (A,, b) vary considerably. The difference in parameter estimates between these two models
can be traced back to differences in their mass transfer coefficient (k). The Hewitt and Govan
model uses a k-value correlation which increases with dryout quality, whereas the Whalley et

al. model uses the same value of k for all data at the same pressure (see Figure 5.16).

6.2.2 Overall Error in CHF

An overall assessment of the CHF enhancement model was made by comparing the
predicted and measured values of CHF, as opposed to non-dimensional CHF ratios. The CHF
ratio includes an additional error in the prediction of reference values for CHF, used by both the
experiment and model at the same inlet flow condition. The results based on the Whalley et
al. model, and Hewitt and Govan model are shown in Figures 6.4 and 6.5, respectively. While

the Hewitt and Govan model has a slightly larger RMS error in CHF ratio (2.8—5.5%) versus that
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of the Whalley etal. (1.5-4.9%), the overall prediction accuracy of the Hewitt and Govan model
(10% RMS) is higher than that of the Whalley et al. model (13% RMS). The superiority of the
Hewitt and Govan model to predict the reference value of CHF (see Table 5.3) is somewhat

reduced by its inability to predict the CHF enhancement effects produced by these two flow

enhancement mechanisms.

040 T / (P.G.Tin)
o (1.13, 1.99, 40)
0.35 -
= © (1.13.4.01. 27
~
E 0.30 1 . , S
=z (1.66, 2.97, 55)
o~
3 ¥ x (1.67,4.00, 11)
2
o
E 0.20 (1.66, 3.98, 34)
S + (1.67, 4.03, 45)
0.15
- (1.67. 4.03, 53)
0.10 + ' ; ' . deal
0.10 0.15 0.20 0.25 0.30 0.35 0.40
CHF-measured (M W/m2) Regression

Figure 6.4:  Direct comparison between the experimental and predicted CHF enhancement
using the Whalley et al. (1974) model.
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Figure 6.5:  Direct comparison between the experimental and predicted CHF enhancement
using the Hewitt and Govan (1990) model.

6.2.3 Detailed Profile Analysis

This section presents various CHF enhancement model profiles which will be used to
assess the ability of the previous flow enhancement parameters to predict the overall trends in
CHF cnhancement. Instead of using a purely statistical comparison, the observed parametric
trends with obstacle spacing and flow obstacle number will be studied. Sample results for the
Whalley et al. model at high flow and high quality are shown in Figure 6.6. As the obstacle
spacing is reduced for a given number of flow obstacles (V). the CHF ratio increases
cxponentially until the limiting CHF is reached — this limiting value of CHF occurs when the
dryout location moves from the exit to some other location upstream. As described in Chapter 3
(see Figure 3.38), the CHF enhancement ratio versus spacing curve is a direct result of local
increases in CHF caused by the obstacle. Clear distinctions are made between CHF at the exit

and that occurring upstream, since the latter typically denotes a situation in which the nominal
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tube CHF has been exceeded before the obstacle. The curve labelled “OAF line” is used to
monitor the influence of the OAF boundary condition on CHF at the exit, as each flow obstacle
is positioned near the OAF location. In this case, the OAF point is located between 133 and
157 cm from the exit, corresponding to values of heat flux ranging from 1.0 to 1.5 times the
reference tube CHF. To identify when the first obstacle (N,,.=1) is positioned at the OAF, we
simply take the intersection of the enhancement ratio curve with the OAF line. Inthis case there
is no apparent effect on enhancement from the OAF. As more obstacles are introduced, the
spacer location at which the N,,, obstacle is at the OAF is mapped to the CHF ratio curve by
simply dividing the original OAF line (N,,=1) by the number of flow obstacles (¥,,,). For
example, the second obstacle is positioned at the OAF at a spacing of approximately 66.5 cm

(i.e., 133 cm + 2), the third obstacle at a spacing of approximately 44 cm, and the fourth ata

spacing of 33 cm.

To reduce the number of plots, the data for all the obstacle number configurations
(N,,.=1-4) are plotted on the same graph, as shown in Figure 6.7. The experimentai data are
denoted by hollow symbols with no lines. The model predictions with CHF at the exit are
denoted by hollow symbols with lines, and the prediction of CHF somewhere upstream is
denoted by solid symbols with lines. The line with no symbols indicates the spacing and heat
flux at which the N,,, obstacle is at the OAF.

The optimal results for the Hewitt and Govan model at the same inlet conditions are
shown in Figure 6.8, with a significant rise in CHF ratio as the obstacle is located at the OAF.
This phenomena does not occur in the experiment or in the Whalley et al. model, even when
values of (4,=6.0, 5=0.10) are introduced, as shown in Figure 6.9. This discrepancy in the

Hewitt and Govan model is attributed to the mass transfer enhancement relation:

k ==
ObS(Z) - l - Aoe (= 'c!l,lD (6.4)
krcf(z)

Kovs
kn:f
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and the fact that when applying this method to the Hewitt and Govan model, the local value of
k.{(z) increases with downstream distance, whereas the Whalley et al. model assumes a constant
k-value over the entire tube length. A constant value of k.., shows little or no influence from the

obstacle being located at the OAF (see Figure 6.9).

Attempts were made to use a single nominal value of & at the obstruction location:

Ilccobs - kobs(z) =1+ A4 “h(z-z D

o€ (6.5)
ref kref ( Znhc )

where if the flow obstruction was located in the subcooled region (z,,, < z,), but still exerted

a downstream influence:

(z-2,)/D > (z-2,)/D and A """ > 001 (6.6)

the nominal &-value at the OAF (k,,;) was used. The results for this modified form of the Hewitt
and Govan enhancement model are shown in Figure 6.10, but still indicate a persistent influence
of the OAF on CHF. This is attributed to the fact that the nominal k-value at the obstacle

location also varies with obstacle location.

Results from the single-phase heat transfer experiment have shown that the local Nusselt
number enhancement (R,,) decreases with increased Reynolds number (i.e.. larger values of
Nu,,), but not enough data were available to empirically correlate the flow effect. In addition,
the absolute value was shown to vary with flow obstruction geometry. One could explore the
possibility of a relation between the mass transfer coefficient and the core flow Reynolds
number, as described in the reference tube profiles of Chapter 5, and incorporate this variation

with Reynolds number into the CHF enhancement model.
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Application of the model to conditions at 1.1 MPa (7 MPa water-equivalent) were less
successful, with RMS errors in CHF ratio ranging from 4.8% to 5.5% for the two E/D models.
The detailed profiles at 2 Mg/m?-s, shown in Figures 6.11 and 6.12, demonstrate the inability
of the enhancement mechanism to predict a steep enough decay rate in CHF enhancement with
obstacle spacing. Similar results were obtained at higher mass flux (4 Mg/m*ss), even though

only two obstacle locations were measured (35 and 40 cm).

6.3  Revised Analysis

The following section will derive analytical expressions for the net deposition of liquid
from both droplet impingement on the flow obstacle and turbulence-induced mass transfer
enhancement. An equivalency in these two flow mechanisms will also show the indeterminancy
of trying to fit both models to measured data. The results of a revised profile assessment will
be used to define a set of optimal flow obstruction parameters for cach mechanism separately,
followed by an attempt to use the analogy between heat and mass transfer to derive an optimal

set of parameters for the combined model.
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6.3.1 Analytical Impingement Model

Normal to direction of flow

Aobs,IF

Figure 6.13: Physical representation of annular
flow around a flow obstacle.

Figure 6.13 shows a simplified view of the annular flow cross-section as the liquid film
and droplets strike the flow obstruction. A conservation of mass over the front face of the

obstacle results in the following impingement factor (K, relation:
1 o=
A GIF = -A GlE.obs = -‘7 !pv.dAobs.lE

=T 7;' (_ <p"A>obs.lE)

A o A
obs. IE E. b:
= o <ug> 4’ = P <u>i _°4_°.s;c.
A A 6.7
- p<ugg Qe Aobs,c - GIE' obs,c (6.7)
« A o A4

( Le. u1£ = ac‘alE.c )

(1-O8H,) A, ~

- G- - K

[4

Gy
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where all the entrained liquid impinging the surface ends up in the liquid film, there are no
appreciable gaps between the wall and the obstacle, and the film thickness (upstream) is
unaffected by the presence of the flow obstacle. To compensate for these highly idealized

assumptions, the following modified form of the equation is used:

(I'G/Hl)Kobsaobs ,6<Hl
chpos = ac (68)

where «,,, is the flow blockage ratio (4,./4), A’ is a correlated obstacle height, and K., is a
correlated form factor. A’ denotes the film thickness upstream of the obstacle (&) at which little
or no impingement occurs, and K, denotes the portion of the total liquid impinging on the
obstacle surface that ends up in the liquid film through run-off. Some of the factors affecting
these two empirical constants are:

. the accuracy in predicting the liquid film thickness,

. the magnitude of the wall clearance in comparison to liquid film
thickness (i.c., the flow obstructions remained moveable throughout the
experiment, requiring some minimal gap between the tube wall and the
flow obstructions),

. the specific type of flow obstruction geometry (i.e., 30% ring versus 18%
blocks) where flow diversion around the obstacle can have an impact on
the liquid impingement and run-off.

Since both E/D models predict very small films (0~150 pm in Freon-134a), the effect of &/H,,
on Kp., Will be minimal since the H,, for the 30% ring and 18% blocks are 650 pm and
1450 um, respectively. When comparing the detailed CHF enhancement profiles for different
values of (H', K,,,). the optimal values shown in Table 6.3 were obtained. and indicate the
following:

. H' << H,,,: either the film thickness is under-predicted or the droplet

impingement on the ring is significantly reduced by the presence of a
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Table 6.3:

Optimal values of (7', K.) obtained using the refined impingement model.

P (MPa) G (Mg/m*ss) T, (0O H' (mm) K.
Whalley et al. (1974)
1.13 1.99 40 0.06 0.2
1.13 401 27 0.09 0.33
1.66 2,97 55 0.18 0.27
1.67 4 11 0.08 0.17
1.66 3.98 34 0.07 0.2
1.67 4.03 45 0.32 0.33
1.67 4.03 53 0.16 0.27
Hewitt and Govan (1990)

1.13 1.99 40 0.08 0.13
1.13 4.01 27 0.05 0.13
1.66 2.97 55 0.1 0.27
1.67 4 | 0.05 0.13
1.66 3.98 34 0.1 0.1
1.67 4.03 45 0.1 0.14
1.67 4.03 53 0.075 0.13

liquid film (ie., liquid film flows over the ring with little or no
impingement deposition). The former is more likely the case, since there
would be significant droplet deposition on the film as it flowed over the
ring, and exposed itself to more of the core flow region.

The portion of entrained liquid impinging on the obstacle and reaching
the liquid film ranges from 17% to 33% for the Whalley et al. model, and
from 10% to 27% for the Hewitt and Govan model (assuming no mass

transfer enhancement). The Hewitt and Govan model shows a higher
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degree of consistency with K, ranging in most cases from 10% to 14%,

except for the one case of 27%.
The results obtained for the optimal values at 1.1 MPa and 2 Mg/m*'s are shown in Figures 6.14
and 6.15, to indicate a significant improvement in the ability of the model to fit this data set.
The resulting values of (H’, K,,,) are still questionable since neither the film thickness nor the
amount of run-off (K,.) could be measured during the experiment. The results do indicate that
a small obstructed area (30%) with a moderate amount of run-off (10-30%) can produce the
measured CHF enhancement. It should be noted that there was no evidence in the present
experiment to indicate the liquid-film was either removed or severely disrupted following the
abrupt change in geometry at the flow obstacles (i.e., inferred by the fact that no detrimental
decrease in CHF occurred). This may be explained by the fact the small gap between the
obstacle and the tube (i.e., necessary to move the obstacle during the experiment) was sufficient
to allow a small amount of liquid to pass through, or that any stripping of the liquid-film was

immediately replenished by high deposition and run-off from the presence of the obstacle.

6.3.2 Equivalency in Mass Transfer Enhancement

Similar to the droplet impingement, the net increase in liquid film mass flux associated
with increased mass transfer can be derived using Equations (2.72) and (6.3):
4 A

Al
d" f k_Ce™=® gz (6.9)
0

:nbu’L:ﬂ
4
AGg = f (kobs_kn:f)cgdz =

Assuming the droplet concentration is constant over the length affected by the obstacle (L.4), the

following relation is obtained for AG:

L L
44 " 44 " 44
AG[F - do f kere'b(:’d)dz - Dkrefcf e bGd) 4o - _b_Ok"rC (6.10)
0 0

d
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A different set of (4,, b) will produce the same net enhancement as long as:

L - (6.11)
i const .

Table 6.4 shows a list of equivalent values for (4,, b), obtained using the Whalley et al. model
at 1.7 MPa, 4 Mg/m2-s, and 53°C in Freon-134a. The increase in (4,/b) which occurs at low
values of b (large effective length) reflects the predicted decrease in droplet concentration with
tube length. Figures 6.16 and 6.17 show the detailed CHF enhancement profiles for two extreme
values of (4,, b). A large effective length (e.g., 5=0.025) can cause the enhancement ratio to
decrease at small spacings due to a truncation of the mass transfer enhancement effect when the
obstacle is moved to within its effective length from the exit (i.e., not all the droplet deposition
enhancement has occurred). Since this characteristic decrease in CHF ratio was never observed
in the experimental data, we can conclude that either the mass transfer enhancement length is

very short (i.e., smallest obstacie spacing tested = 10 cm) or the effects are small in comparison

to droplet impingement.
Table 6.4:  Equivalent values for (4,, b) obtained using
Whalley et al. (1974) in Freon-134a at P=1.7 MPa,
G=4 Mg/m’ss, and T;,=53°C.
A, b A/b
22 0.2 110
6 0.1 60
25 0.05 50
1.25 0.025 50
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Similar results were obtained for the Hewitt and Govan model, as shown in Table 6.5
and the associated enhancement profiles of Figures 6.18 and 6.19. As described earlier, the
sudden increase in CHF as the obstacles approach the OAF stems from the fact that the Hewitt

and Govan nominal mass transfer coefficient (k) increases with tube length (z).

Table 6.5: Equivalent values for (4,,b) obtained using Hewitt
and Govan (1990) in Freon-134a at P=1.7 MPa,
G=4 Mg/m"ss, and T;;=53°C.

A, b AJb
6 0.24 25
3 0.12 25
1.5 0.06 25
0.75 0.03 25

For the 30% ning data in Freon-134a at P=1.7 MPa, G=4 Mg/m*s, and T,,=11°C, a large
number of the CHF enhancement data points were obtained with the first flow obstruction
(N,,;=1) located before the OAF (see Figure 6.20). Since entrained liquid does not exist before
the OAF, droplet impingement cannot be used to predict the measured CHF enhancement. Only
sustained mass transfer enhancement behind the obstacle, well into the annular flow regime, can
predict CHF enhancement in this region. This particular data set can be used to estimate the
mass transfer enhancement parameters, which could then be applied to other flow conditions
(i.e., isolate instance where only mass transfer enhancement occurs). The enhancement profiles
for the optimal values using the Whalley et al. model (4,=1.5, 5=0.10), and Hewitt and Govan
model (4.=1.8, 5=0.06) are shown in Figures 6.20 and 6.21, respectively. These values are
consistent with those measured by Berger and Hau (1979) in Figure 2.6, but significantly larger
than those measured for single phase heat transfer enhancement using the same ring (4,=0.3-0.6,
b=0.44). This would indicate that heat transfer enhancement from increased turbulence in
single-phase flow is on a much smaller scale than that associated with mass transfer of droplets

in a vapour.
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6.3.3 Combined Model

Based on the previous discussion of equivalency between droplet impingement and mass
transfer enhancement, the following attempt is made to formulate a combined mode!l of CHF

enhancement where:

1. values of (4, b) obtained below the OAF location in highly subcooled flow are assumed

constant over all the test data, and
2. values of (', K;,,) are optimized to fit the data.

The optimal results obtained for the Whalley et al. model with (4,=1.5, 6=0.10) are shown in
Table 6.6, and indicate a high degree of variability in (/', K,.) when compared with optimal
results for impingement alone (4,=0 in Table 6.3). The Hewitt and Govan model was far too
sensitive to the OAF condition to permit the application of a single value of (4,=1.8, 5=0.06).
Only optimal values of (H'=0.050, K,,=0.02) and (/#'=0.050, K,.=0.01) could be obtained at
(P=1.7 MPa, G=3 Mg/m*'s, T,=55°C) and (P=1.7 MPa, G=4 Mg/m*s, T, =11°C), respectively.
All other data were over-predicted with values of (4,=1.8, 5=0.06) alone.

Table 6.6:  Optimal values for (H', K,,) using the Whalley et al. model with
(4,=1.5, b=0.10).

P (MPa) G (Mg/m’s) T, (0) H' (mm) Ko
1.13 1.99 40 0.075 0.13
1.13 4.01 27 0.1 0.4
1.66 297 55 0.18 0.27
1.67 4 11 0.08 0.07
1.66 3.98 34 0.08 0.13
1.67 403 45 0.32 04
1.67 4.03 53 0.16 0.27
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6.4 Discussion

As the flow obstacles had no negative effect on CHF in this study, only liquid droplet
impingement (K,,,,) and mass transfer enhancement (4,, b) were used to predict the measured
CHF enhancement of the 30% rings in Freon-134a. Although CHF could be enhanced through
a combination of liquid film stripping (K,;,) and mass transfer enhancement, preliminary tests
in water have shown that mass transfer enhancement would first have to overcome the negative
effects of liquid film depletion (see Figure 6.1). Recent studies using a similar tube and flow
obstruction geometry have shown that flow obstacles can have a negative influence on CHF at
low flow and low quality (Pioro et al., 1999). These have been attributed to a shift in the
limiting critical quality line towards lower dryout qualities. From the discussion in the previous
chapter on the effect of the initial entrainment fraction (GIE/Gl)o at OAF, one could conclude
that under these flow conditions, the flow obstacles are increasing the initial entrainment fraction

through the removal of liquid film.

The complexity of flow around the obstacle (i.e., flow area exposed to droplet
impingement and amount of liquid impinging on the obstacle and reaching the liquid film), and
present uncertainties in the various parameters of the annular flow model, make it necessary to
determine a different set of flow enhancement parameters (H, K., A,, b) for each inlet
condition. However once established, these parameters predict not only the absolute CHF to
within 10-13% RMS, but they also reproduce the limiting obstacle number and spacing at which
CHF moves upstream. Although equivalent values of mass transfer enhancement (4,/b) have
been shown to predict the same overall CHF, detailed profile analysis at the smaller values of
b in the high quality region (Figure 6.17) and the special case of high inlet subcooling
(Figure 6.20) indicates the mass transfer enhancement to be occurring over a short length
(z/d<20). Similar effects were observed in the heat transfer experiment for the same ring in

liquid Freon-134a.
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Although better predictions are obtained for reference CHF using Hewitt and
Govan (1990), this model is shown to produce inaccurate CHF enhancement results when the
obstacles are located near the OAF, and mass transfer enhancement is used (see Figures 6.18
and 6.19). The sharp rise in CHF as the obstacle passes through the OAF location is a
consequence of the exponential decrease in mass transfer enhancement (behind the obstacle)
combined with a nominal mass transfer coefficient (k) which increases linearly with quality, as
predicted by Hewitt and Govan. Subsequently, the Whalley et al. model, which assumes a
constant value of k versus quality, outperforms the Hewitt and Govan model in its ability to

predict the non-dimensional CHF ratio, as a function of obstacle number and spacing.
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Chapter 7 CONCLUSION

7.1 Experimental Results

A series of single-phase and two-phase flow experiments were conducted to study the
cffect of flow obstructions on heat transfer, pressure drop, and critical heat flux. Step increases
of between 10% and 60% in single-phase heat transfer, with exponential decays over a distance
of 5 to 10 tube diameters, were obtained using both 18% and 30% blockage-area rings in
Freon-134a. The enhancement from the 30% ring was 1.6 times larger in amplitude and 1.4
times longer in decay length than the 18% ring. The relative enhancement from both rings
decreased with increased Reynolds number. The decay rate of heat transfer enhancement in
Freon-134a (downstream of the flow obstruction) was much higher than that reported by Yao
et al. (1982) for gas flow spacer grids, which can be artributed to the higher Prandtl number of

the liquid Freon in comparison to gas flow.

The single-phase pressure drop resuits produced head loss coefficients of 0.115 and
0.260 for the 18% ring and 30% ring, respectively. Only the results for the small-spaced DP
cell (L=0.504 m) at mass fluxes of 4 and 6 Mg/m™s could be used, since all other pressure drops
for the obstacle were within one RMS error of the reference tube pressure drop predictions.

Uncertainties of 35% and 15% were estimated for these two head loss coefficients, respectively.
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No attempts were made to obtain head loss coefficients in two-phase flow, since only a
large-spaced DP cell (L=2.58 m) was available during the CHF experiments. Uncertainties in
predicting the two-phase pressure drop of the reference tube with no obstacles for that length

would dominate over any measured pressure drop for the obstacles.

A total of 755 flow obstruction CHF data points were obtained using 1 to 5 flow
obstructions at different spacings in both Freon-134a and Freon-22. A 30% ring and 18%
block-type spacer were tested. Relative CHF enhancement ratios were obtained using reference
tube results at the same quality or inlet temperature, and showed an exponential rise in CHF with
decreased obstacle spacing. When plotted for the same inlet temperature and any number of
flow obstacles (1-5), all the data follow one curve with spacing, to show there is no cumulative
effect trom using more than one obstacle at the spacings tested. Adding more than one obstacle
only enhances the CHF upstream of the next downstream obstacle, permitting a higher nominal
value of CHF to be achieved before the limiting CHF is reached somewhere upstream. Due to
large uncertainties in the predicted value of reference CHF, the errors in relative CHF
cnhancement ranged from 4% to 12% based on inlet temperature. All the ratios did collapse to
within £5% of their nominal value at the largest spacing. The peak values of relative
enhancement ranged from 1.6 to 2.0 for the same quality, and from 1.2 to 1.45 for the same inlet

tempcerature, depending on pressure, mass flux, inlet temperature, obstacle type, and fluid.

7.2 Model Results

Of the four reference tube dryout models tested, only Whalley et al. (1974), and Hewitt
and Govan (1990) showed the correct parametric trend in CHF with pressure, in addition to
other parameters. Both these models had the smallest difference (30-40% RMS) when
compared with an extensive range of data for water (Groeneveld et al., 1995). When tested over
a limited range of CHF data from the current experiment in Freon-134a (Doerffer et al., 1995),

RMS errors ranged from 3% to 15% based on inlet temperature. A sensitivity analysis showed
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that most of these differences were within the range of uncertainty for the correlations used to
model the mass transfer coefficient (k) and liquid entrainment rate (£). Similar analysis
conducted on the constant value of k used for the Whalley et al. model showed a larger value of
k is required at high quality for the same initial entrainment fraction (G¢/G). Consequently,
values of (G,¢/G)) at the onset of annular flow (OAF) lower than 0.6-0.7 were shown to cause

a reversal in the trends for CHF with quality (i.e., increase CHF with quality).

Reference tube length profiles have shown a linear increase in & with quality for the
Hewitt and Govan model, when used under uniform heat flux conditions, where the slope and
intercept are mainly functions of pressure. Profiles for the entrained liquid Reynolds number
(Re,) showed a similar linear increase with tube length (quality), which could be used to
improve the model for the effect of mass flux. The linear increase in & with quality is mainly
responsible for the improved performance by the Hewitt and Govan model. Both models show
little influence from mass flux. The reference tube profiles for both models are very similar,
except for the ratio of entrainment to deposition (E/D), which is strongly affected by the mass

transfer ceoefficient.

Preliminary assessments of the proposed flow enhancement mechanisms (liquid film
stripping, droplet impingement, and mass transfer enhancement) in water showed that liquid film
stripping (K,) is not a viable mechanism for CHF enhancement. The high degree of entrained
liquid (G,¢/G,), and the fact that any increase in initial entrainment fraction causes the CHF to
decrease, results in a decrease in CHF from any liquid film stripping. On the other hand, both
droplet impingement (K,.,) and mass transfer enhancement (A,, b) were shown to be viable

mechanisms of CHF enhancement.

Preliminary assessments of the enhancement model using the 30% ring data in
Freon-134a used a constant set of flow enhancement parameters (K .poss Aos b) for each inlet flow
condition to produce RMS errors in CHF of 10% for the Hewitt and Govan model, and 13% for

the Whalley et al. model. The RMS error in relative CHF enhancement ratio used to estimate
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the optimal set of parameters for each inlet flow condition was much lower with values ranging
from 1.5% to 4.9% for the Whalley et al. model, and from 2.8% to 5.5% for the Hewitt and
Govan model. Best results were obtained using the Whalley et al. model with K, ranging
from 0.02 to 0.09, and 4,=0. In the case of high inlet subcooling, where a significant amount
of CHF enhancement was measured with all the flow obstructions in subcooled flow (i.e., before
the OAF point), only prolonged enhancement of the mass transfer coefficient (4,, b) beyond the
OAF point could promote CHF using the annular flow model. Optimal results for the Hewitt
and Govan model required the use of both impingement and mass transfer enhancement
mechanisms (Kyepos 4o 0), and slightly larger errors in enhancement ratio were obtained in

comparison to the Whalley et al. model.

Detailed profiles of relative CHF enhancement, as a function of obstacle number and
spacing, showed the Hewitt and Govan model with flow enhancement to be very sensitive to the
OAF location. As obstacles passed through the OAF point, the model predicted a rapid increase
in CHF, followed by a more or less flat CHF profile until the effects of the next flow obstruction
were felt. Since the Whalley et al., and Hewitt and Govan models are identical except in mass
transfer (k), the sensitivity to OAF can be attributed to the linear increase in & with quality.
Attempts to use a nominal k-value at the obstacle location for flow enhancement downstream
failed since the nominal value also varies with obstruction location. These results and the high
degree of coupling between the current k-relations and the arbitrary OAF boundary condition
question the real significance of improvements made by Hewitt and Govan (1990) — is the
linear increase in & real or empirical. It is however acknowledged that the Hewitt and Govan

model does represent a significant improvement over the Whalley et al. model for smooth tbe
CHF.

The ability of the model to reproduce the limiting CHF was highlighted. When
appropriate flow enhancement parameters were found to produce the correct magnitude in CHF
cnhancement (at the exit), the resulting upstream CHF and obstacle location tended to agree with

those measured when comparing the minimum obstacle spacing for each obstacle number. A
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more quantitative assessment of upstream CHF might help parameterize the flow obstruction
model in the future. Analytical treatment of both droplet impingement and mass transfer
enhancement have shown the equivalence between these two mechanisms, and the fact that
constant values of (4 /b) produce the same overall CHF enhancement. A revised analysis of the
droplet impingement model introduced an empirical run-off factor (K,,,,) and obstacle height (/')

to highlight the complexity in trying to parameterize the annular flow around a flow obstacle.

The results of this study have provided a reasonable estimate of the flow enhancement
parameters necessary to augment CHF inside a tube. A 10-30% run-off of the entrained liquid
impinging on the flow obstruction is enough to produce the 15-50% rise in peak CHF at the exit
for 30% rings in Freon-134a, based on constant inlet temperature. In comparison, a much larger
mass transfer enhancement (4,=1.5-1.8) over a much longer length (6=0.06-0.10) is required
to obtain the same value of CHF enhancement. Although values of 4, are much higher than
those obtained from single phase heat transfer (i.e., same fluid and flow obstacle), they are of
the same order of magnitude as those measured by Berger and Hau (1979) for mass transfer in
an aqueous electrolytic solution. Measurement of droplet mass transfer enhancement in
two-phase flow is nearly impossible since & is normally measured under equilibrium flow
conditions (E=D), where adiabatic lengths to achieve equilibrium are much longer than the mass
transfer cnhancement length. Therefore, the estimation of flow enhancement parameters will
always involve the fitting of complex models to such macro variables as magnitude and location
of CHF. It would appear from both the experimental and model analysis results of this study
that any disruption of the liquid film by the flow obstruction is more than compensated for by
the increased deposition, derived from either the direct impingement and run-off entrained liquid

or the mass transfer enhancement effect.
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73  Technical Accomplishments

The technique used to vary the position of the flow obstacle during the experiment (using
an external magnet) allowed a wide range of obstacle number, spacing, and type to be tested

during both single phase heat transfer and two phase CHF experiments.

The development of an object oriented simulation and modelling framework permitted
the rapid development and testing of a stand-alone analytical dryout model for annular flow,
capable of predicting the maximum heat flux (CHF) in a single test section with any number of
flow obstacles installed. The software is written in C++ and structured in such a way that other
physical processes and control situations can be easily incorporated. The model results
presented for this study were obtained in a timely manner using the standard procedures and

simulation object classes provided by this framework.

7.4 Future Research

Analytical models of two-phase flow in reference and flow-obstructed tubes have
increased our understanding of critical heat flux, and the role various flow enhancement
mechanisms play in the enhancement of CHF. The sensitivity of the current dryout models to
the proximity of the OAF and the initial entrainment fraction (G,¢/G,) indicates a need to better
understand and study the transition from subcooled flow to annular flow regimes. It is important
that any subcooled flow model includes the effects of high heat flux (i.e., strong diabatic
boundary conditions), where CHF can occur. The model developed by Weisman and Pei (1983)
for DNB-type CHF could be compared with the annular flow dryout model to establish the
boundary between these two mechanisms. It would also be beneficial to develop more detailed
models of the flow transition from bubbly or churn flows to annular flow, and better define the
OAF condition and initial entrained liquid fraction. Further refinement of the reference tube

model is also necessary to take into account the effects of mass flux on dryout. The Reynolds
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number of the entrained liquid is one parameter which might prove useful in deriving a relation
between droplet mass transfer (k) and mass flow. Given the current difficuity of the Hewitt and
Govan model to reproduce the effects of flow enhancement, a more detailed measurement of
annular flow (e.g., liquid film thickness and entrained liquid fraction) might be warranted,
especially in the vicinity of flow obstructions. These measurements could be carried out in

air-water at moderate to low pressures.

The obstacle model will require integration with other subchannel effects, such as flow
and cnthalpy re-distribution, before the net effect on critical channel power (CCP) of a complex
fuel-rod bundle can be predicted analytically. Previous measurements (Groeneveld, 1981) have
shown that a reduced grid spacer pitch can increase CHF in a rod bundle, but to a lesser degree
than that measured here for a single tube. One cannot say with certitude whether or not the
parametric results from this study inside a tube will produce the true effect on bundle CHF when
applicd to a complex subchannel model. However, this author remains optimistic that the larger
resultant CHF increases in the tube will be reduced by other factors affecting the prediction of

CHF in rod bundles (e.g., wall curvature, inter-mixing between adjacent channels, etc.).

The object oriented modelling framework could be expanded to include the simulation
of closed flow networks. The present study involved only a single one-dimensional flow
channel, where flow and pressure were specified at the inlet and used to compute the resultant
flow and pressure downstream. Because fluid properties werc assumed constant over the test
section length, it was not necessary to specify whether the pressure was at the inlet or outlet. In
cases where the mass flow is the result of balancing pressure drops between multi-channels of
a flow network (e.g., natural circulation boilers, nuclear fuel subchannels), or where the pressure
is controlled at the exit and the fluid properties vary with length, a more sophisticated simulation
execution object will be required to control the overall mass flow process. The flow must be
distributed through the various flow channels in such a way that pressure drops are in balance.
Although such methods have been developed for very specific applications (e.g., Westacott et

al. 1991), their implementation within an object-oriented framework is still a formidable task,
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and will result in a more general purpose simulation and modelling tool. One could easily
envisage the development of a steady-state and transient model for the conventional boiler using

the two-phase flow objects developed during this study.
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Appendix A: Single-Phase Experiments

A-1



A.1  Single-Phase Test Matrix

The following table describes the single-phase test data. Both date (time) and run ID are
used to identify a particular data subset and inlet condition (mass flux, inlet fluid temperature,
and test section power setting) since the runs are repeated.

Date Run ID G T, Q Description
Mg/m*s] | [°C] | (kW] |
Reference Tests
94-01-28 0 4 2-25 0 zero-power heat balance runs
94-01-31 0 14 2-20 0
94-02-01 0 14 1060 | 0-6 | heat balance runs with both zero-
power + non-zero power
94-02-02 0 1-4 2-50 0 zero-power heat balance runs
1010-1040 1-6 6 2 single-phase heat transfer and
pressure drop runs (original test
94-02-03 1040 24 10,20 0 zero-power heat balance runs
18% Ring Tests
94-02-04 0-10 1-6 6,20 0 zero-power heat balance runs
101x-104x 1-6 6 2 single-phase heat transfer and
pressure drop runs, following
94-02-07 IOSX, 108x 1, 6 20 2 onglnal test matrix
30% Ring Tests
94-02-21 11-18 1-6 2 0 zero-power heat balance runs
94-02-23 403x 4 7 13 | single-phase heat transfer and
pressure drop runs, using
401x 1 4 4 optimum power
402x 2 4 7
403x 4 7 12
404x 6 10 16
1-18 1-6 11-65 0 zero-power heat balance runs

A-2



It should be mentioned that some of the data recorded were later rejected because:

1.

A2

A2.1

The fluid was found to be saturated at the test section outlet (i.e., in two-phase flow),
making it unuseable for energy balance.

The heat balance results indicated a very strong negative imbalance (i.e., heat gain) up
to 20%, even though the indicated fluid temperature at the test section outlet was
10-20°C below the saturated fluid temperature. It was determined that these were due
to either installation or calibration errors in the two fluid thermocouples. A
re-calibration and re-installation of the fluid thermocouples eliminated the problem.

The 5 kW reference tube and 18% ring data were removed since their heat loss (actual
heat gain) were more than twice the calculated RMS error in heat loss, and since the 2
kW power data covered the same range.

Some of the 30% ring data (i.e., those at highest power setting for a given flow
condition) were removed since data taken at slightly lower power settings showed better

agreement with the reference tube data and correlations (i.e., when the obstacle was
located far from the thermocouples: z/d=30).

Raw Data
Legend for Data

The following labels are defined for each of the DAS-measured variables:

Date: month/day/year

Time: 24hr:min:sec

RUNID: run identification number (user-defined)

TCW3A: 1 of 2 wall thermocouples mounted 1269 mm from the inlet to the heated
test section (°C)

TCW3B: 2 of 2 wall thermocouples mounted 1269 mm from the inlet to the heated
test section (°C)

TCPT2: wall thermocouple mounted at the downstream pressure transducer
(PT2), located 1050 mm from the inlet to the heated test section (°C)

TCW1A: 1 of 3 wall thermocouples mounted 927 mm from the inlet to the heated
test section (°C)

TCwW1B: 2 of 3 wall thermocouples mounted 927 mm from the inlet to the heated
test section (°C)

TCW1C: 3 of 3 wall thermocouples mounted 927 mm from the inlet to the heated
test section (°C)

TCW2A: 1 of 3 wall thermocouples mounted 672 mm from the inlet to the heated
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A2.2

test section (°C)

TCW2B: 2 of 3 wall thermocouples mounted 672 mm from the inlet to the heated
test section (°C)

TCW2C: 3 of 3 wall thermocouples mounted 672 mm from the inlet to the heated
test section (°C)

TCPT3: wall thermocouple mounted at the upstream pressure transducer (PT3),
located 550 mm from the inlet to the heated test section (°C)

TE-AIR: thermocouple measuring the ambient air temperature in the vicinity of
the DAS (°C)

TE-WAT: thermocouple measuring the water temperature at the inlet to the
condenser (°C)

DP2_AVG:  differential pressure transducer measuring the static pressure drop across
pressure taps PT2 and PT3, located before and after the flow obstruction,
a length of 504 mm (kPa)

MF-AVG: calculated mass flux through the flow meter (Mg/m?s)

POUT-AVG: pressure at the outlet to the test section (MPa)

5A-IN_AV: test section inlet fluid temperature (°C)

Pwr_Avg: calculated power to the test section (kW)

1A-OUTAV:  test section outlet fluid temperature (°C)

HB_AVG: calculated heat balance over the test section (kW)

DP1_AVG: differential pressure transducer measuring the static pressure drop across
pressure taps before and after the test section, a length of 2580 mm (kPa)

A1-AVG: wall thermocouple mounted at the outlet to the heated test section — 30%
ring only (°C)

Tabulated DAS Output

The DAS-measured data are presented in two separate spreadsheet tables which follow:

Table A.2-1: Reference tube and 18% ring data sets (384 points)

Table A.2-2: 30% ring data sets (277 points)

The 30% ring data set includes the extra wall thermocouple reading, A1-AVG.
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Table A.2-1: Reference tube and 18% ring data

DATE

28/01/94
28/01/94
28/01/94
28/01/94
28/01/94
28/01/94
28/01/94
28/01/94
28/01/94
28/01/94
28/01/94
28/01/94
28/01/94
28/01/94
28/01/94
28/01/94
28/01/94
31/01/94
31/01/94
31/01/94
31/01/94
31,0194
31,0194
31:01/94
31/01/94
31/01/94
31/01/94
31,01/94
31/01/94
31/01/94
31/01/94
31/01/94
31/01/94
31/01/94
31/01/94
31/01/94
3101/94
31:01/94
31/01/94
31/01/94
31/01/94
31/01/94
31,01/94
31/01/94
31/01/94
31/01/94
31/01/94
31,01/94
31/01/94
31/01/94
31/01/94
31/01/94

TIME

11:12:54
12:13:43
14:26:45
14:28:31
14:31:12
14:32:01
14:36:57
14:37:53
14:39:36
14:49:49
14:52:32
14:54:31
15:00:35
15:01:38
15:13:52
15:32:42
15:32:42
14:40:18
14:41:03
14:41:49
14:42:47
14:44:55
14:45:33
14:46:03
14:46:49
14:51:37
14:52:35
14:53:37
14:54:56
14:55:31
14:59:39
15:00:17
15:00:59
15:01:51
15:03:01
15:08:58
15:10:12
15:16:46
15:17:36
15:20:11
15:22:27
15:23:58
15:27:13
15:28:01
15:29:46
15:30:23
15:34:13
15:35:57
15:38:40
15:42:08
15:44:12
15:47:09

RUNIITCW3A TCW3B TCPT2 TCWIA TCWIB TCWIC TCW2A TCW2B TCW2C TCPT3 TE-AIR

Q
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
90
0
0
0
0
0
0
0
0
0
0
0
0
0
0

11.749
15.136
3.575
3.478
8.635
9.099
21.353
21.632
22.063
2341
23.083
23.00t
22.965
22.925
22.94
23.313
13.313
4.397
4.246
4.179
4.215
3.793
3.729
3.681
3.563
7.381
7.599
7.666
7.767
7.806
13.592
13.813
13.964
14.211
14.405
14.535
14.52
20.582
20.597
20.724
20.345
20.214
20.187
20.163
20.208
20.184
15.455
15.258
15.148
20.154
20.573
20.539

11.752
15.162
3.651
3.6
8.681
9.158
21.402
21.691
22.093
23.405
23.043
22998
22.937
229
22928
23.293
23.293
4.372
4.26
4,175
4.23
3.822
3.752
3.707
3.567
7.3717
7.618
7.687
7179
7.815
13.597
13.798
13.986
14.196
14.396
14.544
14.547
20.576
20.601
20.727
20.339
20.148
20.181
20.15t
20.178
20.157
15.441
15.238
15.122
20.196
20.576
20.537

12.526
15.504
4.234
4.118
8.512
8.938
20.056
20.409
21.028
23.038
22.831
22.818
22.846
22.824
22.886
23.786
23.786
4.825
4.719
4.67
4478
4.003
3.923
3.838
371
7.012
7.291
7.371
7.498
7.556
12.7
12913
13.147
13.381
13.674
14.207
14.243
19.895
19.999
20.276
20.041
19.926
20.014
19.986
20.053
20.029
15.83
15.544
15.343
19.694
20.108
20218

Reference Tube Tests

11.447
14.966
3512
3.396
8.645
9.106
21.487
21.712
22.104
23.405
23.034
22.992
22.971
2291
22.946
23.274
23.274
4.259
4.135
4.055
4.10!
3.685
3.603
3.561
3445
7.314
7.578
7.633
7.709
7.7143
13.646
13.838
14.008
14.2
t4.361
14.543
14.528
20.627
20.636
20.725
20.317
20.135
20.174
20.135
20.177
20.151
15.352
15.191
15.118
20.296
20.649
20.521
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11.477
15.029
3.78
3.643
8.822
9.289
21.471
21.723
22.075
23.329
22.965
22.931
22.901
22.858
22.879
23.259
23.259
4.326
4.20t
4.126
4.172
3.78
3.704
3.667
3.534
7.395
7.617
7.668
7.744
71.78
13.672
13.888
14.049
14.241
14.404
14.532
14.492
20.585
20.603
20.688
20.288
20.111
20.145
20.099
20.138
20.117
15.327
15.154
15.069
20.245
20.615
20.476

11.611
15.232
3.598
3.568
8.984
9.466
21.942
22.18
22.475
23.728
23317
23.262
23.185
23.146
23.192
23.509
23.509
4.442
4.321
4.256
4.308
3.866
3.738
3722
362
7.591
7.804
7.865
7.942
7.966
14.026
14.197
14.373
14.553
14.675
14.751
14.764
21.003
21.012
21.067
20.613
20.491
20.552
20.497
20.552
20.552
15.604
15.474
15.394
20.692
21.061
20.903

11.269
14.791
3.332
3.283
8.544
9.018
2125
21.54
21.858
23.112
22.704
22.638
22.573
22.567
22.576
22.893
22.893
3.989
3.897
3.837
3.894
3.451
3.348
331t
3.226
7.109
7.334
7.397
1.507
7.519
13.463
13.666
13.846
14.016
14.122
14.247
14.256
20.402
20.441
20.521
20.095
19.961
19.992
19.939
20.007
19.995
15.159
14.974
14.909
20.067
20.447
20.314

1.1
14.732
3.046
3ot
8.281
8.813
21.225
21.521
21.879
23.132
22.704
22.67
226
22.596
22.593
22.898
22.898
4.023
3.913
3.853
3.898
3.487
3.384
3.348
3.269
7.174
7372
7.438
7.533
7.557
13.497
13.725
13.88
14.042
14.188
14.3
14.312
20.486
20.498
20.538
20.085
19.985
20.03
19.997
20.036
20.027
15.151
14.99
14.948
20.128
20.532
20.374

10.9t
14.587
2.601
2.57
8.183
8.65
2135
21.61
21.893
23.134
22.703
22.678
22.596
22.581
22.611
22.872
22.872
3.353
3.238
3174
3.238
2.789
2.682
2.652
2.546
6.666
6.872
6.948
7.033
7.054
13.258
13.489
13.637
13.807
13.95
14.05
14.068
20.442
20.442
20.482
20.005
19.893
19.927
19.89
19.93
19.939
14.869
14.715
14.697
20.124
20.515
20.266

11.434
14.51
3221
3.116
7.805
8.203

19.791

20.125

20.677
22.64

22.227

22.209

22.185

22173

22.207

23.235

23.235
3.835
3.707
3.637
3.522
3.094
3.018
2,998
2.875
6.407
6.659
6.761
6.893
6.922
12.39

12,674

12.866

13.133

13.357

13.797

13.828

19.862

19.943

20.131

19.797

19.758

19.822
19.77

19.801

19.813

15.295

15.029

14.874

19.513

19.976

19.976

22.143
22.419
22339
22358
22.403
22,495
22.707
22.805
2.7
22.854
22,811

22.93
22.906
22.731
23.004
23.086
23.086
19.525
19.607
19.583
19.623
19.592
19.564
19.583
19.552
19.503
19.491
19.656
19.696
19.763
19.699
19.604
19.564
19.693
19.767
19.892
19.751
19.858
19.901
19.904

19.92
19.907
19.978
19.972
19.938

19.95
20.048
20.048
20.042
20.021
20.042
20.082



Table A.2-1: Reference tube and 18% ring data (cont.'d)

DATE

28,01/94
28/01/94
28/01/94
28/01/94
28/01/94
28/01/94
28/01/94
28,01/94
28/01/94
28/01/94
28/01/94
28/01,94
28/01/94
28/01/94
28/01/94
28,01/94
28/01/94
31/01/94
31/01/94
31/01/94
31/01/94
31/01/94
31/01/94
31/01/94
31,01/94
31/01/94
31/01/94
31/01/94
31/01/94
31/01/94
31/01/94
31/01,94
31/01/94
31/01/94
31,01/94
31/01/94
31.01/94
31/01/94
31.01/94
31/01/94
31/01/94
31/01/94
31/01/94
31/01/94
31.01/94
31:01/94
31/01/94
310194
31/01/94
310194
31/01/94
31/01/94

TIME

11:12:54
12:13:43
14:26:45
14:28:31
14:31:12
14:32:01
14:36:57
14:37:53
14:39:36
14:49:49
14:52:32
14:54:31
15:00:35
15:01:38
15:13:52
15:32:42
15:32:42
14:40:18
14:41:03
14:41:49
14:42:47
14:44:55
14:45:33
14:46:03
14:46:49
14:51:37
14:52:35
14:53:37
14:54:56
14:55:31
14:59:39
15:00:17
15:00:59
15:01:51
15:03:01
15:08:58
15:10:12
15:16:46
15:17:36
15:20:11
15:22:27
15:23:58
15:27:13
15:28:01
15:29:46
15:30:23
15:34:13
15:35:57
15:38:40
15:42:08
15:44:12
15:47:09

RUNDTE-WA DP2_AVG MF-AVG POUT_AVSA-IN_APwr_Avg 1A-OUT HB_AVG DPI_AVG

C OO0 00 CO0OO0O0ODOCOODO0COOO0OOO0OO0OCOO0OOCAOOO0OO0DO0OO0O0COO0OO0O0O0OO0O0OOCCOOOODOOOOO

1.066
1.084
L.118
1.103
1.109
1.145
1.069
1.087
1.078
1.081
1.081
1.1
1.084
1.075
1.054
1.084
1.084
0.86!
0.87
0.87
0.867
0.864
0.879
0.894
0.888
0.9
0.9
0.885
0.888
0.876
0.864
0.907
0.873
0.867
0.848
0.888
0.891
0.873
0.861
0.888
0.91
0.885
0.897
0.891
0.903
0.913
0.928
0.928
0.925
0.903
0.9
0.879

0.57387
0
7.2659!
7.26464
6.97567
6.93523
6.67678
6.67169
6.68085
6.7246
6.72791
6.73376
6.76912
6.75869
6.78591
6.86222
6.86222
1.98178
2.17536
2.18451
0.43586
1.858332
1.86349
1.87672
1.88537
1.88664
1.88868
1.89987
1.91716
1.90343
1.86222
1.86604
1.86146
1.87036
1.8724
1.88562
1.89529
1.86171
1.85459
1.87163
1.87316
1.87316
1.89478
1.88639
1.89147
1.90623
6.59462
6.65465
6.6371
6.34915
6.36848
6.36848

0.76332
1.47557
4.12999

4.1337
4.07044
4.06993
4.06116
4.05981
4.06251
4.07246

4.0642
4.06639
4.07061
4.07213
4.07972
4.07364
4.07364
0.77243
1.08551
1.08534
1.08197

2.0332
2.03691
2.03742
2.03556
2.04146
2.04349
2.04231
2.04264
2.04214
2.04804
2.04383
2.04821

2.0472
2.04821
2.04551
2.04956
2.04973
2.04703
2.04686
2.05159
2.05074
2.04855
2.04922

2.0499
2.05158
4.03063
4.03164
4.03198
4.02962
4.03383
4.03147

Reference Tube Tests

1.41196
0.81633

1.1459
1.14665
1.18016
1.17966

1.2429
1.24315
1.24592
1.24895
1.24416
1.24542
1.24341

1.2429
1.24164

1.5649

1.5649
0.53062

0.5296
0.53212
1.34796
1.56541

1.5707
1.57195
1.57372
1.59287
1.59463
1.59539
1.59539
1.59413
1.62739
1.62739
1.62941
1.62941
1.62915

1.6289
1.62714
1.66014
1.65938
1.66014
1.65687
1.65585
1.65636
1.65511

1.6556
1.65511
1.58455
1.58203
1.58304
1.61781
1.61907
1.61504

A-6

8.568
12.805
1.868
1.789
8.234
8.577
22.118
22.197
22.513
23.482
23.005
22,975
22.966
22,933
22,948
23.129
23.129
2.604
2.492
2438
2.68
2.08
1.998
1.934
1.85
6.412
6.607
6.653
6.72
6.762
13.737
13.857
13.887
14.041
14.154
14.093
14.084
20.906
20.887
20.857
20.257
20.121
20.197
20.182
20245
20.188
14.675
14.693
14.657
20.875
20.948
20.63

O 00O 0O 000 00000000 OO0OO0O0O0OO0O0OO0 000000000 OO DO O0OO0OO0OODO0ODOOO

L1115
14.778
1.884
1.811
8.126
8.46
21.892
22016
22.265
23.347
22.885
22.845
22.815
2.77
22.818
22997
22997
2974
2.677
2.701
2738
2.145
2.106
2.042
2.027
6.41
6.641
6.632
6.716
6.735
13.475
13.721
13.809
13.925
14.049
14.012
14.009
20.755
20.677
20.67
20.148
20.027
20.096
20.032
20.112
20.072
14.686
14.605
14.623
20.628
20.862
20479

0.13522
.20501
0.00447
0.0061
-0.03039
-0.03283
-0.06691
-0.05362
-0.07351
-0.04028
-0.0357
-0.03857
-0.04477
-0.04851
-0.03861
-0.03914
-0.03914
0.01924
0.0135
0.01919
0.00421
0.00894
0.01479
0.01475
0.02424
-0.00028
0.00473
-0.00288
-0.00047
-0.00375
-0.0378t
-0.01962
-0.01126
-0.01679
-0.01512
-0.01171
-0.01086
-0.02243
-0.03141
-0.02795
-0.01633
-0.01418
-0.01502
-0.02228
-0.01986
-0.01726
0.00331
-0.02495
-0.00961
-0.0726
-0.02529
-0.0444

1.02679
0
39.42594
39.52248
38.15342
38.09199
37.19685
37.00816
37.03011
37.1047
37.11348
37.20124
37.33287
37.25828
37.63126
37.64881
37.64881
10.54869
12.27755
12.28194
4.13786
11.61058
11.57547
11.6764
11.68079
11.36485
11.36046
11.38679
11.37801
11.38679
10.85146
10.83829
10.81635
10.84707
10.82513
10.8339
10.83829
10.29857
10.28541
10.34684
10.37317
10.38194
10.39511
10.33368
10.38194
10.3995
36.83264
37.02133
37.07837
36.41579
36.38069
36.49916



Table A.2-1: Reference tube and 18% ring data (cont.'d)

DATE

31/01/94
31/01/94
31/01/94
31/01/94
31/01/94
31,01/94
31/01/94
310194
300194
31/01/94
31/01/94
3101594
01,02/94
01/02/94
01,/02/94
01/02/94
01/02/94
01/02/94
01/02/94
01/02/94
01/02/94
01/02/94
01/02/94
01/02/94
01/02/94
01,0294
01/02/94
01:02/94
01/02:94
01/02/94
01,/02/94
01/02/94
01/02/94
01/02/94
01/02/94
01.02/94
01/02/94
01/02/94
01.02/94
01/02/94
01,/02/94
01/02/94
01/02/94
01/02/94
01,0294
01/02/94
01:02/94
02/02/94
02/02/94
02,0294
02/02/94
02:02/94
02/02/94

TIME

15:48:10
15:49:48
15:50:28
15:52:33
15:55:23
15:56:12
16:00:28
16:01:17
16:01:29
16:01:48
17:50:04
17:50:04
8:15:16
8:32:44
8:33:58
8:35:07
8:37:44
8:50:22
8:51:11
9:01.52
9:02:04
9:13:41
9:13:06
9:15:23
9:23:13
9:24:45
9:25:52
9:27:14
9:34:56
9:37:28
9:43:28
%:51:11
9:54:19
9:57:31
10:01:31
10:07:05
10:20:37
10:22:38
10:23:34
10:25:25
10:51:36
11:58:21
13:05:18
13:50:51
14:40:17
15:07:47
15:07:47
10:20:09
10:31:49
10:45:44
10:46:28
10:46:37
10:51:39

RUNI'TCW3A TCW3B TCPT2 TCWIA TCWIB TCWIC TCW2A TCW2B TCW2C TCPT3 TE-AIR

OO0 0 00 OO O OO0 O0O OO0 ODO0OO0O0OOOCOOODOODRODOCOLODOODODOOOOCOOODOCOOCOOOO

20.533
20.5
20.506
20.488
20.561
20.615
20.364
20.361
20.385
20.385
14.499
14.499
14.026
19.787
19.96
19.89
19.86
19.972
19.899
33.133
33.145
33.442
3343
33.354
43.453
43.619
43.748
43.656
54.756
56.896
50.252
49.126
49.138
49.008
49.338
49.32
49.757
50.379
50.699
50.959
11.078
19.996
20.67
20.715
40.961
44.434
44.434
5.083
3.554
7.554
7.56
7.614
20.278

20.519
20.504
20.482
20.497
20.543
20.576
20.355
20.361
20.388
20.391
14.487
14.487
13.995
19.798
19.935
19.886
19.865
19.944
19.883
33.037
33.043
33.289
33.289
33.222
43.312
43.455
43.549
43.489
54.825
56.907
49.973
48.838
48.876
48.806
49.161

49.14
49.541
50.134
50.474
50.653
11121

19.92
20.662
20.718
40.994
44.206
44.206

5.043

3.576

7.569

7.584

7.639
20.345

20.227
20.276
20.285
20.33
20.412
20.44
20.282
203
20.333
20.333
14.663
14.663
14.189
19.222
19.469
19.445
19.545
19.819
19.77
32.079
32.097
32.852
32.855
32.825
42.13
42.398
42.56
42.579
53.023
55.133
49.634
48.611
48.589
48.477
48.802
48.738
48.62
49.262
49.582
49.871
12.203
20.312
20.581
20.727
38.123
43.699
43.699
6.551
4.206
7.535
7.562
7.626
18.677

20.503
20.484
20.46
20.478
20.576
20.618
20.344
20.329
20.363
20.378
14.31
14.31
13.872
19.801
19.971
19.895
19.853
19.935
19.907
33.042
33.057
33.282
33.273
33.181
43.304
43.447
43,547
43471
55.111
§7.056
49.923
48.935
48.972
48.847
49.191
49.163
49.638
50.209
50.522
50.734
11.039
19.74
20.658
20.682
41.514
44.206
44.206
4.792
3.375
7.447
745
7.514
20.457

A-7

20.485
20433
20412
20.451
20.552
20.591
20.308
20.302
20.335
20.354
14.265
14.265
13.827
19.795
19.948
19.838
19.808
19.905
19.862
33.082
33.098
33.352
33.349
33.276
43.522
43.682
43.795
43.704
55.403
§7.437
50.336
49.275
49.284
49.174
49.563
49.508
49.939
50.55
50.899
51.087
11.011
19.686
20.618
20.639
41.548
44.426
44.426
4.776
3446
7.52
7.513
7.562
20494

20.841
20.841
20.863
20.857
20.952
20.97
20.713
20.701
20.707
20.698
14.592
14.592
14.154
20.22
20.308
20.341
20.238
20.326
20.269
3.4
334852
3N
33.732
33.613
43.956
44.12
44.245
44.196
56.176
58.124
50.717
49.789
49.78
49.665
50.055
50.013
50.564
51137
51.487
51.622
11.258
19.94
21.039
20.985
42228
44.803
44.803
4.497
3315
7.39
7.409
7.406
20.689

20.28
20.271

20.29
20.296
20.368

20.39
20.143
20.126
20.123
20.126
14.006
14.006
13.623
19.606
19.727
19.739
19.657
19.718
19.663
32.779
32.788
33.023
3zolt
32.874
43.081

43.22
43.314
43.251
54.931

56.85
49.679

48.74
48.737
48.631
48.998
48.956
49.461
50.071
50.364
50.525
10.734
19.468
20.484
20.536
41.158

43.91

43.91

4.828

3478

7.493

7.493

7.498

20.53

20.262
20.295
20.318
20312
20.386
20.444
20.176
20.157
20.155
20.152
14.039
14.039
13.655
19.656
19.781
19.781
19.696
19.777
19.725
32.85
32.859
33.075
33.066
32.965
43.261
43.43
43.516
43.458
55.189
57.206
49.994
49.04
49.021
48.885
49.246
49.212
49.693
50.335
50.651
50.831
10.729
19.4
20.492
20477
41.174
43.982
43.982
4.787
3.481
7.499
7.496
7.506
20.578

20.239
20.239
20.248
20.221
20318
20.366
20.1
20.063
20.075
20.066
13.749
13.749
13.367
19.568
19.693
19.705
19.586
19.66
19.614
33.208
33.232
33.433
33.411
33.293
43.875
44.039
44.154
44.09
56.35
58.314
50.753
49.858
49.834
49.697
5C.083
50.043
50.592
5122
51.578
51.693
10.379
19.238
20.409
20.346
42.109
43.643
44.643
4.083
2.767
6.984
6.981
6.984
20.551

19.989
20.034
20.062
20.094
20.177
20.189
20.047
20.001
20.019
20.001
13.854
13.854
13473
19.1
19.294
19.355
19.366
19.561
19.531
32.275
32.297
329
329
32.824
42.568
42.787
42.969
42.99
54.039
56.022
49.952
48.991
48.954
48.845
49.148
49.167
48.972
49.655
50.025
50.222
11.018
19.576
20.402
20.226
38.846
43.642
43.642
5.391
3.267
6.89
6.893
6.893
18.927

20.122
20.097
20.091
20.183
20.1!
20.042
19.99
19.895
19.874
19.923
20.306
20.306
18.964
19.283
19.197
19.203
19.157
19.215
18.952
19.074
19.12
1.2
18.989
19.163
19.209
19.329
19.301
19.237
19.267
19.258
19.301
19.307
19.356
19.356
19.298
19.371
19.466
19.414
19.525
19.509
20.1
19.782
20.25
20.21t
20.544
20.936
20.936
20912
20.863
20.805
20.796
20.851
20.985



Table A.2-1: Reference tube and 18% ring data (cont.'d)

DATE

31/01/94
31/01/94
31/01/94
31/01/94
31:01/94
31/01/94
31/01/94
31/01:94
31/01,94
31/01/94
31,01/94
310194
01/02/94
01,02:94
01/02/94
01/02/94
01,02/94
01/02/94
01,02:94
01/02/94
01/02/94
01,02:94
01.02,94
01,02:94
01/02,94
01,0294
01/02:94
01/0294
01/02/94
010294
01,0294
01/02/94
01/02/94
01/02/94
01/02/94
01,0294
01,02/94
01/02/94
01/02/94
01,02/94
01/02:94
01/02,94
01/02/94
01,02/94
01/02/94
01:02/94
01/02/94
02/02/94
02/02:94
02/02/94
02:02/94
02,0294
02/02/94

TIME

15:48:10
15:49:48
15:50:28
15:52:33
15:55:23
15:56:12
16:00:28
16:0i:17
16:01:29
16:01:48
17:50:04
17:50:04
8:15:16
8:32:44
8:33:58
8:35:.07
8:37:44
8:50:22
8:51:11
9:01:52
9:02:04
9:13:41
9:14:06
9:15:23
9:23:13
9:24:45
9:25:52
9:27:14
9:34:56
9:37:28
9:43:28
9:51:11
9:54:19
9:57:31
10:01:31
10:07:05
10:20:37
10:22:38
10:23:34
10:25:25
10:51:36
11:58:21
13:05:18
13:50:51
14:40:17
15:07:47
15:07:47
10:20:09
10:31:49
10:45:44
10:46:28
10:46:37
10:51:39

RUNT TE-WADP2_AVG MF-AVG POUT_AVSA-IN_APwr_Avg LA-OUT HB_AVG DPI_AVG

OO O OO OO OO OO0 O0O0OO0O00CO0O00O0O0O0O00CO0OO0O0O0O0DO0OOOO0O0OO0O0OO0ODDOOOCOOCODOOCOO

0.919
0.9
0.956
0.891
0.897
0.934
0.913
0.943
0.937
0.943
0.845
0.845
0.845
0.867
0.842
0.854
0.836
0.873
0913
0.87
0.867
0.833
0.864
0.854
0.888
0.848
0.83
0.861
0.821
0.842
0.867
0.888
0.836
0.851
0.861
0.839
1.145
1.155
1.145
1.106
0.735
0.894
0.885
0.894
0.735
0.845
0.845
1.103
1.179
1.194
1.161
1.176
1.i58

6.41732
6.37204
6.42037
6.4163
13.72476
13.77029
13.75783
13.69372
13.72705
13.68787
0

0

0
1.77039
1.76963
1.76937
1.79074
1.8088
1.80422
1.57325
1.5936
1.58113
1.5585
1.57096
1.31073
1.31557
1.30616
1.34075
0.97699
1.00269
1.22908
1.31201
1.2998
1.30997
1.31938
1.30259
5.90831
5.92561
5.92383
593782
2.45313
2.53504
2.416
241218
2.13669
2.00594
2.00594
2.23285
224862
2.15399
2.15526
2.159313
1.85662

4.03114
4.03333
4.03434
4.03788
6.04274
6.04527
6.05016
6.05067
6.04999
6.0505
0

0

0
2.07976
2.07537
2.0779
2.07756
2.0811
2.0833
2.07233
2.07503
2.07554
2.07284
2.0671
2.05766
2.05951
2.05901
2.06053
2.03151
2.11855
2.04281
2.04231
2.04416
2.04737
2.05007
2.04956
4.00364
4.00263
4.00533
4.00651
2.21488
2.39621
237125
2.3699
2.36028
2.35505
2.35505
2.12749
2.13424
2.12328
2.12142
2.12446
2.11704

1.61504
1.61504
1.61353
1.61579
1.54474
1.54273
1.53995
1.53946

1.5392
1.53819
0.62736
0.62736
0.62736
1.43212
1.43237
143187
1.43162
1.43338
1.43212

1.5009
1.50141
1.50191
1.5014t
1.49965
1.49863
1.49889
1.50015
1.49788
1.78184
1.76722
1.61227
1.73195
1.73321
1.73346
1.73876
173724
1.80199
1.80049
1.80199
1.79796
1.02092
1.45101
1.54777
1.55054
1.39079
1.38122
1.38122

0.6833
0.68179

1.2953

1.2953
1.29581
1.53568

A-8

20.585
20.558
20.555
20.501
20.715
20.724
20.338
20.329
20.377
20.395
12424
12.424
12.171
19.973
20.154
20.042
19.952
20.018
19.943
34.409
34.394
34.644
34.644
34476
45.823

46.01
46.091
45.961

§9.96
61.466
52.792
52.001
52.016
51.905
52.336
52.254
52.924

53.47
§3.881
53.923
10.138
19.116
20.721
20.645
45.261
46.556
46.556

2.668

1.835

6.354

6.342

6.399

21.21

OO C OO0 OO0 OOOoCOOODOOO0 OO OO

0.0031

O OO0 00000000 OWOO0OO0CLOOODOoOLCOOoOCODOOOCOODO OO

20.467
20.413
20.4
20.379
20.54
20.625
20.245
20.245
20.282
20.279
14.012
14.012
13.758
19.835
19.987
19.896
19.771
19.869
19.796
34.06
34.08
34.336
34318
34.151
45.376
45.547
45.638
45.544
59.07
60.776
52.363
51.552
51.534
51.425
51.792
51.773
52.512
53.038
53.56
§3.578
10.177
19
20.561
20.54
44.502
46.13
46.13
2914
1918
6.325
6.294
6.364
20.907

-0.03461
-0.04272
-0.04565
-0.03586
-0.07702
-0.04339
-0.04112
-0.03713
-0.04218
-0.05147
0

0

0
-0.02058
-0.02534
-0.02i8!
-0.02689
-0.02234
-0.0219
-0.05412
-0.04863
-0.04784
-0.05054
-0.05011
-0.07053
-0.07312
-0.07167
-0.066
-0.14348
-0.11891
-0.06813
-0.07148
-0.07678
-0.07655
-0.08675
-0.07677
-0.12841
-0.13489
-0.10016
-0.10777
0.00602
-0.02004
-0.02766
-0.01823
-0.13665
-0.07697
-0.07697
0.03513
0.01191
-0.00426
-0.007
-0.00521
-0.04668

36.72295
36.48161
36.72734
36.7756
76.77198
76.74564
76.65789
76.5789
76.73249
76.75882
0

0

0
10.57063
10.49603
10.48725
10.63206
10.70666
10.68033
9.39465
9.40343
9.3771
9.27179
9.28056
8.25816
8.26694
8.18357
8.33276
6.59512
6.16949
7.36741
7.56925
7.42006
7.46394
7.50782
7.43762
34.52896
34.62111
34.56407
34.59917
12.88309
13.9011
13.6466
13.66854
11.21566
11.37363
11.37363
12.58471
12.70757
12.16785
1225122
12.20734
10.9436



Table A.2-1: Reference tube and 18% ring data (cont.'d)

DATE

02/02/94
02/02/94
02,02/94
02/02/94
02/02/94
02/02/94
02/02,94
02/02/94
02:02/94
02/02/94
02/02/94
02/02/94
02/02/94
02/02/94
02/02/94
02/02/94
02:02/94
02/02/94
02/02:94
02,02/94
020194
02,02/94
02:02:94
02/02/94
02/02/94
02/02/94
0270294
02/02/94
02/02/94
02/02/94
02/02/94
02/02/94
02/02/94
02/02/94
02,/02/94
02/02/94
02/02/94
02/02/94
02:02/94
02/0294
020294
02:02/94
02/02/94
02/02/94
02/02/94
02:02/94
02./02/94
02/02:94
020294
02/02/94
02/02/94
02/02/94
02/02/94

TIME

10:52:26
10:54:04
10:54:40
11:02:19
11:03:22
11:04:40
11:05:13
11:12:15
11:14:02
11:15:05

11:23:31
11:24:58
11:25:27
11:35:02
11:36:54
11:39:53
11:40:41
11:46:54
11:47:59
11:49:10
12:01:09
12:38:23
12:38:57
12:39:33
12:52:57
12:54:27
12:56:15
12:58:45
13:01:06
13:06:20
13:27:08
13:28:06
13:28:55
13:29:35
13:30:25
13:35:05
13:36:46
13:37:13
13:37:40
13:38:39
13:45:00
13:46:39
13:47:21
13:48:12
13:50:29
13:54:38
13:55:51
13:56:44
13:58:31
14:00:06
14:03:41
14:06:08

RUNDTCW3A TCW3B TCPT2 TCWIA TCWIB TCWIC TCW2A TCW2B TCW2C TCPT3 TE-AIR

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOQ

1010
1010
1010
1010
1010
1010
1010
1010
1010
1010
1020
1020
1020
1020
1020
1030
1030
1030
1030
1030
1040
1040

20.573

2098
21.083
22.676

22,418
22.261

——

22.184
9.163
9.269
9.342

21.748
21.59
21.34

21.274

32.368

32.502

32.699

32.726

31737

31.536

31.094

48.685

49.545

49.578

49.545

48.225
48.67

49.159
49.32

49.394

49.518

42.214

42.661

42.952

43.003

43.077

43.183

43.177

43.189

43.165

43.156

28.206

28.122

28.113

28.152

27.636

19.149

19.074

19.003

18.927

18.927

15.855
1571

20.619
20.989
21.074
2263
22.39
22.223
22.156
9.131
9.243
9.31
21.776
21.615
213712
21.32
31.878
31.958
32.444
32.474
31.627
31.36
30.888
48.478
49.313
49.346
49.31
47.988
48.383
48.864
49.028
49.094
49.219
42.018
42.465
42.744
42.844
42.88
42914
42.905
42914
42.92
42.902
28.288
28.023
27975
27.981
27.315
19.048
18.99
18.969
18.924
18.887
15.818
15.718

19.085
19.661
19.84
22.097
21.957
21.85
2179
9.63
9.569
9.542
20.882
20.888
20.83
20.833
31.26
31.567
31.947

32.008
31223
31.095
30.745
46.811
48.565
48.602
48.571
47.051
47.52
48.035
48.288
48.468
48.723
37441
37.938
38.236
384
38.534
38.908
38.936
38.945
38.948
38.969
26.707
26.146
25.955
25.991
25374
18.863
18.72
18.626
18.489
18.355
15.617
15.34

20.712
21.041
21.108
22.536
22323
22.165
22,10t

9.024

9.137

9.213
21.7182
21.597
21.323

21.28
32.276
32.407
32.585
32.606
31.456
31.264
30.735
48.577
49.382
49.422
49.376
48.118
48.507
48.981
49.095
49.136
49.288
38.393
38.776
39.013
39.092
39.141
39.111
39.114
39.068
39.035
39.038
25.982
25.748
25.739
25.745
25.103
17.798
17.819
17.765
17.755
17.734
14981
14911

A9

20.709
21.006
21.076

22.53
23781

22.139
22.054
9.013
9.101
9.202
21.76
21.568
21.292
21.255
3221
32.408
32.627
32.654
31.549
31.388
30.933
48.925
49.711
49.754
49.714
48.445
48.813
49.278
49.389
49.478
49.636
38.309
38.707
38.977
39.005
39.038
39.075
39.023
39.044
38977
38.959
259
25.655
25.621
25.642
24.962
17.665
17.646
17.592
17.567
17.549
14.82
14.738

20.863
21.18
21.244
22.53
22.359
22.198
22.152
8.905
9.103
9.145
21.982
21.676
21.417
21.368
32.318
32425
32.65
32.705
31.485
313
30.605
49.071
49.899
49.924
49.896
48.665
49.037
49.524
49.57
49.686
49.789
38.377
38.777
38.975
39.085
39.069
39.06
39.027
39.039
39.036
39.02
25.966
25.716
25.688
25.733
25.084
17.671
17.65
17.65
17.616
17.656
14.797
14.754

20.779
21.108
21.208
22.567
22.406
22258
22.193
9.04
9.202
9.214
21.898
21.637
21421
21.381
32.269
32.415
32.591
32.634
31.436
3122
30.742
48.612
49.418
49418
49.406
48.198
48.597
49.108
49.132
49.223
49.33
35.444
35.866
36.055
36.149
36.161
36.174
36.149
36.14
36.113
36.101
24.453
24216
24.14
24.185
23.598
16.932
16.91
16913
16.859
16.91
14.389
1431

20.784
21.161
21.225
22.558
22.384
22.226
22.183
8.993
9.194
9.22
21.903
21.645
21.401
21.356
32.244
32.226
32.582
32.622
31.475
31.256
30.779
48.793
49.611
49.636
49.605
48.364
48.784
49.267
49.341
49.484
49.559
35.657
36.009
36.232
36.298
36.292
36.323
36.272
36.292
36.247
36.223
24.559
14.288
24.258
24272
23.744
16.994
16.991
16.991
16.952
16.982
14.43
14.349

20.746
21.082
21134
22.49
22327
22.165
22,132
8.54
8.747
8.762
21.856
21.592
21.328
21.286
32.52
32.607
32,923
32.981
31218
30.773
30.678
49.554
50.398
50.416
50.404
49.16
49.582
50.08
50.118
50.259
50.361
35.615
35.954
36.242
36.254
36.294
36.221
36.233
36.221
36.197
36.224
24.167
23.916
23.886
23.889
23.328
16.534
16.537
16.54
16.486
16.517
13.89
13.344

19.303
19.895
20.041
22479
22,303
22.188
22.143
9.098
9.076
9.047
21.041
20.954
20.887
20.874
31.659
31.829
32.269
32.345
31.331
31.192
30.791
47.574
49.118
49.124
49.124
47.646
48.123
48.639
48.861
49.027
49.237
32.639
33
33.267
33.392
33.386
33.667
33.782
33.776
33.695
33.728
23.156
22.622
22.567
22.488
21.827
16.257
16.196
16.166
16.06
16.036
13.742
13.521

21.022
21.065
21.099
21.093
21.142
21114
2111
20.927
21.08
21.096
21.059
21,139
21.034
21.169
21.332
21.402
21.313
21.374
21.09
21.27
21.286
21.457
21.714
21.451
21.479
20717
21.966
22214
22.33
22.027
22.067
22.027
22.116
22.143
22.036
22.128
22.116
22.162
2171
22.097
22.152
22253
22.198
22.174
22.125
22.168
22.128
22.207
22.085
22.186
22.162
22.113
22.094



Table A.2-1: Reference tube and 18% ring data (cont.'d)

DATE

02/02/94
02/02/94
02/02/94
02/02/94
02/02'94
02,02/94
02/02/94
02/02/94
02,02/94
020294
02/02/94
02/02/94
02/02/94
02/02/94
02/02/94
02/02/94
02/02/94
02,02/94
02/02/94
02/02/94
02:02'94
02/02/94
02/02/94
02,0294
020294
02,02/94
02,02/94
02/02/94
02/02/94
02:02/94
02:02/94
02/02/94
02/02/94
0202/94
02/02/94
02/02/94
02/02/94
02/02:94
020294
02/02/94
02/02/94
02/02/94
020294
02/02/94
02/02/94
02/02:94
02/02/94
02/02/94
02/02/94
02/02:94
02/02/94
02/02/94
02/02/94

TIME

10:52:26
10:54:04
10:54:40
11:02:19
11:03:22
11.04:40
11:05:13
11:12:15
11:14:02
11:15:05

11:23:31
11:24:58
11:25:27
11:35:02
11:36:54
11:39:53
11:40:41
11:46:54
11:47:59
11:49:10
12:01:09
12:38:23
12:38:57
12:39:33
12:52:57
12:54:27
12:56:15
12:58:45
13:01:06
13:06:20
13:27:08
13:28:06
13:28:55
13:29:35
13:30:25
13:35:05
13:36:46
13:37:13
13:37:40
13:38:39
13:45:00
13:46:39
13:47:21
13:48:12
13:50:29
13:54:38
13:55:51
13:56:44
13:58:31
14:00:06
14:03:41
14:06:08

RUNID TE-WA DP2_AVG MF-AVG POQUT_AVSA-IN_APwr_Avg 1A-OUT HB_AVG DPI_AVG

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

1010
1010
1010
1010
1010
1010
1010
1010
1010
1010
1020
1020
1020
1020
1020
1030
1030
1030
1030
1030
1040
1040

1.109
1.145
1.142
1.103
1.201

1.21
1.198
1.164
1.139
1173
1.234

117
1.216
1.204
1.136
1152
1.225
1.231
1112
1.103
1.096
1,124
1152
1.185
1.167
1.825
1.859
1.865
1.877
1.957
1.933
1.158
1.176
1.213
1133
1.198
1.176
1.201
1.194
1.185
1.182
1.219
1.201
1.216
1.194
1.216
1.182
1161
1.213
1.161
1.185
L1173
1.158

1.89681
1.90165
1.84976
0.19047
0.18233
0.21056
0.20471
15.19835
15.19886
15.18818
13.69042
13.67744
13.74714
13.79547
13.77131
13.78123
13.78962
13.85983
0.31104
0.31129
0.33673
0

0

v}

0
13.18828
13.13333
13.17098
13.20278
13.12494
13.21193
0.34589
0.33164
0.33521
0.33444
0.34131
0.33546
0.35021
0.34284
0.35377
0.33063
1.94184
1.98229
1.99017
2.01332
1.98686
6.47201
6.48931
6.49948
6.47811
6.47786
13.70517
13.72832

2.11569
211855
2.11973
1.02056
1.01348
1.01618
1.01669
6.02941
6.04088
6.04307
6.06247
6.05859

6.0591
6.06517
6.06247
6.06365
6.07074

6.0731
1.21844
1.21928
1.22181
1.21978
1.21051
1.20933
121118

5.9869
5.98572
599146
5.99179
5.99787
6.01743
1.01483

10155
1.01466
1.01584
1.01601
1.01466
1.01432
1.01432
1.01449
1.01382
1.97955
1.99356
1.99305
1.99069
1.99271

3.9952
3.99537

3.9947
3.99318
3.99065
5.99635
6.00073

1.5392
1.53844
1.53844
1.55306
1.55306

1.5513

1.5513
1.50267
1.50342
1.50393
1.60522
1.60547

1.6027

1.6027
1.65812
1.65661
1.65736
1.65585
1.74203
1.73876
1.73422
1.69668
1.69768
1.69617
1.69895
1.58707
1.59563
1.60295
1.60144
1.60219

1.6027
1.76244

1.7647

1.7647

1.7647
1.76244
1.76068

1.7589
1.75866

1.7589
1.75689
1.72263
1.72087
1.71909
1.71809
1.71582
1.80174

1.8035
1.80174
1.80149
1.80149
1.71834
1.71885

A-10

21.303
21427
21.454
2248
22314
22215
22191
8.114
8.261
8318
22.063
21.732
21.369
21.288
33.365
33.468
33.646
33.664
32.37
32.065
31.607
S1.842
52.542
52.566
52.484
50.882
51.30t
51.769
51.73
51815
§1.947
6916
217
7.322
7.304
7.175
6.768
6.678
6.628
6.616
6.58
6.065
6.017
5.989
6.005
5.938
6.128
6.174
6.207
6.219
6.255
6.065
6.083

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
Q
0
0
0
0
0
0
0
0
0

2.03005
2.03841
2.03662
2.04978
2.04627
2.06799
2.05833
2.06102
2.06737
2.06684
2.09282
2.09083
2.09001
2.08977
2.02526
2.01216

2.0145
2.00257
2.00905
2.01605
2.02209
2.01652

21.05
21.251
21.217
22.368
22.184
22.098
22.101

8.065

8.238

8.317
21.922

21.63
21.284
21.102
33.179
33.279
33.425
33.434
32.034
31.876
31.359
51.133
51.838
51.862
51.801
50.522
51.032

515
51.446
51.531
51.652
33.853
34.223
34.355
34.393
34.387
34.206
34.157
34.166
34132
34.108
21071
20.922
20.896
20.896
20.376

13.38
13.448
13.448
13.393

13.52

10.92
10914

-0.03899
-0.02713
-0.03656
-0.00832
-0.00966
-0.00865
-0.00665
-0.02012
-0.00968
-0.00043
-0.0623
-0.04486
-0.03784
-0.08228
-0.08439
-0.08536
-0.1003
-0.10448
-0.0306
-0.01721
-0.02258
-0.06732
-0.06632
-0.06628
-0.06442
-0.1677
-0.12538
-0.12559
-0.1328
-0.13244
-0.13821
1.97381
1.98212
1.98303
1.98954
1.99849
2.0105
2.01245
2.01657
2.01519
2.01458
2.09875
2.09857
2.09799
2.0933t
2.0292
2.01677
2.02342
201397
1.99452
2.01905
2.01419
2.00567

11.04014
11.01381
10.77247
222031
2.17644
2.39583
2.32563
16.99577
77.10985
77.158372
.0Mm
77.04403
77.21955
77.10986
77.25027
7723272
7743456
77.43456
2.68983
27077
2.85218
0.75473
0.57044
0.59676
0.62748
76.14011
75.99531
76.26298
76.25858
76.41216
76.97382
271616
2.6284
2.65472
2.64156
2.65472
2.65472
2.70738
2.6986
2.72932
2.58452
10.39072
10.5092
10.51358
10.5092
10.52236
36.42895
36.45089
36.46845
36.42456
36.35436
75.65308
75.78907



Table A.2-1: Reference tube and 18% ring data (cont.'d)

DATE

02/02/94
02/02/94
02:02/94
02/02/94
02/0294
02/02/94
02/02/94
02/02/94
02,02/94
02/02/94
02/0294
02/02/94
02:02/94
02/02/94
02/02/94
02/02/94
02/02/94
02/02/94
02/02/94
02:02,94
02/02:94
02:02/94
020294
03/02/94
03,02/94
03/02/94
03:02/94
03,0294
03/02/94

TIME

14:08:34
14:09:27
14:10:56
15:16:11
15:17:22
15:18:49
15:19:59
15:21:03
15:27:03
15:28:59
15:31:40
15:33:20
15:36:03
15:44:49
15:47:23
15:49:47
15:51:57
15:52:52
15:58:53
16:03:20
16:05:37
16:07:48
16:11:09

8:18:53

3:36:14

§:36:40

8:37:46
10:16:56
10:17:11

RUNITCW3A TCW3B TCPT2 TCWIA TCWIB TCWIC TCW2A TCW2B TCW2C TCPT3 TE-AIR

1040
1040
1040
1050
1050
1050
1050
1050
1060
1060
1060
1060
1060
1070
1070
1070
1070
1070
1080
1080
1080
1080
1080

= N~ I = I = I~ R = }

15.676
15.616
15.573
53.685

53.56
§3.506
53.557
§3.563
39.777
39.613
39.665
39.601
39.534
31.698
31.563
31.487

31.56
31572
28.249
28.231
28.231
28.285
28.267
11.804
20.367
20.287
20.257
10.701
10.692

15.66
15.609

15.59

53.37
§3.269
53.205

53.26
§3.303
39.527
39414
39.451
39.399
39.366

31.46
31.329
31.226
31.287
31.332
28.419
28.379

28.37
28.403
28.443
L1771
20.391
20.303
20.269
10.723
10.723

15.188
15.066
14.978
49.506
49.445
49.399
49.503
49.552
38.263
37.874
37.696
37.563
37.404
30.827
30.592
30.425

30.41
30.401
27.807
27.633
17.594
27.578
17612
12,618
20.023
19.996

19.99
1.312
11.302

14.896
14.853

14.82
49.761
49.665
49.595
49.677
49.677
37.414
37.333
37.429
37.384
37.297
30.383
30.246
30.179
30.231
30.279
27.663
27.599
27.596
27.642
27.721
11.628
20.344

20.28
20.232
10.644
10.641

A-11

14.711
14.668
14.622
49.879
49.741
49.705
49.735
49.799
37.417
37.296
37.365
37.293
37.269
30.384
30.241
30.153
30.189
30.256
27.667
27.606
27.591
27.624
27718
11.551
20.263
20.184

20.16
10.555
10.555

14.699
14.653
14.672
50.013
49.847
49.805
49.958
49.958
37.402
37.368
37.506
37.494
37.375
30.488
30.392
30.282
30.385
30.389
27.182
27.718
27.694
27.718

278
11.447
20.378
20.272
20.247
10.411
10.402

14.235
14.195
14.241

46.97

46.86
46.806
46.922

46.97
35.794
35.769
35.933

35.86
35.788
29.589
29.492
29.423

29.48
29.498
27212
27.153
27.135
27.181

27.26
11.652
20.353
20.253
20.235
10.682
10.686

14.3
14.251
14.278
47.203
47.102
47.083
47.181
47.154
35.888

35.86
35.997
35.976
35.888
29.681
29.577
29.464
29.571
29.584
27232
27.202
27.192
27.208
27.269

11.63
20.395
20.286

20.24
10.647

10.65

13.819
13.786
13.758
47.522
47.361
47.367
47.449
47.482
35921
35.939
36.087
36.054
35.951
29.707
29.587

29.51
29.587

29.61
27.189
27.141
17123
27.159
217.207
11.183
20.205
20.084
20.081
10.231
10.218

13.399
13.335
13.288

44.54
44.446
44.504
44.604

44.64
34.754
34.645
34.662
34611
34.402
28.983
28.829
28.662
28.726
28.726
26.426
26.287
26.234
26.275
26.344
11.871
19.859
19.791
19.825
10.272
10.266

22,076
22.082
22.165
21.999
22.073
22.018
22.125

22.14
22.024
22.088
22.183
22.067
22217

-

22.07
22.186



Table A.2-1: Reference tube and 18% ring data (cont.'d)

DATE

02:02/94
02/02/94
02:02/94
02/02/94
02/02/94
020294
02/02/94
02/02/94
02/02/94
020294
02/02/94
020294
02/02.94
02,0294
020294
0202:94
02/02/94
02/02/94
02,02:94
020294
02/02/94
020294
020294
03:02/94
030294
03,02:94
03/02/94
03,0294
03/02/94

TIME

14:08:34
14:09:27
14:10:56
15:16:11
15:17:22
15:18:49
15:19:59
15:21:03
15:27:03
15:28:59
15:31:40
15:33:20
15:36:03
15:44:49
15:47:23
15:49:47
15:51:57
15:52:52
15:58:53
16:03:20
16:05:37
16:07:48
16:11:09

8:18:53

8:36:14

8:36:40

8:37:46
10:16:56
10:17:11

RUNI TE-WA DP2_AVG MF-AVG POUT_AVSA-IN_APwr_Avg 1A-OUT HB_AVG DPI_AVG

1040
1040
1040
1050
1050
1050
1050
1050
1060
1060
1060
1060
1060
1070
1070
1070
1070
1070
1080
1080
1080
1080
1080

[~ 2= R = — I i =1

1.1LS
LIS
1.222
1.167
119t
1.204
1.219
1.188
1.161
1.201
1.204
1.204
1.167
1.216

1.17
1.222

¥4

1.182
1.201
1.188
1.188
1.176

117
1.173
1.305
1.243
1.179
1.207
1.341
1.329

13.72984
13.73188
13.7334
0.0793
0.0877
0.12102
0.09584
0.08286
1.76581
1.76759
1.74114
1.75691
1.74114
6.29242
6.27792
6.30921
6.29776
6.30641
13.86135
13.78072
13.75706
13.7881
13.77054
2.51825
1.88181
1.85205
1.85586
7.07106
7.10413

5.99213
5.99011
5.99534
1.00201
1.00387
1.00167
0.99509

0.9956
1.99946
2.00064
1.99828
1.99862
1.99895
4.00296
4.00988
4.00482
4.00701
4.01039
6.03009
6.00242
6.01288

6.0149
6.02637
2.27931
2.02004
2.01937
2.02004
4.02338
4.02506

1.71733
1.71758
1.71909
1.63646
1.63771
1.63771
1.63696

1.6352

1.7317
1.73094
1.73069

1.7269
1.72641
1.67374
1.67147
1.67047
1.66846
1.67147

1.7133
1.71557

1.7133

1.7123
L7179
1.07938
1.51401
1.51401
1.51527
1.89547
1.89647

A-12

6.008
5.992
5.98
20.353
20.191
20.176
20.154
20.166
20.057
20.072
20.281
20.157
20.154
20.251
20.136
20.102
20.185
20.185
20.194
20.093
20.072
20.188
20.29
10.487
20.066
20.03
19.994
9.553
9.547

2.0367
2.0382%
2.02003
2.00718
2.00772
2.00982
2.01366
2.01047
2.00224
2.01864
2.01034
2.01512
2.01204
2.02521
2.01569
2.01883
201224
2.02379
2.01203
2.02628
2.02743
2.02042
2.01526

0

0
0
0.0032
0
0

10.881
10.854
10.848
46.228
46.085
46.096
46.102
46.154
33.908
33.838
33.999
33.931
33.874
27.192
27.07t
26.994
27.119
27.152
24.813
24.753
24.741
24.802
24911
10.532
20.024
19.966
19.905

9.502

9.493

2.01963
2.01427
2.01849
1.93613
1.94061
1.93837
1.92762
1.93169
2.0422
2.03083
2.022
2.03026
2.02244
2.03424
2.03534
2.02013
2.03391
2.04563
2.03128
2.03939
2.04697
2.02358
2.03043
0.00717
-0.00627
-0.00934
-0.01282
-0.01395
-0.01476

75.69692
75.67937
75.7057
1.44364
1.44364
1.57089
1.37782
1.43048
9.4868
9.45169
9.42975
9.40343
9.43853
35.80147
35.71371
35.8278
35.79709
35.77514
76.04797
75.55212
75.55651
75.7057
75.76713
13.55884
10.19326
10.33368
10.30735
37.31971
37.42941



Table A.2-2: 30% ring data

DATE TIME

21,0294
210294
21.02/94
L0294
210094
21,0294
21.02/94
210294
210294
21,0294
210294
L0294
21.0294
21,0294
210294
210294
210294
210294
210294
210294
210294
21.02/94
210294
210294
210094
21,0294
2102
2170294
21,0294
210294
2LoL9s
210294
230294
230094
23,0294
230294
23,02/94
230294
230294
230294
23/02/94
230294
23,0294
23/02/94
230294
230094
230294
230294
23/0294
230294
23,0294
130294
230294
23/02/94
23/0294
23/02/94
23/02/94
230294
230294
230294
23/02794
230294
230294
230294
230294
230294
230294
23/0294
230294
230294
230294
23,0294
230294
230294
23,0294
23/02,94
230294

15:12:23
15:13:13
15:13:27
15:13:57
15:14:39
15:14:52
15:15:03
15:15:24
15:16:19
15:16:37
15:16:48
15:17:14
15:17.87
15:18:27
15:18:36
15:19:42
15:19:51
15:20:00
15:20:46
15:20:57
185:21:16
15:21:38
153211
15:22:48
15:22:58
15:23:34
15:23:51
15:24:22
15:24:48
:38:38
15-26:21
15:26.43
9:02:07
9:02:26
9:03:37
9:05:11
9:05:43
9:06:13
9:09:13
9:09:51
9:11:10
9:11:24
9:11:36
9-10:48
9:13:24
9:13:50
9:15:57
9:16:18
9:16:41
F17:00
9:18:48
9:19:10
9:19:28
9:21:39
9:21:52
9:22:03
9:24:50
9:26:37
9:26:55
10:13:48
10:14:16
10:14:24
10:14:33
10:14:41
10:16:44
10:17:07
10:17:17
10:17:30
10:17:40
10:17:49
10:18:59
10:19:22
10:19:38
10:19:54
10:20:05
10:20:57
10:21:16

RUNID Al-AVG TCW3A TCW3B TCPT2 TCWIA TCWIB TCWIC TCW2A TCW2B TCWIC TCPT3 TE-AIR TE-WAT

2.793
2.824
2.376
2.888
2616
2.521
2348

1.607
4644
1677
7
4537
4497
3464
4412
1097
1.052
4033
397
3.908
3778
376
3.629
3626
3.629
3584
3.581
3.587
3.535
3.529
3.563
1.563
3.581
3.596
3.632
3708
3.699
3.684
3.681
73.803
71.854
71885
73936
73.936
3909
74.022
74037
74.025
74.037
74037
74034
74.082
74.031
74.089
74.098
74.089
74.083
74098
74.086
74.089
74.068
23071
74.06$
74.013
73.968
73.962
£5.708
65.708
65.732
65.744
65.735
65.738
65.714
65.698
65.695
65.714
65.714
65.656
65.659
65.677
65.659
65.665
65.644
65.647

4832
4.901
4918
5.049
4.807
M
4.731
4.664
4.388
4318
4275
4.218
.09
4.038
4.026
3.386
3.873
3868
3.828
3828
3828
1792
3.783
381
3.804
3819
3.846
3877
3965
3.983
3.965
3.95
73.307
73.359
73.389
73.432
73.405
73.386
73.487
73.487
nea
73.468
73.465
73.468
73.502
73.481
73.569
73.581
73.553
73.55
s
73.563
73.56
73.553
71.538
73532
73.514
173.459
73.453
65.286
65.271
6528
65.265
65.28
65.265
65.282
65.24
65.252
65.234
65.261
65.252
65.252
65.25%
65.243
65.155
65.216
65.225

5.699
5714
N7
5824
5.629
5.584
5.547
5479
5.196
5.148
$.129
5.087
4.947
4386
4365
4.573
4.542
4.521
4414
4405
1417
4384
4387
4402
411
4426
4.454
4.518
4.582
4612
46
1.538
64.668
64.304
65.057
45.32%
65.367
65.376
64.738
64.759
64.731
64.704
64.689
&64.728
64613
64 579
64.698
63.741
64.728
64.741
64.795
64.792
64.801
64.783
63.762
64.741
65.136
65.103
65.112
59.926
59.92
59.875
59.908
59.908
59.159
59.046
59.016
£9.004
58.985
$8.967
58778
8672
58.656
$8.631
$8.631
58.339
58.32¢

30 % Ring Tests

4.843
4.903
4924
5.034
4.764
4716
4.688
4612
432
4274
4232
LR
4.04
4.007
3.992
3.88
3871
3.862
378
3.807
3.789
.74
3716
3.764
3782
3.819
188
3.886
3964
3979
3.998
3.9558
69.98
70.074
70.138
70.245
70.242
70.138
66.431
66.379
66.285
66.27
66.233
66.279
63.635
63.598
63.674
63.747
63.726
63.717
$9.532
59.499
$9.456
$9.45
$9.477
$9.453
66.851
66.387
66.908
61.824
61.821
61.854
61.348
61.833
57916
57.782
§7.718
57.624
§7.569
57.593
§5.123
54.965
54.959
54.843
54.822
52078
52.002

5.085
5.139
5.157
5316
5.018
4.96
31918
4.848
4532
4.36
4.442
4.366
.207
4.198
4.187
4038
4028
1.025
4.004
4.01
4019
3989
3977
4.007
4.01
4.01
4,035
4.065
4.153
1,138
4.153
4114
69.085
69.094
69.161
69294
69.279
69.2
64474
64.407
64.316
64.303
64.334
64.313
62212
62.078
62.258
62264
62.267
62224
58.517
53.505
$8.496
58.496
58.52
$8.502
65.803
65.845
65.848
60.946
60.904
60.904
60.919
60.922
56.891
$6.757
56.705
56.635
56.66
56.675
54.131
54.031
54.013
§3.928
53.907
51.387
51.305

A-13

4.644
4.702
4.741
4.783
4.485
1436
4.405
4354
4,053
4.007
3.967
393
m
LT
369
1592
3.58
3.568
3.537
1534
3.528
3.528
3.497
3.519
352
3.837
3.558
3.589
3.623
3.647
3.659
3.671
70.061
70.108
70.108
70.22
70.203
70.176
67.183
67.14
67.063
67.027
67.033
67.091
64.491
64.424
64.568
&4.616
64.635
64.647
60.27!
60.278
60.275
60.233
60.23
60.2
68.438
68.36
68.329
61.778
61.726
61.76
61.794
61.708
$8.538
58.462
58.483
58.45
$8.435
58.425
56.072
55913
55932
55.874
§5.907
52978
52.893

4.759
4834
4.373
495
4.649
1.606
1.575
4.506
4.18
4117
4.067
3962
3.858
3.828
3.809
3.7
3.688
3.691
3.703
NS
374
3.688
36848
1.706
3.7
3.688
3n7
3.763
3.909
3.846
3.828
3812
65.889
65.901
65.913
66.029
66.047
65.952
66.005
65.962
66.005
65.938
65.977
65.971
65.895
65.822
65.995
65.977
66.041
66.047
66.099
66.011
66.053
66.008
66.041
66.047
66.002
65.88
65.867
56.443
$6.413
56.345
56.355
56.339
56.617
56.598
56.641
56.714
56.665
56.674
56.726
56.665
56.714
56.656
56.742
56.519
56.516

4.57
4.631
1.655
4.698
4.452
4412
3342
4272
3977
393
3.895

385
3761
R s
3.713
3.579

3.57
3.561
1518
1524
1.509

349
3478
3.542
3.549
15719
3.639

3.67
3.743
3.767
379
3.736

66.835
66.823
66.58
66.981
66.941
66.805
66.762
66.808
66.78
66.835
66.88
66.865
66.808
66.777
66.981
67.057
67.029
67.084
67.133
67.148
67.212
67.215
67.203
67.221
66.929
66.836
66.892
56.865
56.822
56.79
56.774
56.774
57.109
57.075
§7.093
57.09
57.197
57.184
57.193
57.148
57.193
572
57.184
56.938
56.932

3.999
4.066
4.102
4.132
1457
1817
3.781
3.707
342
3.365
322
3293
3.156
3.073
3.059
298
1977
2977
2916
291
1.907
2919
2922
2.961
2971
3.022
3.059
3.082
3022
3.134
3137
3.168
66.619
66.574
66.616
66.696
66.693
66.571
66.601
66.693
66.665
66.58
66.595
66.662
66.723
66.613
66.853
66.853
66.378
66.902
66.89
66.899
66.911
66.856
66.314
66.826
66.693
66.574
66.553
§7.17%
§7.184
57.16
57.136
§7.145
§7.342
57324
57291
57.336
57378
57382
57.369
572719
57.378
57318
5718
$7.118
57.132

4077
418
1.18
4211
3.992
3.953
3.931
3.862
1.588
1537
3.501
3.482
3388
3279
3.249
3.039
3.024
3015
2927
2.93
2.946
2.933
2918
2964
2.961
2985
3.016
3.081
3.109
337
337
3143
59.669
59.688
59.864
60.055
60.121
60.061
60.364
60.397
60.491
60.451
60.457
60.467
60.583
60.573
60.806

60.91
60.928
60.898
60.985
60.971
60.963
60.953
60.976
60.985
60.928
60.861
60.819
§3.259
53208
§3.192
§3.126
53132
52892
52.883
52.904
52.898
52.861
52.861
52.803
52.789
2738
52.695
52743

52.58
52595

25.154
25.129
25.184
25023
25.154
25.142
2511
1.0
24838
24.863
24844
24912
25.008
25.108
25.096
15.102
25.102
25.093
25.083
25.086
25077
25.037
25.048
24991
24.991
24.961
25.028
24.976
24.881
24912
4921
24979
un
21784
21.638
21.58
21592
11613
21.665
21678
21.693
21.668
21.656
21.659
21.623
21.619
21.733
21.766
21.831
822
21672
21.699
21.69
21751
21.733
L7277
21.763
21.782
LT
11849
21.839
21.855
U84
21.849
21.742
2179
218
21812
21.834
21.837
21.825
U7
218
21738
L.797
2176
21.736

1.06
1.05$
1.047

1.06
1.081
1.069
1.072

1.05
1.044
1.054
1.047
1.038
1.087

1.09
1.078
L109
LS
112
1.103
1121
1.106
1.103
1.106
1.093
1.103
1128
1121
1237
1176
1127
1161
11582

1.06
1.063

1.05
1972
1.063

1.06

1.05
1038
1.066

1.08
1.069
1.093
1.066
1.066
1.106
1.096
1103
1.106
1.081
1109
1.106

1.06
1.078
1078
1.057
1.066
1.038
1.069

1.08
1.063

1.06
1.069
1.029
1029
1041

1.05
1.087
1072
1.066
1.041
1.029
1.0d4
1054
1.023
1.008



Table A.2-2: 30% ring data (cont.'d)

DATE TIME

21,0294
210294
210094
210294
21/02/94
210094
210094
pd B e
21094
2L0U94
210294
21,0294
210294
210294
L0994
210294
10294
210294
21,0294
210294
LOT94
21.02/94
210294
210294
210294
210298
L0294
21,0294
210294
210294
210294
11,0294
23,0294
230294
23:0294
130294
23,0294
230294
23/02/94
230%94
23/0294
30294
23.02/94
230094
230294
23,0294
23/02/94
2310294
230094
23/0294
23/0094
230294
2310294
23/0294
23/0294
13:02/94
2310294
2310294
23/0294
23/02/94
23/02/94
23/0294
23/0294
23/0294
23/02/94
230294
230294
23,0284
230294
23/02/94
23/0294
23/0294
23/02/94
213/02/94
23/02/94
23/02/94
230294

15:12:23
15:13:13
151327
15:13:57
15:14:39
15:13:82
15:15:03
151523
15:16:19
15.16.37
15:16:48
15:17:14
15:17:57
15:18:27
15:18:36
15:19:42
15:19:51
15:20:00
152046
15:20:47
15:21:16
15:21:38
15.22:11
15:22:48
15:22:58
15:23:34
15:23:51
15:24:22
18.24:58

10:21:16

RUNID DP2_AVG 1A-QUTAV SA-IN_AV POUT_AVG Pwr_Avg MF-AVG HB_AVG DPI_AVG

11
11
1
I
12
12
12
12
13
13
13
13
£
14
14
15
15

1.05738
1.03525
1.02634
1.01719
32623
3.23882
3.23076
3.16869
5.90475
5.87296
5.87092
£.89483
11.20822
11.13522
11.19016
16.46056
16.49058
16.45649
19.87046
19.86003
19.88089
19.85087
16.22272
16.27741
26.31608
32.73688
3.1y
32.81358
32.96773
32.998
32.62967
32.63806
9.32203
9.27548
910117
924114
9.2096
9.21748
9.20909
9.18823
9.21748
9.20807
9.25284
925085
9.27573
927166
9.25436
9.24445
923656
9.24266
920502
9.22002
926378
9.33195
926912
9.34009
9.30066
9.33856
937
0.60637
0.61273
0.61909
0.60586
0.60993
0.60688
0.57305
0.61604
061833
0.61578
064249
0.60128
0.61985
0.63308
0.6084
0.59823
0.61883
0.61658

287
2.899
2.926
2.945
2629
2583
2537
2.501
2139
2103
2.096
2082
1.954
1.932
193
1.739
1.757
1.723
1.693
1.748
1.748
1.68
1.677
L7123
1.723
L172
1.838
1.357
1.897
1932
1.906
19
48.438
48.441
484
18.499
48.414
48311
48.369
48.487
48.487
18.414
48.475
48.487
48.569
48.524
43.73
48.679
48.699
48.702
48.809
44.736
48.708
48.657
48.696
48.727
48.639
48.575
48.521
50.619
50452
50.541
50.535
50.486
50.559
$0.434
50.37
50.434
50.425
50.392
50.404
50.358
50.519
50.429
$0.373
50.252
50.297

30% Ring Tests
51 132327
2604 132403
2647 132454
1T 146966
2525 145882
2474 145984
2435 145984
2357 146109
208 143867
2028 1.43867
1995 143917
1951 143917
LEAT 141048
181 140944
1.8 140944
169 137165
L6727 13T
1.681 137089
1.651 1.3268
LT 132685
1.726 1.3263
166 132781
170 1.27288
1.741 127414
741 127363
1777 121594
1.8 Lan
1835 121569
1907 121519
1904 121443
1886 121392
1874 121392
7108 1.82467
71T 182441
7158 182316
716 182139
7163 1.82063
7175 1.82089
7214 182218
7226 1.82089
723 181963
7229 182038
717 182063
722 132038
735 152089
7299 182114
728 181963
7283 181963
7298 181988
7268 181913
7256 1.82089
7262 182014
7259 181963
7265 182114
7268 1.82038
7268 181938
7283 181736
7265 181711
7268 181636
3678 180325
3615 180328
3.621 180225
3603 1.80249
3588 1.80199
3392 130073
31378 180124
3362 180174
3356 1.80023
3341 179998
3332 1.80073
327 1.79947
3261 179897
3261 179922
3255 LT9ETL
3252 L9897
3228 179746
329 179796

A-14

0000000000000 OOOLOODO

12.6641
12.66781
12.69891

12.7073
12.67554
12.72081
12.74383
12.73555
1274412
12.75303
12.77592
12.75562
12.77429
12.76823
12.80528
12.79563
12.85046
12.81204
12.84548
12.82011
12.81998
12.81685

12.8103
12.80196
12.80052
12.79433
12.76186

394577

395135

3.94523

3.95192

395173

3194715

397079

196118

3.95601

3.95387

3.95399

1.95467

3.95673

195845

3.95296

3.95351

3.9404
3.9494

0.99999
0.99948
1.00049
0.99729
1.99322
1.99238
1.99423
1.99609
2.99691
1.95016
2.99809
298818
3.98593
3.98357
398171
5.00733
5.00868
5.00868
6.00512
6.00563
5.99955
6.0004
7.00662
7.0248
7.02636
7.97978
7.98484
7.99091
7.99901
8.0125
8.01318
8.0206
398913
1991t6
399014
399217
3.99149
3.99065
3.9960%
399622
3.9723
1.99689
3.99757
3.99487
3.99925
3.99909
4.00077
4.00178
3.99976
3.99925
4.00178
4.00533
4.00198
4.00738
4.0076%
4.010058
4.00212
4.00246
4.00i28
1.05515
1.05633
105717
1.05801
1.05666
1.04924
1.0516
1.05717
1.05245
1.05784
1.05565
1.05194
1.05127
1.05093
1.05093
1.08515
1.087
1.05447

0.01599
0.01982
0.01373
0.01339
0.01383
0.01457
0.0137
0.0193
0.01198
0.01506
0.02038
0.02
0.02885
0.03267
0.03185
0.01441
0.02355
0.01413
0.01709
0.01238
0.00873
0.00822
-0.01308
0.00861
-0.00862
-0.00307
0.01485
0.0120%
<0.00545
0.01542
0.0t071
0.01401
12.11811
12.11285
12.0978
12.13275
12.10398
12.06646
12.12047
12.12316
12.12708
12.1021
12.12608
12.1207m2
12.15102
12.13402
12.19511
12.18315
12.17926
12.18692
12.23061
1221749
12.19855
12.19837
122108
12.22747
12.17198
12.15846
12.13726
3.62996
162479
3.63452
3.6382
3.63063
362486
3.62413
3.63887
3.62834
1687
1637187
3.62967
1.62468
3.63667
3.6297
363992
3.63808
3.63159

4.50206
441869
4.40114
4.48451
12.51011
12.5891
12.53205
1230519
24.68215
24.6999
24.63847
24.63408
40.32109
40.09291
40.1280!
59.93533
60.12839
60.07135
82.34931
3277911
82.73524
82.62553
109.1289
109.34829
109.42727
137.96226
137.96666
138.22554
138.51518
138.78282
138.98395
138.98027
38.3465
38.10077
382368
38.21302
38.27629
38.31578
38.33599
18.46497
38.43426
38.35527
38.3816
38.40793
38.42987
38.46497
38.55273
38.63611
38.601
38.54834
38.56589
3863172
38.57467
38.80285
38.67128
38.70192
38.55712
38.68437
38.54834
276003
276442
282147
279514
amnn
278198
2.60646
172054
279075
275126
288729
2172493
281269
2178636
273809
273
273636
282585



Table A.2-2: 30% ring data (cont.'d)

DATE TIME

23/02/94
23,0294
13/0U94
23/0294
23,0294
23,0294
23,02/94
23,0294
23,0294
23/0294
23/02/94
23/02/94
23,0294
23,0294
23,0294
23,0294
23,0094
230594
23,0294
23/0094
230294
23,0294
23,0294
230294
23,0094
23,0294
23/0094
23,0294
23,0294
13/0294
23/0294
3/0094
23/0294
230294
23/0294
230294
23/0294
23/0L94
230294
23,0294
23/0294
23/0094
230294
23/0094
23/0294
23/0294
230294
23/0294
13/0294
23/0294
23/02/94
230294
23/02094
230094
230294
230294
23/0094
22,0094
23/02/94
23,0294
23,0294
23,0294
23,0094
23/0294
23,0294
23/0294
23/0294
23/0294
2370294
230294
23/0294
23/0294
23,0294
230294
23/0294
23/02/94
23,0294
23/02/94

10:21:27
10:21:41
10:21:49
10:23:02
10:23:14
10:23:32
10:23:31
10:23:51
10:30:48
10:30:57
10:31:07
10:31:16
10:31:26
10:31:36
10:32:52
10:33:13
10:33:21
10:33:30
10:33:39
10:33:50
10:34:58
10:35:17
10:35:33
10:35:46
10:36:04
10:36:31
10:37:32
10:37:44
10:39:0%
10:39:27
10:39:37
10:39:54
10:40:11
10:40:37
10:41:39
10:42:08
10:42:42
10:43:22
10:44:1)
10:48:18
10:48:34
10:48:49
10:48:59
10:49:20
10:55:39
10:55:49
10:56:09
10:56:25
10:56:3
10:57-04
11:01:47
11:02:11
11:02:23
11:02:51
11.03:09
11:03:19
11:03:28
11:04:42
11:04:57
11:05:08
11:05:22
11:05:32
11:06:06
11:06:31
11:07:12
11:09:12
11:09:42
11:10:00
11:10:22
11:10:39
11:11:058
11129
11:15:18
11:15:48
11:16:13
11:16:29
11:16:39
1117:37

4016
4016
1016
1017
1017
4017
4017
1017
1021
4021
4021
4021
1021
1021
4024
4024
4024
1024
4024
4024
1025
4025
1025
1028
4025
4025
4025
4025
1026
4026
4026
4026
1026
1026
4027
4027
4027
1027
4027
4023
4023
1023
4023
4023
4013
4013
1013
4013
4013
4013
4031
4031
1031
4031
4031
4031
4031
4033
1033
4033
4033
4033
4033
4033
4033
4034
4032
4034
1034
4034
4034
4033
1035
4035
4035
4035
4035
4036

70.60<
70.524
70.533
70.491
70.524
70.503
70.512
70.445
75.746
75.774
75.792
75.749
75.749
75.682
75.679
75.584
75513
75.498
75428
154
75.345
75.351
75.336
75.333
75.287
75.262
75158
75.18
75.106
75.06
75091
75.091
75039
75.026
75.023
7498
74962
74922
74889
75.18
75.149
75.149
75421
75112
70.552
70.549
70.53
70 53
TQ.457
70.439
81342
$1.265
817
81.15%
8117
81.195
S1173
$1 008
81.038
81.026
30959
80.89%
80.907
30.931
80.879
80.803
0.8
30.744
80.784
80.919
80.824
80.797
30.379
80.873
80.916
80.913
80.861
80.824

65.668
65.653
65.647

65.62
65.635
65.608
65.617
65.626
69.041
69.083
69.071
69.105
69.117
69 144
69.241
69232
69.262
69.211

69.18
69.199
69.208

6922
69.226
69.226
69223
69.217
69.162

69.15
69.111
69.114

69.09
69.077
69.077
69.074
69.056
69.065
69.065
69.041
69.053
69.311
69.305
69317
69.305
69.341
65.034
65.046
65.034
64.997
64.985

64.91
70.875
71.138
71.208
71.503
71.654
T
71.766
2174
na

7228
72274
7322
72.364
T2.849
72507
T2.671
72671
72.649
.23
72.766
72.759
Er&rr
72.981
73.041
73.072
73.066
73.084
72.947

65.198
65.195
65.185
65.143
65.131
65.134
65.137
65.119
68.683
68.722
68.741
68.762
63.739
68.786
68.368
68.862
68.847
68.829
63.808
68.789
68.75
68.744
68.732
68.768
68.747
68.771
68.662
68.692
68.625
$8.613
68.607
68.592
68.583
68.573
68.576
68.57
68.536
68.528
68.543
68.856
68.89
68.905
68.887
68.899
64.566
63.56
64,536
64.493
64,36
63,42
70.491
70.728
70.871
71.062
71.198
.28
71.28
71.709
nm
718
71.794
71.861
71.852
71.922
71.955
72104
T2.086
72.083
72.083
72104
TL135
LI
T.104
72183
T.238
72268
.28
72.265

58.312
58.282
8.2
$8.224
58.193
58.187

58.19
58.187
61.722
61.732
61.765
61.847
61.866
61.862
61.318
612712
61.254
61.224
61.172
61.163
60.939
60.992
60.934
60.958
60.921
60.952
60.821
€0.827
60.602
60.581
60.596
60.565
60.544
60.544
60.538
60.483
60.495
60.416
60.416
61.759
61.759
61.739
61.829

61.85
59312
59.302
59.268
59.235
59.229
59.107
60.599
60.721
60.836
60.983
61.059

61.09
6].154
60.946
60.949
60.979
60.934
60.924
60.986
61.00!
61.029
60.376
60.306
60.791
60.851
60.845
60.306
60.809
60.736
60.364
60.854
60.848
60.842
60.657

51.944
51.904
51871
48.172
48.151

43.13
48.151

48.09
64.394
64422
64.471
64.495
64.528
64.528
61377
61285
61.209

61.14
60.958
60.952
58.958
58.858
58.797

58.73
58.651
58.63)
58.426
58.392
55127
55.639
55.648
55.612

55.63
55.554

L7
51719
51.661

51.61

s1.61
61471
61.547
61.623
61.629
61.699
59.298
59.268
59.259
$9.144
59.101
58.979
65.006

65.19
65.245
65.483
65.595
65.616
65.635
63.589
63.589
63.598
63.568
63.538
63.559
63.531
63.538
62915
62.906
62.888
62.939
62.918
62.906
62.942
61.757
61.748
61772
61.748
61.748
59.955

51283
51.226
51.193
47.99
47.951
7.905
47.99
47.99
63.782
63.794
63.306
63.812
63.381
63.893
60.433
60342
60.318
60.218
60.16
60.102
57.918
57.815
51
5§7.713
57.6%
57.634
57.398
57416
54.793
54.729
54.747
54.696
54.657
54.59
51.32
17
§1202
51.163
51.181
61.018
61.137
61.149
61.226
61.223
53.854
58879
$8.727
58.654
58.602
58.508
63.939
64.116
64.218
64.367
64.503
64.567
64.607
62.342
62.246
62.24
62.234
62234
62.206
622
62.209
61.75
61.811
61.808
61.817
61.906
61.887
61.939
61.058
61.101
61.08S
61.085
61.055
59.095

A-15

52.262
52.328
52.805
48.906
488712
48.845
48.817
48.826
64.136
64.199
64.244
64.344
64.241
64.235

62.26
62.227
62.184
62.104
62.08
61.99%4
60.178
60.111
60.007
60.031
59.946

59.97
59.687
59.705

56.81
$6.807
56.819

$6.77
56.743
$6.731
52.484
52.415
52.428

sa.32

5224

62.55

62.55
62.517
62.643
62.634
59.967
59.901
59.858
59.724
59.736
59.666
65.159
65.302
65.396
65.534
65.644
65.659

65.71
64.082
64.049
64.055
63.994
63.973

63.97

63.04
63.982

64.07
64.046
64.082
64.086
64.063
64.131
64.165
63.369
63.387
63.375
63.354
63317
61.215

56.601
56.507
56.571
56.555
56.586
56.60t
56.583
56.61%
59.593
59.575
59.627
596
59.609
$9.633
£9.85%
59.819
£9.859
£9.737
59.67
59.685
59.794
$9.788
87T
59.761
5$9.712
59.761
59.584
59.593
59.47
59.454
£9.46
59.423
59.408
59.38
$9.42
59.454
$9.408
59.393
59.236
59.998
60.15
60.123
60.138
60.135
57.197
571
§7.063
57.018
56.936
56.342
60.853
61.075
6L.111
61.373
61.495
61.525
61.568
61.616
61.653
61.643
61.625
61.65
61.619
61.674
61.719
61.975
61.957
62.042
61938
61.972
62.029
62.045
62.088
62.185
62.252
62.212
62.197
62.114

56.971
56.999

57.02
56.965
§6.971

57102

5698
51017
60.266
60.247
60.296
60.281
60.344
60.314
60.573
60.561

60.49
60.512
60.442
60.433
60.344
60.399
60.381
60.299
60.29%
60.381
60.238
§0.296
60.061
60.095
60.177
60.132
60.123
60.135

59.98
60.025
60.046
59.983
59.949
60.794
60.871
60.852

60.84
60.911
§7.765
57.674
57.592
57.556

51.51
§7.407
61.634
61.814
61.8392

62.09
62.233
62.258
62.284
62.498
62.534
62.531
62.562
62.577
62.598
62.644
62.726

62.58
62.589

62.61
62.656
62.668

62.69
62.735
62.677
62741
62.866
62.863
62.917
62.951

57.163
57.118
57.197
§723
57.233
§7.248
57.312
§7.276
60.285
6037
60.364
60.428
60.336
60.409
60.343
60.425
60.388
60.282
60.233
60.218
60.227
60.218
60.206
60.2
60.16
60.221
60.091
60.064
60.067
60.006
60.067
60.024
59.957
59.975
§9.897
59.906
$9.906
59.939
599
60.731
60.755
60.779
60.758
60.816
57.191
57788
§7.655
57.56
57.576
57473
61.714
61.829
61.947
62.084
6223
62.272
62.315
62.245
62.224
62.242
62278
6223
62.27%
62.248
62.245
62.357
62.348
62.348
6239
62.396
62.409
62.482
62.494
62.537
62.609
62.612
62.636
62.697

52.652
52.522
§2.546
52.528
52.561
52.543
52.583
$2.592
§5.328
§5.312
$5.367
§5.383
§5.376
55.398
§5.565
§5.592
§5.593
55498
§5.501
55444
55.516
§5.549
55494
55513
55.519
55.531
55.419
§5.367
§5.349
§5.358
§5.361
5537
§5.31
55.385
55.364
§5.398
§5.395
55.363
5533
$5.993
§5.993
56.019
56.028
56.013
53.031
52.953
52932
52.855
52822
52.783
§5.67
55.808
§5.874
£5.965
56.08
$6.138
56.15
$6.351
56.342
56.399
$6.426
§6.435
56.478
56.535
56.581
56.636
56.626
56.697
56.642
56.639
56.69
56.731
56.926
57
57.012
56.978
56.96
56.984

21.763
218
21.825
21.871
LT
21.751
21.766
21,791
21.641
21.616
21613
21.589
21.589
21.638
21.675
21.678
21.681
21702
R b}
LM
T2
21119
21776
L7786
21.787
21173
773
21773
21754
21.825
21.882
21874
21.901
21.98
21346
21.852
21.88
21.883
21.938
2192
2198
21.969
21.944
21.898
21.962
21.886
21.855
s
2184
21.901
21.969
21.898
21392
21.907
21.889
21.926
21923
21.99¢
2.0l
21.984
21999
22,011
21.999
21.981
11392
21.892
21.8%9
1.9
21.861
2183
21.889
21.935
2.021
21.953
21.956
21.944
21.959
21.959

RUNID Al-AVG TCW3A TCW3B TCPT2 TCWIA TCWIB TCWIC TCW2A TCW2B TCW2C TCPT3 TE-AIR TE-WAT

1.032
1.023
1.038
1.063
1.044
1.04]
1.038
1.032
1.035
1.038
1.023
1023

1.02
0.986
101!
1.032
1041
1.041
1.047
1.063

1.06

1.05

1.08
1.029

1.08
1.066
1.041
1.023
1.008
1011l
1.017
1.023
1.029
1026

102
1.063
1.038

1.02
1.023
1.066
1.069
1.057
1.063
1.043
1017
0.986
0.983
0.989
0.998
0.983

1.06

1.02
1.047
1.026
1.072

1.05
1.069
1.066
1.026
1.03§
1.035
1.081
1.093
1.066
1.038

1.06
1.069
1.063

1.02
1ot
1.038
103§
1.032
1014
1.005
1.029

1.02
0.995



Table A.2-2: 30% ring data (cont.'d)

DATE TIME

23102194
2310294
230194
230294
230094
230054
23/02/94
23/02/94
230094
23,0294
230094
23/02/94
230294
23:0094
230298
23,0294
23,0294
230294
23009
230294
230293
230098
23,0294
230094
2NOUN
S0V
230294
23,0294
230294
2310294
230294
230294
230294
23,0298
230294
230294
pLIA
230298
23:02/94
23,0294
13:02/94
230294
230094
230294
230294
230294
230294
23,0294
230294
230294
230294
230294
23,0294
230294
230294
230294
230294
230294
2h0L94
2310294
130094
2302194
23/0294
230294
230294
paXipZi 4]
230294
23/02:94
23/0294
2310294
23/0294
230294
230294
23,0292
30U
230294
23/0294
23/0294

10:21:27
10:21:41
10:21:49
10:23:.02
10:23:14
10:23:32
10:23:41
10:23:51
10:30:48
10:30°57
10:31:07
10:31:16
10:31:26
10:31:36
10:32:52
10:33:13
10:33:21
10:33:30
10:33:39
10:33:50
10:34:58
10:35:17
10:35:33
10:35:46
10:36:0:4
10:36:31
10:37:32
10:37-44
10:39:0%
10:39:27
10:39:37
10:39-54
10:40:11
10:40:37
10:41:39
10:42:08
10-42:52
10:43 22
10:44:11
10:48:18
10:48:34
10:48:49
10:48:59
10:49:20
10-55.39
10:55:59
10:56:09
10:56:25
10:56:35
10:57:04
11:01:47
14:02:11
11:02:23
11:02:51
11:03:09
11:03:19
11:03:28
11:04:42
11:04:57
11:05:08
11.05:22
11.08:32
11:06:06
11:06:31
11:07:12
11:09:12
11:09:42
11:10:00
11:10:22
11:10:39
11:11:08
11129
11:15:18
11:15:45
11:16:13
11:16:29
11:16:39
1:17:37

4016
1016
4016
4017
4017
1017
1017
4017
4021
1021
1021
402!
402!
4021
4024
1024
4024
4024
1024
4023
1028
4028
1025
4025
4028
4028
4028
1028
4026
4026
4026
1026
4026
026
4027
4027
4027
4027
4027
4023
4023
4023
4023
4023
2013
4013
4013
1013
4013
1013
4031
4031
4031
4031
4031
4031
4031
4033
4033
4033
4033
40323
4033
4033
4033
4034
4034
4034
2034
4034
4034
4034
4035
4035
4038
4035
3035
4036

0.62498
0.60332
0.62825
0.60332
0.59594
0.63003
0.62621
0.64198

2.5007
251749
2.49638
2.48595
2.50808
2.50655
2.48468
2.38366
247582
248137
248747
2.46407
2.47984
2.45822
2.49841
2.46865
2.49205
2.46356
2.48442
2.47348

24773
247145
2.45949
2.47148
2.46941
2.48646

2.4684
2.47043
2.46662
248111
2.48239
2.493133
2.49638
2.49409
2.49689

24918

06486
0.62087
0.62977
0.69748

0.6893
0.59441

9.2653
937573

9.2709
9.25487
9.21138
9.26683
9.23478
9.25131

9.2447
925564
9.24266
9.26479
9.23223

9.2185
9.27014
9.21952
9.27624
9.30092
9.25369
9.32228
9.22918

9.2274
9.25233

9.2213
9.23198
9.26683
9.26886
9.24368

50.337
50.258
50.386
50.228
50.234
50.37
50.309
5034
48.754
48.751
48.928
48.8
48.779
48.803
48.919
4887
48.828
48.708
48.679
48.651
48.673
48.633
48.63
48.638
48.536
48.688
48.503
48.572
48.472
48.545
48.566
43.46
48.463
18.429
48.557
48.524
48.493
48.396
48,457
19.137
49.077
49.08
49.058
49.116
$0.802
50.78
50.725
50.619
50.571
40.486
45.046
45.085
45.043
45.195
45.258
45313
45322
45.304
45.356
4538
45.341
45.383
45.40!
45.407
45.398
45.463
15416
45447
45.483
$5.453
45.508
45471
45.787
45.387
45.393
45.387
45,844
45478

1237
38
3219
3.195
3192

318
3.162
3141
3.693
3.708

n
anz
174
3.757

3719
381
kR 138
EX 13
1.808
1817
1.838
3832
3838
1362
3335
3844
3838
1844
3359
3356
3862
1856
3862
3.856
3.853

3.85
1859
3.338
3862
3.823

382
1799
3
3.802
3588
1.561
352
Jd6d
3452
3368
6.421
6463
6.478

6.58

661
6.622
6.637
6.759
6771
6771
6.771
6777
6.786
6.792
6819
6873
6.852
6373

691
6916
6.907
6.398
7217
7316
7341
7353
73N
7399

1.79922
1.7962
L9712
1.7962
1.7962

1.79645
1.7967
1.7962

1.80401

1.80426

1.80451

1.80451

1.80351

1.80376

1.80401

1.803

1.80328

1.80328

180325

1.80199

1.80274

1.803

180178

1.80199

1.80199

1.80325

1.80098

1.8012¢

1.80199

1.80124

1.80073

1.80098

1.80098

1.80049

1.80073

1.80098

1.79847

1.79822

1.79897

1.30049

1.79998

1.80023

1.79973

1.80049

178914

1.79015

1.78939

1.78889

1.78839

1.78889

1.85365
1.8539
1.8544

1.85214

1.85238

1.85238
1.8539
1.8539
1.8544

1.85541

1.85516

1.85415

1.85339

1.85415

1.85415

1.85289
13544

1.85314

1.85339
1.8539
1.8544
1.8539

1.85868

1.85843

1.86019

1.85919

1.85793

1.85742

A-16

1.95662
39418
3.94529
3.93906
3.93514
3.95518
3.94758
3.95231
6.99751
6.97492
7.00707
6.98203
6.98295
6.96599
6.96066
6.96049
6.96789
69532
6.96292
6.9517%
6.96288
6.95369
6.94843
6.95834
6.95504
6.96823
6.93058
6.94342
6.92755
6.91377
6.92207
6.91638
6.90865
6.90556
6.9242
6.92053
6.92623
6.95064
6.90391
7.03917
7.03453
7.02551
7.02776
7.02329
397384
3.97493
3.98871
3.97676
3.96536
398397
11.90216
11.91982
11.92533
11.8792
11.89719
11.90055
11.9169
11.85572
11.88585
11.90489
11.88545
11.9097
11.85823
11.88292
11.87978
118927
11.91588
11.8835
11.86764
11.89515
11.88708
11.87333
11.89544
11.89831
11.88268
11.39692
11.87328
11.86631

1.05649
1.05447
1.05228
1.0543
1.05076
1.05447
1.05616
1.05228
2.00553
2.00216
200115
2.00604
2.00216
2.00418
2.00081
2.00182
2.00148
2.00233
2.00233
2.00168
2.00266
2.00168
2.00317
2.00064
2.0052
2.00351
2.00351
2.00098
2.00452
2.00266
2.00098
2.00165
2.00199
2.003
2.00383
2.00351
2.00435
2.00469
2.003
2.00081
2.00233
2.00014
2.00148
160132
1.05532
1.06021
1.05734
1.06004
1.05633
1.05835
4.01798
4.01697
4.01427
4.01612
401612
401562
4.01663
401359
4.0141
4.0114
401342
401713
401309
401579
4.01528
401278
4.01713
4.01477
4.0136
401713
401548
4.01629
401072
4.01056
4.01342
4.0114
4.01342
4.01292

1.64267
1.63004
163342
362915
3.61766
1.64246
3.6436
1.63522
6.60889
6.59571
6.60211
6.61436
6.59472
6.60342
6.60571
6.59873
6.59058
6.57551
6.57173
6.56362
6.56748
6.55884
6.56255
6.55988
6.55508
6571712
6.54451
6.54572
6.53983
6.54531
6.54237
6.52904
6.52979
6.5247
6.5516
6.54569
6.54248
6.53145
6.53217
6.6)483
6.63096
6.627
£.62605
6.636
3.65197
3.66656
3.6591
3.66202
3.64606
3.65208
11.35022
11.34795
11.32383
11.34673
11.35801
11.37011
11.37155
11.3238¢
11.33787
11.32841
11.33136
11.34382
11.34493
11.35274
11.34104
11.34033
11.34261
11.3396
1134018
11.33644
11.35104
11.33458
11.3379
11.34087
11.34385
11.33298
11.32053
11.32203

RUNID DP2_AVG IA-OLTAV SA-IN_AV POUT_AVG Pwr_Avg MF-AVG HB_AVG DPI_AVG

1.89606
2637117
2192585
2.66789
261523
2.38729
2min7
2.76003
10.60573
10.55308
10.53114
10.47348
10.5443
10.60133
10 5794
10.51358
10.4346
10.4697¢
10.52236
10.52236
10.52675
10.33338
10.5443
10.51358
10.50481
10.42582
10.5443
10.82236
10.52675
10.492143
10.42144
10.57063
10.50481
10.48287
10.58379
10.39164
10.51358
10.53552
10.53991
10.52236
10.43899
10.52678
10.5092
10.51358
2.92678
277789
3.05403
3Ins
3.08474
263278
1815342
38.04812
38.1139¢
38.06567
37.96474
38.01302
38.02617
3815731
38.09638
38.07006
37.96913
37.89493
37.99546
38.10955
38.01301
s
18.06566
38.07883
38.14465
38.20608
33.17975
82N
38.11393
38.12271
37.99985
38.14904
3815342
18.19292



Table A.2-2: 30% ring data (cont.'d)

DATE TIME

230294
23/0294
130294
23/02/94
23,0294
23,0294
23/0294
23,0294
23,0294
23/02/94
23,0294
230294
23,0294
230294
230294
230294
23/0294
230294
23/0294
230294
230294
230294
23,0294
230294
23,0294
13,0294
23:0294
23,0294
230294
230094
23:0294
23,0294
230294
23,0294
23,0294
230292
23/02:94
230294
23,0294
23,0294
230294
2310294
230293
23:02:94
23,0294
23,0294
23,0294
23,0294
230294
230294
23/02/94
230294
23,0294
230254
130294
2302094
230294
23,079
23,0294
23/0294
230294
23,0294
230294
230294
230294
230294
230594
23,0294
213/0294
230294
23,0294
230294
230294
23/02/94
230294
230UM
23/02/94
23,02/94

1:17:54
11:18:03
11:18:12
11:18:23
11:19:23
11:19:44
11:20:34
11:20:44
11:20:57
11:28:38
11:28:48
11:29:10
11:29:23
11:29:35
11:31019
11:31:33
11:32:19
11:33:01
11:33:39
11:35:33
11:35:55
11:36:08
11:36:22
11.36:37
11:36:48
11:37:44
11:38:06
11:38:17
11:38:28
11:38:39
11:39:43
11.40:07
11:40:19
11:40:29
11.40:44
11:40:58
11:42:04
11:42:26
11:42:38
ez
11:43:03
11:43:16
11:43:45
11:44:.09
13:54:43
13:54:55
13:55:04
13:55:13
13:55:22
14:04:42
14:05:04
14:05:28
14:05°41
14:05:53
14:06:02
14:12:36
13:12:49
14:13:06
14:13:23
14:13:38
14:20:50
14:20:59

14:48:17

4036
4036
4036
1036
4037
4037
4037
4037
4037
4041
4041
4041
4041
4041
1043
4043
1043
4043
4043
4044
4044
4044
4044
4044
4044
4045
4045
4048
1048
4045
4046
4046
4046
4046
4046
4046
4047
4047
4047
1047
4047
4047
1047
4047
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80.836
80.824
80.827
80.838
80.855
80.784
80.818
20.8
30.818
8135
83.792
81721
83.7137
83.7
83.602
831.617
83.602
81.513
83421
$3.274
83.308
83.339
83.265
83.283
81.256
83.299
83.299
$3.262
83.311
83.329
83.201
3.136
83.195
83.158
83.13
83.13
83.08!
83.054
83.054
83.072
83.072
§3.054
$3.048
83.011
249
24.887
4918
21912
24912
15.43
15.378
15.337
15.304
15.225
15.228
1117
116
113
1118
11.096
10.358
10.346
10.376
10.395
10.404
9.534
9.574
3.563
§.462
8.523
8.511
7.262
7.292
7283
7301
6.618
6.606
6.597

72.987
72.966
72,987
T2.981
73.038
7.0
73.072
73.072
73.044
70.701
70.953
71.078
71.147
71.253
72,015

72.06
72.198
72.328
72.39§
72.628
72.689

72.68
72.671
72.652
nns
.78
72.793
72.799
72.808
72.811
72.661
72.686
T2.692
T2.674
72.646
72.658
72.655
72.692
72.671
72.665
72.686
72.708
72.708
T2.756
24.856
24874
24.898
24919
24935
16.597
16.521
16.468
16.423
16.396
16.362
12.638
12.599
12.577

12.52
12.492
11.579
11.582

1161
11.622
11.646
11.002
11.012
10.049
10.058
10.055
10.043

§.932

8938

8.957

B.945

8.359

8332

8.323

284
72302
72302
nn?
72218
T2.247
72296
n.262
72281
70281
70.482
70.628
70.734
70.786
71.369
71414
71.527

71.63
71.703
71736
71.803
71.809
71.785

mns
n.mm
71706
n.m7
71843
71.849
7.s2
71.861
71901
71879
71.882
71.501
71.861
nn7
TL78
7nng
7.8
L2
nmn

71.67
71.694
24.366
24.888
24912
24.924
24.948
16.498
16.425
16.383
16.328
16.292
16.307

12.57

2.837
12.509
12473
12.464
11.579
11.576
11.594
11.616
11.637
11.012
11.002
10.014
10.002

9.993

9.987

8.909

19

§.927

8915

8325

8304

8291

60,635
60.632
60.635
60.654
60.635
60.608
60.66
60.641
60.648
61.506
61.753
61.896
61.987
62.078
62.469
62.533
62.74
6291
62.998
62.944
63.004
63.015
63.029
62.989
63.01
62.947
63.029
63.017
63.032
63.041
62877
62871
62.364
62874
62.846
6284
62.837
62.816
62.804
62831
62.304
62.81
62813
62.822
23.674
anr
23.738
23.768
23814
17.24
17.158
171
17.061
17.014
16.999
13.439
13391
13.348
13.287
13.263
12191
12.185
12.188
12203
12224
11.549
11558
10.653
10.647
10.644
10.635
9aMn
9.262
9.259
9.247
8.555
8519
3.494

59.943
59.943
59.927
59918
55.876
§5.788
55.763
55.767
§5.764
65.224
£5.425
65.495
65.607
65.631
63.851
63.824
63.729
63.659
63.608
63.043
63.064
63.067
63.049
63
63.034
62.34
62.361
62.361
62.337
62.349
61.319
61.276
61.297
61319
61.316
61.322
58.056
57.989
$7.979
57.998
§7.989
58.034
58.046
58.016
24.945
24.973
24.994
25.012
25.036
16,415
16.351
16318
16.273
16.246
16.246
12.486
12.438
2413
12371
12.352
11.502
11.508
11.526
11.535
11.566
10.881
10.383
9.396
9.89
9.384
9.878
787
8.754
8.781
3.769
8.158
4.137
8.134

59.098
59.073
59.101
59.053
55.676
55.652
55.607
$5.637
55.61
63.854
64.064
64.137
63.223
63.285
63.013
62.977
63.123
63.159
63.162
62.847
62.944
62.838
62.81
62.768
62.758
6244
62.54
62.574
62571
62,609
61.04
61.07
61.122
61.061
61.098
61.058
§7.668
57.701
57.701
57.728
57.70!
57.728
57707
7
24898
2492
2491
24.956
24.981
16.365
16.292
16253
16.213
16.192
16.192
12437
12.383
12377
12331
12319
11.484
11.484
11499
11514
11.538
10.9¢
10.913
9.902
9.996
9902
9.902
832
832
8.849
134
8224
8209
8215

A-17

61.169
§1.166
61.193
61.199
§7.188
57.185
57.158
§7.136
57.124
€5.707
65.878
65.951
66.027
66.067
64.454
64.342
64.494
64.549
64.592
64.378
64.396
64.329
63.363
64.363
4412
64.009
64.052
64.076
64.076
64.067
§2.162
62,153
62.129
62.132
62.077
62.104
£8.303
3239

8.2
8.2
$8.194
$3.188
58.188
58.291
8179
25194
28.219

25.24
25.243
16.345
16.275
16.239
16.202
16.181
16.187
12.26¢
12239
12,245
12.22¢
12.215
11.343
11.359
11.383
11.435
11447
10.658
10.633

9.679

9.694

9.676

9.676

8.575

8.585

8.566

8.557

7.962

7853

7844

62.118
62.118
62.148
62.194
62.209
62.23
62.17
62.179
62.242
61.433
61.628
61.728
61.823
61.884
62.312
62.358
62.37
62.343
62.155
62.331
62.401
62.361
62.425
62.412
62,412
62.449
62.534
62.528
62.525
62.556
62.401
62.383
62.343
62.386
62.334
62.361
62.516
62.437
62.477
62.474
62.443
62.431
62.409
62.492
25.071
25.097
25.109
25.128
25.131
16.364
16.305
16.294
16.266
16.254
16.245
12,444
1241
12.416
12.388
12.367
11.461
11.507
11.537
11.549
11.57
10.908
10.908
9.923
9.934
9.907
9.907
8.791
4.791
8.797
8.794
8.18
8.158
813t

62,983
62.936
62.926
62.957
62.884
62.378
63.003
62.994
62.997
62.318
62.534
62.601
62.68
62.787
63.675
63.06
63.182
6323
63.234
63.143
63.167
63.136
63.206
63.267
63.286
63.255
63.27
63.319
63.352
63.37
63.37
63.361
63.332
63.392
63.338
63.303
63.167
63.121
63.158
63173
63.179
63.19¢
63.2
63.289
25.063
25.085
15.094
5121
28118
16.35
16.289
16277
16.23¢
16.216
16.216
1242
12.381
12378
12332
1232
11.456
11.492
11.526
11.538
11.559
10.833
10.881
9.908
9.92
9.914
9917
8.761
4.758
3752
8.734
8.108
8.083
.077

62.682
62.697
62.7
62712
62.682
62.74
62.734
62.76
62.745
62.321
62.524
62.53
62.627
62.697
62.922
62.879
62.919
62.979
62.913
61954
63.04
63.04
62.991
63.064
63.085
63.055
63.092
63.11
63.085
63.119
63.146
63.113
63.155
63.185
63.119
63.107
63.088
63.119
63.098
63.088
63.095
63.009
63.049
63.152
25.096
8117
25124
5145
25151
16.143
16.065
16.049
16.028
16.01
16.013
12.075
12.042
12.045
12.027
12.011
11155
1174
11.198
11219
11.218
10.503
10.509
9.511
9.523
9.517
9.517
8328
8328
8.328
832
7.649
7634
7.625

56.975
§6.987
57.003
57.015
56.997
§7.04%
57.024
5§7.045
57.069
56.808
56.997
57.033
57.105
57.179
517
§7.764
57.867
57919
$7.946
58.095
58.089
§8.149
58.155
$8.176
58.198
58.243
$8.137
£8.319
$8.398
58.401
58.401
58.419
58.462
$8.477
58.416
53.413
53.473
58.45
58422
58.48
$8.435
58.432
53.404
$8.498
413
4972
24214
24.263
24.288
16.291
16.172
16.142
16.103
16.075
16.069
12.298
12.261
12232
12.208
12.159
1182
11184
11.203
11.212
11.23
10.529
10.511
9.526
9.544
9.526
9.523
8.187
3.187
8.146
$.136
7499
1474
7445

21.935
21913
.87
21.917
21.831
21.874

219!
21.997
21.907
21.993
22018
2.027
11.996
21981
22.036
22.033
22011
22.039
22,048
21.941
21944
21947
22.008
22.002
22.008

2195
21.938

2195
21.978

21.99
12.024
22.067
22.067
12.048
21.999
21972

2192
21.907
21.978
21.999
21.962
21.953
21877
21.956
2.2
22.241
12.244

2R
22.189
22073
22.128
2198
22.253
22.309
22.309
22388
22.348
239
22293
22.269
2241
2247

228
22247
22.269
22348
22336
22.336
22364
22382
2319
2284
22284
22358
22358
12.367
22367
22364

RUNID Al-AVG TCW3A TCW3B TCPTZ TCWIA TCWIB TCWIC TCW2A TCW2B TCWIC TCPT3 TE-AIR TE-WAT

0.998
0.998
0.986
0.998
1.029
1014
1.017
1.029
1.023
1047
1.038
1.054
1.087
1.054
1.038
1.063
1.057
1.02%
1.031
1.023
1017
1.008
1.08
1.023
Lok
105
1.014
1.029
Lot
Lot7
1.038
1072
1.078
1078
1.044
1.038
1.038
1.026
102
1.032
1.008
0.977
098
1.041
Lm
1.103
L1115
1118
1.09
1.06%
1.057
1075
1.07§
1.093
10N
1.087
1.081
1118
1.09
1.096
1.096
1.103
112
LI
1.096
11
1.103
1121
1164
L&
1173
1152
1.139
1161
1145
1.17
1.149
1142



Table A.2-2: 30% ring data (cont.'d)

DATE TIME

2310294
23/01/94
230294
230294
230294
130294
20294
1310294
23,0294
23,0294
23,0294
13,0094
23,0094
230294
23,0294
23,0294
23,0294
23,0294
23,0294
23i0294
23/0294
23,0294
230294
230294
23,0294
23,0294
23,0284
330294
130094
230294
230294
230194
230294
13:0L94
230294
230094
230294
230294
230294
23/0294
230294
130294
230294
2302

230294
13,0294
23,0094
230194
230294
23,0294
230294
23/02/94
23,0294
130294
310294
13,0094
230294
230294
230094
230294
23:0294
23/0294
13:0294
30094
130294
23.0294
230294
23,0294
23,0294
23.02/94
13,0294
13,0294
230294
130794
23094
23,0294
230094
13,09

11:17:54
11:18:03
11:18:12
11:18:23
11:19:24
11:19:44
11:20:34
11:20:44

113339
11:35:33
11:35:55
11:36.08
11:36:22
11:36:37
11:36.48
11:37:44
11:38.06
11:38:17
11:38:28
11:38:39
11.35:43
11:40:07
11:40:19
11:40:29
11:40°43
11:30:55
11:42:04
11:42:26
11:42.38
11:42:51
11:43:03
11:43:26
11.43:45
11.44:09
13:54.43
13:84:55
13:55.04
13:55:13
13-55:22
14:04:42
14.05:04
14.05:28
14:05:41
14.05:53
14:06:02
14:12:36
14:12:49
14:13:.06
14:13:23
14:13:35
14:20:50
14:20:49
14:21:.07
142118
13212

14:26:00
14:26:10
14:34:55
14:35:19
14:35:45
14:35:84
14:42:40
14-42:50
14:43:33
14:43:43
14:47:29
14:48:00
14:48:17

4036
1036
4036
4036
4037
4037
4037
4037
4037
4041
4041
4041
4041
4041
4043
4043
4043
1043
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9.25284
9.25691
92173
9.2302
9.24648
9.26556
9.2419
9.23223
9.20298
19.12718
19.16533
19.16432
19.17805
19.0936
19.06765
19.07249
19.06562
19.10228
19.10047
19.03916
18.9888
19.03128
19.01118
19.05318
19.02746
13.99719
19.09614
19.12362
19.04781
19.01398
19.03
19.0183
18.94403
19.01195
18.97888
19.02593
19.05672
19.03308
19.00304
18.89137
18.99643
18.97481
18.96794
19.04629
0.00839
0.01167
0.01142
0.01548
0.0t117
0.70736
0.76917
0.78749
0.73738
0.7679
0.73788
204333
2.04308
202121
2.06623
204333
2.92602
293645
292856
195069
295247
442152
4.43453
591645
5.87601
5.88135
5.90399
11.18075
11.17668
11.16574
11.19423
16.78209
16.72079
16.74775

45.878
45.893
45.903
45.927
45.899
45.9¢
45.969
45978
45.909
42.88
42.968
42.907
42.944
42971
43.244
43232
43.287
43.226
43.263
43.187
43214
43217
43.244
43.193
41.196
43.321
43.366
43.366
43412
43.421
43.333
43.384
43378
13.378
43.324
43.27]
43.26
13269
43.381
41375
431409
43.354
43.33
43.369
25278
25.284
25.284
2532
25.306
15.665
15.598
15577
15.535
15.526
15.529
11394
11361
11.387
11.316
11.297
10.617
10.619
10.656
10.671
10.684
9.793
9.803
8.757
8.745
3.736
3.739
7485
7482
152
7.509
6.851
6.839
6.845

7429
7.43%8
7.444
7.438
748
7471
7.522
1.507
7.519
9.432
9.507
9.52
9.595
9.625
9.775
9.784
9.309
9.439
9.845
9.833
9.381
9.49
989
986
9.872
9.911
9.914
9.908
9941
9.938
9.929
9.935
9944
9.912
9.929
9.938
9.929
9.92
9.947
9.943
9.944
9.956
9.941
9.956
15.693
15.708
37
25.736
25.757
15.599
15.58
15.481
15.46
15.493
15472
11341
11.323
11317
11.278
11.245
10.638
10.65
10.63
10.658
10.723
9354
9.848
8.759
8.768
8747
8.7t
7534
7.528
7.579
7.564
6.882
4.876
6.855

1.85868
1.45868
1.85843
1.85793
1.85893
1.85793
1.85732
1.85717
1.85742
1.88816
1.8866S
1.88816
1.88716
1.38716
1.88639
1.88463
1.98639
1.88438
1.88438
1.88463
188438
1.88413
1.88338
1.88338
1.88388
1.88438
1.88413
1.88514
1.88413
1.88539
1.88388
1.88388
1.88338
1.83413
1.88211
1.88463
188111
1.88187

1.8801
1.88187
1.88211
1.88085
138111
1.87985
1.83273
1.83247
1.83223
1.83247
1.83122

1.7836
1.78284
1.78338
178234
1.78259
1.78436
1.75916
175916
1.75992
1.75916
1.75916
1.75487
1.75538
1.75418
1.75512
1.75538
1.74203
1.74279
1.72162
L7201
1.72136
1.72187
1.68559
1.68559
1.68484
1.68584
1.64149
1.64049
1.64099

A-18

11.86567
11.85672
11.86824
11.85482
11.85089
11.86378
11.35731
11.83418
11.84923
15.49517
15.52966
15.49839
15.51579
15.50798
15.52435
15.47307
15.53903
15.49753
1s.2n7
15.51794
15.55245
15.53126
15.56632

15.5308

15.5474
15.56817
15.56286
15 57996
15.53866
15.57999
15.57214
1556355
15.56331
15.58352
15.53367
15 60502
15.58402
15.56194
15.55427

15.5472
15.54104
15.51896
15.57968
15.55158
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4.01309
401123
3.0136
4.01157
4.01123
4.01815
4.01444
4.01376
4.01511
6.05187
6.04948
6.05185
6.04544
6.051
6.04341
6.04712
6.04561
6.04915
6.05016
6.04948
6.05455
6.05353
6.05471
6.05488
6.05522
6.05724
6.06298
6.06045
6.06264
6.06149
6.06062
6.06129
6.06163
6.06315
6.06433
6.06534
6.06045
6.06298
6.07074
6.07175
6.06335
6.06517
6.07411
6.06551
0.49864
0.50033
0.50016
0.49696
0.5005
0.99982
1.00741
101044
1.00538
0.99324
1.00994
1.438
1.48935
14912
1.49019
1.49002
2.00148
1.99811]
2.00047
200418
2.00216
249304
249321
30573
3.04853
3.05089
3.05%49
1.01008
4.01292
4.01056
3.0146
s.0107
5.00936
5.00953

1131418
1131186
11.32192
1132239
11.30121
1133914
11.32033
11.32533
11.30437
14.82848
14.84697
14.81863
14.78972
14.80309
14.84727
14.84712
14,8448
14.82679
14.84365
14.79814
14.81695
14.81205
14.82728
14.81649
14.81413
14.85988
14.89376
14.89006
14.90265
14.91012
14.86612
14.88904
14.48338
14.89074
148711
14.84873
14.8323
14.84639
14.90583
14.9068)
14.90791
14.87602
14.89279
14.88372
-0.01529
<0.01568
0.01601
-0.01522
0.01666
0.00474
0.00345
0.00697
0.00538
0.00231
0.0041
0.00557
0.00404
0.00426
0.00399
0.00548
-0.00303
<0.00431
-0.00338
<0.00383
<0.00555
0.01041
-0.00767
-0.000s
-0.0048
-0.00225
-0.00036
<0.01355
001271
<0.0t588
-0.0153
.01103
<0.01306
-0.00373

RUNID DP2_AVG [A-OUTAV SA-IN_AV POUT_AVG Pwr_Avg MF-AVG HB_AVG DP1_AVG

37.99107
38.13587
38.1622
38.17976
38.16659
38.13588
18.15781
38.07444
38.11393
80.73698
80.82207
80.8133
80.81769
80.7738
$0.91422
8097128
20.77319
80.92)
81.05025
80.87912
81.0722
81.08536
31.1073
$1.09852
§1.01076
§1.10291
81.23455
8136179
§1.34428
81.28721
81.40129
81.37058
81.37496
$1.43201
81.34956
81.3969
81.34079
81.56803
81.51537
81.432
81.43201
81.43639
81.3223
81.6514
0.01755
0
0.01316
0.01316
0
3.04964
a2
33217
3.1728
325588
313301
6.88912
6.91983
6.37595
7.08219
7.00759
11.4921
11.53159
11.58425
1177293
11.64129
17.02098
17.293
24.67357
24.42785
2425671
24.52438
39.39106
39.74626
39.6234
39.79892
$9.25519
592157
59.37366



Table A.2-2: 30% ring data (cont.'d)

DATE TIME

23/02/94
230094
23/0294
23/0294
23/0294
23/02/94
230094
230294
230294
230294
23/02/94
23,0094
23/02:94
3,094
23,0294
23/0294
23/0294
23,0294
23,0294
23,0294
23,0294
30094
23,0294
230294
23,0094
23,0294
23,0294
230294
23,0294
23,0294
23/0294
23,0294
23,0294
23,0294
230293
23,0294
230294
230294
230294
230294
23/0294
230294
230294
230294

14:48:33
14:48:47
14:52:03
14:52:57
14:53:08
14:53:17
15:08:29
15:17:10
1$:17:19
15:17:29
15:17:40
15:18:17
15:37:23
15:37:31
15:37:40
15:37:48
15:52:59
15:53:08
15:53:18
15:53:27
15:53:37
16:05:43
16:06:19
16:06:36
16:10:15
16:10:33
16:11:50
16:12:31
16:28:21
16:28:37
16:31:04
16:31-18
16:39:09
16:39:17
16:39:40
16:40:16
16:30:41
16:52:02
16:52:11
16:52:20
17:06:34
17:06:46
17.06:55
17.07:08

RUNID Al-AVG TCW3A TCW3B TCPT2 TCWIA TCWIB TCWIC TCW2A TCW2B TCW2C TCPT3 TE-AIR TE-WAT

6.536
6.557
6.131
6.113
6.138
6.122
2.046
5.886
592
s91t
5.932
5.966
17.687
17.656
17.669
17.69
124
21.283
21.249
21.258
21.279
32.146
3217
32.198
32.283
32.278
32.308
32247
36.204
36.222
36.284
3629
40.66
40.672
40.648
407
40.709
48.62
43.608
48.66
62.384
62.417
62417
62.424

8313
83
7906
7.879
7.87
7.861
4.097
7.524
1536
7.548
7.554
1.596
14344
18.347
18.356
13.359
21.632
21.641
21.657
21672
21.675
31.764
31822
3184
32.004
31995
32.058
32.016
35.37
35403
156!
35.628
39.55
39.562
39.583
39616
39.631
46.859
46.356
46.865
$9.376
59.409
59.433
59.436

8.285
8.285
7.858
7858
7.852
7.846
4.084
7.557
7.566
151
7572
7.581
18.322
18.325
18.337
18.358
21.624
21.634
21.652
21.661
21.661
316
31642
31.67
31.827
31.827
31.888
31.83
35.26
15.285
35.4
3548
39.39
39.393
39.402
39.408
39.43
46.642
46.642
46.648
58.954
58.996
59.018
$9.018

8.461
8452
.208
819
8.178
8.1718
4.63
7.587
7.608
7.629
7638
7.666
18.11
18.113
18.119
18.129
2129
21.302
21326
21343
21.366
30.452
30.536
30.62
Lol
31032
31,135
31.138
34228
34277
14.527
34552
38.306
38321
18.346
38.391
38.434
44,338
44.841
44.85
56.302
56.354
56.376
$6.391

8128
8.122
1.109
17
7.691
7.685
3859
1.399
1417
1426
7.423
7435
18.351
18.357
18.363
18.369
21.645
21648
21.664
21.667
21.676
RIE o
31.608
364
31.798
31.804
31.859
31.826
35.309
35.345
35.521
35.548
39.475
39.484
39.508
39.523
39.548
46.924
46.827
46.827
59.38
§9.326
59.444
59.444

8.197
82
7.793
7.768
71.762
7.765
4.019
7.501
7.526
155
7.556
7.562
18.283
18.29
18.29
18.299
21592
21.598
21.604
21.613
21.617
317
31.759
L7
31.887
31.893
31.929
31.893
35.259
3520
35.426
3548
39.409
39.415
3943
39.427
19.436
16.679
46.682
46.682
59.261
59.319
59.337
$9.334

A-19

7832
7.8338
7424
7.453
7.483
745
3.513
7127
7.17%
7179
1192
7.21
18.296
18.302
18317
18.329
LT
21.753
21.768
2174
LT
319
32.016
32.044
2.12
321018
32.156
32.156
15.695
35716
35.881
35893
39.987
19.987
39.98
40.017
40.039
47.598
47.595
47.562
60.534
60.598
60.613
60.623

8.112
8.118
172
1.729
1.126
wmnz7
3.349
741
7.407
741
7425
7422
18.404
18.411
18.414
18.437
21.739
21,783
21.764
21.767
2L.73
31.888
31.944
31.995
32.144
32.132
n.187
R.157
35.55
s
s
35.729
39.777
39.736
39.78
39.792
39.82
47.161
7.17
47.128
£9.767
59.771
59.782
$9.776

8.071
8.065
71.645
7.664
7.661
7.664
3.807
7.366
7.378
7.383
7.395
7.389
18.409
18.412
18.418
18.436
218
21.764
21173
21.785
21773
39
31.965
32.008
32,126
21
32138
32135
35.52
35.544
35.702
35T
39.8302
39.83
39.836
39.845
19.866
47257
47.257
47238
60.068
60.074
60.086
60.068

1.689
7.612
.19
7209
7.209
7.206
3.198
6.396
6.902
6911
6914
6.948
18.264
18279
18.298
18.313
21758
1L729
2112
.78
1738
nm
3228
32.295
2317
R317
7
aan
35.835
35.863
35.988
36.009
40.223
40.229
40.223
4024
40.252
47.838
47.822
47.992
60.913
60.929
60.937
60.949

7427
7424
7.081
7.116
7.113
7.104
327
6.598
6.607
6.622
6.634
6.662
17.78
17.736
17.798
17.816
2L199
2178
21.184
21.196
21.208
31041
31128
30178
31.434
31.468
31.529
3158
34387
34911
3517
35.188
39.17
9
39.204
39.256
39.282
4626
46.263
46.226
58.577
58.589
58.608
58.62

22315
2327
22.348
22.428
22419
2.4
24
22358
12364
22348
22351
22348
22.284
229
22293
22308
22388
22.336
22,345
22364
2248
22.569
22557
22.581
22.603
2.6
22.566
22.569
.47
12.449
22313
2.3
22518
2517
n.5
22.544
22511
248
2452
22407
2242
22.3%4
22.367
22324

1152
1.133
1.103
1194
L0t
1.188
L0
1.207
1.207
1.188
1.168
1191
1.198
1.198
1.201
121
1.176
1145
1.133
1121
1.167
1.198
1.204
121
1231
128
1.237
1.234
1.198
L3
1194
1.188
117
1.182
1.133
1.1
1.109
1.191
1191
1121
L
1.09
1.078
1.063



Table A.2-2: 30% ring data (cont.'d)

DATE TIME

23,0294
210294
20294
23,0294
23,0294
23/02/94
2310294
23,0294
23029
30294
230294
23094
230294
30194
230294
230294
23,0294
23/02%4
23,0294
230094
23,0294
23,0294
230293
230094
23,0094
23,0294
23,0094
230093
230%94
230U%4
23/029%
23,0294
230094
230294
230294
23,0594
23,0294
230294
23.02:94
230294
230294
23,0294
230293
23,0294

14:48:33
14:48:47
14:52:03
14:52:57
14:53:08
14:53:17
15:08:29
15:17:10
15:17:19
18:17:29
15:17:40
15:18:17
15.37:23
18:37:31
15:37:30
15:37:48
15:52:59
15-53:08
15:53:18
15:53:27
15:83:37
16.05:43
16:06:19
16:06:36
16:10:15
16:10:33
16:11:50

16:31:04
16:31:18
16:39:09
16:35:17
16:39:40
16:20:16
16.40:41
16:52:02
16:52:11
16:52:20
17.06:34
17:06:46
17:06:55
17:07.05

16.72282
16.74292
20.79435
20.81216
20.81419
20.85108
21.18049
21.02202
21.03652
21.08892
21.04796
21.04975
20.44688
20.48452
2049419
20.49139
20.31027

202823
20.28128
2028255

20.3057
19.79695
19.82086
19.33154
19.83358
19.82798
19.82493
19.31043
14.60744
14.58276
1341106
14.49017
10.12458
10.14799

10.1139
10.13578
10.14951

5.30646

5.27975

532938

2.06012

2.05987

2.00085

201718

6.829
6.823
6.361
6.352
6.346
6.349
2.185
6.13
6.107
6.139
6.158
6.179
1794
17.943
17971
17.958
11597
21.597
21.616
21.621
21.627
32571
32,617
32.625
32.665
312677
32726
32.665
36.53%
36.55
36.632
36.648
41.003
41.039
41.033
41.054
41.06
49.031
49.022
49.018
62.942
63

63
62.991

6.861
6.855
6.402
6.399
6.381
6.396
2209
6.186
6.168
6.186
6.198
6.189
18.042
18.051
18.054
18.054
21.684
21.675
21.705
2171
21.708
.9
32.759
32.783
32.843
32852
32,901
32.858
36.729
36.741
J6.544
36.838
41.258
41.285
41.285
41.294
413
49.346
49.358
49.328
63.481
63.508
63.49
63,442

1.64073
1.64074
1.59236
1.59161
1.59262
1.59136
1.56087
1.58203
1.58304
1.58304
1.58254
1.58355
1.65914
1.65914
1.65812
1.65938
1.68206
1.68257
1.68155
1.68155
1.68206
1.67954
1.67828
1.67954
1.67652
1.67501
1.67551
1.67601
1.74328
1.74354
1.74101
1.74127
1.77226
1.77201

1L.771
1.7707¢
1.71128
1.84407
1.848206
1.84281
1.86196
1.85516
1.85062
1.86271

A-20
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5.01003
5.01158
6.03531
6.03852
6.03548
6.04274
6.07968
6.08255
608103
6.08103
6.08407
6.07833
6.06787
6.06585
6.06821
6.065
6.07057
6.07327
6.07799
6.07091
6.0731
6.0138
6.03936
6.03329
6.04004
6.0365
6.037
6.04071
159417
499538
499164
499114
4.08883
4.08798
408718
4.08798
4.0895
3.05393
3.05328
3.05882
225873
224726
2.22803
2.18316

0.01129
001127
-0.01729
-0.01977
-0.01472
0.01977
-0.00996
-0.02309
-0.02549
-0.01934
0.01649
-0.00396
-0.04432
0.04695
-0.03616
0.04177
-1.03856
-0.03457
-0.03959
-0.03957
-0.03428
-0.06693
-0.06405
<0.07082
-0.0801$
-0.07881
-0.07905
0.08559
£.07321
0.07178
0.07962
0.0M37
-0.07932
-0.07631
<0.07814
0.07449
0.07453
-0.07392
0.07833
0.07282
-0.09907
0.09244
-0.08892
<0.08015

RUNID DP2_AVG IA-QUTAV SA-IN_AV POUT_AVG Pwr_Avg MF-AVG HB_AVG DPI_AVG

§9.27713
§9.22886
82.7838
92.98535
9291514
83.00729
84.13939
83.81467
83.94631
84.05601
84.22276
83.01213
83.23547
43.06872
$3.30567
§3.35354
$3.18026
$3.43291
83.24363
83.45048
83.26179
§2.66063
$2.59482
82.58166
82.57288
82.7089
92.65625
82.65186
§7.99588
57.91685
5794757
§7.7545
39.51308
39.46543
39.53563
39.50931
39.35573
21.65026
21.72924
21.93109
7.20066
7.21383
7.3069
7.24454



A3

A3l

Heat Transfer Analysis
Analysis Procedures

Energy balance: based on the mass flow rate (), inlet fluid temperature (T,), outlet

fluid temperature (T, ), and test section power (Q), the following energy balance is
defined:

Qlo.r: = Q - Qb

(A.1)
=Q - m[H(T,,) - H(T,)]

where H, is the saturated liquid enthalpy (J/kg) based on fluid temperature, and O, is
the balance of energy lost.

Heat loss: with the outer surface temperature measured at various locations along the
tube, assuming a uniform resistance wall heating, the following relations are used to
formulate the heat loss:

L
Quos = [ UyPyy(T,,-T.)dz (A.2)
0
From a conservation of energy on the wall:
T, (2) =az+b (A.3)
and
Lh
Qlo.r: = UoPaf (alz + bl - T,)a’z
0
L} (A4)
=U,nd, a—-* (b, - T)L,
= U(4T)

An overall heat transfer coefficient ( U, ) is defined over the outer surface area, based on
the outer perimeter (P, ) and outer diameter (d, ) of the tube. The mean area-temperature
difference (AT) is computed from a linear regression of the average wall temperature at
each thermocouple location, to obtain (a,, ;). Then, U, is derived from a linear
regression of the heat loss (@, ) versus AT data.
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Radial wall temperature distribution: assuming no heat losses, the radial wall
temperature distribution is derived from a conservation of energy resulting in:

1S, apfr) 1S ,a_
T (r)-T, 2 K r, 4 K (A5)
T = T 1 § 2 r; I §, 2 2

snhl 2| -y 20l-m)

2 K r, 4 K

where X is the thermal conductivity of the tube (W/m-°C), and S is the volumetric heat
generation (W/m’):

S = Q S 10 (A6)
[ d: - d,?] n(d] - d))L,
T Lh
4

Since T,, and Q are both measured, the above relation is used to compute the inner tube
wall temperature as:

0 d, 9
Twi = Two - 2 Injf —f -1 = Two - CwQ (A7)
4nKL, d? -d? d,

t

If heat losses were included in the formulation, the following modified equation would
be obtained:

UOrO(T T)ln ro
K v ® r,

]

~3
]

TWO - CWQ -

wi

(A.8)

}
g"l
]
0
z
&)
1

Forced tube convection: the same energy equation can be used to define the heat transfer
coefficient on the inner wall of the tube:

h, = g (A9)
T ®4 L, (T, - T)

where the effects of heat loss have been ignored (i.e., to be treated as an error term).
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Local fluid temperature: since the fluid temperature is only measured at the inlet and
outlet of the test section, the following energy equation is used to determine the bulk
fluid temperature at the wall temperature thermocouple directly downstream of the flow
obstacle:

Q, = m[H(T,,) - H(T,)] = q,%d,L, (A.10)

out

since the tube heat flux (g,,) is uniform, and all conditions at steady-state:

dz L, m

dH, H. - H. nd,
A X S < P "R (A.11)

The local liquid enthalpy and temperature are defined by:
dH,
H(z) = H; + Ef-z = H, + -Q( —z-) (A.12)

T(z) = f(H,(z)) (A.13)

Local Nusselt number: based on forced tube convection, the Nusselt number is defined
as:

Nu = — (A.14)

where K is the thermal conductivity of the fluid, based on a local bulk fluid temperature
and corresponding saturation fluid properties. The values of Nu derived from the
reference tube experiment are compared with the following empirical correlations:

. Dittus and Boelter (1930):
Nu = 0.023 Re®® P4 0.6 < Pr < 100 (A.15)

Note: all fluid properties evaluated at the bulk fluid temperature, T,.

. Sieder and Tate (1936):

0.14
Nu = 0.027 Re8 Prm[ L) (A.16)
Ry

Note: all fluid properties except p, evaluated at the bulk fluid temperature, T,.

A-23



A3.2

. Petukhov (1970):

Nu = (f78) Re Pr al (A.17)
1.07 + 127 (f18)"* (P - 1) | u,
f=(182log,Re - 1.64)2 n =0 (constant heat flux) (A.18)

where

0.5 < Pr; < 200 for 6% accuracy
200 < Pr; <2000 for 10% accuracy

10* < Re, < 5x10°

0< Lo 40
Ry
Note: all fluid properties except u, and u, evaluated at T, = (T, +T,)/2.
Reynolds number:
peud, Gd, md,
Re = = = (A.19)
He B¢ ed,
Prandit number:
C
Pr = Lff (A.20)
K

f

Heat transfer enhancement: the following ratio of Nusselt numbers (with and without
flow obstruction) are defined as a function of the non-dimensional downstream distance

(=/d):

R - Nuobs = NU(Z/d) - NU(Z) [ zmax = 30) (A-Zl)
Nu Nuo Nu(an) Nll(zmu) d

Error Analysis

The following section describes the errors associated with instrumentation used in the
single-phase heat transfer experiment. Errors resulting from this analysis are quoted
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either as an RMS error or standard deviation (), combining both systematic and random
errors. If one assumes these errors are perfectly random and normally distributed about
the mean value measured, then 68% of the data will lie within =10, and 95% within +2¢.
This an important characteristic when considering the significance of measured data: if
the error estimates are correct, about 70% of the data should fall within 10, and all the
data should fall within +20, otherwise there is a systematic error unaccounted for.

Thermocouple calibration: the fluid and wall temperature thermocouples were calibrated
using a digital RTD thermometer at AECL (calibrated by the NRC on a regular basis)
and a water bath ranging in temperature from 0—100°C. Standard thermocouple curves,
used by the DAS and provided by the TC manufacturer, were post-corrected using a
polynomial regression of these RTD vs. TC readings. The following RTD and TC
accuracy is quoted:

RTD: =0.03°C (RMS) £0.05°C (MAX)
TC: =0.06°C (RMS) £0.2°C MAX)

For the purpose of this error analysis, an RMS value of £0.1°C is used for all the
thermocouples.

Mass flow rate: a Coriolis-type flow meter (Model D65 by Micro Motion), used in both
the single-phase and CHF experiments, and is characterized as:

accuracy = =0.2%

repeatability =0.05%

zero stability =0.23 g/s

A/D conversion =0.1% F.S. (F.S. = 1333 g/s)

The resultant RMS error in m (g/s) is given by:
Am _ 1 02} (005) (023} (133)°
m 100 100 m m
- J4.25><10'5 R ( _1-{32)'
m

which ranged from 0.4-5.0% in this experiment (m =25-400 g/s).

(A22)

Test section power (Q): measured by the voltage drop across the test section (U) and a
current through the shunt resistor (/), the product of which gives the power; has the
following measurement characteristics:
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maximum offset voltage = =0.2%
uncertainty in current = +2.9A
A/D conversion = £0.14%
The RMS error can be calculated by:
AQ _ [AU) (AL} | Q14 (A.23)
0] U I 100

where the test section is assumed to have an average electrical resistance of 0.074 Q for
the purpose of these calculations:

Ex) O =2000W: 2000 1644 (A24)
0.074

v-2.20 _,5y (A.25)

2 2 2
Agz\j[o_-z_) (ﬂ.) (0_14) _ 0018 (A26)
(0] 100 164.4 100

The uncertainty in Q ranged from 0.6—2.0% for this experiment where Q varied from 2
to 20 kW.

Latent heat transfer rate: used in the energy balance to compute the heat losses:

. = m[H(T,,) - H(T,)] = m(H, - H) (A.27)

Oll(

which has the following uncertainty:

I S B R I A ,
AQ, J( - Am] W, AH&,) 3, AHﬁ] (A.28)
aQb 6Q, 99, _ .

“Hy: = T2 A2
o e~ H)s o gpm T T (4.29)
2 AQ, =\ [Am(Hy, - Hy) |? + [mAH,|* + [mAH]? - (A.30)

The uncertainty in the liquid enthalpy can be derived from the error in both fluid
properties (Af) and fluid temperature (AT):
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B CAT A
AH, = | |—=2H| +| =faT (A31)
£(T,) ar
AR(T)

According to Hammouda et al. (1993):

H

0.14%; resulting in AH ranging
£(T,) f

from 0.2-0.3%, and AQ, ranging from 3~140 W.

Heat loss: combining errors in both power and latent heat transfer rates, the following
uncertainty is calculated for heat loss:

3 2 3 2
N T
b4 b

(A.32)

= (40)* « (AQ,)’
producing uncertainties ranging from 3-200 W.

Inner wall temperature: the errors associated with the calculated inner surface wall
temperature are:

AT = oL, AT 2 [aT”" AQ]2 oL, AQ 2 (A.33)
" aTwo " aQ ano:s foss .

where:
oT . aT,, oT,, r(T, -T,) d,
=1, === v ! L= 2 In| —= (A.34)
oT,, o0 0Q,cs K(AT) d,

which result in uncertainties ranging from 0.1-3.4°C.

Local fluid temperature: similar to the latent heat transfer rate, the local fluid
temperature used to calculate the tube convection heat transfer rate, is subject to the
same uncertainties in liquid enthalpy:

2) = AH(2) , = = A.35
Alx2) 8H,(2) (2) 0H{(z) GH, C,(T) (A-33)
aT,
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where:
OH (= : GH (= : . : GH (= z :
BH(2) _ |
GH,
H(:) 1 =
i@ m|L,
cH(2) - ( :) z = 0.930 = 0.0005
— =\ A37
G L, = 2.075 = 0.0005 (A7)
¢H(z) 3} 0
oz mL,
cH(z) .9z
éL, m [_:

resulting in uncertainties ranging from 0.1-0.8°C.
Convective heat transfer coefficient: the following relation describes the error associated

with calculations of the tube-side heat transfer coefficient:
] " (A38)

h] ) ‘[aa_h'ATm
T

: h
- —_— AT

= 2

) ( T,

9l

)', a”Ad‘ I L
aL,

h
ar = || Za £
J[ 209 od,

¢Q  wdL(T,-T)
Sh 0
¢d,  mdlL(T,-T) d, = 0.008 = 0.00005
. (A.39)
Sh | -0 L, = 2.075 = 0.0005
Ly w=dL(T,-T)

Gh 20
“ir

8T nd,L,(T,-T)
resulting in uncertainties ranging from 2-10%, which are assumed to be the same for the

Nusselt number (i.e., error in d; and K| are negligible in comparison).

Enhancement ratio: the following relation was derived for the uncertainties in local heat
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transfer enhancement,

e 2 [ _ar INE
=\ | T ANu(z)] .[aNu(w)ANu( )]

(A.40)

_ | [AaNu@ P, [ ANu=) |
- Ni
\ | Nu(=) * Nu(«)

with results ranging from 2—-15%.

A.3.3 Calculated Data Tables

The analyzed data are presented in two spreadsheet tables:
Table A.3-1: Calculated heat loss data (661 points)

Table A.3-2: Convection data with power (383 points)
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Table A.3-1: Calculated heat loss data

Date

28/01/94
28/01/94
28/01/94
28/01,/94
28/01./94
28/01/94
28/01/94
28/01,94
28/01,94
28/01,94
28/01/94
28/01/94
28/01/94
28/01.94
28,01,94
28/01,/94
28/01/94
31/01/94
3101/94
31,0194
31/01/94
31/01/94
31/01/94
31.01,94
310194
310194
31,0194
31,01/94
31/01.94
31.01/94
31/01/94
31,01,94
31/01/94
31.01,/94
31,01/94
31/01/94
31.01/94
31,0194
31/01/94
31,0194
31.01/94
31/01/94
31/01/94
310194
31:01/94
31/01/94
31.01/94
31/01/94
31/01,94
31,0194
31:01/94
31,01/94
31.01/94
31,01/94
31/01/94
31/01/94
31/01/94
31/01/94
31/01/94
31/01/94

Time

11:12:54
12:13:43
14:26:45
14:28:31
14:31:12
14:32:01
14:36:57
14:37:53
14:39:36
14:49:49
14:52:32
14:54:31
15:00:35
15:01:38
15:13:52
15:32:42
15:32:42
14:40:18
14:41:03
14:41:49
14:42:47
14:44:55
14:45:33
14:46:03
14:46:49
14:51:37
14:52:35
14:53:37
14:53:56
14:55:31
14:59:39
15:00:17
15:00:59
15:01:51
15:03:01
15:08:58
15:10:12
15:16:46
15:17:36
15:20:11
15:22:27
15:23:58
15:27:13
15:28:01
15:29:46
15:30:23
15:34:13
15:35:57
15:38:40
15:42:08
15:44:12
15:47:09
15:48:10
15:49:48
15:50:28
15:52:33
15:55:23
15:56:12
16:00:28
16:01:17

RunlD

OOCOOOOOOOOOOOO0OOOOOOOOOOOQQOOOQOOOOOOOOOOOOOOOOOOOOOOOOOOO

Q
")

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
Q
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

dQ m
W) (g)

384
74.2
207.6
207.8
204.6
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bl

AT

(eCm) (oC) (m2 oC)

dm Qb dQb Qloss dQloss al
&) W) ™M WM W
Reference Tube Tests
1.35 1456 109 -145.6 109 1.102
136 2200 197 -220.0 19.7 1.113
142 49 489 49 489 1131
142 6.7 49.0 -67 490 1.095
1.41 2327 506 327 506 1.040
141 -356 509 356 S09 1.080
1.41 -70.7 566 70.7 56.6 1.108
1.41 566 566 566 56.6 1.086
2 141 -776 56.8 776 56.8 1.098
1.41 423 574 423 574 0812
1.41 376 570 376 570 0978
1.41 0.7 57.0 40.7 570 0.959
1.41 473 571 473 57.1 0986
1.41 -51L 57,1 5Ll 571 0946
1.41 408 5§72 408 572 0.962
1.41 414 572 414 572 0577
1.41 414 572 418 572 0577
1.35 210 93 -21.0 9.3 1164
1.35 148 129 -148 129 L1.156
1.35 210 129 210 129 1.153
1.35 46 129 .6 129 1.201
1.37 9.7 2.1 9.7 241 1199
1.37 162 242 .162 242 1224
1.37 162 242 -162 242 LITM
1.37 265 241 -265 241 1.142
1.37 03 251 03 251 1.097
1.37 52 251 -52 251 LI
1.37 =32 251 3.2 251 1.080
1.37 06 252 06 252 1.056
1.37 41 251 41 251 1.086
1.37 405 26.7 405 267 0965
1.37 =210 266 210 266 0.883
1.37 -2 267 121 267 0.895
1.37 179 267 179 267 0.895
1.37 -163 267 163 267 0950
1.37 -12.5 267 125 26.7 0.842
1.37 -11.6 268 116 268 03810
1.37 2238 283 238 283 0.524
1.37 2330 283 331 283 0502
1.37 2295 283 295 283 0552
1.37 170 282 171 282 0613
1.37 <148 28t 148 281 0478
1.37 -158 281 158 281 0437
1.37 2235 281 235 281 0470
1.37 2209 281 209 281 0482
1.37 -182 281 182 281 0434
1.41 34 528 234 528 0.592
1.41 -268 529 268 529 0.603
1.41 -104 528 104 528 0.561
1.41 -76.7 857 767 55.7 0.525
1.41 -26.7 558 267 558 0469
1.41 468 555 468 555 0.584
1.41 -366 555 366 555 0.591
1.41 449 555 449 555 0.540
1.1 480 356 480 556 0494
1.41 -37.7 555 377 555 0.488
1.49 814 834 814 834 0464
1.49 -46.1 835 461 835 0489
1.49 431 831 431 831 0441
1.49 -389 831 389 831 0514

10.7
14.0
25
25
7.5
19
19.8
202
20.6
24
219
219
218
218
2t9
228
28
32
3.0
3.0
29
25
24
24
23
6.1
6.3
6.4
6.5
6.5
12.3
12.6
12.8
13.0
13.2
13.5
13.6
19.8
19.9
20.0
19.6
19.6
19.7
19.6
19.6
19.7
149
14.7
14.6
19.5
200
19.8
19.8
199
19.9

19.8

-0.67
-0.47
-1.21
-1.22
-0.90
-0.88
-0.11
-0.10
-0.07
0.03
0.01
0.00
0.00
0.01
-0.01
0.02
0.02
-0.99
-1.00
-1.00
-1.01
-1.03
-1.04
-1.04
-1.05
-0.80
-0.79
-0.79
-0.79
-0.79
-0.42
-0.40
-0.38
-0.38
-0.37
-0.36
-0.35
0.03
0.03
0.04
0.02
0.01
0.01
0.01
0.01
0.01
-0.30
-0.31
-0.32
0.00
0.03
0.02
0.02
0.02
0.02
0.02
0.03
0.03
0.02
0.03



Table A.3-1: Calculated heat loss data (cont.'d)

Date

31/01/94
31.01/94
01,0294
01/02/94
01/02/94
01,0294
01/02'94
01/02/54
01/02/94
01/02/94
01/0294
01,0294
01/02/94
01,0294
01,0294
01/02/94
01/02/94
01/02/94
01/02/94
01/02/94
01/02/94
01,0294
01/02/94
01/02/94
01/02/94
01/02/94
010294
01/0294
01/02/94
01/0/94
01/02/94
01,0294
01,0294
01/0294
01,02/94
01/02/94
020294
02:0%/94
02/02/94
02:02/94
02/02/94
02/02/94
02/02/94
02/02/94
02/02/94
02/02/94
02.02/94
020294
02:02/94
020294
02:0294
02:02/94
02,0294
02/02/94
02,0294
02/02/94
0202/94
02,02/94
02/0294
02/02/94
02/02/94

Time

16:01:29
16:01:48
08:32:4
08:33:58
08:35:07
08:37:44
08:50:22
08:51:11
09:01:52
09:02:04
09:13:41
09:14:06
09:15:23
09:23:13
09:24:45
09:25:52
09:27:14
09:34:56
09:37:28
09:43:28
09:51:11
09:54:19
09:57:31
10:01:31
10:07:05
10:20:37
10:22:38
10:23:34
10:25:25
10:51:36
11:58:21
13:05:18
13:50:51
14:40:17
15:07:47
15:07:47
10:20:09
10:31:49
10:45:44
10:46:28
10:46:37
10:51:39
10:52:26
10:54:04
10:54:40
11:02:19
11:03:22
11:04:40
11:05:13
11:12:15
11:14:02
11:15:08

11:23:31
11:24:58
11:25:27
11:35:02
11:36:54
11:39:53
11:40:41
11:46:54

RunID

0
0
0
0
0
0
"}
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Q
w)

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
3
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

dQ m
W) (g5)

304.1
304.1
104.5
104.3
104.4
104.4
104.6
104.7
104.2
104.3
104.3
104.2
103.9
103.4
103.5
103.5
103.6
102.1
106.5
102.7
102.7
102.8
102.9
103.0
103.0
201.2
2012
2013
201.4
11113
120.4
119.2
119.1
118.6
118.4
118.4
106.9
107.3
106.7
106.6
106.8
106.4
106.3
106.5
106.5
51.3
50.9
S
SLt
303.1
303.6
303.8
304.7
304.5
304.6
304.9
304.7
304.8
305.1
3058.3
61.2

dm Qb
) W) W)
1.49 -440 831
1.49 -53.7 831
1.37 20 285
1.37 -26.5 28.5
1.37 2232 285
1.37 -288 284
1.37 -23.7 285
1.37 -23.5 285
1.37 -572 319
1.37 -s1.s 320
1.37 -506 32.0
1.37 -53.5 320
1.37 -53.1 319
1.37 -75.0 349
1.37 2778 349
1.37 -76.1 349
1.37 -70.1 349
1.37  -1559 387
1.37  -1268 4Ll
1.37 -132 367
1.37 -76.6 36.5
1.37 -823 365
1.37 821 36.6
1.37 -93.1 367
1.37 -82.3 367
141 -1377 720
141 -l T2
141 -1074 725
141 -1154 729
1.37 6.5 28.0
1.37 213 326
1.37 2292 328
1.37 92 327
1.37  -1457 397
1.37 -31.8  J40.1
1.37 -81.8  40.2
1.37 384 254
1.37 13.0 253
1.37 <46 26.1
1.37 <16 26.1
1.37 -85 26.1
1.37 494 293
1.37 412 293
1.37 287 294
1.37 -38.7 294
1.35 88 143
1.35 -10.1 142
1.35 62 142
1.35 270 142
1.49 2220 739
1.49 -104 753
1.49 05 755
1.49 658 845
1.49 476 843
1.49 -39.7 84l
1.49 869 841
1.49 -89.2 927
1.49 906 92.8
149 -106.1 93.1
149 1105 93.1
1.36 -322 185
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m™ ™
440 83.1
53.7 83.1
20 285
265 285
232 285
288 284
237 285
235 285
57.2 319
51 320
506 320
§3.5 320
53.1 319
750 349
778 349
76.1 349
701 349
1559 387
1268 411
732 36.7
76.6 36.5
823 365
82.1 366
93.1 367
823 367
1377 720
1444 722
1074 725
1154 729
33 180
213 326
292 328
192 327
145.7  39.7
81.8 401
818 4102
-384 254
-13.0 253
4.6 26.1
7.6 26.1
5.5 26.1
494 293
412 293
87 294
387 294
88 143
10.1 142
9.2 142
7.0 142
20 749
104 753
05 755
658 845
47.6 843
39.7 841
869 84.1
89.2 927
90.6 92.8
106.1 93.1
1105 93.1
322 185

dQb Qloss dQloss al

0.540
0.563
0.582
0.604
0.452
0.516
0.513
0.475
0.465
0.453
0.374
0.377
0.430
0.257
0.242
0.202
0.138
-0.442
-0.228
-0.057
-0.273
-0.234
-0.214
-0.198
-0.248
0.078
0.001
-0.039
0.058
0.924
0.934
0.378
0.690
0.602
0.517
0.517
0.652
0.803
0.825
0.848
0.939
0.523
0.524
0.423
0.404
-0.017
-0.093
-0.119
-0.157
0.452
0.456
0.548
0.256
0.319
0.217
0.189
-0.057
-0.003
-0.061
-0.106
0.331

bl
(C/m) (oC) (m20oC)

19.8
19.8
19.0
192
193
19.2
19.4
194
323
323
328
328
327
428
430
432
43.2
55.0
56.8

213
211
21.0
210
320
321
32.5
326
3Ll

0.03
0.03
0.02
0.04
0.04
0.04
0.04
0.06
0.89
0.89
091
0.93
091
1.55
1.56
1.57
1.57
2.30
243
2.00
1.94
1.93
1.92

-1.01
-L12
-0.87
-0.87
-0.87
-0.07
-0.05
-0.03
-0.03

0.03
0.02
0.01
0.00
0.69
0.70
0.72
0.72
0.68



Table A.3-1: Calculated heat loss data (cont.'d)

Date

02/02/94
02/02/94
02/02/94
02,0294
02/02/94
02,0294
02/02/94
020294
02/02/94
02,0294
02/0294
02/02/94
02,0294
02:02/94
02/02,94
02/02/94
02,0294
02/02/94
02/02,94
02/02'94
02/02/94
02/0294
02/02/94
02,0294
020294
020294
02/02'94
020294
02/02/94
02,0294
02,0294
02:02/94
020294
020294
02/02,94
02/02/94
02/02/94
02/0294
02/02/94
02/02/94
020294
02,0294
02/02/94
02/0294
02/02/94
02/02/94
02,0294
02/02/94
02/02/94
02/02/94
02/02/94
02/0294
02/02/94
020294
020294
020294
02/02/94
03/02/94
03/02/94
03/02/94
03/02/54

Time

11:47:59
11:49:10
12:01:09
12:38:23
12:38:57
12:39:33
12:52:57
12:54:27
12:56:15
12:58:45
13:01:06
13:06:20
13:27:08
13:28:06
13:28:55
13:29:35
13:30:25
13:35:05
13:36:46
13:37:13
13:37:40
13:38:39
13:45:00
13:46:39
13:47:21
13:48:12
13:50:29
13:54:38
13:55:51
13.56:44
13:58:31
14:00:06
14:03:41
14:06:08
14:08:34
14:09:27
14:10:56
15:16:11
15:17:22
15:18:49
15:19:59
15:21:03
15:27:03
15:28:59
15:31:40
15:33:20
15:36:03
15:44:49
15:47:23
15:49:47
15:51:57
15:52:52
15:58.53
16:03:20
16:05:37
16:07:48
16:11:09
08:18:53
08:36:14
08:36:40
08:37:46

RunlD

OO0 0o OOOO0COO

1010
1010
1010
1010
1010
1010
1010
1010
1010
1010
1020
1020
1020
1020
1020
1030
1030
1030
1030
1030
1040
1040
1040
1040
1040
1050
1050
1050
1050
1050
1060
1060
1060
1060
1060
1070
1070
1070
1070
1070
1080
1080
1080
1080
1080

oo o

Q
W)

OO0 O0OLOOO00

2

[
(==
[
o O

2037
2050
2046
2068
2058
2061
2067
2067
2093
2091
2090
2090
2025
2012
2015
2003
2009
2016
2022
2017
2037
2038
2020
2007
2008
2010
2014
2010
2002
2019
2010
2018
2012
2025
2016
2019
2012
2024
2012
2026
2027
2020
2015

w oo

dQ
W)

m
(g/s)

61.3
61.4
61.3
60.8
60.8
60.9
300.9
300.9
301.2
301.2
3015
302.5

100.5
100.6
100.4
100.5
100.5
201.2
201.6
2013
2014
2016
303.1
3017
302.2
302.3
302.9
114.6
1015
101.5
101.5

dm Qb
@Wmw W™ W W

1.36
1.36
1.36
1.36
1.36
1.36
1.49
1.49
1.49
1.49
1.49
1.49
1.35
1.35
1.35
1.35
1.35
1.35
1.35
1.35
1.35
1.35
1.37
1.37
1.37
1.37
1.37
1.41
1.41
141
1.41
1.41
1.49
1.49
1.49
1.49
1.49
1.35
1.35
1.35
1.35
1.35
1.37
1.37
1.37
1.37
1.37
1.41
1.41
.41
1.41
141
1.49
1.49
1.49
1.49
1.49
1.37
1.37
1.37
1.37

-18.1
-23.8
<722
-2
<TLL
-69.1
-177.5
-134.5
-134.6
-142.1
-142.2
-148.2
2096.6
2105.0
21059
2112.8
21224
2135.8
21379
21424
21409
2140.3
22435
2243.6
2243.2
2238.2
2170.7
2168.6
2175.5
2165.4
21444
2170.6
21723
2163.1
2178.6
2172.8
21773
2048.5
2053.0
2050.6
2039.3
2043.6
2155.7
2143.6
2134.6
21432
21350
2146.9
2148.1
21319
2146.5
2158.7
21474
2156.0
2163.8
2139.6
2147.6
1.7
6.5
99
-13.8
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18.4
18.4
218
21.7
217
217
105.6
106.4
106.9
106.9
107.1
107.5
574
57.6
577
57.8
58.0
58.4
§8.5
58.6
58.6
58.6
40.2
40.2
40.2
40.1
39.3
52.7
52.8
52.8
52.7

75.8
75.8
757
757
75.7
572

18.1
3.8
722
72
711
69.1
177.5
134.5
134.6
142.1
1422
148.2
-66.6
-66.6
-69.3
-63.0
-76.1
-67.8
-79.6
-81.4
-13.6
-73.5
-150.7
-152.8
-153.2
-148.4
-145.4
-156.4
-161.0
-162.8
-1353
-154.6
-150.2
-146.6
-141.9
-134.5
-157.3
-41.3
-45.3
-40.8
-25.6
-33.2
-153.5
-125.0
-1242
-128.0
-1229
-121.7
-1324
-113.1
-1343
-1349
-135.3
-129.7
-136.4
-119.2
-1323
-1.7
6.5
9.9
17.0

184
18.4
21.8
217
217
21.7
105.6
106.4
106.9
106.9
107.1
107.5
67.7
67.9
68.0
68.1
68.3
68.8
68.8
68.9
68.9
68.9
543
54.2
542
54.2
§3.2
63.7
63.7
63.7
63.6
63.7
83.8
83.8
83.3
§3.8
83.8
67.4
67.4
67.5
67.5
67.6
54.5
54.6
54.5
54.5
54.5
68.7
68.6
68.5
68.7
68.3
923
919
92.1
92.1
92.3
289
277
217
277

dQb Qloss dQloss al

0.327
0.239
-0.034
-0.314
-0.271
-0.316
-0.301
-0.337
-0.364
-0.312
-0.395
-0.400
11.538
11.695
11.749
11.751
11.874
11.845
11.743
11.765
11.857
11.819
6.850
7.085
7.047
7.160
7.191
4.190
+.115
4.045
4.053
3.969
3.020
3.019
3.051
3.020
2,980
11.187
11.197
11.059
11.008
11041
6.682
6.456
6.315
6.264
6.399
3.480
3.437
3.479
3434
3.454
2.401
2453
2.483
2474
2399
0.477
0.404
0.432
0.370

bl
(oC/m) (oC) (m2oC)

30.9
30.6
48.2
49.6
49.6
49.6
482
48.7
49.2
49.3
49.5
49.7
26.9
27.2
27.4
275
27.4
27.6
7.7
277
27.6
276
19.6
19.0
19.0
18.9
18.2
14.0
4.0
14.0
14.0
14.0
122
12.0
119
IL9
119
389
38.8
389
39.1
39.1
312
313
3
34
3.2
27.2
27.1
269
270
270
254
252
52
252
253
114
19.8
19.7
19.8

0.65
0.62
1.74
1.80
1.82
1.81
1.71
1.72
1.74
1.74
1.77
1.77
1.10
112
1.14
1.15
115
1.16
1.16
1.16
1.16
1.16
0.29
0.27
0.27
0.27
0.23
-0.25
-0.26
-0.25
-0.26
-0.26
-0.44
-0.45
-0.46
-0.46
-0.47
1.86
1.85
1.85
1.85
1.85
1.05
1.04
1.03
1.03
1.02
0.57
0.55
0.55
0.55
0.54
0.37
0.36
0.36
0.36
0.36
-0.73
-0.18
-0.19
.20



Table A.3-1: Calculated heat loss data (cont.'d)

Date

03/02/94
030294

04/02/94
04/0294
04/02/94
04/02:94
04,0294
04,02/94
04/02/94
04/02:94
04/02/94
04/02/94
04/0294
04/02/94
04/02/94
04/02/94
04,0294
04/02/94
04/02/94
04,02/94
040294
04/0294
04.02:94
04,0294
04.02.94
04,02.94
040294
04.02/94
04,0294
04,0294
04,0294
04/02/94
04/02:94
04,0294
04/02/94
04,0294
04/02/94
04,0294
04,0294
04:02/94
04,0294
04,0294
04,0294
04/02/94
04/02/94
04/02/94
04/02/94
04/02/94
040294
04/02/94
04/02/94
04/0294
04,0294
04/02/94
04/02/94
04/02/94
04/02/94
04/0294
04/02/94

Time

10:16:56
10:17:11

10:54:24
10:54:36
10:57:49
10:58:10
10:58:35
10:59:03
11:00:54
11:01:07
11:01:30
11:02:51
11:03:08
11:03:25
11:04:52
11:05:16
11:21:27
11:21:38
11:22:00
1127011
11:27:27
11:27:44
11:31:36
11:31:48
11:32:01
11:34:03
11:34:16
11:34:29
11:36:47
11:36:58
11:37:32
13:12:39
13:15:02
13:16:49
13:21:26
13:23:42
13:30:10
13:31:17
13:32:07
13:32:58
13:33:57
13:36:28
13:37:33
13:38:09
13:39:00
13:40:24
13:41:09
13:43:29
13:43:28
13:46:15
13:47:03
13:49:55
13:52:33
13:53:57
13:55:20
13:56:13
13:57:37
14.06:47
14:07:53

RuniD

E‘DO‘DWWW\I\I\IO\O\O\MMJ—‘-&NWU'JR\J!JIJ———

S o

101t
1011
1011
1011
1ol
1012
1012
1012
1012
1012
1012
1013
1013
1013
1013
1013
1014
1014
1014
1014
1014
1017
1017
1017
to17
1017
1047
1047

Q

0
0

C 0000000000000 OODDO0O0OODOOO

[E )
o0 o
0t —
wmeoo o

dQQ m
W) W) @9

2022
202.3

50.2

502
100.6
100.5
100.6
100.5
200.7
200.8
200.9
302.4
302.5
302.6
402.5
402.8

50.7

50.7

50.6
101.6
101.5
101.4
201.9
201.8
2019
303.0
302.9
302.9
405.5
405.1

50.2
50.1
50.1
50.2
50.1
50.2
50.3
3022
3024

dm Qb dQb Qloss  dQloss al bl AT

(g/s) (W) W) W) (W) (oCm) (oC) (m20C)
141 -153 506 153 506 0.834 99  -0.86
141 -163 S0.7 163 507 0842 99  -0.86

18% Ring Tests

135 163 123 -163 123 1215 69  -1.05
135 186 123 -186 123 1.1%0 69  -1.05
137  -140 246 140 246 1154 66  -1.07
137 40 246 40 246 1249 68  -1.05
137 167 246 -167 246 1346 67  -1.04
137 232 246 232 246 1405 65  -1.05
1.41 83 490 -83 490 1289 62  -L.09
141 -104 489 104 489 1314 62  -L.08
141 80 490 -80 490 1322 63  -1.08
149 228 739 228 739 1320 63  -1.08
149 125 T39 125 739 1300 64  -1.07
149 .18 740 18 740 1225 65  -1.07
1.58 89 985 -89 985 1283 66  -1.06
158 06 986 06 986 1301 67  -1.05
1.35 33 139 -33 139 0858 200  -0.22
1.35 18 139 -18 139 0859 200 -0.22
135 20 138  -20 138 0833 199 023
137 248 277 248 277 0719 191 -0.30
137 -161 277 161 277 0712 192 029
137 .12 276 192 276 0722 193  -0.28
141 320 550 320 S50 0640 192 030
141 412 550 412 550 0670 192 -0.30
141 309 S50 409 S50 0.646 193 029
149 665 825 665 825 0776 1901 029
149 -52.1 825 521 825 0749 192 -0.29
149 517 826 SL7 826 0739 193 028
1.5¢  -599 1105 S99 1105 0774 193 027
1.59 673 1106 673 1106 0740 194  -0.26
1.59  -64 1108 464 1108 0743 195 026
1.35 20807 S7.5 -683 677 12294 273 1.00
13§ 20903 579 -68.1 68.1 12221 278  1.04
1.35 21087 583 -838 685 12393 272 1.0
135 2109.6 $8.4 -825 685 12303 266  0.96
135 21068 S84 -793 685 12444 265 098
135 20861 579 -681 68.1 12324 266 096
135 20953 8.0 -71.3 682 12362 267 097
135 21003 582 -680 684 12351 267 097
1.35 21093 583 -814 684 12396 267 097
135 20994 82 -704 683 12436 266 097
135 21018 S82 -614 684 12379 267 097
135 21121 85 -738 687 12328 269 098
135 21189 8.7 -860 688 12331 269 097
135 21142 586 -640 688 12358 269 098
135 21180 S87 -719 689 12389 269 098
135 21286 589 -853 69.1 12387 269 097
135 21195 589 -807 6€9.0 12357 269 097
135 21103 S8.6 -T34 683 12394 268 097
135 21103 586 -709 687 12347 268 096
135 21077 $8.5 -603 687 12246 269 096
135 21178 588 -729 690 12204 270 096
135 21217 590 -730 69.1 11797 265  0.90
135 21227 589 -63.0 69.0 11729 265  0.89
135 21153 588 -613 690 11788 265  0.89
135 21067 58.5 -38.5 686 11725 262 087
135 21043 S84 -87.5 684 ILSII 264 086
149 21935 758 1722 838 2872 125  -0.63
149 21813 759 1570 840 2.886 124  -0.63



Table A.3-1: Calculated heat loss data (cont.'d)

Date

04/02/94
04/02/94
04/02/94
04/02/94
04/02/94

/02/94
04,0294
04/0294
04/02/94
04/02.94
04/02.94
04/02,94
04/02.94
04/02/94
04/02,94
04/02/94
04/02/94
04/02/94
04/0294
04/02/94
04/02/94
04/02/94
04/02.94
04/02/94
04/02/94
04/02/94
04,0294
04,0294
04/0294
04/02/94
04,02/94
04/0294
04,0294
04/02,94
04,0294
04/02:94
04,/02/94
04,0294
04,0294
04/02/94
04/02/94
04,02/94
04,02/94
04,0294
04,0294

/0294
04/02/94
04/02/94
04/02/94
04,0294
04/02°94
04/02/94
04,0294
04/02/94
04/0294
04/0294
04/02/94
04/02/94
04/02/94
04/02/94
04/02/94

Time

14:10:14
14:11:01
14:12:38
14:15:11
14:16:31
14:17:22
14:17:51
14:18:32
14:19:38
14:22:08
14:24:30
14:26:08
14:26:46
14:27:33
14:28:19
14:31:24
14:32:58
14:33:30
14:35:37
14:36:01
14:38:50
14:39:44
14:41:25
14:41:56
14:42:51
15:01:43
15:02:56
15:03:32
15:04:02
15:04:35
15:06:34
15:08:40
15:09:47
15:10:16
15:12:17
15:14:12
15:15:49
15:17:34
15:18:24
15:19:03
15:21:02
15:22:11
15:23:44
15:24:45
15:26:10
15:28:34
15:33:46
15:34:08
15:34:28
15:36:01
15:37:37
15:38:36
15:39:21
15:39:38
15:40:40
15:42:09
15:48:30
15:49.07
15:50:54
15:51:14
15:51:36

RunID

1047
1047
1047
1044
1044
1044
1044
1044
1044
1043
1043
1043
1043
1043
1043
1042
1042
1042
1042
1042
1041
1041
1041
1041
1041
1031
1031
1031
1031
1031
1032
1032
1032
1032
1032
1033
1033
1033
1033
1033
1034
1034
1034
1034
1034
1035
1035
1035
1035
1035
1037
1037
1037
1037
1037
1037
1027
1027
1027
1027
1027

Q

2033
2029
2034
2031
2041
2027
2029
2021
2026
2029
2028
2026
2029
2037
2037
2033
2039
2036
2038
2031
2045
2031
2035
2026
2026
2023
2023
2020
2012
2016
2019
2020
2008
2019
2018
2017
2018
2013
2022
2020
2018
2025
2020
2014
2021
2009
2017
2016
2024
2010
2012
2013
2014
2021
2015
2011
2030
2016
2016
2020
2019

dQ m
W) W) (gf)

36
36
36
36
36

302.6
302.8
303.2
303.4
303.4
302.9
303.0
302.9
303.1
303.3
3035
303.7
303.8
303.7
303.5
303.6
303.7
302.4
302.6
302.6
302.8
302.8
303.0
303.0
303.0
2010
201.0
201.0
2009
200.9
2009
200.9
200.7
2008
200.8
200.3
200.9
2009
200.7
2009
201.0
2009
200.8
201.0
200.8
201.6
201.3
2013
2010
201.2
2013
201.2
201.3
201.2
2012
2013
101.2
101.3
1013
101.4
101.3

dm Qb
(8s) W) W

1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.41
1.41
1.41
1.4
1.41
1.41
1.41
1.41
1.41
141
1.41
141
1.41
1.41
1.41
1.41
1.41
1.41
141
141
1.41
141
1.41
1.41
141
1.41
1.41
141
1.41
1.41
1.41
1.37
1.37
1.37
1.37
1.37

2188.5
21859
2185.9
2203.4
2201.6
21823
2173.8
2180.0
21824
22023
2190.8
2186.8
2192.7
2195.1
2189.9
21932
2182.1
21829
2196.5
2195.7
2199.5
2187.0
2199.1
2187.2
2181.0
2180.2
2180.8
2170.3
21739
2180.3
2178.6
21828
2173.6
2178.7
2164.5
2183.9
21777
2176.8
2177.1
2175.9
2178.6
2181.8
2181.7
2173.0
2179.7
21844
2174.1
2169.5
21721
21852
2183.1
2178.8
2171.5
21729
2175.7
2175.0
2164.5
2165.5
2162.5
2160.8
21584

A-34

dQb Qless dQloss al

76.0
76.1
76.1
76.2
76.2
76.1
76.1
76.1
76.1
76.2
76.2
76.3
76.3
76.3
76.2
76.3
76.3
76.0
76.0
76.0
76.1
76.0
76.1
76.1
76.1
52.8
52.8
527
527
528
527
52.83
52.7
527
527
52.7
52.7
52.7
827
527
52.8
§2.8
52.7
528
52.7
529

52.8
528
52.8
39.2
39.2
392
39.2
392

wm ™
-155.5  84.1
-1569 841
-152.2 842
1726 842
-160.8 843
-1556 841
-149.4 841
-1585 841
-156.0 84.1
<1734 842
-163.2 842
-161.2 843
-164.1 843
-158.6 843
-153.4 843
-160.4 843
<1428 843
-146.5 840
-158.1 8411
-165.1  84.1
-154.8 842
-1559 841
-164.4 842
-161.1 841
-1554 84l
-157.0 638
-157.7 638
-150.7  63.7
-162.3  63.7
-164.7 637
-1582 637
-163.2 638
-1656 63.7
-1600 637
-146.7  63.7
-166.6  63.7
-159.8 637
-163.5 637
-155.1  63.7
-1558 637
-16t1.0 638
<1572 638
-161.8 637
-1589 63.7
-1590 637
-1756 638
-1568 63.8
-1539 638
-148.1 637
-1752 638
-1710 638
-1658  63.8
-1578  63.8
-1522 633
-160.6 63.8
-163.6 63.8
-1342 532
-1494 5311
-1466 531
-1412 531
-139.1 531

bl

AT

(0C/m) (oC) (m2oC)

2923
1,935
2.870
2950
3.004
2.945
2,950
2.925
3.046
3.074
3.035
3.039
2.998
3.053
3.036
3.066
3.054
3.066
3.064
3.055
i
3.085
3.148
3.101
3.156
4.294
4320
4.292
4.324
1.344
4.246
4.281
4.274
4.234
4.384
4.301
4.239
4.225
4179
4177
4.229
4.286
4.246
4.216
4.245
4.232
4.251
4.280
4.267
4.269
4.186
4.159
4.162
4.207
4.138
4.193
6.829
6.783
6.972
6.995
6.970

12.2
12.1
12.1
12.1
120
12.1
12.0
12.0
11.9
1.9
119
11.9
1.9
1.9
11.9
1.9
119
I.9
11.8
1.8
11.8
1.9
11.8
11.8
1.7
13.4
13.4
13.4
13.4
13.3
13.4
134
134
134
13.3
134
13.4
13.4
13.5
13.5
134
134
134
134
134
13.4
134
133
133
13.3
13.3
13.3
13.3
132
133
13.2
17.3
17.4
17.3
17.3
173

-0.65
-0.65
-0.66
-0.65
-0.65
-0.65
-0.65
-0.66
-0.65
-0.65
-0.65
-0.65
-0.65
-0.65
-0.66
-0.66
-0.66
-0.65
-0.66
-0.66
-0.65
-0.65
-0.65
-0.66
-0.66
-0.47
-0.47
-0.47
-0.47
-0.48
-0.47
-0.47
-0.47
-0.47
-0.47
-0.47
-0.47
-0.47
-0.48
-0.48
-0.47
-0.47
-0.48
-0.48
-0.48
-0.47
-0.47
-0.47
-0.47
-0.47
-0.47
-0.48
-0.48
-0.48
-0.438
-0.48
-0.03
-0.03
-0.02
-0.02
-0.02



Table A.3-1: Calculated heat loss data (cont.'d)

Date

04/02/94
04/02/94
04/0294
04/02/94
04/02/94
04/02/94
04/0294
04/02/94
04/02:94
04/02/94
04/0294
04,0294
04/0294
04/02/94
04/02/94
04/02/94
04,0294
04/02/94
04/0294
04/0294
04/02/94
04,02/94
04/02/94
040294
04/02/94
04/02/94
07:0294
07/02L94
07:0194
070194
07,0294
07:02/94
0702794

7/0294
07:02/94

7,094
07/02/94
07:.0294
07/0294
07/02/94

7.02/94
07/0294
07/0294
07,0294

7/02/94
07/0294
07/02/94
07/0294
07:0294
07.0294
07/02/94
07/0294
07/0294
07/02/94
07/0294
07:/02'94
07,0294
07:02:94

7/02/94
07:0294
07/02/94

Time

15:53:28
15:54:06
15:54:39
15:55:32
15:55:49
15:57:57
15:58:56
15:59:18
15:59:40
16.01:46
16:03:34
16:04:21
16:04:41
16:05:00
16:05:21
16:06:52
16:07:26
16:07:50
16:08:05
16:08:25
16:08:40
16:10:02
16:10:52
16:11:08
16:11:26
16:11:44
15:25:26
15:26:01
15:26:22
15:26:41
15:27:02
15:28:32
15:29:17
15:29:49
15:30:20
15:30:42
15:31:05
15:31:27
15:32:37
15:33:28
15:33:48
15:34:19
15:34:50
15:35:20
15:36:55
15:37:48
15:38:08
15:38:28
15:38:57
15:40:20
15:41:05
15:41:30
15:42:04
15:42:49
15:44:28
15:45:18
15:45:52
15:46:12
15:46:38
15:49:43
16:07:26

RunlD

1025
1025
1025
1025
1025
1024
1024
1024
1024
1024
1023
1023
1023
1023
1023
1022
1022
1022
1022
1022
1022
1021
1021
1021
1021
1021
1057
1057
1057
1057
1057
1055
1055
1055
1055
1055
1055
1055
1054
1054
1054
1054
1054
1054
1054
1053
1053
1053
1053
1052
1052
1052
1052
1052
1052
1051
1051
1051
1051
1051
1081

Q

2016
2006
2017
2017
2016
2018
2018
2021
2011
2016
2018
2013
2016
2014
2014
2016
2023
2014
2017
2017
2016
2022
2011
2013
2018
2013
1977
1981
1985
1987
1986
1991
1997
1999
1983
1991
1982
1977
1986
1986
1978
1982
1985
1993
1985
1989
2000
1987
1995
1996
1999
1988
1992
1991
1995
1998
2002
1990
2000
1993
1967

iQ m
W™ W) @)

36
36
36
36

101.3
101.2
101.1
101.1
101.2
101.1
101.1
100.9
101.1
101.0
101.1
100.9
101.0
101.0
101.0
101.0
101.0
101.3
101.3
101.3
101.1
100.9
100.9
100.9
100.9
100.9
50.1
499
49.9
50.0
50.0
50.0
50.1
49.8
49.8
49.7
49.8
49.9
S0.1
§0.1
50.0
49.9
50.0
49.9
50.0
50.2
50.0
50.1
50.0
50.1
50.1

303.0

dm Qb
®s) (W)

1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.35
1.35
1.35
1.35
1.35
1.35
1.35
1.35
1.35
1.35
1.35
1.35
1.35
1.3§5
1.35
1.35
1.35
1.35
1.35
1.3
1.35
1.35
1.35
1.35

1.35
L35
1.49

2159.8
2163.8
2160.9
2l62.1
2162.4
2162.6
2153.6
2160.4
2166.1
2154.6
2165.0
2160.2
2160.5
2162.9
2164.9
2156.0
2159.0
2165.7
2161.8
2160.7
2157.1
2165.3
2157.0
2160.9
2161.1
2165.7
20122
20123
20124
2018.7
2017.7
20179
2027.5
2021.7
2007.1
2010.3
2005.4
2008.0
2010.3
2008.2
2002.0
2006.6
2008.0
2009.6
2011.0
2016.7
2014.6
20119
2013.5
2016.2
2022.0
20219
20203
2010.5
2020.3
2017.6
2018.4
20119
20129
2022.3
20839

A-35

dQb Qloss dQloss al
w) W

39.2
39.2
39.2
39.2
39.2
39.2
39.1
39.2
39.3
39.1
39.2
39.2
39.2
39.2
39.2
39.2
39.2
39.2
39.2
39.2
39.2
39.3
39.2
39.2
39.2
39.3
56.5
56.7
56.7
56.8
56.7
56.8
56.9
57.0
56.7
56.8
56.6
56.5
56.5
56.4
56.4
56.5
56.5
56.6
56.6
56.5
56.6
56.5
56.6
56.6
56.7
56.7
56.7
56.6
56.8
56.8
56.7
§6.7
56.6
56.8
83.7

-143.6
-157.7
-1439
-145.3
-146.8
-144.4
-135.7
-139.3
-155.4
-138.2
-146.7
-147.6
-1442
-148.6
-150.9
-140.0
-136.4
-152.0
-144.9
-1433
-130.7
-143.3
-146.2
-147.8
-143.2
-152.5
-35.0
2315
-27.8
-31.5
314
-26.7
-30.8
<223
-23.6
-18.9
-23.0
-31.0
-24.0
2226
-23.8
-25.0
2226
-16.7
-25.7
-27.6
-14.6
-24.5
-18.8
-20.7
-228
-33.5
-28.2
-19.1
-25.5
-19.1
-16.8
2219
-13.1
-29.1
-1174

w)

53.1
53.0
53.1
§3.1
53.1
53.1
53.0
53.1
53.1
53.0
53.1
53.0
53.1
53.1
53.1
53.0
53.1
53.1
53.1
53.1
530
53.1
53.0
53.0
53.1
53.1
66.7
66.8
66.9
67.0
66.9
67.0
67.1
67.2
66.8
67.0
66.8
66.7
66.7
66.6
66.6
66.7
66.7
66.8
66.8
66.8
66.9
66.8
66.9
66.9
67.0
66.9
66.9
66.9
67.0
67.0
67.0

66.9
67.0
90.8

bl

AT

(eC/m) (o€) (m20C)

7.144
7.220
7.155
7.191
7.216
7.237
1.211
7.236
7.232
7.279
7.271
7.309
7.319
7.221
7.291
7.340
7.250
7.258
7.269
7.336
7.368
7.333
7.254
7.282
7.275
7.313
10.726
10.727
10.733
10.755
10.735
11.051
11.042
11.100
10.984
10.985
11.031
10.980
11.022
11.021
11.000
11.015
11.071
11.082
10.994
11.091
11.106
11.115
11.134
11.210
11172
11.229
11.190
i1.186
11.225
11.210
11.197
11.194
11.216
11.248
2413

17.6
17.6
179
17.6
17.6
177
177
17.7
177
17.7
17.7
17.7
177
17.8
17.7
17.7
177
17.7
17.7
176
176
17.7
17.8
178
178
177
378
378
378
377
377
38.0
38.0
380
380
38.0
38.0
380
382
383
383
3g4
383
383
384
383
38.3
383
383
383
383
383
383
383
384
384
385
385
385
385
231

0.01
0.02
0.02
0.01
0.01
0.03
0.03
0.03
0.03

1.85
1.84
1.84
1.85
1.85
1.85
1.86
1.86
1.87
1.87
1.86
1.85
1.85
1.86
1.86
1.86
1.87
1.87
1.88
1.88
1.88
1.88
1.89
1.89
1.89
1.89
1.89
0.31



Table A.3-1: Calculated heat loss data (cont.'d)

Date

07/02/94
07/02/94
07/02/94
07/02/94
07/02/94
07.0294
07/02/94
07/02/94
07/02/94
07/02/94
07/02/94
07/02/94
07/02/94
07,0294
07/0294
07,0294
07.02/94
07,0294
07/02/94
07/0294
07/02/94

21/0294
21/0294
21/02/94
21/02/94
21/02/94
11/02/94
21,0294
21/02/94
21/02/94
21,0294
21/02/94
21/02/94
21/02/94
21,0294
2170294
21/02/94
21/0294
21,0294
21,02/94
210294
21/00/94
21,02/94
21/02/94
21/02/94
21/02/94
21/02/94
21/02/94
210294
21/02/94
21,0294
210294
21/02/94
13/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94

Time

16:08:08
16:08:27
16:08:46
16:09:05
16:09:20
16:09:43
16:11:05
16:11:32
16:11:48
16:12:02
16:12:17
16:13:25
16:13:53
16:14:07
16:14:21
16:14:35
16:15:53
16:16:23
16:16:39
16:16:53
16:17:11

15:12:23
15:13:13
15:13:27
15:13:57
15:14:39
15:14:52
15:15:03
15:15:24
15:16:19
15:16:37
15:16:48
15:17:14
15:17:57
15:18:27
15:18:36
15:19:42
15:19:51
15:20:00
15:20:46
15:20:57
15:21:16
15:21:38
15:22:11
15:22:48
15:22:58
15:23:34
15:23:51
15:24:22
15:24:58
15:25:34
15:26:21
15:26:43
09:02:07
09:02:26
09:03:37
09:05:11
09:05:43
09:06:13

RunID

1081
1081
1081
1081
1083
1083
1083
1083
1083
1083
1084
1084
1084
1084
1084
1084
1087
1087
1087
1087
1087

Q Q m
W) W) (@9
1970 35 303.1
1966 35 303.2
1967 35 303.2
1964 35 3029
1963 35 303.2
1967 35 303.4
1970 35 303.0
1974 35 3033
1970 35 303.2
1958 35 3033
1957 35 3034
1975 35 3034
1968 35 303.6
1968 35 3029
1967 35 3024
1965 35 3025
1971 35 302.4
1973 35 302.5
1960 35 302.6
1970 35 3026
1968 35 302.4
0 50.3
0 50.2
0 50.3
0 50.1
0 100.2
0 100.1
0 100.2
0 100.3
0 150.6
0 150.3
0 150.7
0 150.2
0 200.4
0 200.2
0 200.1
0 251.7
Q 251.8
0 251.8
0 3019
0 3019
0 3016
0 30t.6
0 3522
0 3531
0 353.2
0 401.1
0 401.4
0 401.7
0 402.1
0 402.8
0 402.8
0 403.2
12664 94 200.5
12668 94 200.6
12699 94 200.6
12707 94 200.7
12676 94 200.6
12721 94 200.6

dm Qb dQb Qloss dQloss al bl AT

(g/s) W) W) W) W) (oCm) (eC) (m2oC)
1.49 20876 837 -1174 909 2.565 23.1 0.32
1.49 2078.7 838 -113.1 909 2625 23.1 0.32
149 20652 838 979 909 2.724 230 0.32
1.49 2080.8 83.7 -1167 908 2766 23.0 0.32
1.49 20704 838 -107.2 909 2775 23.0 0.32
149 20790 838 -1120 91.0 2763 23.0 0.32
1.49 20854 838 -1157 909 2.849 23.0 0.32
149 20888 838 -1149 91.0 2.883 229 0.32
149 20992 838 -1293 91.0 2.848 23.0 0.31
149 2085.7 83.8 -1272 909 2.838 230 0.32
149 20736 838 -il64 909 2.843 23.0 0.32
1.49 20834 838 -1079 91.0 2909 229 0.32
1.49 2081.0 839 -113.2 91.0 2.884 229 0.32
1.49 20634 837 957 908 2913 229 0.33
149 20783 83.6 -1109 90.7 2923 229 0.33
1.49 20817 837 -116.7 90.8 3.007 228 0.33
1.49 2085.1 836 -1139 90.7 2778 219 0.31
1.49 20872 836 -1140 90.8 2.850 229 0.32
149 20794 836 -t193 90.8 2.876 229 0.32
1.49 20835 836 -113.7 90.8 2.888 228 0.32
1.49 2079.7 836 -1120 90.7 2.857 229 0.31

30% Ring Tests

1.35 218 119 -21.8 119 1318 36 -1.32
1.35 217 119 2217 119 1271 3.7 -1.31
1.35 205 119 -205 119 1261 3.7 -1.3t
1.35 152 119 -152 119 1378 37 -1.30
1.37 1$.2 237 -152 237 1391 34 -1.32
1.37 16.0 23.7 -160 237 1390 34 -1.32
1.37 149 237 149 237 1381 34 -1.32
1.37 211 3.7 2Lt 237 1394 33 -1.32
1.39 13.0 356 -13.0 356 1.382 3.0 -1.33
1.38 165 355 -165 355 1378 3.0 -1.34
1.39 222 356 -222 356 1396 29 -1.34
1.38 220 354 220 354 1391 29 -1.34
1.4l 313 472 2313 472 1320 28 -1.36
1.41 357 472 -357 472 1356 27 -1.37
1.41 351 472 .35 472 1368 27 -1.37
1.45 158 59.2 -158 592 1354 25 -1.38
1.45 312 592 312 592 1.3s1 25 -1.38
145 154 592 .154 592 1349 25 -1.38
1.49 185 710 -185 710 1359 24 -1.38
1.49 137 71 -13.7 711 1347 24 -1.39
1.49 97 710 97 710 1341 24 -1.38
1.49 88 709 -88 709 1297 25 -1.38
1.53 -144 8238 144 828 1306 2.4 -1.38
1.53 -93 831 93 831 1278 25 -1.38
1.53 -93 832 93 832 1277 25 -1.38
1.58 29 945 29 945 1265 15 -1.38
1.58 164 946 -164 946 1222 26 -1.38
1.58 129 947 -129 947 1.25 26 -1.37
1.58 -59 948 59 948 1291 26 -1.36
1.58 165 950 -165 950 1266 2.7 -1.36
1.58 1.8 950 -11.8 950 1251 27 -1.36
1.59 153 951 -153 951 1226 2.7 -1.37
1.41 12869.5 108.7 -2054 143.7 14.469 539 3.07
1.41 128635 108.6 -1956 143.7 14.586 53.8 3.08
141 128476 108.6 -1487 143.7 14.537 54.0 3.09
141 128849 1088 -1776 1439 14.465 542 3.10
1.41 128539 108.6 -1783 143.7 14.406 543 3.10
141 128137 1083 -929 143.6 14.517 541 3.10

A-36



Table A.3-1: Calculated heat loss data (cont.'d)

Date

23/02/94
23/02/94
23/02/94
23/0294
23/02/94
23/0294
23/0294
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/0294
23/02/94
23,0294
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
13/02/94
23/02/94
23,0294
23/0294
23/02/94
23/02/94
23/02/94
23/0294
23/02/94
23,02/94
23,0294
23/02/94
23/0294
23/02/94
23/0294
23/02/94
23/02/94
23/02,94
23/02:94
23/02/94
23/0294
23/02/94
23,02/94
23/02/94
23/0294
23/0294
23/02/94
23/02/94
23/02/94
23/02/94
23,0294
23/02:94
23/02/94
23/0294
23,0294
23,0294
23/02/94
23/0294

Time

09:09:13
09:09:51
09:11:10
09:11:24
09:11:36
09:11:48
09:13:24
09:13:50
09:15:57
09:16:18
09:16:41
09:17:00
09:18:48
09:19:10
09:19:25
09:21:39
09:21:52
09:22:03
09:24:50
09:26:37
09:26:55
10:13:48
10:14:16
10:14:24
10:14:33
10:14:41
10:16:44
10:17.07
10:17:17
10:17:30
10:17:40
10:17:49
10:18:59
10:19:22
10:19:38
10:19:54
10:20:05
10:20:57
10:21:16
10:21:27
10:21:41
10:21:49
10:23:02
10:23:14
10:23:32
10:23:41
10:23:51
10:30:48
10:30:57
10:31:07
10:31:16
10:31:26
10:31:36
10:32:52
10:33:13
10:33:21
10:33:30
10:33:39
10:33:50
10:34:58
10:35:17

RunlD

4035
4035
4035
4035
4035
4035
4036
4036
4036
4036
4036
1036
4037
4037
4037
4037
4037
4037
4034
1034
4034
4011
4011
4011
401t
4011
4014
4014
4014
4014
4014
4014
1013
4015
4015
4015
4015
4016
4016
4016
4016
4016
4017
4017
4017
4017
4017
1021
4021
4021
4021
4021
4021
4024
4024
1024
4024
4024
4024
4025
4025

Q

12744
12736
12744
12753
12776
12756
12774
12768
12805
12796
12850
12812
12845
12820
12820
12817
12810
12802
12801
12794
12762
3946
3957
3945
3958
3952
3947
3971
3961
3956
3959
3959
3955
3957
3958
3983
3954
3940
3949
3957
3942
3945
3939
3935
3955
3948
3952
6998
6975
7007
6982
6983
6966
6961
6960
6968
6953
6963
6952
6963
6954

dQ m
W) W) (#9)

94
94
94
94
94
94
94
94
95
95
95
95
95
95
95
95
95
95
95
95
94
50
51
50
51
51
50
51
51

2009
200.9
2009
200.9
200.9
200.8
010
201.0
201.1
201.2
201.0
201.0
201.2
2013
201.2
2014
201.4
201.6
201.2
201.2
201.1
53.0
53.1
53.1
53.2
53.1
52.7
52.9
53.1
52.9
53.2
53.1
52.9
52.8
52.8
52.8
53.0
53.1
53.0
§3.1
33.0
529
53.0
52.8
53.0
§3.1
529
100.8
100.6
100.6
100.8
100.6
100.7
100.6
100.6
100.6
100.6
100.6
100.6
100.7
100.6

dm Qb
®s) W) W)

1.41
1.41
141
1.41
141
1.41
141
1.41
1.41
1.41
1.41
1.41
1.41
1.41
1.41
1.41
1.41
L4t
1.41
1.41
I.41
1.35
1.3§5
1.35
1.35
1.35
1.35
1.3§
1.35
1.35
1.35
1.35
1.35
1.35
1.35
1.35
1.3§
1.35
1.35
1.35
1.35
1.35
1.35
1.35
1.35
1.35
1.35
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37

12871.5
12874.4
12878.5
12851.6
12877.5
12871.8
12904.0
12886.0
12951.3
12938.6
12934.2
12942.5
12989.5
12975.2
12954.9
12954.7
12967.8
12985.7
12926.6
12911.9
12889.4
3861.9
3856.6
3866.9
3870.9
3862.9
3857.2
3856.5
38722
3861.0
3881.1
38709
3862.6
3857.4
3870.1
3862.8
3873.7
3871.8
3864.8
3876.6
3863.3
3866.8
3862.4
38502
3876.5
3878.8
3868.9
7030.1
7016.0
7022.9
7035.9
7014.9
7024.0
7026.4
7018.8
70102
6993.9
6990.0
6981.2
69853
6976.0

A-37

dQb Qloss dQloss al
w W)

108.7
108.7
108.7
108.5
108.7
108.7
108.8
108.7
109.1
109.0
109.0
109.1
109.4
109.2
109.1
109.1
109.2
109.2
109.0
108.9
108.7

99.9

99.6

99.8

99.8

99.8
100.3
100.1
100.0
100.1
100.1

100.2
100.1
100.5
100.3
100.2
100.0
100.0
100.1
100.0
100.3
100.0
100.0
100.3
100.2
100.3
99.8
99.8
99.9
99.9
99.8
99.8
100.0
99.8
99.7
99.5
99.4
99.4
99.4
99.3

-127.7
-138.9
-134.4
-98.6
-101.6
-116.2
-129.7
-117.8
-146.0
-143.0
-83.8
-130.5
-144.0
-155.1
-134.9
-1379
-157.5
-183.7
-126.0
-117.6
-127.6
83.9
100.8
78.3
87.0
88.9
$9.9
114.3
89.1
95.0
7.7
88.1
92.0
99.3
88.3
90.2
79.8
68.6
84.6
80.0
18.5
78.5
76.7
85.0
789
68.8
834
2326
<11
-15.9
-53.9
-31.9
-58.0
-65.8
-58.3
-42.3
-40.7
2270
-29.5
-224

143.9
1439
143.9
143.8
144.0
143.9
144.1
144.0
144.4
144.3
144.5
144.4
144.7
144.5
144.5
144.4
144.4
144.5
144.3
1432
144.0
119
117
111.9
1.9
1118
112.3
1121
112.0
112.1
1122
1i2.1
112.2
121
112.5
1123
1122
112.0
1120
112.2
112.0
112.2
112.0
112.0
112.3
112.2
112.3
120.9
120.8
121.0
1209
120.8
120.8
120.9
120.8
120.7
120.5
120.5
1204
120.4
120.3

bl

AT

(oC/m) (o€) (m20C)

13.637
13.594
13.466
13.516
13.479
13.478
13.106
13.117
12.891
12.806
12.749
12.760
12.288
12.302
12.281
12.293
12.258

12.222

13.296
13.356
13.403
15.350
15.406
15.444
15.536
15.531
14.870
14.810
14.749
14.723
14.729
18.737
14.414
14.409
14.427
14.455
14.400
14.272
14.247
14.141
14.271
14.193
13.802
13.740
13.721
13.686
13.662
15.972
16.027
15.972
16.025
16.067
16.041
15314
15.264
15.284
15.356
15.331
15.383
15.004
14.958

54.1
54.1
54.2
542
54.2
54.2
54.1
54.0
54.4
54.5
54.5
54.5
542
54.1
54.2
54.1
54.2
54.2
54.8
54.7
54.6
45.7
45.6
45.6
45.5
45.5
45.2
452
45.2
45.2
45.2
45.2
45.0
449
44.9
4.8
44.9
443
4.3
4.4
4.3
44.3
439
4.0
4.0
44.0
4.1
47.7
4.7
478
47.8
477
478
478
479
47.8
47.7
1.7
47.6
475
47.6

3.04
3.03
3.03
3.03
3.03
3.03
3.00
3.00
3.00
3.00
2.99
3.00
2.95
2.95
2.95
2.94
2.94
2.94
3.05
3.05



Table A.3-1: Calculated heat loss data (cont.'d)

Date

23/0294
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23:/0294
23/02/94
23/02/94
23/02/94
23/0294
23,0294
23,02/94
230294
23/02/94
23/0294
23/02/94
23/02:94
230294
23,0294
230294
23/0294
23/02/94
23/02/94
23,0294
23/02/94
23/0294
23,0294
23/0294
23/02:94
23:02/94
23/02/94
23.Q294
230294
23/0294
23,0294
23/0294
23/02/94
23,0294
23/0294
13/0294
23/0294
23,0294
23:02/94
23/02/94
23/02/94
230294
23,02/94
23/0294
23/02/94
23/02/94
23,02/94
23:0294
23/0/94
23,02/94
23/QL94
23,0294
23,02/94
23/0294
23/02:94
23/02/94

Time

10:35:33
10:35:46
10:36:04
10:36:31
10:37:32
10:37:44
10:39:05
10:39:27
10:39:37
10:39:54
10:40:11
10:40:37
10:41:39
10:42:08
10:42:52
10:43:22
10:44:11
10:48:18
10:48:34
10:48:49
10:48:59
10:49:20
10:55:39
10:55:59
10:56:09
10:56:25
10:56:35
10:57:04
11:.01:47
11:02:11
11:02:23
11:02:51
11:03:09
11:03:19
11:03:28
11:04:42
11:04:57
11:05:08
11:05:22
11:05:32
11.06:06
11:06:31
11:07:12
11:09:12
11:09:42

ti:
il
11:
1
I
1
1
I
11:
I
11
It:
11
1
il:
11:

10:00
10:22
10:39
11:05
11:29
15:18
15:45
16:13
16:29
16:39
17:37
17:54
18:03
18:12
18:23
19:24

RunlD

4025
4025
4025
4025
4025
4025
4026
4026
4026
4026
4026
4026
4027
4027
4027
4027
4027
4023
4023
1023
4023
4023
4013
4013
4013
4013
4013
4013
4031
4031
4031
4031
403t
4031
4031
4033
4033
4033
4033
4033
4033
4033
4033
4034
4034
4034
4034
4034
4034
4034
4035
4035
4035
4035
4035
4036
4036
4036
4036
4036
4037

Q

6948
6958
6955
6968
6931
6943
6928
6914
6922
6916
6909
6906
6924
6921
6526
6951
6904
7039
7035
7026
7028
7024
3974
3975
3989
3977
3965
3984
11902
11920
11925
11879
11897
11501
11917
11856
11886
11905
11885
11910
11858
11883
11880
11892
11916
11884
11868
11895
11887
11873
11895
11898
11883
11897
11873
11866
11866
11857
11868
11855
11851

dQ m
W W) (g9)

100.7
100.6
100.8
100.7
100.7
100.6
100.8
100.7
100.6
100.6
100.6
100.7
100.7
100.7
100.7
100.8
100.7
100.6
100.6
100.5
100.6
100.6

53.0

53.3

53.2

53.3

§3.1

53.2
202.0
201.9
201.8
201.9
201.9
201.8
201.9
201.7
201.8
2016
201.7
2019
201.7
2019
201.8
201.7
2019
201.8
201.8
2019
2018
2019
2016
201.6
201.7
201.6
2017
201.7
201.7
201.6
201.8
201.6
201.6

dm Qb
gy (W)

1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.35
1.35
1.35
1.35
1.35
1.35
141
141
141
1.41
141
1.41
141
141
1.41
141
1.41
1.41
1.41
1.41
1.41
141
1.41
1.41
1.41
1.41
1.41
1.41
1.41
1.41
1.41
141
1.41
1.41
1.41
1.41
1.41
1.41
1.41

6979.9
6977.1
6971.9
6989.8
6960.6
6961.9
6955.5
6961.5
6958.2
6944.0
6944.8
6943.5
6968.0
6961.9
6958.3
6946.6
6947.3
7057.5
7053.4
7049.3
7048.1
7058.9
3885.4
3901.0
3893.1
3896.5
3879.6
3886.2
12052.4
12049.6
12024.2
12048.2
1205%.8
12072.8
12074.3
12022.8
12037.8
12027.8
12030.9
12044.1
12045.0
12053.3
12040.8
12040.0
12042.4
12039.2
12039.4
12035.4
12051.0
12044.1
12035.7
12038.4
12041.5
12029.9
12016.2
12017.8
12009.3
12006.9
12017.5
12018.1
11995.4

A-38

dQb Qloss dQloss al
™M WM W

99.3

99.3

99.1

99.4

99.0

99.1

98.9

99.1

99.1

98.9

98.9

98.8

99.1

99.0

99.0

98.8

98.9
100.4
100.3
100.3
100.2
100.4
100.5
100.3
100.4
100.3
100.2
100.2
103.1
103.1
102.9
103.1
103.2
103.2
103.2
103.0
103.1
103.0
103.0
103.1
103.1
103.2
103.1
103.1
103.1
103.1
103.1
103.1
103.2
103.1
103.2
103.2
103.2
103.2
103.1
103.1
103.0
103.0
103.1
103.1
103.0

-3L.5
-18.8
-16.9
-21.6
-30.0
-18.4
2279
-47.7
-36.2
-27.6
-36.1
-38.0
-13.8
-41.3
-32.1
4.0
-43.4
-3
-189
-23.7
=204
-34.6
88.1
739
95.6
80.2
85.7
97.8
-150.3
-130.1
-98.9
-169.0
-162.7
-172.2
-157.4
-167.1
-152.0
-122.9
-145.4
<1344
-186.8
-170.4
-161.0
-147.7
-126.5
-155.7
-171.8
-140.2
-164.0
-170.8
-140.2
-140.1
-158.8
-133.0
-142.9
-151.5
-143.7
-150.2
-149.3
-163.3
-144.5

1203
120.4
120.2
120.4
120.0
120.1
119.9
120.0
1200
119.9
119.8
119.8
120.1
120.0
119.9
1199
119.8
121.5
121.4
121.4
1213
121.4
1125
112.5
1125
112.4
112.3
1123
137.4
1374
137.3
1373
137.4
137.5
137.6
137.2
137.3
1374
137.3
137.4
137.3
137.4
137.3
1374
137.4
137.4
137.3
137.4
137.4
137.3
137.5
137.5
1374
1374
137.3
137.3
137.3
1372
137.3
137.3
137.2

bt

AT

(0C/m) (oC) (m2eC)

14.986
15.017
14.991
14.961
14.998
15.056
14.715
14.695
14.650
14.634
14.675
14.640
14.284
14.199
14.198
14.173
14.250
15.001
14.968
14.979
14.980
15.007
13.824
13.915
13.949
13.996
14.024
13.999
16.299
16.401
16.459
16.595
16.593
16.593
16.637
16.554
16.601
16.623
16.554
16.604
16.599
16.619
16.607
16.573
16.545
16.428
16.560
16.586
16.510
16.434
16.221
16.240
16.212
16.265
16.256
15.887
15912
15.903
15.896
15.876
15.512

415
47.5

7.4
47.5
473
473
46.9
46.9
47.0
47.0
46.9
47.0
46.5
46.6
46.6
46.5
46.5
48.4
48.5
48.5
48.5
48.5
46.5
6.4
46.3
46.2
46.1
46.1
48.0
48.1
48.2
48.2
48.3
48.4
48.4
48.1
48.1
48.1
48.2
48.1
48.2
48.2
48.2
48.2
48.2
48.3
482
48.2
48.3
48.4
48.4
48.5
48.5
48.5
48.5
48.4
48.4
48.4
48.4
48.4
48.0

2.69
2.69
2.69
2.69
2.68
2.68
2.64
2.63
2.63
2.63
262

2.62



Table A.3-1: Calculated heat loss data (cont.'d)

Date

23/02/94
23,0294
23/02/94
23/02/94
23/02/94
23/02/94
23,0294
23/02/94
23/02/94
23/02/94
23/02/94
23,0294
23/02/94
23/02/94
23,0294
23/02/94
23:02/94
23/02'94
23,02/94
23,0294
23,0294
23/02/94
23/02/94
23/02/94
23/0294
23,02/94
23/0294
23/02/94
23:0294
23/02/94
23,0294
23/02/94
23,0294
23/02:94
230294
23/02/94
23,0294
23/02/94
230294
23/02/94
230294
23/0294
23/02/94
23/02/94
23,0094
23/02/94
23/02/94
230294
23/02:94
23,0294
23/02/94
23,0294
23/02:94
23/02/94
23,02/94
23/02:94
23/02/94
23,0294
23,0294
23/02/94
23,0294

Time

11:19:44
11:20:34
11:20:44
11:20:57
11:28:38
11:28:58
11:29:10
11:29:23
11:29:35
11:31:19
11:31:33
11:32:19
11:33:01
11:33:39
11:35:33
11:35:55
11:36:08
11:36:22
11:36:37
11:36:48
11:37:44
11:38:06
11:38:17
11:38:28
11:38:39
11:39:43
11:40:07
11:40:19
11:40:29
11:40:44
11:40:55
11:42:04
11:42:26
11:42:38
11:42:51
11:43:03
11:43:26
11:43:45
11:44:09
13:54:43
13:54:55
13:55:04
13:55:13
13:55:22
14:04:42
14:05:04
14:05:28
14:05:41
14:05:53
14:06:02
14:12:36
14:12:49
14:13:06
14:13:23
14:13:35
14:20:50
14:20:59
14:21:07
14:21:15
14:21:26
14:26:00

RuniD

4037
3037
4037
4037
4041
4041
4041
4041
1041
4043
4043
4043
4043
4043
4044
3044
3044
3044
4044
4044
4045
4045
4045
4045
4045
4046
4046
4046
1046
4046
4046
4047
3047
4047
4047
4047
3047
3047
3047

W da do $o do 80 W WL LTV IS B D DN =

Q

11864
11857
11834
11849
15495
15530
15498
15516
15508
15524
15478
15539
15498
15521
15518
15552
15531
15566
15531
15547
15568
15563
15580
15539
15580
15572
15564
15562
15584
15534
15605
15584
15562
15554
15547
15541
15519
15580
15552

CoooococOoOoO0O0OOoOOoOLCOOOCOOOOOO O

dQ m
MW W) (gs)

91

91

91

91
105
105
105
105
105
105
105
105
105
105
105
105
105
106
105
105
106
105
106
105
106
106
105
105
106
105
106
106
108
105
105
105
105
106
105

202.0
201.8
2018
2018
3043
304.1
304.2
303.9
304.2
303.8
304.0
3039
304.1
304.1
304.1
304.3
304.3
304.3
304.4
304.4
304.5
304.8
304.6
304.7
304.8
304.6
304.7
304.7
304.8
304.8
304.9

50.5
49.9
50.8
74.8
74.9
75.0
74.9
74.9
100.6
100.4
100.6
100.7
100.6
125.3

dm Qb

1.41
1.41
1.41
1.41
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.35
1.35
1.35
1.35
1.35
1.35
1.35
1.35
1.35
1.35
1.35
1.36
1.36
1.36
1.36
.36
1.37
1.37
1.37
1.37
1.37
1.37

12035.5
12015.4
12020.8
11998.7
15737.5
15735.4
15704.8
15673.3
15687.4
15733.6
15733.4
15730.4
15710.8
157289
15680.5
15699.9
15694.7
15711.0
15700.0
15696.9
15745.8
15781.5
15777
15791.0
15799.0
15752.4
15776.5
157703
15778.2
15757.6
15733.5
15716.1
157311
15794.1
15795.2
15796.5
157623
15780.5
15770.5
-16.1
-16.5
-16.8
-16.0
-175
5.0

37

74

57

25

44

59

43

4.5

4.3

58

-32
-7
-6

4.1
-39
-l11.4

A-39

dQb Qloss dQloss al
(&) W) W W W

103.2
103.1
103.1
103.0
117.6
1179
117.6
117.5
117.6
117.8
117.8
117.8
117.8
117.8
117.6
117.7
1177
117.8
1177
7.7
1179
118.1
118.1
118.1
118.2
118.0
18.1
118.1
118.1
118.0
1179
117.8
117.9
118.2
118.2
118.2
118.0
118.1
118.1
72
72
7.2
7.2
73
13.2
13.3
i3.4
13.3
13.1
134
19.0

A7
-158.1
-186.6
-149.4
2424
.208.7
-206.4
-157.5
-179.4
-209.3
.255.3
1913
-213.3
2077
-1626
-147.5
-163.4
1447
-169.5
-149.5
1777
2187
-197.7
-252.3
.219.0
-180.2
2129
-208.0
-184.7
2239
-128.5
-1320
-169.2
-2399
.248.0
.255.5
2433
-200.8
-219.0
16.1
16.5
16.8
16.0
17.5
-5.0
33
.74
5.1
.25
4.4
59
43
45
43
.58
32
47
3.6
41
59
14

1374
137.3
137.2
137.2
157.8
158.0
157.8
157.8
157.8
158.0
157.9
158.1
157.9
158.0
157.9
158.1
158.0
158.1
158.0
158.0
158.3
158.4
158.4
158.3
158.5
158.3
158.3
1583
158.4
158.2
158.3
158.2
158.2
158.4
158.4
158.4
158.2
158.4
158.3
7.2
72
7.2
7.2
73
13.2
13.3
134
13.3
13.1
134
19.0
19.0
19.1
19.0
19.0
255
254
255
258
255
314

15.419
15.511
15.456
15.417
14.945
15.005
15.155
15.172
15.179
15.218
15.233
15.330
15.492
15.573
15.524
15.592
15.545
15.509
15.437
15.441
15.294
15.294
15.326
15.257
15.228
14.966
14.994
14.945
14.895
14.977
14.966
14.476
14.524
14.522
14.476
14.517
14.561
14.557
14.446
0.068
0.054
0.042
0.013
0.032
0.745
0.781
0.738
0.718
0.699
0.689
0.877
0.873
0.853
0.816
0.841
0.860
0.803
0.793
0.802
0.808

bl AT
(0C/m) (0C) (m20C)
48.0 2.75
48.0 2.75
48.0 275
48.1 2.75
49.8 2.82
50.0 2.84
499 2.84
50.0 2.85
50.0 2.86
50.1 2.86
50.1 2.86
50.1 2.87
50.0 2.87
50.0 2.88
50.0 2.88
50.0 2.88
50.0 2.88
50.1 2.88
50.1 2.88
50.2 2.88
50.2 2.87
50.3 2.88
50.2 288
50.3 2.88
50.3 2.88
502 2.85
50.2 2.85
50.3 2.85
50.3 2.85
50.2 285
50.2 2.85
50.0 2.81
499 281
49.9 2.30
49.9 2.0
499 2.80
499 2.80
49.8 281
50.0 2.80
24.5 0.15
245 0.15
246 0.15
24.6 0.16
246 0.16
159  -03S§
158 036
158  -037
157 -0.38
157  -0.38
157 038
118 -0.63
118  -0.63
1.8 -0.63
11.8  -063
L7 -063
108  -0.6%
108  -0.69
109 -0.69
109  -0.69
109  -0.69
0.1 -0.74

0.388



Table A.3-1: Calculated heat loss data (cont.'d)

Date

23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
230094
23/02.94
23/02/94
230294
23/02/94
23/0294
23,0294
23,0294
23/02/94
23/02.94
23,0294
23.02:94
23/0294
23/02/94
23/02/94
23,0294
23/02/94
23,0294
230294
23,0294
230294
23/02.94
23/0294
23/02,94
23,0294
23:02/94
23,0294
23/0294
23,0294
23/02/94
23,0294
13,0294
23:02:94
23/0294
23/02/94
23,0294
23,0294
23/02/94
23/02:94
23,0294
230294
23,0294
23,0294
23/02:94
23,0294
23,0294
23/02/94
23,0294

Time

14:26:10
14:34:55
14:35:19
14:35:45
14:35:54
14:42:40
14:42:50
14:43:33
14:43:43
14:47:29
14:48:00
14:48:17
14:48:33
14:48:47
14:52:03
14:52:57
14:53:08
14:53:17
15:08:29
15:17:10
15:17:19
15:17:29
15:17:40
15:18:17
15:37:23
15:37:31
15:37:40
15:37:48
15:52:59
15:53:08
15:53:18
15:53:27
15:53:37
16:05:43
16:06:19
16:06:36
16:10:15
16:10:33
16:11:50
16:12:31
16:23:21
16:28:37
16:31:04
16:31:18
16:39:09
16:39:17
16:39:40
16:40:16
16:40:41
16:52:02
16:52:11
16:52:20
17:06:34
17:06:46
17:06:55
17:07:05

RunlD

O O O D G000 O WO~~~ JI~JAOWuuu

Q
w)

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOQOOOOOOOOOOOOOOOOOOOCOOOOO

dQ m
W) (@)

125.3
153.7
153.2
1534
153.8
201.6
201.7
2016
201.8
251.9
251.8
2518
251.8
2519
303.4
303.5
3034
303.7
305.6
3057
305.7
3057
305.8
305.5
305.0
304.9
305.0
304.9
305.1
305.3
308.5
305.2
305.3
303.3
303.6
303.3
303.6
303.4
303.5
303.6
251.0
2511
250.9
250.9
205.5
205.5
2054
205.5
205.6
153.5
153.5
153.8
113.5
113.0
112.0
109.7

dn Qb
(g/s) (W)
137 -84
139 -05
139 .52
139 25
139 05
141 -146
141 -137
141 -170
141 -164
145 115
145 -138
145 37
145 -119
145 .119
149 -18.4
149 2211
149 157
149 211
149 -107
149 -253
149 276
149 212
149 -18.1
149 45
149 472
149 -50.0
149 -384
149 444
149 0.7
149 -365
149 417
149 21
149 -365
149 .702
149 674
149 749
149 845
149 830
149 832
149 902
145 .715
145 759
145 842
145 755
141 -840
141 810
141 830
141 -719.0
141 791
139 7192
139 845
139 81
137 -1069
137 996
137 958
137 864

A-40

dQb Qloss dQloss al bl

W)

314
38.3
382
382
383
49.6
49.7
49.6
49.7
61.8
61.7
61.7
61.7
61.8
74.2
74.2
74.2
74.2
722
74.6
74.6
74.6
74.7
74.6
81.8
818
81.8
81.8
844
84.5
84.5
84.4
84.5
91.6
91.7
91.6
91.8
91.7
92.0
91.9
78.4
78.5
78.6
78.5
66.6
66.7
66.7
66.7
66.8
53.3
§3.2
53.3
4.6
4.3
44.0
43.1

W W
84 314
05 383
52 382
25 382
05 383

146 496
13.7 497
170 496
164 497
11.5 618
13.8 617
3.7 617
119 617
1ty 618
184 742
211 732
157 742
L 742
10.7 722
253 746
276 746
212 746
181 747
45 746
472 818
500 818
384 88
444 818
40.7 834
36.5 845
417 845§
42,1 834
36.5 845
702 916
674 917
749 S16
845 918
830 917
83.2 920
90.2 919
775 184
759 785
842 786
755 785
840 666
810 667
83.0 667
79.0 667
79.1 668
792 533
845 532
78.1 533
1069 346
99.6 444
95.8 440
86.4 43.1

AT

(0C/m) (oC) (m2oC)

0.909 10.1
0958 9.1
0.927 9.1
0.946 9.1
0933 9.t
1.095 7.8
1.089 7.8
1157 7.7
1153 77
1.183 7.0
1177 7.0
1.192 7.0
1.194 7.0
1.185 7.0
1.195 6.6
1.125 6.7
LS 6.7
L1767
1.427 2.6
1.183 6.2
1.195 6.2
1.197 6.2
1.185 6.2
1.195 6.2
0.445 17.8
0.439 17.8
0.436 17.8
0.424 17.8
0.186 21.3
0.248 21.3
0.265 213
0.272 213
0.276 213
-0.140 315
-0.129 316
-0.156 316
-0.123 318
-0.139 318
-0.090 318
-0.157 319
-0.272 353
-0.253 354
-0.301 356
-0.294 35.6
-0.529 398
-0.530 39.8
-0.527 39.8
-0.544 398
-0.542 399
-0.806 47.2
-0.808 47.2
-0.739 47.1
-1.399 60.1
-1.346 60.0
-1.335 60.0
-1.336 60.1

-0.73
-0.80
-0.80
-0.80
-0.80
-0.87
-0.87
-0.88
-0.88
-0.92
-0.92
-0.92
-0.92
-0.92
-0.95
-0.95
-0.95
-0.95
-1.19
-0.97
-0.97
-0.97
-0.97
-0.97
-0.26
-0.26
-0.26
-0.26
-0.05
-0.05
-0.05
-0.05
-0.05
0.57
0.58
0.58
0.59
0.59
0.60
0.60
0.82
0.82
0.84
0.85
1.09
1.09
1.09
1.09
1.09



Table A.3-2: Convection data with power
RunlD ObsLoc Twi dTwi Tf

Date

02/02/94
02/02/94
02:02:94
02/02/94
02/02/94
02/02/64
020294
02/02/94
020254
02:02,94
02/02.94
02/02,94
02,02.94
02/02/94
02/02/94
02,0294
02/02/94
020294
02/02/94
020294
02,02/94
02/0294
02/02/94
02/02/94
02/02/94
02:02:94
020294
02:0294
02/02.94
02,0294
02,0294
02,0294
02.02/94
02/02/94
02,0294
020294
02/02/94
020294
02,0294
02/02.94
02:02/94
02/02/94
02/0294
02,0294
020294

04/02/94
04/02/94
04/02/94
04/02/94
04,0294
04/02:94
04/02/94
04/02/94
04,0294
04/02/94
04/02/94
04/02.94
04/02:94

Time

13:27:08
13:28:06
13:28:55
13:29:35
13:30:25
13:35:05
13:36:46
13:37:13
13:37:40
13:38:39
13:45:00
13:46:39
13:47:21
13:48:12
13:50:29
13:54:38
13:55:51
13:56:44
13:58:31
14:00:06
14:03:41
14:06:08
14:08:34
14:09:27
14:10:56
15:16:11
15:17:22
15:18:49
15:19:39
15:21:03
15:27:03
15:28:39
15:31:40
15:33:20
15:36:03
15:44:49
15:47:23
15:49:47
15:51:57
15:52:52
15:58:53
16:03:20
16:05:37
16:07:48
16:11:09

13:12:39
13:15:02
13:16:49
13:21:26
13:23:42
13:30:10
13:31:17
13:32:07
13:32:58
13:33:57
13:36:28
13:37:33
13:38.09

1010
1010
1010
1010
1010
1010
1010
1010
1010
1010
1020
1620
1020
1020
1020
1030
1030
1030
1030
1030
1040
1040
1040
1040
1040
1050
1050
1050
1050
1050
1060
1060
1060
1060
1060
1070
1070
1070
1070
1070
1080
1080
1080
1080
1080

1011
1011
1011
1011
1011
1012
1012
1012
1012
1012
1012
1013
1013

(mm)

234
234
234
234
234

(o)

38.36
38.75
38.99
39.06
39.08
39.08
39.05
39.05
39.02
39.01
25.95
25.71
25.68
2571
25.05
17.71
7.7
17.67
17.65
17.65
14.87
14.80
14.77
14.72
14.70
49.88
49.75
49.70
49.79
49.81
37.4t
3733
3743
37.39
37.31
30.42
30.29
30.20
30.27
3031
27.70
27.64
27.63
27.66
27.75

39.43
39.80
39.21
38.40
38.47
38.25
38.34
38.38
38.35
38.35
38.33
38.46
38.46

0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.13
0.1l
Q.11
0.13
0.12
0.15
0.16
0.19
0.19
0.21
0.20
0.21
0.20
0.22
0.22
022
0.26
0.20
0.22
0.29
0.29
0.12
Q.12
0.15
Q.21
0.12
0.13
Q.17
0.15
0.2t
0.15
0.16
0.16
Q.15
0.15
0.15

0.15
0.13
0.21
0.16
0.18
0.29
0.20
0.19
027
0.28
0.41
0.40

19.15
19.49
19.60
19.61
19.54
19.24
19.17
19.14
19.12
19.09
12.84
12.74
12.7¢
12.72
12.45

9.38

9.44

9.46

9.44

9.52

8.24

8.25

8.19

8.17

8.16
2.1
31.95
31.95
31.94
31.97
26.30
26.27
26.46
26.36
26.33
23.36
23.25
23.19
23.29
2331
2226
22.18
22.16
2225
22.36

20.03
20.39
19.27
18.50
18.52
18.65
18.66
18.67
18.65
18.64
18.67
18.80

dTf h dh
(0C) (0C) (oC) (W/m2oC) (W/m2 oC)
Reference Tube Tests
0.42 2167 65
0.42 2169 65
0.42 2153 64
0.42 2160 65
0.42 2145 64
042 2134 63
0.42 2119 63
042 2120 63
0.42 2128 63
043 2125 63
0.20 3392 38
0.19 3431 39
0.19 3429 91
0.19 3424 90
0.19 3419 95
0.14 5438 190
0.14 5494 211
0.14 5498 212
0.14 5522 221
0.14 5607 225
0.13 7200 358
0.13 7274 355
0.13 7331 379
0.13 7369 385
0.13 7303 380
0.40 2326 79
0.40 2324 75
0.40 2333 77
0.41 2324 81
0.41 2321 81
0.19 3883 112
0.19 3941 114
0.19 3957 122
0.19 3945 134
0.19 3958 116
0.15 6680 255
0.15 6650 283
0.15 6703 27
0.15 6721 324
0.15 6739 276
0.14 9165 488
0.14 9206 489
0.14 9207 472
0.14 9290 478
0.14 9305 482
18% Ring Tests
0.42 2124 64
0.42 2134 64
0.43 2077 64
043 2083 63
043 2078 64
043 2107 70
0.43 2104 66
0.43 2111 66
043 2107 69
043 2106 69
043 2126 78
0.43 2123 77
0.43 2115 75

0.37

18.79

A-41

Nu

197
198
196
197

194
196
189
189
188
191
191
191
191
191
193
193
192

Rnu dRnu

1.02
1.02
0.99
0.99
0.98
1.00
1.00

1.00
1.00
1.01
1.01
1.00

0.03
0.03
0.03
0.03
0.03
Q.03
0.03
0.03
0.03
0.03

0.04
0.04



Table A.3-2: Convection data with power (cont.'d)

Date Time Run[D ObsLoc Twi dTwi Tf dTt h dh Nu Rnu dRnu
(mm) (0C) (oC) (oC) (6C) (W/im20C) (W/m2oC)
04/02/94 13:39:00 1013 78 3850 0.32 18.74 043 2124 72193 1.01 0.03
04/02/94 13:40:24 1013 78 3849 030 18.69 043 2116 71 192 1.00 0.03
04,02/94 13:41.09 1013 78 3849 030 18.70 0.43 2114 7t 192 1.00 0.03
04/02/94 13:43:29 1014 39 3824 0.43 1867 043 2135 80 194 1.01 0.04
04/02/94 13:44:28 1014 39 38.16 043 18.61 043 2134 80 193 101 0.04
04/02/94 13:46:15 1014 39 38.10 0.49 1859 043 2142 85 194 1.02 0.04
04,0294 13:47.03 1014 39 38.12 0.50 18.56 0.43 2146 86 194 1.02 0.04
04/02/94 13:49:55 1014 39 38.18 0.45 18.63 043 2143 83 194 1.02 0.04
04/02/94 13:52:33 1017 0 33.72 042 18.66 0.43 2844 135 258 1.35 0.06
04/02/94 13:53:37 1017 0 33.57 033 18.63 043 2887 126 262 1.37 0.06
04,0294 13:35:20 1017 0 33.51 0.36 18.61 0.43 2887 130 262 1.37 0.06
04,0294 13:36:13 1017 0 33.34 0.67 18.51 043 2848 175 258 1.35 0.08
04,0294 13:57:37 1017 0 33.25 0.71 1845 043 2851 181 258 1.35 0.09
04/02/94 14:06:47 1047 0 1422 032 8.03 0.13 7826 565 666 1.11 0.08
04/02/94 14:07:33 1047 0 1422 0.31 8.10 0.13 7941 569 676 1.12 0.08
04/02/94 14:10:14 1047 0 14.19 026 8.12 0.13 8080 517 688 1.14 0.07
04,02/94 14:11:01 1047 0 14.17 028 8.12 0.13 8098 541 689 1.14 0.08
04,0294 14:12:38 1047 0 1415 027 8.11 0.13 8134 §27 692 1.15 0.07
0402094 14:15:11 1044 39 1477 034 8.14 0.i3 7225 500 615 1.02 0.07
04/0294 14:16:31 1044 39 1479 031 8.16 0.13 7285 474 620 1.03 0.07
04/02/94 14:17:22 1044 39 1475 028 8.13 0.13 7235 437 616 1.02 0.06
04,0294 14:17:51 1044 39 1474 0.25 8.13 0.13 7244 402 617 1.02 0.06
04/02/94 14:18:32 1044 39 1472 024 8.13 0.13 7233 393 616 1.02 0.06
04/0294 14:19:38 1044 39 1472 030 8.15 0.13 7286 463 620 1.03 0.07
04,02/94 14:22:08 1043 78 14.82 032 8.18 0.13 7205 484 613 1.02 0.07
04,02:94 14:24:30 1043 78 1474 027 8.13 0.12 7241 430 616 1.02 0.06
040294 14:26:08 1043 78 1475 029 8.16 0.13 7261 457 618 1.03 0.06
04/0294 14:26:46 1043 78 1471 0.27 8.13 0.13 7287 433 620 1.03 0.06
040294 14:27:33 1043 78 1475 028 8.14 0.13 7285 443 620 1.03 0.06
0402094 14:28:19 1043 78 1475 026 8.10 0.13 7234 411 616 1.02 0.06
04/02.94 14:31:24 1042 117 1478 029 813 0.13 7206 439 613 1.02 0.06
04,0294 14:32:58 1042 117 14.76 0.27 8.10 0.13 7234 420 616 1.02 0.06
04,0294 14:33:30 1042 117 1477 027 8.12 0.13 7223 417 615 1.02 0.06
04/02/94 14:35:37 1042 117 1475 026 8.12 0.13 7268 411 619 1.03 0.06
04/02/94 14:36:01 1042 117 1475 025 8.11 0.13 7222 405 615 1.02 0.06
04,0094 14:38:50 1041 234 1491 029 8.12 0.13 7085 430 603 1.00 0.06
04,0294 14:39:44 1041 234 1492 023 8.12 0.13 7009 358 597 0.99 0.05
04,0294 14:41:25 1041 234 14.87 0.27 8.12 0.13 7094 408 604 1.00 0.06
04/02/94 14:41:56 1041 234 1483 024 8.10 0.13 7079 372 602 1.00 0.05
04/02/94 14:42:51 1041 234 1481 027 8.11 0.13 7112 409 605 1.01 0.06
04/02/94 15:01:43 1031 234 1764 022 932 0.14 5479 223 470 1.00 0.04
04/02,94 15:02:56 1031 234 17.63 023 931 0.14 5480 230 470 1.00 0.04
04/0294 15:03:32 1031 234 1758 0.20 9.26 0.14 5463 211 468 1.00 0.04
04/02:94 15:04:02 103t 234 17.58 028 9.28 0.14 5460 262 468 1.00 0.05
04/02/94 15:04:35 1031 234 17.58 0.25 9.29 0.14 5477 243 469 1.00 0.04
04:02/94 15:06:34 1032 117 17.53 021 927 0.14 5509 222 472 1.01 0.04
04,0294 15:08:40 1032 117 172.51 021 929 0.14 5551 226 476 1.01 0.04
04,02:94 15:09:47 1032 117 17.50 0.21 929 0.14 5518 223 473 1.01 0.04
04,02/94 15:10:16 1032 117 17.50 0.21 9.29 0.14 5550 226 476 1.01 0.04
040294 15:12:17 1032 117 1749 029 9.28 0.14 5547 272 475 1.01 0.05
04.02:94 15:14:12 1033 78 17.50 030 9.29 0.14 5542 282 475 1.01 0.05
04/0294 15:15:49 1033 78 17.49 026 930 0.14 5562 255 477 1.02 0.05
040294 15:17:34 1033 78 17.47 0.24 29 0.14 5556 244 476 1.02 0.04
04,0294 15:18:24 1033 78 1746 020 9.27 0.14 5583 219 478 1.02 0.04
04,0294 15:19:03 1033 78 1744 020 9.26 0.14 5580 219 478 1.02 0.04
04,0294 15:21:02 1034 39 1748 024 9.29 0.14 5570 245 477 1.02 0.04
04/02/94 15:22:11 1034 39 1746 0.25 9.30 0.14 5614 253 481 1.03 0.05
04/02/94 15:23:44 1034 39 1745 024 9.28 0.14 5592 246 479 1.02 0.04
04,0294 15:24:45 1034 39 1744 025 927 0.14 5571 249 477 1.02 005
04,02/94 15:26:10 1034 39 1743 023 929 0.14 5609 242 481 1.03 0.04
04/02/94 15:28:34 1035 19.5 17.40 0.30 28 0.14 5596 290 479 1.02 0.05
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Table A.3-2: Convection data with power (cont.'d)

Date Time RunlD ObsLoc Twi dTwi Tf dTf h dh Nu Rnu dRmu
(mm) (cC) (oC) (eC) (oC) (Wm2oC) (W/m2oC)

04/02/94 15:33:46 1035 19.5 1736 025 9.28 0.14 5658 259 485 1.03 0.05
04/02/94 15:34:08 1035 19.5 17.35 026 9.27 0.4 5645 262 484 1.03 0.05
04:0294 15:34:28 1035 19.5 17.34 026 9.25 0.14 5666 264 485 1.04 0.05
04/02/94 15:36:01 1035 19.5 17.35 025 9.28 0.14 5638 257 483 1.03 0.05
04/02/94 15:37:37 1037 0 16.60 032 9.30 0.i4 6368 384 546 1.16 0.07
04/02.94 15:38:36 1037 0 1653 0.31 9.28 0.14 6412 384 549 117 0.07
04/02,94 15:39:21 1037 0 1652 031 9.27 0.14 6425 377 551 117 007
04/02/94 15:39:38 1037 0 1653 031 9.29 0.14 6465 386 554 1.18 0.07
04/02/94 15:40:40 1037 0 1651 031 9.30 0.14 6457 386 553 1.18 0.07
04/02/94 15:42:09 1037 0 1647 030 9.28 0.14 6482 382 555 1.18 0.07
04/02/94 15:48:30 1027 0 2235 0.50 1249 0.19 4521 295 395 1.32 0.09
04/02/94 15:49:07 1027 0 2237 0.52 1247 0.19 4462 296 390 1.30 0.09
04/02/94 15:50:54 1027 0 2239 0.63 1245 0.19 4438 344 387 1.30 0.10
04:02/94 15:51:14 1027 0 2239 0.66 1244 0.19 4448 360 388 1.30 0.1t
04/02:94 15:51:36 1027 0 2237 0.64 1240 0.19 4434 349 387 L.29 o.l0
04/02/94 15:53:28 1025 19.5 24.18 041 1239 0.19 3663 169 320 1.07 0.05
04/02/94 15:54:06 1025 19.5 24.24 031 1242 0.49 3632 142 317 1.06 0.04
04/02/94 15:54:39 1025 19.5 2428 033 12.40 0.19 3635 147 317 1.06 0.04
04/02/94 15:55:32 1025 19.5 2430 036 12.39 0.19 3622 152 316 1.06 0.04
04/0294 15:55:49 1025 19.5 2430 0.34 1239 0.19 3622 147 316 1.06 0.04
04,/02/94 15:57.57 1024 39 24.61 0.26 1241 0.19 3530 121 308 (.03 0.04
04/02/94 15:58:56 1024 39 24.67 0.28 1236 0.19 3495 125 305 1.02 0.04
04/02/94 15:59:18 1024 39 24.68 030 1241 0.19 3515 129 307 1.03 0.04
04/02/94 15:59:40 1024 39 24.68 0.27 1242 0.19 3496 123 305 1.02 0.04
04/02/94 16:01:46 1024 39 2468 0.28 12.41 0.19 3504 125 306 1.02 0.04
04/02/94 16:03:334 1023 78 2476 0.25 12.40 0.19 3479 117 304 1.02 0.03
04,0294 16:04:21 1023 78 2479 026 1245 0.19 3475 119 303 101 0.03
04/02.94 16:04:41 1023 78 2479 0.26 1245 0.19 3481 118 304 1.02 0.03
04/02:94 16:05:00 1023 78 24.76 0.26 1241 0.19 3475 118 303 Lot 0.3
04/02/94 16:05:21 1023 78 2475 0.25 1239 0.19 4Tt 116 303 1.01 0.03
04,0294 16:06:52 1022 117 24.78 0.16 12.39 0.19 3465 99 302 1Ol 003
04/02/94 16:07:26 1022 117 24.76 0.16 12.37 0.19 3480 99 304 1.02 0.03
04/02/94 16:07:50 1022 117 2473 0.15 1236 0.19 3467 98 302 .01 0.03
04/02:94 16:08:05 1022 117 2474 0.15 1235 0.9 3469 97 303 1.01 0.03
04,02/94 16:08:35 1022 117 24.75 0.17 1240 0.19 3480 101 304 1.02 0.03
04/02:94 16:08:40 1022 117 2474 0.14 1239 0.19 3478 96 304 1.02 0.03
040294 16:10:02 1021 234 2492 0.14 1242 0.19 3444 95 301 1.01 0.03
04/02/94 16:10:52 1021 234 2491 0.15 1238 0.19 3413 95 298 1.00 0.03
04/02/94 16:11:08 1021 234 2491 0.17 1239 0.19 3422 98 299 1.00 0.03
04/02/94 16:11:26 1021 234 2491 0.15 1239 0.19 3431 95 299 1.00 0.03
04/02/94 16:11:44 1021 234 2492 0.5 1240 0.19 3419 96 298 1.00 0.03
07:02/94 15:25:26 1057 0 45.16 0.36 31.82 0.40 3126 150 308 1.34 0.06
07.02/94 15:26:01 1057 0 45.11 0.35 31.78 0.40 3137 149 309 135 0.06
07/02/94 15:26:22 1057 0 4506 0.31 31.71 041 3138 143 310 L35 0.06
07/02/94 15:26:41 1057 0 4505 0.33 31.76 0.40 31587 147 311 136 0.06
07/02/94 15:27:02 1057 0 4503 0.34 31.69 0.40 3142 149 310 1.35 0.06
07/02/94 15:28:32 1055 19.5 4792 039 31.61 041 2531 105 249 1.09 0.05
07/02/94 15:29:17 1055 19.5 4792 045 31.56 041 2530 111 249 1.09 0.05
07/02/94 15:29:49 1055 19.5 4797 046 31.59 041 2530 113 249 1.09 0.05
07/02/94 15:30:20 1055 19.5 47.88 0.55 31.48 04l 2506 121 247 1.08 0.05
07/02/94 15:30:42 1055 19.5 4796 0.53 31.54 041 2514 120 248 1.08 0.05
07/02:94 15:31:05 1055 19.5 4793 0.52 31.56 041 2508 118 247 1.08 0.05
07/02/94 15:31:27 1055 19.5 4794 0.54 31.57 040 1502 120 246 1.07 0.05
07/02.94 15:32:37 1054 39 48.74 0.56 31.7t 0.40 2409 113 238 1.04 0.05
07/02/94 15:33:28 1054 39 48.85 0.65 31.79 0.40 2402 124 237 1.03 0.05
07/02/94 15:33:48 1054 39 48.89 0.63 31.87 040 2400 [21 237 103 0.05
07:02/94 15:34:19 1054 39 4898 0.71 31.90 0.40 2395 131 236 1.03 0.06
070294 15:34:50 1054 39 4891 0.70 31.88 0.40 2408 131 238 1.04 0.06
07/02/94 15:35:20 1054 39 4891 0.68 31.84 041 2411 128 238 1.04 0.05
07/02/94 15:36:55 1054 39 49.08 0.33 31.76 0.40 2364 87 233 102 004
07/02/94 15:37:48 1053 78 49.10 0.14 31.73 0.40 2361 75 233 1.02 0.03

A-43



Table A.3-2: Convection data with power (cont.'d)

RunlD ObsLoc Twi dTwi Tf
(€C) (©Q) (O

Date

07/02/94
07/02/94
07/02/94
07/02/94
07/02/94
07,0294
07/0294
07/02/94
07/02/94
07/02/94
07/02/94
07:02/94
07/02/94
07/02/94
07/02,94
07/02/94
07/02/94
07/02/94
07/02/94

7/02/94
07/02/94
07/02.94
07/02/94
07/02/94
07/02/94
07/02/94
07/0294
07/02/94
07,02/94
07.02/94
07/02,94
07:02/94
07/0294
07,0294
07:02/94
07/02/94

23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23,02/94
23/02/94
23/0294
23/02/94
23/02/94
23/02.94
23/02/94
23/02/94
23/02/94
23/0294
23/02/94
23/0294
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94

Time

15:38:08
15:38:28
15:38:57
15:40:20
15:41.05
15:41:30
15:42:04
15:42:49
15:44:28
15:45:18
15:45:52
15:46:12
15:46:38
15:49:43
16:07:26
16:08:08
16:08:27
16:08:46
16:09:05
16:09:20
16:09:43
16:11:035
16:11:32
16:11:48
16:12:02
16:12:17
16:13:25
16:13:53
16:14:07
16:14:21
16:14:35
16:15:53
16:16:23
16:16:39
16:16:53
16:17:11

09:02:07
09:02:26
09:03:37
09:05:11
09:05:43
09:06:13
09:09:13
09:09:51
09:11:10
09:11:24
09:11:36
09:11:48
09:13:24
09:13:50
09:15:57
09:16:18
09:16:41
09:17:00
09:18:48
09:19:10
09:19:25
09:21:39
09:21:52

1053
1053
1053
1052
1052
1052
1052
1052
1052
1051
1051
1051
1051
1051
1081
1081
1081
1081
1081
1083
1083
1083
1083
1083
1083
1084
1084
1084
1084
1084
1084
1087
1087
1087
1087
1087

4031
4031
4031
4031
4031
403t
4035
4035
4035
4035
4035
4035
4036
4036
4036
4036
4036
4036
4037
4037
4037
4037
4037

(mm)

78

78

78
117
17
117
117
117
117
234
34
234
234

9.78

49.10
49.13
49.12
49.19
49.19
49.17
49.18
49.15
49.46
49.48
49.57
49.57
49.60
49.70
25.63
25.75
25.80
25.80
25.83
25.84
25.86
15.92
25.92
25.90
25.90
25.90
25.84
25.86
25.86
25.89
25.90
2547
25.48
25.49
2549
2549

69.71
69.76
69.80
69.92
69.91
69.84
66.03
65.98
65.89
65.87
65.87
65.89
63.45
63.37
63.50
63.54
63.54
63.53
59.44
59.43
59.41
59.39
5941

0.13
0.13
0.15
0.13
0.13
0.13
0.13
0.13
0.25
0.33
0.39
0.39
0.37
0.34
0.26
0.21
0.19
0.16
0.15
0.15
0.15
0.15
0.16
0.16
0.16
0.17
0.16
0.16
0.15
0.14
0.14
0.32
0.31
0.26
0.27
0.30

0.99
1.03
0.99
0.97

1.74
1.72

3175
3174
LT
3174
31.80
3177
3L78
3177
31.83
31.86
31.90
31.87
31.90
31.87
20.45
20.51
20.52
20.51
20.53
20.51
20.53
20.57
20.58
20.55
20.55
20.56
20.54
20.57
20.57
20.59
20.62
20.54
20.55
20.57
20.57
20.56

26.06
26.09
26.07
26.12
26.08
26.04
26.13
26.15
26.15
26.11
26.14
26.14
26.20
26.18
26.29
26.27
26.29
2627
26.32
26.28
26.27
26.25
26.27

dTt h dh
(0C) (Wim2oC) (W/m2 oC)
041 2378 76
0.40 2357 15
041 2363 76
0.41 2358 75
0.40 2373 75
0.40 2356 75
0.40 2360 75
041 2363 75
0.40 2331 9
0.41 2338 85
0.41 2334 950
0.41 2315 89
0.41 2327 88
0.40 2302 84
0.14 9477 716
0.14 9374 608
0.14 9258 567
0.14 9235 514
0.14 9191 485
0.14 9138 475
0.14 9130 474
0.14 9t1s 472
0.14 9174 493
0.14 9118 497
0.14 9033 495
0.14 9071 506
0.14 9268 507
0.14 9234 506
0.14 9227 497
0.14 9212 481
0.14 9245 485
0.14 10146 971
0.14 10156 951
0.14 10108 829
0.14 10161 860
0.14 10152 918
30% Ring Tests
0.23 6767 199
0.23 6765 205
0.23 6773 199
0.23 6766 194
0.23 6740 195
0.23 6775 198
0.23 7616 649
0.23 7626 657
0.23 7653 664
0.23 7657 659
0.23 7680 656
0.23 7660 672
0.23 8326 653
0.23 8339 674
0.23 8364 666
0.23 8336 674
0.23 8387 684
0.23 8355 696
0.23 9753 692
0.23 9722 694
0.23 9723 696
0.23 9718 680
0.23 9713 669
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Nu

838
837
836
842
836
829
832
350
847
836
845
848
931
932
927
932
931

643
643

643
640

724

727
728
730
728
792
793
196
793
798
795
928
925
925
924
924

Rnu dRnu

1.02
1.01
1.02
.01
1.02
1.01
1.02
1.02
1.00
1.0t
1.00
1.00
1.00
0.99
1.02
1.0l
0.99
0.99
0.99
0.98
0.98
0.98
0.99
0.98
0.97
0.97
1.00
0.99
0.99
0.99
0.99
1.09
1.09
1.09
1.09
1.09

1.00
1.00
1.00
1.00
1.00
1.00
1.13
1.13
.13
1.13
1.14
113

1.23
1.24

0.10

0.03
0.03
0.03
0.03
0.03
0.03
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10



Table A.3-2: Convection data with power (cont.'d)

Date Time RuniD ObsLoc Twi dTwi Tf dTf h dh Nu Rnu dRmu
(mm) (eC) (oC) (0C) (o€) (W/m2oC) (W/m2oC)

23/02/94 09:22:03 4037 0 59.39 1.70 2628 0.23 9720 666 925 1.44 0.10
23/02'94 09:24:50 4034 39 67.03 264 2625 0.23 7452 602 709 1.10 0.09
23/02/94 09:26:37 4034 39 67.03 2.52 2621 0.23 7439 §74 707 1.10 0.08
23/02/94 09:26:55 4034 39 67.03 2.49 26.19 0.23 7411 563 7058 l.10 0.08
23/02/94 10:13:48 4011 234 61.52 0.89 25.28 0.66 2238 79 212 1.00 0.04
23,0294 10:14:16 4011 234 61.48 0.93 25.17 0.66 2239 81 212 1.00 0.04
23,0294 10:14:24 4011 234 61.51 096 25.22 0.66 2234 82 211 1.00 0.04
23/02/94 10:14:33 4011 234 61.52 094 25.21 0.66 2239 81 212 1.00 0.04
23/02/94 10:14:41 4011 234 61.49 092 25.17 0.66 2236 80 211 1.00 0.04
23/02/94 10:16:44 4014 39 57.78 1.65 25.11 0.67 2501 t51 236 112 0.07
23:02094 10:17:07 4014 39 57.67 L.71 25.04 0.67 2521 157 238 L13 0.07
23/02/94 10:17:17 4014 39 57.63 1.78 25.00 0.66 2515 162 237 112 0.07
23/02/94 10:17:30 4014 39 57.57 1.82 25.03 0.67 2519 165 238 1.12 007
23,0294 10:17:40 4014 39 57.55 1.78 25.02 0.66 2521 162 238 1.13 007
230294 10:17:49 4014 39 5756 1.75 24.99 0.66 2518 160 238 1.12 0.07
23/02/94 10:18:59 4015 19.5 55.11 1.94 2497 0.67 2736 206 258 122 0.09
23/02/94 10:19:22 4015 19.5 5497 1.89 24.94 0.67 2749 202 259 1.23 0.09
13/0294 10:19:38 4015 19.5 54.97 1.92 25.02 0.67 2758 207 260 1.23 0.09
130294 10:19:54 4015 19.5 54.88 1.95 2497 0.67 2758 210 260 1.23 0.09
23,0294 10:20:05 4015 19.5 54.88 2.00 24.94 0.66 2755 214 260 1.23 0.10
23/02/94 10:20:57 4016 9.75 52.15 1.59 24.87 0.66 3040 214 287 1.36 0.10
23/02/94 10:21:16 4016 9.75 52.07 1.59 2491 0.66 3061 217 289 1.37 0.10
23/02/94 10:21:27 4016 9.75 52.03 1.58 2492 0.66 3073 217 290 1.37 0.10
23/02/94 10:21:41 4016 9.75 51.99 1.61 24.87 0.66 3061 219 289 1.37 0.10
23,0294 10:21:49 3016 9.75 5196 1.62 2493 0.67 3075 222 290 137 0.10
23/02/94 10:23:02 4017 0 48.36 092 24.84 0.66 3580 198 337 1.60 0.09
23,0294 10:23:14 4017 0 48.32 0.93 24.85 0.67 3582 199 338 1.60 0.09
23/0294 10:23:32 017 0 4829 0.95 24.90 0.67 3618 205 341 1.61 0.09
23/0294 10:23:41 3017 0 48.29 0.93 24.87 0.66 3604 202 340 1.61 0.09
13/0294 10:23:51 4017 0 4827 0.94 2487 0.67 3613 204 341 L6l 0.09
23/02/94 10:30:48 402! 234 64.12 0.63 2441 0.38 3788 87 356 1.00 0.02
23/02/94 10:30:57 4021 234 64.14 0.64 2441 038 kYREl 88 355 1.00 0.02
23/02/94 10:31:07 4021 234 64.17 0.68 2446 0.38 3793 91 357 1.00 0.02
23,0294 10:31:16 4021 234 6422 070 24.44 0.38 72 92 355 1.00 0.02
23:02/94 10:31:26 4021 234 6422 0.66 24.45 0.38 3773 89 355 1.00 0.02
23/02/94 10:31:36 402! 234 6422 0.65 24.46 0.38 3764 88 354 1.00 0.02
23,0294 10:32:52 4024 39 61.36 1.83 24.54 0.38 4100 239 386 1.09 0.06
13/02/94 10:33:13 4024 39 61.28 1.89 24.52 0.38 4107 247 386 1.09 0.07
230294 10:33:21 4024 39 61.24 1.87 2450 0.38 4116 245 387 1.09 0.06
23/02/94 10:33:30 4024 39 61.15 1.89 2445 0.38 4109 247 386 1.09 0.07
23/02/94 10:33:39 4024 39 61.06 1.90 24.43 0.38 4126 25t 388 1.09 0.07
23/02/94 10:33:50 4024 39 61.02 1.90 2442 0.38 4123 250 388 1.09 0.07
13/02/94 10:34:58 4025 19.5 59.02 224 2445 038 4405 333 414 L17 0.09
23/02/94 10:35:17 4025 19.5 5893 228 2442 0.38 4408 339 414 117 0.09
23/02/94 10:35:33 4025 19.5 58.86 224 2443 037 4415 335 415 1.17 0.09
13/02/94 10:35:46 4025 19.5 58.82 232 2447 038 4434 349 417 117 0.09
23/0294 10:36:04 4025 19.5 5875 231 24.38 037 4430 347 416 1.17 0.09
23/02/94 10:36:31 4025 19.5 5875 234 2446 0.38 4451 354 419 118 0.09
23/02/94 10:37:32 4025 19.5 58.50 2.29 24.36 0.37 4446 348 418 118 0.9
23/0294 10:37:44 4025 19.5 58.50 229 24.40 0.38 4461 350 419 1.18 0.09
23/02/94 10:39:05 4026 9.75 55.78 2.02 24.36 037 4389 373 459 1.29 0.10
23/02/94 10:39:27 4026 9.75 55.73 2.08 24.39 0.37 4893 385 460 1.30 0.10
23/02:94 10:39:37 4026 9.75 5574 2.08 24.41 037 4900 385 461 130 0.10
23/02/94 10:39:54 4026 9.75 55.69 2.08 2435 0.37 4894 384 460 1.29 0.10
13/02/94 10:40:11 4026 9.75 55.68 2.09 24.36 0.37 4891 38 460 1.29 0.10
23/0294 10:40:37 4026 9.75 55.63 2.14 2434 037 4895 397 360 130 Q.11
23/02/94 10:41:39 4027 0 51.86 [.17 2440 0.37 5719 308 538 L.51 0.8
23/02/94 10:42:08 4027 0 S1.78 1.20 24.38 0.37 5729 317 538 1.52 0.08
23/02/94 10:42:52 4027 0 5176 1.23 24.37 037 5738 323 539 152 0.09
23/02/94 10:43:22 4027 0 51.70 1.16 2431 0.37 5764 310 541 1.52 0.8
23/0294 10:44:11 4027 0 51.68 1.06 2436 0.37 5733 286 539 1.52 0.8
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Table A.3-2: Convection data with power (cont.'d)
RunlD ObsLoc Twi

Date

23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02.94
23/02:94
23/02/94
23/02/94
23/02/94
23/02,94
13/0294
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02:94
23/02/94
23,0294
23/02/94
23/02.94
23/02.94
23/02,94
23/02/94
23/02/94
23,02/94
23,02:94
23/02/94
23/02:94
23/02:94
23/02:94
23/02/94
23/02:94
23,0294
23/02.94
23/02/94
23/02:94
23/02/94
23/02/94
23/02:94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/0294
23/02,94
23,0294
23/0294
23,0294
23/0294
13/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94

Time

10:48:18
10:48:34
10:48:49
10:48:59
10:49:20
10:55:39
10:55:59
10:56:09
10:56:25
10:56:35
10:57:04
11:01:47
11:02:11
11:02:23
11:02:51
11:03:09
11:03:19
11:03:28
11:04:42
11:04:57
11:05:08
11:05:22
11:05:32
11:06:06
11:06:31
11:07:12
11:09:12
11:09:42
11:10:00
11:10:22
11:10:39
11:11:05
11:11:29
11:15:18
11:15:45
11:16:13
11:16:29
11:16:39
11:17:37
11:17:54
11:18:03
11:18:12
11:18:23
11:19:24
11:19:44
11:20:34
11:20:44
11:20:57
11:28:38
11:28:58
11:29:10
11:29:23
11:29:35
11:31:19
11:31:33
11:32:19
11:33:01
11:33:39
11:35:33
11:35:55
11:36:08

4023
4023
4023
4023
4023
4013
4013
4013
1013
4013
4013
4031
4031
4031
4031
4031
4031
4031
4033
4033
4033
4033
4033
4033
5033
4033
3034
4034
4034
4034
4034
1034
4034
4035
4035
4035
4035
4035
4036
4036
4036
4036
4036
4037
4037
4037
4037
4037
4041
4041
4041
4041
4041
4043
4043
4043
4043
4043
4044
4044
4044

(mm)

61.68
61.74
61.78
61.83
61.85
59.37
59.35
59.28
59.17
59.15
59.05
64.70
64.87
64.95
65.13
65.25
65.28
65.32
63.34
63.29
63.30
63.27
63.25
63.25
63.26
63.24
62.91
62.92
62.93
62.95
62.96
62.97
63.02
62.06
62.08
62.08
62.06
62.04
60.09
60.07
60.06
60.07
60.06
§6.25
56.21
56.18
56.18
§6.17
64.93
65.12
65.19
65.29
65.33
63.77
63.75
63.78
63.79
63.79
63.42
63.43

dTwi Tf dTt h dh

(@C) (0C) (0C) (o€} (W/m20oC) (W/m2 oC)
1.54 24.66 038 4127 204
1.42 24.63 038 4112 188
143 24.62 038 4100 189
1.42 24.62 038 4095 188
1.42 24.64 0.38 4093 187
112 2532 0.67 2410 104
1.03 2529 0.66 2410 98
1.14 2525 0.67 2422 106
1.08 25.17 0.66 2416 102
1.14 25.14 066 2408 105
1.16 25.06 0.67 2421 108
1.23 24.10 022 6852 263
120 24.14 022 6838 255
119 2412 022 6822 252
1.18 2425 022 6780 248
1.1§ 24.30 0.22 6778 242
1.10 24.33 022 6780 233
112 2434 022 6786 235
1.75 24.40 022 7 403
1.81 2443 022 7217 420
1.82 2443 022 7229 424
1.77 2442 022 7221 411
1.75 2443 022 7245 409
1.77 2446 022 7214 412
1.85 2446 022 7231 431
1.78 2447 022 7234 416
2.33 2454 022 7335 554
224 2450 022 7342 534
2.28 24.53 0.22 7323 542
227 2456 022 7314 540
2.16 24.55 0.22 7329 515
225 2457 022 7325 535
223 2455 022 7300 528
232 2487 022 7628 596
229 2497 022 7651 594
230 2498 0.22 7643 594
227 2499 0.22 7659 591
227 2498 022 7643 588
2.13 2501 022 8i82 632
2.08 25.02 0.22 8192 619
2.10 25.03 022 8190 626
2.10 25.04 0.22 8199 626
2.15 25.05 0.22 8194 641
1.52 25.06 0.22 9498 614
1.54 25.08 022 9535 626
1.56 25.11 022 9555 636
151 25.11 022 9528 613
1.52 25.09 0.22 9539 620
1.86 24.69 0.18 9664 592
1.82 24.77 0.18 9656 578
1.82 2475 0.18 9602 572
1.81 24.80 0.18 9605 569
1.79 24.83 0.18 9594 561
145 25.04 0.18 10188 515
1.48 25.04 0.18 10156 522
1.38 25.06 0.18 10206 493
1.40 25.06 0.18 10168 497
144 25.09 0.18 10196 S12
1.54 25.03 0.18 10302 557
1.56 25.08 0.18 10347 569
1.50 25.09 0.18 10339 548

63.41
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Nu

389
387
386
385

976

Rnu dRnu

1.09
1.09
1.09
1.09

0.05
0.05
0.05

0.06



Table A.3-2: Convection data with power (cont.'d)
RunlD ObsLoc Twi

Date

23/02/94
23/02/94
23/02/94
23/02/94
2310294
23/0294
23/02/94
23/02/94
23/02:94
23/02/94
23,02/94
23/02.94
23/02/94
23/02/94
13,0294
13/02/94
23/02/94
13/02/94
23/02/94
13/02/94
23/02.94
23/02:94

Time

11:36:22
11:36:37
11:36:48
11:37:44
11:38:06
11:38:17
11:38:28
11:38:39
11:39:43
11:40:07
11:40:19
11:40:29
11:40:44
11:40:55
11:42:04
11:42:26
11:42:38
11:42:51
11:43:03
11:43:26
11:43:45
11:44:09

4044
4044
4044
4045
4045
4045
4045
4045
4046
4046
4046
4046
4046
4046
4047
4047
4047
4047
4047
4047
4047
4047

(mm)

39

39

39
19.5
19.5
19.5
19.5
19.5
9.75
9.75
9.75
9.75
9.75
9.75

[ === N ==y}

63.41
63.38
63.40
62.93
62.98
63.00
62.99
63.01
61.51
61.50
61.52
61.50
61.50
61.49
58.01
57.98
57.97
57.98
57.96
57.98
57.98

dTwi Tt daTf & dh

(6C) (oC) (0C) (oC) (Wim2oC) (W/m2 aC)
1.56 25.10 0.18 10376 572
1.61 25.06 0.18 10341 584
1.67 25.07 0.18 10350 607
1.68 25.15 0.18 10570 636
1.70 25.17 0.18 10553 642
1.72 25.17 0.18 10561 651
1.75 25.21 0.18 10541 659
1.73 2521 0.18 10574 654
1.14 25.16 0.18 11141 484
1.10 25.19 0.18 11147 469
1.02 25.19 0.18 11140 438
1.09 25.18 0.18 11162 465
1.00 25.16 0.18 11107 427
1.06 25.14 0.18 11170 455
0.66 25.13 0.18 12809 384
0.56 25.13 0.18 12801 336
0.55 25.19 0.18 12832 333
0.52 25.19 0.18 12814 316
0.52 2521 0.18 12828 316
0.49 25.19 0.18 12779 299
0.51 25.17 0.18 12841 310
0.60 25.19 0.18 12809 358

58.01
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Nu

980
976
977
998
997
998
996
999
1052
1053
1052
1054
1049
1055
1210
1209
1212
1211
1212
1207
1213
1210

Rou dRnu

1.08
1.08
1.08
1.10
1.10
1.10
1.10
L.10
1.16
1.16
1.16
1.16
1.16
1.16
1.33
1.33
1.34
1.34
1.34
1.33
1.34
1.33

0.06
0.06
0.06
0.07
0.07
0.07
0.07
0.07
0.05
0.05
0.05
0.05
0.04
0.05
0.04
0.03
0.03
0.03
0.03
0.03
0.03
0.04



Ad

Ad.l

Pressure Drop Analysis

Analysis Procedures

Mass flux:

G=-m.4m
AX

nd?

Bulk fluid temperature (over DP cell):

]
T = —
)

[Te(z) + Te(z)]

where T,(z) is determined using equation (A.12) and (A.13), and

=, = location of first pressure tap

z, = location of second pressure tap

Fluid kinetic energy:

Frictional pressure drop (wall only):

T*'f[pz)

5 P
[OP) =T 2 =T nd :1;[.‘1)
azf v A, Y1 nd? \d
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(A.41)

(A.42)

(A.43)

(A.44)

(A.45)

(A.46)



Flow obstruction pressure drop:

A‘Pab.s = APlot - APf = Robs p-uz_ (A47)
AP_ - AP
K, = 2t (A.48)
pl
2
. Reference tube correlation (Prandtl formula from White, 1991):
1
TR log,o | Re, VAT ) - 0.8 (A.49)
A.4.2 Error Analysis
. Mass flux:
AG = (ﬁ ) vy
\ \ om 04,
.\ 2 IVRE
O .Y R e (A.50)
\ Ax Ax ),
Am)? AAd \2
=G —_— - d
where
A4
- 284 50125 (AS1)
4, d
The resultant uncertainty in mass flux ranged from 1.3-3.0%.
. Bulk fluid temperature: the effect of uncertainty in temperature, used to compute the

bulk fluid properties (ex., specific volume, v,), was determined to be insignificant in

comparison to the other terms in the pressured-drop equation.
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Kinetic energy:

- [FE

o) - (22 )

(A.52)
GK.E _ 2KE .
3G G
_AKE. _,AG (A.53)
K.E! G

resulting in uncertainties ranging from 2.9-6.1%.

Static pressure drop: the differential pressure transducers (DP1 and DP2) used in this
experiment have the following characteristics:

accuracy = =0.2% E.S.
bridge accuracy = =0.1%
A/D conversion = =0.1% E.S.

with the following F.S. values for each cell:

DP cell #1 (DP1): F.S.
DP cell #2 (DP2): F.S.

690 kPa
40 kPa

producing the following error relation:

AAP) =\J (&Z—F.S.)z . (-‘HAP)" : (ﬂFs) (A.54)
100 100 100

resulting in uncertainties of AP= 1.55 kPa, AP=0.09 kPa for DP cells #1 and #2,
respectively.

Flow obstruction K-factor:

- aKolz.s' : . aKabs g
AK,,. = A@P,)| - AKE. (A.55)
obs aapP,) K.E.

A-50



An error analysis on the APf data in the reference tube (i.e., predicted versus measured),
since the predicted values are used to compute AP, in equation (A..48), produced the
following results:

DP cell #1 DP cell #2

( AP, - AP, ) 1.19 kPa 0.60 kPa
RMS

( AP, - AP, ) 1.15 kPa 0.32 kPa

(——““AP/ N Aﬁ,.) -0.37 kPa 0.51 kPa

Since AP, only ranged from 0-2 kPa for the 18% ring, and 0—4 kPa for the 30% ring,
the DP cell #1 data was dropped in favour of DP cell #2 which has twice the accuracy.
The following RMS error was applied to AP, :

A(AP,,) = =0.60 kPa

It should be noted that this error is 6~7 times larger than the estimated uncertainty in the
DP cell #2, and can be attributed to inaccuracies of the Prandtl formula. The error
in K, isnow defined as:

Ak, - \J (A(APob,) ] . ( K, -AKE. )2 (A56)
KE. KE.

in which average uncertainties in K, of 39% and 23% are obtained for the 18% ring
and 30% ring, respectively. Only pressure drop data with AP, greater
than A(AP,, ) were used to estimate K, , limiting useful data to G =4-6 Mg/m®s.

A.4.3 Calculated Data

The following spreadsheet table contains the pressure drop calculations for the reference
tube and ring data:

Table A.4-1: Calculated pressure drop data (383 points)
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Table A.4-1: Calculated pressure drop data

Date

02:02/94
02,0294
02,02/94
02,0294
02/02/94
02/02/94
02,02/94
02,0294
020294
020294
02:02/94
02:02/94
02:02/94
02:02/94
02/02/94
02/02/94
020294
02/02,94
02.02/94
02,0294
020294
020294
02/02:94
020294
0270294
020294
02,0294
020294
02:02/94
02,0294
02/02/94
02/02/94
02/02/94
02:02/94
020294
02/02/94
020294
02,02/94
02:02:94
02/02/94
020294
02/02/94
02:02/94
02,0294
020294

04/02,94
04/02:94
04/0294
040294
04/02/94
04/02/94
04,02/94
04,02,94
04/02.94
04/02/94
04/02:94
04:02/94
04/0294

Time

13:27:08
13:28:06
13:28:55
13:29:35
13:30:25
13:35:05
13:36:46
13:37:13
13:37:40
13:38:39
13:45.00
13:46:39
13:47:21
13:48:12
13:50:29
13:54:38
13:55:51
13:56:44
13:58:31
14:00:06
14:03:31
14:06:08
14:08:34
14:09:27
14:10:56
15:16:11
15:17:22
15:18:49
15:19:59
15:21:03
15:27:03
15:28:39
15:31:40
15:33:20
15:36:03
15:44:49
15:47:23
15:49:47
15:51:57
15:52:52
15:58:53
16:03:20
16:05:37
16:07:48
16:11:09

13:12:39
13:15:02
13:16:49
13:21:26
13:23:42
13:30:10
13:31:47
13:32:07
13:32:58
13:33:57
13:36:28
13:37:33
13:38:09

RunlD

1010
1010
1010
1010
1010
1010
1010
oo
1010
1010
1020
1020
1020
1020
1020
1030
1030
1030
1030
1030
1040
1040
1040
1040
1040
1050
1050
1050
1050
1050
1060
1060
1060
1060
1060
1070
1070
1070
1070
1070
1080
1080
1080
1080
1080

1011
1011
1ot
1011
1011
1012
1012
1012
1012
1012
1012
1013
1013

G
(kg/m2-s)

1015
1016
1015
1016
1016
1015
1014
1014
1014
1014
1980
1994
1993
1991
1993
3995
3995
3995
3993
3991
5996
6001
5992
5990
5995
1002
1004
1002

995

996
1999
2001
1998
1999
1999
4003
4010
4005
4007
4010
6030
6002
6013
6015
6026

1005
1003
1003
1602
1000
1000
1002
1000
1004
1001
1002
1000
1001

4G
(kg/m2-3)

30

Tol v_fl KEl d(KE!) f1
(0C) (m3/kg) (kPa) (kPa)
Reference Tube
20.4 0.000835 0.43 0.03 0.0056
20.7 0.000836 0.43 0.03 0.0056
20.8 0.000837 0.43 0.03 0.0056
20.8 0.000837 0.43 0.03 0.0056
20.8 0.000837 0.43 0.03 0.0056
20.5 0.000836 0.43 0.03 0.0056
20.4 0.000836 0.43 0.03 0.0056
20.4 0.000835 0.43 0.03 0.0056
204 0.000835 0.43 0.03 0.0056
20.3 0.000835 043 0.03 0.0056
13.6 0.000817 1.60 0.06 0.0049
13.5 0.000817 1.62 0.06 0.0049
13.4 0.000816 1.62 0.06 0.0049
13.5 0.000816 .62 0.06 0.0049
13.2 0.000816 1.62 0.06 0.0049
9.8 0.000807 644 0.18 0.0043
9.8 0.000807 6.44 0.18 0.0043
9.8 0.000807 6.44 0.18 0.0043
9.8 0.000807 6.43 0.18 0.0043
9.9 0.000808 6.43 0.18 0.0043
8.5 0.000804 14.45 0.39 0.0039
8.5 0.000804 14.48 0.39 0.0039
8.4 0.000804 14.43 0.39 0.0039
8.4 0.000804 14.42 0.39 0.0039
8.4 0.000804 1i4.45 0.39 0.0039
33.3 0.000877 044 0.03 0.0055
33.1 0.000877 0.44 0.03 0.0055
33.1 0.000877 0.44 0.03 0.0055
33.1 0.000877 0.43 0.03 0.0055
33.2 0.000877 0.43 0.03 0.0055
27.0 0.000856¢ 1.71 0.06 0.0048
27.0 0.000856 1.71 0.06 0.0048
27.1 0.000856 1.71 0.06 0.0048
27.0 0.000856 1.71 0.06 0.0048
27.0 0.000856 1.71 0.06 0.0048
23.7 0.000845 6.77 0.19 0.0042
23.6 0.000845 6.79 0.19 0.0042
23.5 0.000845 6.78 0.19 0.0042
23.7 0.000845 6.78 0.19 0.0042
23.7 0.000845 6.80 0.19 0.0042
22.5 0.000842 15.31 0.41 0.0038
224 0.000841 15.15 0.41 0.0038
22.4 0.000841 15.20 0.41 0.0038
225 0.000842 1523 0.41 0.0038
22.6 0.000842 15.29 0.41 0.0038
18% Ring
21.3 0.000838 042 0.03 0.0056
21.6 0.000839 042 0.03 0.0056
20.5 0.000836 0.42 0.02 0.0056
19.8 0.000834 0.42 0.02 0.0056
19.8 0.000834 042 0.02 0.0056
19.9 0.000834 0.42 0.02 0.0056
19.9 0.000834 042 0.02 0.0056
19.9 0.000834 0.42 0.02 0.0056
19.9 0.000834 0.42 0.02 0.0056
19.9 0.000834 0.42 0.02 0.0056
19.9 0.000834 0.42 0.02 0.0056
20.0 0.000834 0.42 0.02 0.0056
20.0 0.000834 042 0.02 0.0056

A-52

DPl-corr DPL-diff Tb2

(kPa)

32
312
312
313
3.13
3.12
12
il
312
301
10.12
10.25
10.23
10.21
10.24
35.37
3537
3536
35.33
3533
73.35
73.44
73.27
73.22
73.33
313
3.4
3.13
3.09
3.10
10.55
10.56
10.54
10.54
10.55
36.32
36.44
36.36
36.40
36.45
75.87
75.17
75.41
75.53
75.78

3.07
3.06
3.05
305

3.03
305

3.06
3.04
3.05

3.04

(kPa)

0.40
0.49
0.47
0.49
0.47
0.47
0.41
0.42
0.39
0.53
-0.27
-0.26
-0.28
-0.30
-0.29
-1.06
-1.08
-1.11
-1.09
-1.02
-2.30
-2.35
-2.43
-2.46
-2.38
1.69
1.70
1.56
1.72
1.67
1.06
L1t
1.1l
114
1.1
0.52
0.73
0.54
0.60
0.67
-0.18
-0.39
-0.15
-0.18
0.01

0.41
0.43
0.32
0.26
0.27
0.28
0.31
0.30
0.28
0.26
0.30
0.32
0.28

(Clo]

17.5
17.8
179
17.9
179
17.5
17.5
174
17.4
174
119
11.8

18.4

17.6
16.8
16.8
17.0
17.0
17.0
17.0
17.0
17.0
i7.1
17.1



Table A.4-1: Calculated pressure drop data (cont.'d)

Date

02/02/94
02/02/94
02/02/94
02/02/94
02,02/94
02/02/94
02/02/94
02/02/94
02/02/94
02/02/94
0202/94
02/02/94
020294
02/02/94
02/02/94
02/02/94
02/02/94
02,0294
02/02/94
02,02/94
0202794
02,02/94
02/02/94
02:02/94
020294
020294
02/02/94
02/02/94
02:02/94
02/02/94
02/02/94
02:02,94
02:02/94
02/02/94
02:02/94
02,02/94
02/02/94
02:02/94
02:02/94
02:02/94
0202/94
02/02:94
02/02/94
02/02/94
02:02/94

04/02/94
04/02/94
04/02/94
04/02/94
04/02/94
04/02:94
04/02/94
04/02/94
04/02/94
04/02/94
04/02/94
04/02/94
04/02/94

Time

13:27:08
13:28:06
13:28:55
13:29:35
13:30:25
13:35:05
13:36:46
13:37:13
13:37:40
13:38:39
13:45:00
13:46:39
13:47:21
13:48:12
13:350:29
13:54:38
13:55:51
13:56:44
13:58:31
14:00:06
14:03:41
14:06:08
14:08:34
14:09:27
14:10:56
15:16:11
15:17:22
15:18:49
15:19:59
15:21:03
15:27:03
15:28:59
15:31:40
15:33:20
15:36:03
15:44:49
15:47:23
15:49:47
15:51:57
15:52:52
15:58:53
16:03:20
16:05:37
16:07:48
16:11:09

13:12:39
13:15:02
13:16:49
13:21:26
13:23:42
13:30:10
13:31:17
13:32:67
13:32:58
13:33:57
13:36:28
13:37:33
13:38:09

Run[D

1010
1010
1010
1010
1010
1010
1010
1010
1010
1010
1020
1020
1020
1020
1020
1030
1030
1030
1030
1030
1040
1040
1040
1040
1040
1050
1050
1050
1050
1050
1060
1060
1060
1060
1060
1070
1070
1070
1070
1070
1080
1080
1080
1080
1080

1011
1011
1011
1011
111
1012
1012
1012
1012
1012
1012
1013
1013

v _f2

KE2 d(KE2) f2

(m3/kg)  (kPa) (kPa)

0.000827
0.000828
0.000829
0.000829
0.000828
0.000327
0.000827
0.000827
0.000827
0.000827
0.000813
0.000812
0.000812
0.000812
0.000812
0.000805
0.000805
0.000805
0.000805
0.000806
0.000803
0.000803
0.000803
0.000803
0.000803
0.000867
0.000867
0.000867
0.000867
0.000867
0.000851
0.000851
0.000851
0.000851
0.000851
0.000843
0.000843
0.000843
0.000843
0.000843
0.000840
0.000840
0.000840
0.000840
0.000840

0.000830
0.000831
0.000828
0.000825
0.000825
0.000826
0.000826
0.000826
0.000826
0.000826
0.000826
0.000826
0.000826

0.43
0.43
043
0.43
0.43
0.43
0.43
0.43
0.43
0.43
1.59
1.61
1.61
1.61
1.61
6.42
6.43
6.42
6.42
6.42
14.44
14.46
14.42
14.41
14.43
0.44
0.44
0.43
0.43
0.43
1.70
1.70
1.70
1.70
1.70
6.75
6.78
6.76
6.77
6.78
15.27
15.13
15.18
15.20
15.25

0.42
042
0.42
0.41
0.41
0.41
0.41
0.41
0.42
0.41
0.41
0.41
0.41

(kPa)

Reference Tube

0.02
0.03
0.03
0.03
0.03
0.02
0.02
0.02
0.02
0.02
0.06
0.06
0.06
0.06
0.06
0.18
0.18
0.8
0.18
0.18
0.39
0.39
0.39
0.39
0.39
0.03
0.03
0.03
0.03
0.03
0.06
0.06
0.06
0.06
0.06
0.19
0.19
0.19
0.19
0.19
0.41
0.41
0.41
0.41
0.41

0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02

0.0057
0.0056
0.0056
0.0056
0.0056
0.0057
0.0057
0.0057
0.0057
0.0057
0.0049
0.0049
0.0049
0.0049
0.0049
0.0043
0.0043
0.0043
0.0043
0.0043
0.0039
0.0039
0.0039
0.0039
0.0039
0.0055
0.0055
0.0055
0.0055
0.0055
0.0048
0.0048
0.0048
0.0048
0.0048
0.0042
0.0042
0.0042
0.0042
0.0042
0.0038
0.0038
0.0038
0.0038
0.0038

18% Ring
0.0057
0.0057
0.0057
0.0057
0.0057
0.0057
0.0057
0.0057
0.0057
0.0057
0.0057
0.0057
0.0057

A-53

0.61
0.61
0.61
0.61

6.89
6.89
14.32
14.34
14.31
14.30
14.32
0.61
0.61
0.61

0.60
2.05

14.80
14.68
14.72
14.73
14.78

0.60
0.60
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59

DP2-cor DP2-diff Kobs

(kPa)

0.26
0.28
0.27
0.27

0.27
0.26
0.26
0.25
0.27
0.03
0.01
0.01
-0.02
0.01
0.43
0.41
0.40
0.42
0.42
0.62
0.62
0.58
0.57
0.59
0.53
0.52
0.49
0.50
0.52
0.29
0.29
0.31
0.30
0.31
0.79
0.83
0.79
0.80
0.81
0.94
0.90
0.97
0.94
1.01

0.14
0.15
0.13
0.10
0.10
0.10
0.11
0.11
0.i0
0.10
0.11
0.11
0.10

dKobs



Table A.4-1: Calculated pressure drop data (cont.'d)

Date

04/02/94
04/02/94
04/02/94
04/02/94
04/02/94
04/0294
04/02/94
04/02/94
04/02,94
04/02/94
04/02/94
04,0294
04/0294
04/02/94
04/02/94
04:02/94
04/02/94
04,0294
04,02/94
04/02/94
04/02/94
04/02/94
04/02/94
04/02/94
04,0294
04/02/94
04/0294
04/02:94
04/02,94
04/02/94
04,0294
04/02/94
04,0294
04,02:94
04/02/94
04/02/94
04,02/94
04/02/94
04/02/94
04/02/94
04/02/94
04,02/94
04/02/94
04/02/94
04/02/94
04/02/94
04,0294
04:02/94
04/02/94
04/02/94
04,0294
04,0294
04/02/94
04/02/94
04,/02:94
04/02/94
04/02/94
04/02/94
04/02/94
04/02/94
04/02/94

Time

13:39:00
13:40:24
13:41:09
13:43:29
13:44:28
13:46:15
13:47:03
13:49:55
13:52:33
13:53:57
13:35:20
13:56:13
13:57:37
14:06:47
14:07:53
14:10:14
14:11:01
14:12:38
14:15:11
14:16:31
14:17:22
14:17:51
14:18:32
14:19:38
14:22:08
14:24:30
14:26:08
14:26:46
14:27:33
14:28:19
14:31:24
14:32:58
14:33:30
14:35:37
14:36:01
14:38:50
14:39:44
14:41:25
14:41:56
14:42:51
15:01:43
15:02:56
15:03:32
15:04:02
15:04:35
15:06:34
15:08:40
15:09:47
15:10:16
15:12:17
15:14:12
15:15:49
15:17:34
15:18:24
15:19:03
15:21:02
15:22:11
15:23:44
15:24:45
15:26:10
15:28:34

RuniD

1013
1013
1013
1014
1014
1014
1014
1014
1017
1017
1017
1017
1017
1047
1047
1047
1047
1047
1044
1044
1044
1044
1044
1044
1043
1043
1043
1043
1043
1043
1042
1042
1042
1042
1042
1041
1041
1041
1041
1041
1031
1031
1031
1031
1031
1032
1032
1032
1032
1032
1033
1033
1033
1033
1033
1034
1034
1034
1034
1034
1035

G
(kg/m2-s)

1000
1000
1001
997
997
998
998
997
997
999
997
998
1000
6013
6016
6020
6025
6032
6035
6036
6026
6027
6027
6029
6034
6038
6041

4G
(kg/m2-s)

30
30
30
30
30
30
30
30
30
30
30
30
30
81
81
81
81
81
81
81

Tl v_fl
(oC) (mi/kg)

20.0 0.000834
20.0 0.000834
20.0 0.000834
19.9 0.000834
19.9 0.000834
19.8 0.000834
19.8 0.000834
19.9 0.000834
19.9 0.000834
19.9 0.000834
19.9 0.000834
19.8 0.000834
19.7 0.000833
8.3 0.000804
8.3 0.000804
8.4 0.000804
8.4 0.000804
8.4 0.000804
8.4 0.000804
8.4 0.000804
8.4 0.000804
3.4 0.000804
3.4 0.000804
8.4 0.000804
8.4 0.000804
8.4 0.000804
3.4 0.000804
8.4 0.000804
8.4 0.000804
8.4 0.000804
8.4 0.000804
8.4 0.000804
8.4 0.000804
8.4 0.000804
8.4 0.000804
8.4 0.000804
8.4 0.000804
8.4 0.000804
8.3 0.000804
8.4 0.000804
9.7 0.000807
9.7 0.000807
9.6 0.000807
9.7 0.000807
9.7 0.000807
9.6 0.000807
97 0.000807
9.7 0.000807
9.7 0.000807
9.6 0.000807
9.7 0.000807
9.7 0.000807
9.7 0.000807
9.6 0.000807
9.6 0.000807
9.7 0.000807
9.7 0.000807
9.7 0.000807
9.6 0.000807
9.7 0.000807
9.7 0.000807

A-54

KEl
(kPa)

0.42
0.42
0.42
0.41
0.41
0.42
0.42
0.41
0.41
0.42
0.41
0.42
042
14.54
14.55
14.57
14.59
14.63
14.64
14.65
14.60
14.60
14.60
14.61
14.64
14.66
14.67
14.68
14.68
14.65
14.67
14.67
14.55
14.57
14.57
14.59
14.59
14.60

d(KEl) f1

(kPa)

0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.19
0.19
0.19
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.19

0.0056
0.0056
0.0056
0.0056
0.0056
0.0056
0.0056
0.0056
0.0056
0.0056
0.0056
0.0056
0.0056
0.0039
0.0039
0.0039
0.0039
0.0039
0.0039
0.0039
0.0039
0.0039
0.0039
0.0039
0.0039
0.0039
0.0039
0.0039
0.0039
0.0039
0.0039
0.0039
0.0039
0.0039
0.0039
0.0039
0.0039
0.0039
0.0039
0.0039
0.0043
0.0043
0.0043
0.0043
0.0043
0.0043
0.0043
0.0043
0.0043
0.0043
0.0043
0.0043
0.0043
0.0043
0.0043
0.0043
0.0043
0.0043
0.0043
0.0043
0.0043

DPl-corr DPI-diff Tbh2

(kPa)

3.04

3.03

3.04

3.02

3.02

3.03

3.03

3.02

3.02

3.03

3.02

3.03

3.03
73.74
73.80
73.89
73.99
74.15
74.22
74.23
74.02
74.05
74.04
74.09
74.18
74.28
74.37
74.39
74.39
74.26
74.35
7437
73.80
73.88
73.89
73.99
73.97
74.05
74.08
74.05
3543
35.43
3543
3542
3542
3541
3542
3535
35.37
35.36
3536
35.39
3540
35.36
3541
3542
3541
35.38
3543
3537
35.62

(kPa)

0.30
0.26
0.25

0.23
0.28
026
0.27

0.26

0.22

0.22

0.22

0.23

0.19
-3.81
-3.86
-3.98
-3.96
-3.95
-3.88
-1.09
-3.90
-3.82
-3.95
-3.96
-3.92
-3.98
-3.98
-4.08
-3.99
-4.18
-3.88
-4.05
-4.05
411
-4.02
-1.00
-4.06
.18
-4.16
-4.05
-1.96
-1.88
-1.92
-1.87
-1.96
-1.88
-1.95
-1.95
-1.93
-1.95
-2.00
-1.95
-1.93
-1.92
-1.86
-1.94
-1.86
=201
-1.95
-1.85
-1.82

(cC)

17.0
17.0
17.0
17.0
16.9
16.9
16.9
16.9
16.9
16.9
16.9
16.8
16.8
7.7
7.8
7.8
7.8
7.8
78
7.9
7.8
7.8
78
7.9
7.9
78
79



Table A.4-1: Calculated pressure drop data (cont.'d)

Date

04/02/94
04/02/94
04/02/94
04/02/94
04/02/94
04/02/94
04/02,94
04/02/94
04/02/94
04/02/94
04,0194
04/02,94
04/02/94
04/02:94
04/02/94
04/02/94
04/02/94
04/02/94
04/02/94
04/02/94
04/02/94
04/02/94
04/02/94
04/02/94
04/02:94
04/02/94
04,0294
04,0294
04/02:94
04/02/94
04/02/94
04,0294
04/02.94
04,/02/94
04/02/94
04,02/94
04/02/94
04/02/94
04/02/94
04/02/94
04/02/94
04/02/94
04/02/94
04/02/94
04/02/94
04,0294
04/02/94
04/02/94
04/02/94
04/02/94
04/02/94
04/02:94
04/02/94
04/02/94
04/02/94
04/02/94
04/02/94
04/02/94
04/02/94
04/02/94
04/02/94

Time

13:39:00
13:40:24
13:41:09
13:43:29
13:44:28
13:46:15
13:47:03
13:49:55
13:52:33
13:53:57
13:55:20
13:56:13
13:57:37
14:06:47
14:07:53
14:10:14
14:11:01
14:12:38
14:15:11
14:16:31
14:17:22
14:17:51
14:18:32
14:19:38
14:22:08
14:24:30
14:26:08
14:26:46
14:27:33
14:28:19
14:31:24
14:32:58
14:33:30
14:35:37
14:36:01
14:38:50
14:39:44
14:41:25
14:41:56
14:42:51
15:01:43
15:02:56
15:03:32
15:04:02
15:04:35
15:06:34
15:08:40
15:09:47
15:10:16
15:12:17
15:14:12
15:15:49
15:17:34
15:18:24
15:19:03
15:21:02
15:22:11
15:23:44
15:24:45
15:26:10
15:28:34

Run(D

1013
1013
1013
1014
1014
1014
1014
1014
1017
1017
1017
1017
1017
1047
1047
1047
1047
1047
1044
1044
1044
1044
1044
1044
1043
1043
1043
1043
1043
1043
1042
1042
1042
1042
1042
1041
1041
1041
1041
1041
1031
1031
1031
1031
1031
1032
1032
1032
1032
1032
1033
1033
1033
1033
1033
1034
1034
1034
1034
1034
1035

v_2
(m3/kg)

0.000826
0.000826
0.000826
0.000826
0.000826
0.000826
0.000826
0.000826
0.000826
0.000826
0.000826
0.000825
0.000825
0.000802
0.000802
0.000803
0.000803
0.000803
0.000803
0.000803
0.000803
0.000803
0.000803
0.000803
0.000803
0.000803
0.000803
0.000803
0.000803
0.000803
0.000803
0.000803
0.000803
0.000803
0.000803
0.000803
0.000803
0.000803
0.000802
0.000803
0.000805
0.000805
0.000805
0.000805
0.000805
0.000805
0.000805
0.000805
0.000805
0.000805
0.000805
0.000805
0.000805
0.000805
0.000805
0.000805
0.000805
0.000805
0.000805
0.000805
0.000805

KE2 d(KE2) f2
(kPa) (kPa)
0.41  0.02 0.0057
041  0.02 0.0057
041  0.02 0.0057
041 002 0.0057
041  0.02 0.0057
0.41  0.02 00057
0.41  0.02 0.0057
041  0.02 0.0057
0.41 002 0.0057
0.41  0.02 0.0057
041  0.02 0.0057
0.41 0.2 00057
041  0.02 0.0057
1450 039 0.0039
1451 039 0.0039
1455  0.39 0.0039
1457 039 0.0039
14.61 039 0.0039
1462 039 0.0039
14.63 039 0.0039
1458 039 0.0039
1458 039 0.0039
1458 039 0.0039
1460 039 00039
1462 039 00039
14.64 039 00035
1465 039 0.0039
1466 039 0.0039
1466 039 0.0039
1463 639 0.0039
1465 039 0.0039
1465 039 0.0039
1453 039 0.0039
1455 039 0.0039
1455 039 0.0039
1457 039 0.0039
1457 039 0.0039
1459 039 0.0039
1457 039 0.0039
1459 039 0.0039
644  0.18 0.0043
6.43  0.18 0.0043
643  0.18 0.0043
643  0.18 0.0043
643  0.18 0.0043
6.43  0.18 0.0043
6.43  0.13 0.0043
6.42  0.18 0.0043
642  0.18 0.0043
642  0.18 0.0043
6.42  0.18 0.0043
643  0.13 0.0043
643  0.13 0.0043
642 0.18 0.0043
643 0.18 0.0043
6.43  0.18 0.0043
643  0.18 0.0043
643  0.I8 0.0043
643  0.13 0.0043
642  0.18 0.0043
647  0.19 0.0043

A-55

DP2-cor DP2-diff Kobs dKobs

(kPa)

0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
14.38
14.39
14.43
14.45
14.48
14.49
14.50
14.45
14.46
14.46
14.47
14.49
14.51
14.52
14.53
14.52
14.50
14.52
14.52
14.41
14.43
14.43
14.45
14.45
14.46
14.45
14.46
6.91
6.91
6.91
6.91
6.91
6.91
6.91
6.90
6.90
6.90
6.90
6.91
6.91
6.90
6.91
6.91
6.91
6.90
6.91
6.90
6.95

(kPa)

0.11
0.10
0.10
0.10
0.10
0.1t
Q.11
0.11
0.09
0.10
0.10
0.10
0.09
-1.81
-1.82
-1.85
-1.83
-1.84
-1.87
-1.86
-1.79
-1.78
-1.80
-1.77
-1.75
-1.76
-1.77
-1.81
-1.81
-1.84
-1.84
-1.78
-1.81
-1.79
-1.76
-1.82
-1.78
-1.87
-1.87
-1.89
-0.87
-0.84
-0.84
-0.85
-0.83
-0.83
-0.84
-0.84
-0.85
-0.82
-0.84
-0.83
-0.81
-0.81
-0.79
-0.81
-0.81
-0.86
-0.81
-0.78
-0.81

0.125
0.126
0.127
0.126
0.126
0.128
0.127
0.123
0.122
0.123
0.121
0.120
0.120
0.121
0.123
0.124
0.126
0.125
0.122
0.125
0.123
0.121
0.135
0.122
0.129
0.129
0.130
0.135
0.131
0.130
0.132
0.130
0.129
0.131
0.131
0.132
0.128
0.130
0.129
0.127
0.127
0.122
0.126
0.127
0.134
0.125
0.121
0.124

0.042
0.042
0.041
0.041
0.041
0.041
0.041
0.041
0.041
0.041
0.041
0.041
0.041
0.041
0.041
0.041
0.041
0.041
0.041
0.041
0.041
0.041
0.041
0.041
0.041
0.041
0.041
0.093
0.093
0.093
0.094
0.094
0.094
0.094
0.094
0.094
0.094
0.094
0.094
0.094
0.094
0.094
0.093
0.094
0.094
0.093
0.094
0.093



Table A.4-1: Calculated pressure drop data (cont.'d)

Date

04/02/94
04/02/94
04/02/94
04/02/94
04/02/94

4/02/94
04/02,94
04/02/94
04/02/94
04/02/94
04/02/94
04/02/94
04/02/94
04/02/94
04/02.94
04/02/94
04/02/94
04/02,/94
04/02/94
04,0294
04,02/94
04/02/94
04/02:94
04/02/94
04/02/94
04/02/94
04/02.94
04,02/94
04/02,94
04/02/94
04/02/94
04/02/94
04/02/94
04/02/94
04/02/94
04/02/94
04/02:94
04/02/94
04/02/94
04/02,94
04/02/94
07/02/94
07/02/94

7/02/94
07/02/94
07/02/94
07/02/94
07.02/94
07:02/94
070294
07/02/94
07/02/94
07:0294
07:.0294
07/02:94
07:02/94
07/02/94
07/02/94
07/0294
07/02/94
07/02/94

Time

15:33:46
15:34:08
15:34:28
15:36:01
15:37:37
15:38:36
15:39:21
15:39:38
15:40:40
15:42:09
15:48:30
15:49:07
15:50:54
15:51:14
15:51:36
15:53:28
15:54:06
15:54:39
15:55:32
15:55:49
15:57.57
15:58:56
15:59:18
15:59:40
16:01:46
16:03:34
16:04:21
16.04:41
16:05:00
16:05:21
16:06:52
16:07:26
16.07:50
16:08:05
16:08:25
16:08:40
16:10:02
16:10:52
16:11:08
16:11:26
16:11:44
15:25:26
15:26:01
15:26:22
15:26:41
15:27:02
15:28:32
15:29:17
15:29:49
15:30:20
15:30:42
15:31:05
15:31:27
15:32:37
15:33:28
15:33:48
15:34:19
15:34:50
15:35:20
15:36:35
15:37:48

RunID

1035
1035
1035
1035
1037
1037
1037
1037
1037
1037
1027
1027
1027
1027
1027
1028
1025
1025
1025
1025
1024
1024
1024
1024
1024
1023
1023
1023
1023
1023
1022
1022
1022
1022
1022
1022
1021
1021
1021
1021
1021
1057
1057
1057
1057
1057
1055
1055
1055
1055
1055
1055
1055
1054
1034
1054
1054
1054
1054
1054
1053

G
(kg/m2-s)

4005
4005
4000
4002
4004
4003
4004
4002
4002
4005
2014
2015
2016
2018
2015
2015
2014
2012
2011
012
201t
2011
2008
2011
2010
201t
2008
2009

996
991
991
989
990
994
996
997
994
993
994

995
998

dG
(kg/m2-5)

T v_fl
(cC) (m3/kg)

9.7 0.000807

9.6 0.000807

9.6 0.000807

9.7 0.000807

9.7 0.000807

9.7 0.000807

9.6 0.000807

9.7 0.000807

9.7 0.000807

9.7 0.000807
13.2 0.000816
13.2 0.000816
13.1 0.000816
13.1 0.000816
13.1 0.000816
13.1 0.000816
13.1 0.000816
13.1 0.000816
13.1 0.000816
13.1 0.000816
13.1 0.000816
13.1 0.000815
13.1 0.000816
13.1 0.000816
13.1 0.000816
13.1 0.000816
13.1 0.000816
13.2 0.000816
13.1 0.000816
13.1 0.000816
13.1 0.000816
13.1 0.000816
13.1 0.000815
13.1 0.000815
13.1 0.000816
13.1 0.000816
13.1 0.000816
13.1 0.000816
13.1 0.000816
13.1 0.000816
13.1 0.000816
33.0 0.000876
33.0 0.000876
32.9 0.000876
32.9 0.000876
32.9 0.000876
32.8 0.000876
32.7 0.000875
32.8 0.000875
32.7 0.000875
32.7 0.000875
32.7 0.000875
32.7 0.000875
32.9 0.000876
33.0 0.000876
33.0 0.000876
33.1 0.000877
33.1 0.000876
33.0 0.000876
329 0.000876
329 0.000876

A-56

KEIL
(kPa)

6.47
6.47
6.45
6.46
6.47
6.47

4d(KEl) f1

(kPa)

0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
Q.19
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03

0.0043
0.0043
0.0043
0.0043
0.0043
0.0043
0.0043
0.0043
0.0043
0.0043
0.0049
0.0049
0.0049
0.0049
0.0049
0.0049
0.0049
0.0049
0.0049
0.0049
0.0049
0.0049
0.0049
0.0049
0.0049
0.0049
0.0049
0.0049
0.0049
0.0049
0.0049
0.0049
0.0049
0.0049
0.0049
0.0049
0.0049
0.0049
0.0049
0.0049
0.0049
0.0055
0.0055
0.00s85
0.0055
0.0055
0.0055
0.0055
0.0055
0.0055
0.0055
0.0055
0.0085
0.0055
0.0055
0.0055
0.0055
0.0055
0.0055
0.0055
0.0055

DPl-corr DPl-diff Tb2

(kPa)

35.54
35.54
3545
35.49
35.52
35.50
35.51
35.49
35.49
35.54
10.43
10.44
10.45
10.47
10.44
10.44
10.43
10.42
10.41
10.42
10.41
10.39
10.37
10.40
10.40
10.41
10.38
10.38
10.38
10.40
10.39
10.39
10.44
10.43
10.44
10.40
10.37
10.37
10.38
10.36
10.38
310
3.08
3.08
3.09
3.09
3.08
3.09
3.06
3.06
3.05
3.06
3.08
3.10
3.10
3.08
3.08
3.08
3.08
3.09
in

(kPa)

-1.94
-1.91
-2.02
-1.84
-1.90
-1.93
-1.94
-1.94
-1.94
-1.87
-0.66
-0.63
-0.66
-0.62
-0.60
-0.63
-0.64
-0.63
-0.67
-0.62
-0.61
-0.62
-0.65
-0.69
-0.72
-0.65
-0.66
-0.65
-0.61
-0.60
-0.64
-0.69
-0.64
-0.59
-0.67
-0.67
-0.64
-0.67
0.72
-0.64
-0.65
1.69
1.59
1.64
164
1.70
1.66
1.71
.71
1.59
1.67
1.56
1.59
1.61
174
1.70
1.76
1.69
1.67
1.68
1.73

(oC)

1.6
1.5
LS
1.5
11.5
1.5
1.5
115
1.5
1.5
115
1.5
11.5
1.5
30.2
30.2
30.1
30.2
30.1
30.0
30.0
300
29.9
30.0
30.0
30.0
301
302
303
30.3
30.3
30.3
30.2
30.2



Table A.4-1: Calculated pressure drop data (cont.'d)

Date

04/02/94
04/02/94
04/02/94
04/02/94
04/02/94
04/02/94
04/02,94
04/02/94
04/0294
04/02/94
04/02/94
04:02/94
04/02/94
04/02/94
04/02/94
04/02/94
04,02,94
04/02/94
04/02:94
04,0294
04/02:94
04/02/94
04,0294
04/02,94
04/02,94
04,02.94
04,02/94
04,0294
040294
04,0294
04/02/94
04/02/94
04,0294
04:02/94
04/02/94
04/02/94
04,0294
04/02/94
04/02/94
04/02/94
07/02/94
07:02/94
07/02,94
07/02:94
07/02,94
07/02/94
07:02/94
07:02/94
07/02:94
07:02:94
07/02,94
07.02/94
07/02.94
07:02/94
07/02/94
07/02/94
07/0294
07/02.94
07/02/94
07/02/94

Time

15:33:46
15:34:08
15:34:28
15:36:01
15:37:37
15:38:36
15:39:21
15:39:38
15:40:40
15:42:09
15:48:30
15:49:07
15:50:54
15:51:14
15:51:36
15:53:28
15:54:06
15:54:39
15:55:32
15:55:49
15:57:57
15:58:56
15:59:18
15:59:40
16:01:46
16:03:34
16:04:21
16:04:41
16:05:00
16:05:21
16:06:52
16:07:26
16:07:50
16:08:05
16:08:25
16:08:40
16:10:02
16:10:52
16:11:08
16:11:26
16:11:44
15:25:26
15:26:01
15:26:22
15:26:41
15:27.02
15:28:32
15:29:17
15:29:49
15:30:20
15:30:42
15:31:05
15:31:27
15:32:37
15:33:28
15:33:48
15:34:19
15:34:50
15:35:20
15:36:55
15:37:48

RunlD

1035
1035
1035
1035
1037
1037
1037
1037
1037
1037
1027
1027
1027
1027
1027
1025
1025
1025
1025
1025
1024
1024
1024
1024
1024
1023
1023
1023
1023
1023
1022
1022
1022
1022
1022
1022
1021
1021
1021
1021
1021
1057
1057
1057
1057
1057
1055
1055
1055
1055
1055
1055
1055
1054
1054
1054
1054
1054
1054
1054
1053

v f2
(m3/kg)

0.000805
0.000805
0.000805
0.000805
0.000805
0.000805
0.000805
0.000805
0.000805
0.000805
0.000812
0.000812
0.000812
0.000812
0.000812
0.000812
0.000812
0.000812
0.000812
0.000812
0.000812
0.000812
0.000812
0.000812
0.000812
0.000812
0.000812
0.000812
0.000812
0.000812
0.000812
0.000812
0.000811
0.000811
0.000812
0.000812
0.000812
0.000812
0.000812
0.000812
0.000812
0.000867
0.000866
0.000866
0.000866
0.000866
0.000866
0.000866
0.000866
0.000865
0.000866
0.000866
0.000866
0.000856
0.000866
0.000867
0.000867
0.000867
0.000867
0.000866
0.000866

KE2 d(KE2) R
(kPa) (kPa)
646  0.19 0.0043
646  0.19 0.0043
644  0.18 0.0043
645  0.18 0.0043
645  0.19 0.0043
645  0.18 0.0043
645  0.18 0.0043
645  0.18 0.0043
645  0.18 0.0043
646  0.19 0.0043
1.65  0.06 0.0049
1.65  0.06 0.0049
1.65  0.06 0.0049
1.65  0.06 0.0049
1.65  0.06 0.0049
1.65  0.06 0.0049
1.65  0.06 0.0049
164  0.06 0.0049
164  0.06 0.0049
1.64 006 0.0049
1.64  0.06 0.0049
1.64  0.06 0.0049
1.64  0.06 0.0049
1.64  0.06 0.0049
1.64  0.06 0.0049
1.64 006 0.0049
1.64  0.06 0.0049
1.64  0.06 0.0049
1.64 006 0.0049
1.64 006 0.0049
1.64 006 0.0049
1.64 006 0.0049
1.65  0.06 0.0049
1.65 006 0.0049
1.65 006 0.0049
1.64 006 0.0049
1.64 006 0.0049
1.64  0.06 0.0049
1.64  0.06 0.0049
1.63 006 0.0049
1.64 006 0.0049
043  0.03 0.0055
0.43 003 0.0056
0.43 003 0.0056
043 0.03 0.0056
043  0.03 0.0056
0.43 003 0.0056
043 003 0.0056
042  0.03 0.0056
0.42  0.03 0.0056
042 003 0.0056
042 003 0.0056
043 0.03 0.0056
043 0.03 0.0055
043 003 0.0055
043 003 0.0056
043  0.03 0.0056
043  0.03 0.0056
043 003 0.0056
043 0.3 0.0056
043 003 0.0055

A-57

DP2-corr DP2-diff Kobs dKobs

(kPa)

6.93
6.93
6.92
6.93
6.93
6.93
6.93
6.93
6.93
6.93
2.03
2.04
2.04
.04
2.04

2.03
2.02
2.02
2.02
2.02
2.02
0.60
0.60
0.60
0.60
0.60
0.60
0.60
0.59
0.59
Q.59
0.59
0.60
0.60
0.60
0.60
0.60

0.60
0.60
0.60

(kPa)

-0.81
-0.83
-0.80
-0.80
-0.81
-0.80
-0.77
-0.84
-0.78
-0.76
-0.26
-0.25
-0.27
-0.26
-0.26
<0.27
-0.29
-0.26
-0.28
-0.28
-0.30
-0.25
-0.28
0.29
-0.28
-0.27
-0.29
-0.26
-0.28
-0.30
-0.29
-0.28
-0.27
-0.26
-0.30
-0.28
-0.26
-0.28
-0.30
-0.27
-0.27
0.56
0.52
0.54
0.52
0.54
0.53
0.53
0.55
0.51
0.54
0.52
0.51
0.53
0.54
0.54
0.54
0.54
0.55
0.52
0.55

0.126
0.129
0.124
0.124
0.126
0.124
0.119
0.130
0.122
0.117

0.093
0.093
0.093
0.093
0.093
0.093
0.093
0.093
0.093
0.093



Table A.4-1: Calculated pressure drop data (cont.'d)

Date

07/02/94
07/02/94
07/02/94
07/0294
07/02/94
07:02/94
07/02'94
070294
07/02/94
07/0294
07/0294
070294
070294
07:02/94
07/0294
07/0294
07:02/94
07/02:94
07.02/94
07/02/94
07.02/94
07/02/94
07/02/94
070294
07:02/94
07.02/94
07:02:94
07/02/94
07.0294
07/0294
070294
07/02/94
07,0294
07/02/94
07/02/94
070294

23/02/94
23/02.94
23/02/94
23/02/94
23/0294
23/02/94
23,0294
23/02/94
23/02/94
23/0294
23.02/94
23/02/94
13/02/94
23.02/94
23,0294
23/02/94
23/02/94
23/02/94
23:02/94
23,0294
23/02:94
23/02/94
23,02/94

Time

15:38:08
15:38:28
15:38:57
15:40:20
15:41:05
15:41:30
15:42:04
15:42:49
15:44:28
15:45:18
15:45:52
15:46:12
15:46:38
15:49:43
16:07:26
16:08:08
16:08:27
16:08:46
16:09:05
16:09:20
16:09:43
16:11:05
16:11:32
16:11:48
16:12:02
16:12:17
16:13.25
16:13:53
16:14:07
16:14:21
16:14:35
16:15:53
16:16:23
16:16:39
16:16:53
16:17:11

09:02:07
09:02:26
09:03:37
09:05:11
09:05:43
09:06:13
09:09:13
09:09:51
09:11:10
09:11:24
09:11:36
09:11:48
09:13:24
09:13:50
09:15:57
09:16:18
09:16:41
09:17:00
09:18:48
09:19:10
09:19:25
09:21:39
09:21:52

RunID

1053
1053
1053
1052
1052
1052
1052
1052
1052
1051
1051
1051
1051
1051
1081
1081
1081
1081
1081
1083
1083
1083
1083
1083
1083
1084
1084
1084
1084
1084
1084
1087
1087
1087
1087
1087

4031
4031
4031
4031
4031
403t
4035
4035
1035
4035
4035
4038
4036
4036
4036
4036
4036
4036
4037
4037
4037
4037
4037

G dG Tl v_fl KE! d(KEl) fl
(kg/m2-s) (kg/m2-s) (oC) (m3/kg) (kPa) (kPa)
995 30 329 0.000876 0.43 0.03 0.0055
996 30 329 0.000876 043 0.03 0.0055
995 30 329 0.000876 043 0.03 0.0055
996 30 329 0.000876 0.43 0.03 0.0055
997 30 33.0 0.000876 0.44 0.03 0.0055
998 30 329 0.000876 0.44 0.03 0.0055
998 30 33.0 0.000876 0.44 0.03 0.0055
993 30 32.9 0.000876 0.43 0.03 0.0055
996 30 33.0 0.000876 0.43 0.03 0.0055
994 30 33.0 0.000876 0.43 0.03 0.0055
995 30 33.1 0.000877 043 0.03 0.0055
993 30 33.0 0.000876 0.43 0.03 0.0055
994 30 33.t 0.000877 0.43 0.03 0.0055
997 30 33.1 0.000876 0.4 0.03 0.0055
6027 81 20.7 0.000836 15.18 04! 0.0039
6029 81 20.7 0.000836 15.19 0.41 0.0039
6031 81 20.8 0.000837 15.22 0.41 0.0039
6032 81 20.7 0.000836 15.21 0.41 0.0039
6025 81 20.8 0.000837 15.19 0.41 0.0039
6031 81 20.7 0.000836 15.21 0.41 0.0039
6036 81 20.8 0.000837 15.25 0.41 0.0039
6029 81 20.8 0.000837 15.21 0.41 0.0039
6034 81 20.8 0.000837 15.24 0.41 0.0039
6033 81 20.8 0.000837 15.23 0.41 0.0039
6034 81 20.8 0.000837 15.24 0.41 0.0039
6035 81 20.8 0.000837 1524 0.41 0.0039
6035 81 20.8 0.000837 15.24 0.41 0.0039
6040 81 20.8 0.000837 15.27 0.41 0.0039
6025 81 20.8 0.000837 15.19 0.41 0.0039
6016 81 20.8 0.000837 IS.15 0.41 0.0039
6017 81 209 0.000837 15.15 0.41 0.0039
6016 81 20.8 0.000837 1S.15 0.41 0.0039
6018 81 20.8 0.000837 15.16 0.41 0.0039
6019 81 20.8 0.000837 15.16 0.41 0.0039
6019 81 20.8 0.000837 15.16 0.41 0.0039
6016 81 20.8 0.000837 15.15 0.41 0.0039
30% Ring
3989 57 27.8 0.000858 6.83 0.20 0.0041
3991 57 27.8 0.000858 6.83 0.20 0.0041
3990 57 27.8 0.000858 6.83 0.20 0.0041
3992 §7 27.8 0.000858 6.84 0.20 0.0041
39914 §7 27.8 0.000858 6.83 0.20 0.004!
3991 57 27.7 0.000858 6.83 0.20 0.0041
3996 §7 27.8 0.000858 6.85 0.20 0.0041
3996 57 279 0.000859 6.86 0.20 0.0041
3997 §7 27.9 0.000859 6.86 0.20 0.0041
3997 57 27.8 0.000858 6.85 0.20 0.0041
3998 57 27.8 0.000858 6.86 .20 0.004!1
3995 57 279 0.000859 6.85 0.20 0.0041
3999 57 279 0.000859 6.87 0.20 0.0041
3999 §7 279 0.000859 6.87 0.20 0.0041
4001 57 28.0 0.000859 6.87 0.20 0.0041
4002 §7 28.0 0.000859 6.88 0.20 0.0041
4000 57 28.0 0.000859 6.87 0.20 0.004t
3999 57 28.0 0.000859 6.87 0.20 0.0041
4002 57 28.0 0.000859 6.88 0.20 0.004t
4005 57 28.0 0.000859 6.89 0.20 0.0041
4002 57 28.0 0.000859 6.88 0.20 0.0041
4007 57 28.0 0.000859 6.90 0.20 0.0041
4008 57 28.0 0.000859 6.90 0.20 0.004t

A-58

DPl-corr DPI-diff Tb2

(kPa)

3.09
3.09
3.09
3.10
3.10
3.10
3.1
3.08
3.09
3.09
3.09
3.08
3.09
3.10
75.47
75.52
75.65
75.59
75.52
75.56
75.77
75.59
75.72
75.68
75.71
75.74
7875
75.85
75.52
75.31
75.33
7831
75.36
75.39
75.38
75.31

36.42
36.46
36.44
36.47
36.47
36.45
36.53
36.58
36.60
36.55
36.56
36.55
36.62
36.62
36.64
36.66
36.63
36.62
36.66
3612
36.67
36.76
36.76

(kPa)

1.68
1.66
1.60
1.65
1.60
1.68
1.69
1.64
1.69
1.70
1.7
1.69
1.69
1.68
-2.06
-1.98
-1.83
-2.04
2212
-2.15
-1.89
-2.03
-1.87
-2.04
-1.99
-2.00
-1.94
-1.88
-2.01
-2.01
-2.07
-2.17
-1.96
-1.97
-2.09
-2.05

-1.92
-1.64
-1.79
-1.76
-1.81
-1.86
-1.85
-1.89
-1.84
-1.81
-1.82
-1.85
-1.81
-1.84
-1.91
-1.97
-1.97
-1.92
-1.90
-1.91
-1.91
-2.05
-1.91

(oC)

302
30.2
30.1
30.2
30.2
30.2
30.2
30.2
30.2
30.3
30.3
30.3
30.3
30.3
20.2
20.2
20.2



Table A.4-1: Calculated pressure drop data (cont.'d)

Date

07/02:94
07/02/94
07:02/94
07/02/94
07/02/94
07/02/94
07/02/94
07:02/94
07/02,94
07,0294
07/02/94
07/02/94
07/02/94
07/02/94
07,02.94
07:02/94
07/02/94
07/02,94
07.02:94
07/02/94
07,0294
07/02/94
07/:0294
07/0294
07,0294
07/02,94
07,0294
07/02:94
07,0294
07/02/94
07/02/94
07/02/94
07/0294
07/02/94
07,0294
07/02/94

23,0294
230294
23/02/94
23/02/94
23/02/94
23/02/94
23,0294
23/02/94
23/02/94
23/02/94
230294
23,0294
23/02/94
23,0294
23,0294
23/02/94
23/02/94
23/02/94
23,0294
23/02/94
230294
23/0294
23/02/94

Time

15:38:08
15:38:28
15:38:57
15:40:20
15:41:05
15:41:30
15:42:04
15:42:49
15:44:28
15:45:18
15:45:52
15:46:12
15:46:38
15:49:43
16:07:26
16:08:08
16:08:27
16:08:46
16:09:05
16:09:20
16:09:43
16:11:05
16:11:32
16:11:48
16:12:02
16:12:17
16:13:25
16:13:53
16:14:07
16:14:21
16:14:35
16:15:53
16:16:23
16:16:39
16:16:53
16:17:11

09:02:07
09:02:26
09:03:37
09:05:11
09:05:43
09:06:13
09:09:13
09:09:51
09:11:10
09:11:24
09:11:36
09:11:48
09:13:24
09:13:50
09:15:57
09:16:18
09:16:41
09:17:00
09:18:48
09:19:10
09:19:25
09:21:39
09:21:52

RunID

1053
1053
1053
1052
1052
1052
1052
1052
1052
1051
1051
1051
1051
1051
1081
1081
1081
1081
1081
1083
1083
1083
1083
1083
1083
1084
1084
1084
1084
1084
1084
1087
1087
1087
1087
1087

4031
4031
4031
4031
4031
4031
4035
4035
4035
4035
4035
4035
4036
4036
4036
4036
4036
4036
4037
4037
4037
4037
4037

v_f2
(m3/kg)

0.000866
0.000866
0.000866
0.000866
0.000866
0.000866
0.000866
0.000866
0.000867
0.000867
0.000867
0.000867
0.000867
0.000867
0.0C0835
0.000835
0.000835
0.000835
0.000835
0.000835
0.000835
0.000835
0.000835
0.000835
0.000835
0.000835
0.000835
0.000835
0.000835
0.000835
0.000835
0.000835
0.000835
0.000835
0.000835
0.000835

0.000845
0.000845
0.000845
0.000845
0.000845
0.000845
0.000845
0.000845
0.000845
0.000845
0.000845
0.000845
0.000845
0.000845
0.000845
0.000845
0.000845
0.000845
0.000845
0.000845
0.000845
0.000845
0.000845

KE2 d(KE2) 2 DP2-corr DP2-diff Kobs
(kPa) (kPa) (kPa) (kPa)

0.43 0.03 0.0056 0.60 0.51

043 0.03 0.0055 0.60 0.54

0.43 0.03 0.0056 0.60 0.51

043 0.03 0.0055 0.60 0.53

043 0.03 0.0055 0.60 0.52

0.43 0.03 0.0055 0.60 0.54

0.43 0.03 0.0055 0.60 0.53

0.43 0.03 0.0056 0.60 0.52

0.43 0.03 0.0055 0.60 0.52

0.43 0.03 0.0056 0.60 0.54

0.43 0.03 0.0055 0.60 0.54

0.43 0.03 0.0056 0.60 0.53

0.43 0.03 0.0056 0.60 0.53

0.43 0.03 0.0055 0.60 0.52

15.17 041 0.0039 14.74 -1.61 0.106
15.18 0.41 0.0039 14.75 -1.60 0.105
15.19 0.41 0.0039 14.75 -1.59 0.105
15.19 0.41 0.0039 14.76 -1.64 0.108
15.16 0.41 0.0039 14.73 -1.64 0.108
15.19 0.41 0.0039 14,75 -1.66 0.109
15.21 0.41 0.0039 14.78 -1.58 0.104
15.18 0.41 0.0039 14.74 -1.61 0.106
15.20 0.41 0.0039 14.77 -1.53 0.101
15.19 0.41 0.0039 14.76 -1.57 0.103
15.20 0.41 0.0039 14.77 -1.54 0.101
15.21 0.41 0.0039 13.77 -1.58 0.104
15.21 0.41 0.0039 14.77 -1.51 0.099
15.23 0.41 0.0039 14.79 -1.50 0.098
15.16 041 0.0039 14.73 -1.58 0.104
15.11 0.41 0.0039 14.69 -1.52 0.101
15.12 0.41 0.0039 14.69 -1.57 0.104
15.11 0.41 0.0039 14.69 -1.55 0.102
15.12 0.41 0.0039 14.70 -1.48 0.098
15.13 0.41 0.0039 14.70 -1.49 0.099
15.13 041 0.0039 14.70 -1.53 0.101
15.11 0.4t 0.0039 14.69 -1.52 0.101

30% Ring

6.72 0.19 0.0042 7.05 -2.27 0337
6.73 0.19 0.0042 7.06 -2.22 0329
6.73 0.19 0.0042 7.06 -2.24 0.334
6.73 0.19 0.0042 7.06 22,18 0.324
6.73 0.19 0.0042 7.06 -.15 0319
6.73 0.19 0.0042 7.06 -2.16 0321
6.75 0.19 0.0042 7.07 -2.13 0316
6.75 0.19 0.0042 7.07 =2.11 0313
6.75 0.19 0.0042 7.08 -2.14 0317
6.75 0.19 0.0042 7.08 -2.13 0316
6.75 0.19 0.0042 7.08 -2.17 0322
6.74 0.19 0.0042 7.07 -2.18  0.323
6.76 0.19 0.0042 7.08 -2.19 0.324
6.76 0.19 0.0042 7.08 -2.19 0324
6.76 0.19 0.0042 7.09 -2.17 0.320
6.77 0.19 0.0042 7.09 -2.15 0318
6.76 0.19 0.0042 7.09 -2.15 0318
6.76 0.19 0.0042 7.08 -2.16 0319
6.77 0.19 0.0042 7.09 2.0 0312
6.78 0.19 0.0042 7.10 -2.12 0312
6.77 0.19 0.0042 7.09 -2.17 0321
6.78 0.19 0.0042 7.1 -2.22 0328
6.79 0.19 0.0042 7.1 -2.16 0318
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dKobs

0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040

0.090
0.090
0.090
0.090
0.090
0.090
0.090
0.090
0.089
0.090
0.089
0.090
0.089
0.089
0.089
0.089
0.089
0.089
0.089
0.089
0.089
0.089
0.089



Table A.4-1: Calculated pressure drop data (cont.'d)

Date

23/02/94
23/02/94
23/02/94
23:02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
230294
13/02.94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02,94
23/02/94
23,0294
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02.94
23,0294
23/02:94
23/02/94
23/0294
23/02/94
23/02/94
23/02/94
23,02/94
23/02/94
23/02/94
23/0294
23/02/94
23/02/94
23:02/94
23/02/94
23,02/94
23/02,94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/0294
23/02/94
23,0294
23/02/94
230294
23/02/94
23/02/94
23/02/94
13/02/94
23/02/94
23/02/94
23/02/94
23/02/94

Time

09:22:03
09:24:50
09:26:37
09:26:55
10:13:48
10:14:16
10:14:24
10:14:33
10:14:41
10:16:44
10:17:07
10:17:17
10:17:30
10:17:40
10:17:49
10:18:59
10:19:22
10:19:38
10:19:54
10:20:05
10:20:57
10:21:16
10:21:27
10:21:41
10:21:49
10:23:02
10:23:14
10:23:32
10:23.41
10:23:51
10:30:48
10:30:57
10:31:07
10:31:16
10:31:26
10:31:36
10:32:52
10:33:13
10:33:21
10:33:30
10:33:39
10:33:50
10:34:58
10:35:17
10:35:33
10:35:46
10:36:04
10:36:31
10:37:32
10:37:44
10:39:05
10:39:27
10:39:37
10:39:54
10:40:11
10:40:37
10:41:39
10:42:08
10:42:52
10:43:22
10:44:11

RunID

4037
4034
4034
4034
4011
4011
4011
4011
4011
4014
1014
4014
4014
4014
4014
4015
4015
4015
4015
4015
4016
4016
4016
4016
4016
4017
4017
4017
4017
4017
4021
4021
4021
4021
4021
4021
4024
4024
4024
4024
4024
4024
4025
4025
4025
4025
4025
4025
4025
4025
4026
4026
4026
4026
4026
4026
4027
4027
4027
4027
4027

G dG Tbl v_fl
(kg/m2-s) (kg/m2-s) (oC) (mi/kg)
40t0 57 28.0 0.000859
4002 57 28.0 0.000859
4002 57 279 0.000859
4001 57 27.9 0.000859
1055 30 27.1 0.000856
1056 30 27.0 0.00085¢
1057 30 27.1 0.000856
1058 30 27.1 0.000856
1057 30 27.0 0.000856
1049 30 27.0 0.000856
1052 30 26.9 0.000855
1057 30 269 0.000855
1052 30 26.9 0.000855
1058 30 269 0.000855
1056 30 26.9 0.000855
1052 30 26.8 0.000855
1051 30 26.8 0.000855
1051 30 269 0.000855
1051 30 26.8 0.000855
1055 30 26.8 0.000855
1057 30 26.7 0.000855
1054 30 26.8 0.000855
1056 30 26.8 0.000855
1054 30 26.7 0.000855
1052 30 26.8 0.000855
1054 30 26.7 0.000855
1051 30 26.7 0.000855
1054 30 26.8 0.000855
1056 30 26.7 0.000855
1052 30 26.7 0.000855
2006 37 26.2 0.000853
2002 37 26.2 0.000853
2001 37 26.3 0.000853
2006 37 26.3 0.000853
2002 37 26.3 0.000853
2004 37 26.3 0.000853
2001 37 264 0.000854
2002 37 26.3 0.000854
2001 37 263 0.000854
2002 37 26.3 0.000853
2002 37 26.2 0.000853
2002 37 26.2 0.000853
2003 37 263 0.000853
2002 37 26.2 0.000853
2003 37 262 0.000853
2001 37 26.3 0.000853
2005 37 26.2 0.000853
2004 37 26.3 0.000853
2004 37 26.2 0.000853
2001 37 26.2 0.000853
2005 37 26.2 0.000853
2003 37 26.2 0.000853
200t 37 26.2 0.000853
2002 37 26.2 0.000853
2002 37 262 0.000853
2003 37 26.1 0.000853
2004 37 26.2 0.000853
2004 37 26.2 0.000853
2004 37 26.2 0.000853
2005 37 26.1 0.000853
2003 37 26.2 0.000853
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KE!
(kPa)

6.91
6.88
6.88
6.88
0.48
0.48
0.48
0.48
0.48
0.47
0.47
0.48
0.47
0.48
0.48
0.47
0.47
0.47
047
0.48
0.48
0.48
0.48
0.48
0.47
0.48
0.47
0.48
0.48
0.47
1.72
L7
L7
.72
L7t
171
1.71
1.71
L7
1.71
1.71
L7
1.71
1.71
1.71
1.71
L7
171
LN
1.71
.71
L7l
1.71
L7t
L7
171
L7
L7l
LN
1.71
1.7

d(KEl) fl

(kPa)

0.20
0.20
0.20
0.20
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
Q.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06

0.004}
0.0041
0.0041
0.0041
0.0055
0.0055
0.0055
0.0055
0.0055
0.0055
0.0055
0.0055
0.0055
0.0055
0.0055
0.0055
0.0055
0.0055
0.0055
0.0055
0.0055
0.0055
0.0055
0.0055
0.0055
0.0055
0.0055
0.0055
0.0055
0.0055
0.0048
0.0048
0.0048
0.0048
0.0048
0.0048
0.0048
0.0048
0.0048
0.0048
0.0048
0.0048
0.0048
0.0048
0.0048
0.0048
0.0048
0.0048
0.0048
0.0048
0.0048
0.0048
0.0048
0.0048
0.0048
0.0048
0.0048
0.0048
0.0048
0.0048
0.0048

DPl-comr DPl-diff Tb2

(kPa)

36.80
36.67
36.67
36.66
338
3.39
3.40
3.40
3.39
3.35
3.36
3.39
3.37
3.40
3.38
3.36
3.36
3.36
3.36
3.38
339
3.38
3.39
3.38
337
3.38
3.36
3.38
3.39
337
10.58
10.55
10.54
10.59
10.55
10.57
10.55
10.56
10.56
10.55
10.55
10.55
10.56
10.55
10.56
10.54
10.58
10.56
10.57
10.54
10.58
10.56
10.54
10.55
10.55
10.56
10.57
10.57
10.57
10.58
10.56

(kPa)

-1.91
-1.89
-2.01
-1.89
0.62
0.63
0.57
0.61
0.68
0.57
0.75
0.67
0.57
0.65
0.50
0.64
0.55
0.57
0.62
0.65
0.61
0.55
0.49
0.74
0.54
0.71
0.74
0.49
0.68
0.61
-0.02
0.00
0.01
0.11
0.01
-0.03
-0.03
0.05
0.12
0.08
0.03
0.02
0.03
0.10
0.02
0.02
0.08
0.14
0.02
0.02
0.05
0.13
0.12
-0.02
0.05
0.08
-0.01
0.07
0.06
0.04
0.02

(cC)

23.7
23.7
23.7
23.6
24
223
23
223
223
22
221
21
221
2.1
2.1
221
220
2.1
2.1
22.0
2.0
220
2.0
220
220
219
219
220
2.0
220
216
21.6

21.7
L7
L7

21.6



Table A.4-1: Calculated pressure drop data (cont.'d)

Date

23/02/94
23/02/94
23/02:94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23,0294
23/02/94
23/02:94
23/02,94
23/02/94
23/02,94
23/02/94
23/02/94
23/02/94
23,0294
23/02/94
23/02/94
23/02/94
23/0294
23/02/94
23/02/94
23,0294
23/02/94
23/02/94
23/02/94
23/0294
23/02/94
23/02/94
23/02/94
23/02/94
23/02,94
23/02/94
23/02/94
23/02/94
23,02/94
23/02/94
23/02/94
23/02/94
13/02/94
23/02/94
23/0294
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94

Time

09:22:03
09:24:50
09:26:37
09:26:55
10:13:48
10:14:16
10:14:24
10:14:33
10:14:41
10:16:44
10:17:07
10:17:17
10:17:30
10:17:40
10:17:49
10:18:59
10:19:22
10:19:38
10:19:54
10:20:05
10:20:57
10:21:16
10:21:27
10:21:41
10:21:49
10:23:02
10:23:14
10:23:32
10:23:41
10:23:51
10:30:48
10:30:57
10:31:07
10:31:16
10:31:26
10:31:36
10:32:52
10:33:13
10:33:21
10:33:30
10:33:39
10:33:50
10:34:58
10:35:17
10:35:33
10:35:46
10:36:04
10:36:31
10:37:32
10:37:44
10:39:05
10:39:27
10:39:37
10:39:54
10:40:11
10:40:37
10:41:39
10:42:08
10:42:52
10:43:22
10:44:11

RunID

4037
4034
4034
4034
4011
4011
4011
4011
4011
4014
4014
4014
1014
4014
4014
4015
4015
4015
1015
4015
4016
4016
4016
4016
4016
4017
1017
3017
1017
4017
4021
4021
4021
4021
4021
4021
4024
1024
4024
4024
4024
4024
4025
4025
4025
4025
4025
1025
4025
4025
4026
4026
4026
4026
4026
1026
4027
4027
4027
4027
4027

v_f2 KE2 dKE2) f2
(m3kg) (kPa) (kPa)

0.000845 6.79 0.19 0.0042
0.000845 6.77 0.19 0.0042
0.000845 6.77 0.19 0.0042
0.000845 6.76 0.19 0.0042
0.000841 0.47 0.03 0.0056
0.000841 047 0.03 0.0056
0.000841 0.47 0.03 0.0055
0.000841  0.47 0.03 0.0055
0.000841 0.47 0.03 0.0056
0.000841 0.46 0.03 0.0056
0.000841 Q.47 0.03 0.0056
0.000841 047 0.03 0.0056
0.000841 0.47 0.03 0.0056
0.000841 047 0.03 0.0056
0.000840 0.47 0.03 0.0056
0.000840 0.6 0.03 0.0056
0.000840 0.46 0.03 0.0056
0.000841 0.46 0.03 0.0056
0.000840 0.46 0.03 0.0056
0.000840 0.47 0.03 0.0056
0.000840 0.47 0.03 0.0056
0.000840 0.47 0.03 0.0056
0.000840 0.47 0.03 0.0056
0.000840 0.47 0.03 0.0056
0.000840 0.47 0.03 0.0056
0.000840 0.47 0.03 0.0056
0.000840 0.46 0.03 0.0056
0.000840 0.47 0.03 0.0056
0.000840 0.47 0.03 0.0056
0.000840 0.47 0.03 0.0056
0.000839 1.69 0.06 0.0048
0.000839 1.68 C.06 0.0048
0.000839 1.68 0.06 0.0048
0.000839 1.69 0.06 0.0048
0.000839 1.68 0.06 0.0048
0.000839 1.69 0.06 0.0048
0.000839 1.68 0.06 0.0048
0.000839 1.68 0.06 0.0048
0.000839 1.68 0.06 0.0048
0.000839 1.68 0.06 0.0048
0.000839 1.68 0.06 0.0048
0.000839 1.68 0.06 0.0048
0.000839 1.68 0.06 0.0048
0.000839 1.68 0.06 0.0048
0.000839 1.68 0.06 0.0048
0.000839 1.68 0.06 0.0048
0.000839 1.69 0.06 0.0048
0.000839 1.68 0.06 0.0048
0.000839 1.68 0.06 0.0048
0.000839 1.68 0.06 0.0048
0.000839 1.69 0.06 0.0048
0.000839 1.68 0.06 0.0048
0.000839 1.68 0.06 0.0048
0.000839 1.68 0.06 0.0048
0.000839 1.68 0.06 0.0048
0.000839 1.68 0.06 0.0048
0.000839 .68 0.06 0.0048
0.000839 1.68 0.06 0.0048
0.000839 1.69 0.06 0.0048
0.000839 1.69 0.06 0.0048
0.000839 1.68 0.06 0.0048

A-61

DP2-corr DP2-diff Kobs

(kPa)

7.12
7.09
7.10
7.09
0.65
0.66
0.66
0.66
0.66
0.65
0.65
0.66
0.65
0.66
0.65
0.65
0.65
0.65
0.65
0.65
0.66
0.65
0.66
0.65
0.65
0.65
0.65
0.65
0.66
0.65
2.05
2.04
2.04
2.05
2.04
2.05
2.04
204
2.04
2.04
2.04
2.04
2.04
2.04
2.04
2.04
2,08
2.05
2.05
2.04
2.05
204
2.04
204
2.04
204
208
2.05
205
205
204

(kPa)

<222
<221
-2.24
<221
0.05
0.04
0.04
0.05
0.05
0.04
0.08
0.04
0.03
0.04
0.01
0.05
0.03
0.02
0.04
0.06
0.04
0.04
0.03
0.05
0.02
0.05
0.05
0.02
0.03
0.01
-0.45
-0.47
-0.46
-0.44
-0.47
-0.46
-0.44
-0.44
-0.43
-0.44
-0.44
-0.42
-0.44
-0.42

-0.43

-0.43
-0.44

0.327
0.326
0.33t
0.327

dKobs

0.089
0.089
0.089
0.089



Table A.4-1: Calculated pressure drop data (cont.'d)

Date

23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
13/02/94
23/02/94
23:02/94
23/0294
23,0294
23,0294
23/0294
230294
23/02/94
13/02/94
23,0294
23,0294
23/02/94
23/0294
23/02,94
23/0294
230294
23,0294
23,0294
23:02/94
230294
23/02:94
23/02:94
23702:94
23/02:94
23/02:94
230294
23/02/94
23/02/94
23.02/94
23/02/94
23,0294
23/02:94
23,0294
23/02:94
23/02:94
23,0294
13/0294
23/0294
23/0294
23/02.94
23/02:94
230294
13:0294
23/02/94
23/02/94
23,0294
23/0294
23/02/94
23/0294
23/0294
23/02/94
23/02/94
23,0294
23/02/94

Time

10:48:18
10:48:34
10:48:49
10:48:59
10:49:20
10:535:39
10:55:59
10:56:09
10:56:25
10:56:35
10:57:04
11:01:47
11:02:11
11:02:23
11:02:51
11:03:09
11:03:19
11:03:28
11:04:42
11:04:57
11:05:08
11:05:22
11:05:32
11:06:06
11:06:31
11:07:12
11:09:12
11:09:42

11

:10:00
il
1i:
:11:05
:11:29
:15:18
:15:45
:16:13
:16:29
:16:39
:17:37
:17:54
:18:03
RER ¥
:18:23
:19:24
I

10:22
10:39

19:44

11:20:34
11:20:44
11:20:57
11:28:38
11:28:58
[1:29:10
11:29:23
11:29:35
11:31:19
11:31:33
11:32:19
11:33:01
11:33:39
11:35:33
11:35:55
11:36:08

Run[D

4023
4023
4023
4023
4023
4013
4013
4013
4013
4013
4013
4031
4031
4031
4031
4031
4031
4031
4033
4033
4033
4033
4033
4033
4033
4033
4034
4034
4034
4034
1034
4034
4034
4035
4035
4035
4035
4035
4036
4036
4036
4036
4036
4037
4037
4037
4037
4037
4041
4041
4041
4041
4041
4043
4043
4043
4043
4043
4044
4044
4044

G
(kg/m2-s)

2001
2002
2000
2001
2001
1055
1060
1058
1060
1056
1058
4018
4017
4014
4016
4016
4016
4017
4014
4014
4011
4013
4017
4013
4016
4015
4013
4017
4015
4015
4017
4015
4016
4011
4011
4013
4011
4013
4013
4013
4011
4015
4012
4011
4018
4014
4014
4015
6054
6049
6052
6045
6051
6043
6047
6046
6049
6050
6049
6055
6054

dG
(kg/m2-5)

Tbl
(0C)

26.5
264
26.4
264
26.5
272
272
271
270
27.0
269
25.7
25.8
25.8
259
259
26.0
26.0
26.0
26.1
26.1
26.1
26.1
26.1
26.1
26.1
262
26.1
26.2
26.2
26.2

26.6
26.7
26.7
26.7
26.7
26.7
26.7
26.7
26.7
26.7
26.2

26.2

26.5
26.6
26.5
26.5
26.6

v_fl
(m3/kg)

0.000854
0.000854
0.000854
0.000854
0.000854
0.000856
0.000856
0.000856
0.000856
0.000856
0.000855
0.000852
0.000852
0.000852
0.000852
0.000852
0.000852
0.000852
0.000853
0.000853
0.000853
0.000853
0.000853
0.000853
0.000853
0.000853
0.000853
0.000853
0.000853
0.000853
0.000853
0.000853
0.000853
0.000854
0.000854
0.000854
0.000854
0.000854
0.000855
0.000855
0.000855
0.000855
0.000855
0.000855
0.000855
0.000855
0.000855
0.000855
0.000853
0.000853
0.000853
0.000853
0.000853
0.000854
0.000854
0.000854
0.000854
0.000854
0.000854
0.000854
0.000854

A-62

KEI
(kPa)

L7t
L7t
L7l
171
L7
0.48
0.48
0.48
0.48
0.48
0.48
6.88
6.87
6.86
6.37
6.87
6.87
6.87
6.87
6.87
6.86
6.87
6.88
6.87
6.88
6.88
6.87
6.88
6.87
6.87
6.88
6.88
6.88
6.87
6.87
6.88
6.87
6.88
6.88
6.88
6.88
6.89
6.38
6.88
6.90
6.89
6.89
6.89
15.63
15.61
15.62
15.59
15.62
15.60
15.61
15.61
15.62
15.63
15.63
15.65
15.65

d(KEI) fl

(kPa)

0.06
0.06
0.06
0.06
0.06
0.03
0.03
0.03
0.03
0.03
0.03
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.42
0.42
0.42
0.42
0.42
0.42
0.42
0.42
0.42
0.42
0.42
0.42
0.42

0.0048
0.0048
0.0048
0.0048
0.0048
0.0055
0.0055
0.0055
0.0055
0.0055
0.0055
0.0041
0.0041
0.0041
0.0041
0.0041
0.0041
0.0041
0.0041
0.0041
0.0041
0.0041
0.0041
0.0041
0.0041
0.0041
0.0041
0.0041
0.0041
0.0041
0.0041
0.0041
0.0041
0.0041
0.0041
0.0041
0.0041
0.0041
0.0041
0.0041
0.0041
0.0041
0.0041
0.0041
0.0041
0.0041
0.0041
0.0041
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038

DPl-corr DPIl-diff Tbh2

(kPa)

10.55
10.56
10.54
10.55
10.55

3.38

341

340

341

339

340
36.76
36.74
36.70
36.71
36.71
36.70
36.72
36.71
36.72
36.67
36.71
36.77
36.70
36.74
36.73
36.69
36.77
36.72
36.72
36.76
36.74
36.75
36.68
36.67
36.71
36.69
36.71
36.75
36.75
36.73
36.78
36.72
36.712
36.84
36.77
36.76
36.78
76.99
76.89
76.93
76.79
76.91
76.81
76.88
76.85
76.94
76.96
76.94
77.05
77.03

(kPa)

0.02
0.12

0.02
0.04

0.04

0.46

0.63

0.34

0.24

0.31

0.77
-1.40
-1.31
-1.42
-1.35
-1.25
-1.31
-1.30
-1.45
-1.38
-1.40
-1.26
-1.13
-1.29
-1.37
-1.28
-1.44
-1.30
-1.36
-1.42
-1.45
-144
-1.38
-1.43
-1.45
-1.29
-1.46
-1.44
QX
-1.24
-1.41
-1.38
-1.46
-1.45
-1.30
-1.39
-1.31
-1.33
-3.80
-3.93
-3.88
-4.03
-3.86
.10
-4.09
-3.93
-3.99
-4.09

(«C)

219
21.8
21.8
218
218
224
24
223
223
122
2.1
217

12.2

S SN
2t

3434
S 1D == = ¢



Table A.4-1: Calculated pressure drop data (cont.'d)

Date

23/02/94
23,0294
23/02:94
23/0294
23/02/94
23/0294
23/02/94
23/02/94
23,02/94
23/02'94
23,0294
23/02/94
23,02/94
23/02/94
23/02/94
23:02/94
23,0294
23/0294
23:02/94
23/0194
23,02/94
13/0294
23/02/94
23,0294
23/02/94
23/02/94
23:02/94
23,0294
23/02/94
23,02/94
23,0294
23,0294
230294
23/02/94
23,0294
23/0294
23,0294
23/0294
23/02/94
23/02/94
23,0294
23/0294
23,02/94
23/0294
23/02/94
23,02/94
23/02/94
23/0294
23/,02/94
23/02/94
23/02/94
23/0294
23,0294
23/02/94
23/02/94
23,02/94
23/02/94
23.02/94
23,02/94
23,/02/94
23/02/94

Time

10:48:18
10:48:34
10:48:49
10:48:59
10:49:20
10:55:39
10:55:59
10:56:09
10:56:25
10:56:35
10:57:04
11:01:47
11:02:11
11:02:23
11:02:51
11:03:09
11:03:19
11:03:28
11:04:42
11:04:57
11:05:08
11:05:22
11:05:32
11:06:06
11:06:31
11:07:12
11:09:12
11:09:42

1
I
1:
1
I
I
il
1
P
11:
I
1t
:18:03
(18:12
:18:23
:19:24
il

10:00
10:22
10:39
11:05
11:29
15:18
15:45
16:13
16:29
16:39
17:37
17:5¢

19:44

11:20:34
11:20:44
11:20:57
11:28:38
11:28:58
11:29:10
11:29:23
11:29:35
11:31:19
11:31:33
11:32:19
11:33:01
11:33:39
11:35:33
11:35:55
11:36:08

RunlD

4023
4023
4023
4023
4023
4013
4013
4013
4013
4013
4013
4031
4031
4031
4031
4031
4031
4031
4033
4033
4033
4033
4033
4033
4033
4033
4034
4034
4034
4034
4034
4034
4034
4035
4035
4035
4035
4035
4036
4036
4036
4036
4036
4037
4037
4037
4037
4037
4041
4041
4041
4041
4041
4043
4043
4043
4043
4043
4044
4044
4044

v_f2 KE2 d(KE2) 2
(m3kg) (kPa) (kPa)

0.000840 1.68 0.06 0.0048
0.000840 1.68 0.06 0.0048
0.000840 1.68 0.06 0.0048
0.000840 1.68 0.06 0.0048
0.000840 1.68 0.06 0.0048
0.000841 0.47 0.03 0.0056
0.000841 0.47 0.03 0.0055
0.000841 0.47 0.03 0.0055
0.000841 0.47 0.03 0.0055
0.000841 0.47 0.03 0.0056
0.000841 0.47 0.03 0.0055
0.000839 6.77 0.19 0.0042
0.000840 6.78 0.19 0.0042
0.000839 6.76 0.19 0.0042
0.000840 6.77 0.19 0.0042
0.000840 6.77 0.19 0.0042
0.000840 6.77 0.19 0.0042
0.000840 6.78 0.19 0.0042
0.000840 6.77 0.19 0.0042
0.000840 6.77 0.19 0.0042
0.000840 6.76 0.19 0.0042
0.000840 6.77 0.19 0.0042
0.000840 6.78 0.19 0.0042
0.000840 6.76 0.19 0.0042
0.000840 6.77 0.19 0.0042
0.000841 6.78 0.19 0.0042
0.000831 6.77 0.19 0.0042
0.000841 6.79 0.19 0.0042
0.000841 6.78 0.19 0.0042
0.000841 6.78 0.19 0.0042
0.000841 6.79 0.19 0.0042
0.000841 6.78 0.19 0.0042
0.000841 6.78 0.19 0.0042
0.000842 6.77 0.19 0.0042
0.000842 6.77 0.19 0.0042
0.000842 6.78 0.1 0.0042
0.000842 6.77 0.19 0.0042
0.000842 6.78 0.19 0.0042
0.000842 6.78 0.19 0.0042
0.000842 6.78 0.19 0.0042
0.000842 6.77 0.19 0.0042
0.000842 6.79 0.19 0.0042
0.000842 6.78 0.19 0.0042
0.000842 6.77 0.19 0.0042
0.000842 6.80 0.19 0.0042
0.000842 6.78 0.19 0.0042
0.000842 6.78 0.19 0.0042
0.000842 .79 0.19 0.0042
0.000842 15.43 0.41 0.0038
0.000842 1541 0.41 0.0038
0.000842 15.42 0.41 0.0038
0.000842 15.39 0.41 0.0038
0.000843 15.43 0.41 0.0038
0.000843 1539 0.41 0.0038
0.000843 (5.41 0.41 0.0038
0.000843 15.41 0.41 0.0038
0.000843 15.42 0.41 0.0038
0.000843 1543 0.41 0.0038
0.000843 1543 0.41 0.0038
0.000843 15.45 0.41 0.0038
0.000843 1545 041 0.0038

A-63

DP2-corr DP2-diff Kobs

(kPa)

2.04
2.04
2.04
2.04
2.04
0.65
0.66
0.66
0.66
0.66
0.66
7.12
7.12
7.10
7.12
7.42
7.1
712
7.11
7.11
7.10
7.1
7.12
7.10
7.11
712
7.1
7.13
7.12
7.12
7.12
7.12
7.12
7.11
7.1
7.12
7.11
7.12
7.11
7.11
7.1
7.2
7.11
7.11
7.13
7.12
7.12
7.12
14.93
14.91
14.92
14.89
14.93
14.89
14.90
14.90
14.91
14.92
14.92
14.94
14.93

(kPa)

-0.45
-0.45
-0.45
-0.45
-0.45

0.01

0.04

0.03
-0.04
-0.03

0.06
-2.15
-2.16
2.17
-2.14
-2.10
-2.15
-2.12
-2.15
-2.14
-2.16
-2.14
-2.15
-2.13
2.1
2215
211
215
-2.18
-2.14
-2.20
=211
-2.11
-2.14
211
-2.12
-2.16
2218
213
-2.14
2218
-2.10
-2.12
-2.14
2213
212
212
-2.08
.20
-4.26
-4.25
-1.29
-4.17
-4.18
-4.17
4.17
-4.19
<418
-4.12
-4.05
4.10

0.317
0.318
0.321
0.3i6
0.309
0.318
0.313
0.317
0.316
0.319
0.316
0.317
0.315
0.311
0.317
0.312
0.317
0.322
0.316
0.324
0.31t
0.311
0.316
0.312
0.312
0.318
0.318
0.314
0.315
0.317
0.309
0.313
0.316
0314
0.313
0.312
0.307
0.272
0.277
0.275
0.279
0.270
0.271
0.270
0.270
0.272
0.271

.267
0.262

.265

dKobs



Table A.4-1: Calculated pressure drop data (cont.'d)

Date

23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02,/94
23/02/94
23/02,94
23/02/94
23/02/94
23/02/94
23/0%94
230294
23/02/94
23/02.94
23/0294
23/02/94
23/02/94

Time

11:36:22
11:36:37
11:36:48
11:37:44
11:38:06
11:38:17
11:38:28
11:38:39
11:39:43
11:40:07
11:40:19
11:40:29
11:40:44
11:40:55
11:42:04
11:42:26
11.42:38
11:42:51
11:43:03
11:43:26
11:43:45
11:44:09

RunID

4044
4044
4044
4045
4045
4045
4045
4045
4046
4046
4046
4046
4046
4046
4047
4047
4047
4047
4047
4047
4047
4047

G dG Tbl v_fl
(kg/m2-s) (kg/m2-s) (oC) (m/kg)
6055 81 266 0.000854
6055 81 26.5 0.000854
6055 81 26.5 0.000853
6057 81 26.6 0.000854
6062 81 26.6 0.000855
6060 81 26.6 0.000855
6063 81 26.7 0.000855
6063 81 26.7 0.000855
6061 81 26.6 0.000855
6061 81 26.7 0.000855
6062 81 26.7 0.000855
6063 81 26.7 0.000855
6064 81 26.6 0.000855
6065 81 26.6 0.000854
6060 81 26.6 0.000854
6063 81 26.6 0.000854
6071 81 26.7 0.000855
6072 81 26.7 0.000853
6066 81 26.7 0.000855
6065 81 26.7 0.000855
6074 82 26.6 0.000855
6066 81 26.7 0.000855

KE1
(kPa)

15.65
15.65
15.66
15.67
15.71
15.70
1371
15.72
15.70
15.71
15.71
15.72
15.72
151N
15.68
15.70
15.76
15.76
15.73
15.73
15.77
15.73

d(KE1) f1

(kPa)

0.42
042
042
0.42
0.42
042
0.42
0.42
0.42
0.42
0.42
0.42
0.42
0.42
0.42
0.42
0.42
0.42
0.42
0.42
0.42
0.42

0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038
0.0038

DPl-corr DPI1.diff Tb2

(kPa)

77.06
71.06
77.07
77.10
77.34
71.27
77.31
77.33
77.28
77.29
77.30
7734
7137
71.31
77.18
7725
77.52
77.52
71.39
7737
77.58
77.38

(kPa)

-4.05
-4.04
-3.94
-4.00
-3.90
-4.09
-4.04
-3.96
.12
-4.08
-4.07
-4.09
-4.08
-4.09
-4.26
-4.32
-4.00
-3.91
-4.04
-4.06
-3.74
-4.27

C9)]

23.0
23.0
230
231
231
3.1
23.1
23.1
23.1
23.1
231
23.1
23.1
23.1
23.1
231
23.1
23.1
23.1
23.1
231
23.1



Table A.4-1: Calculated pressure drop data (cont.'d)

Date

23/02/94
23,02/94
23/02/94
23/02/94
23/02/94
23/02/94
23/02/94
23,0294
23,0294
23,0294
23/02/94
23/02:94
23,0294
23/02/94
23/02/94
23/02/94
23/02:94
23/02,94
23:02/94
23,0294
23/02/94
23/02/94

Time

11:36:22
11:36:37
11:36:48
11:37:44
11:38:06
11:38:17
11:38:28
11:38:39
11:39:43
11:40:07
11:40:19
11:40:29
11:40:44
11:40:55
11:42:04
11:42:26
11:42:38
11:42:51
11:43:03
11:43:26
11:43:45
11:44:09

RunID

1044
4044
4044
4043
4045
4045
4045
4045
1046
1046
1046
4046
4046
4046
4047
4047
4047
1047
4047
1047
1047
4047

v_f2
(m3/kg)

0.000843
0.000843
0.000843
0.000843
0.000844
0.000844
0.000844
0.000844
0.000844
0.000844
0.000844
0.000844
0.000844
0.000843
0.000843
0.000843
0.000844
0.00084+4
0.000844
0.000844
0.000844
0.000844

KE2 d(KE2) 2
(kPa) (kPa)

1545 041 0.0038
1545  0.41 0.0038
1545 041 0.0038
1546  0.42 0.0038
15.51 042 0.0038
1550 042 0.0038
1551 0.42 0.0038
1552 0.42 0.0038
1550  0.42 0.0038
1550  0.42 0.0038
15.51 0.42 0.0038
15.51 0.42 0.0038
1552 0.42 0.0038
15.51 0.42 0.0038
1548  0.42 0.0038
1549 042 0.0038
15.55  0.42 0.0038
1556  0.42 0.0038
1555  0.42 0.0038
1552 0.42 0.0038
1557 042 0.0038
1553  0.42 0.0038

A-65

DP2-corr DP2-diff Kobs dKobs

(kPa)

14.94
14.94
14.94
14.95
14.99
14.98
14.99
14.99
14.98
14.98
14.99
14.99
15.00
14.99
14.96
14.97
15.03
15.03
15.00
15.00
15.04
15.00

(kPa)

-4.07
4.12
-4.09
-4.05
-4.10
-4.14
-4.06
-4.02
-4.05
-4.03
-3.96
-4.02
-3.98
-4.04
.10
-4.06
-3.98
-3.86
-3.99
-3.98
-3.93
-4.05

0.264
0.266
0.265
0.262
0.265
0.267
0.262
0.259
0.261
0.260
0.255
0.259
0.256
0.261
0.265
0.262
0.256
0.248
0.257
0.256
0.252
0.261

0.040
0.040
0.040
0.039
0.039
0.039
0.039
0.039
0.039
0.039
0.039
0.039
0.039
0.039
0.039
0.039
0.039
0.039
c.039
0.039
0.039
0.039



Appendix B: Two-Phase (CHF) Experiments
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B.1 CHF Enhancement Test Matrix

The following table describes the experimental CHF data measured for 30% rings in
Freon-134a, 18% spacers in Freon-134a, and 18% spacers in Freon-22. The run ID is used to
differentiate between inlet conditions (pressure, mass flux, fluid temperature) and
flow-obstruction geometries (i.e., number of rings/spacers, spacing between obstructions and
the outlet).

Date RunID P G T, | No.of Spacing
[MPa] | [Mg/m*s] | [°C] | Obstacles (cm)
30% rings in R-134a
94-04-21 | 1x114 | 1.66 4.0 11 1 20, 21.5, 22.5, 25, 30, 40,
50, 69, 80, 100, 120

94-04-27 | 1x914 53 1 57.5, 60, 80, 120
2x914 2 45, 50, 55, 60
3x914 3 32.5,35,40
4x914 4 27.5,30,35

94-04-28 | 1x114 11 1 20,22.5, 25, 50
2x114 2 15,17.5
3xil14 3 12.5
4x114 4 10

94-05-10 | 1x714 44 1 50, 60, 70, 80, 120
2x714 2 35, 40, 50, 60, 70
3x714 3 27.5, 30, 35, 40, 50
4x714 4 25, 30, 35
1x514 34 1 30,40
2x514 2 25, 30, 40, 60
3x514 3 20, 25, 30, 35, 40, 50
4x514 4 20, 25, 30, 35
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Date |RunID P G T, | No.of Spacing
[MPa] | [Mg/m*s] | [°C] | Obstacles (cm)

94-05-11 | 1x913 | 1.66 3.0 55 1 60, 80, 100, 120
2x913 2 45, 50, 60, 70
3x913 3 35, 40, 45, 50
4x913 4 27.5, 30, 35, 40
4x912 2.0 53 4 40
4x922 | 1.13 2.0 40 20, 25, 30, 40

94-05-12 | 4x624 4.0 27 35, 40

18% Spacers in R-134a

94-05-18 | 1x914 | 1.66 4.0 54 1 55, 60, 80, 120
2x914 2 40, 45, 50, 60, 70, 80
3x914 3 30, 35, 40, 45, 50
4x914 4 25, 30, 35,40
5x914 5 25,30

94-05-19 | 1x714 45 1 35, 40, 50, 60, 80, 120
2x714 2 30, 40, 50, 60, 80
3x714 3 25, 30, 40, 50
4x714 4 20, 25, 30, 40
5x714 5 20, 25, 30

94-05-20 | 1x514 34 1 30, 35, 40
2x514 2 20, 25, 30, 35, 40
3x514 3 20, 25, 30, 35,40
4x514 4 15, 20, 25, 30,40
5x514 5 15, 20, 25, 30

B-3




Date |RunID P G T, No. of Spacing
[MPa] | Mg/m*s] | [°C] | Obstacles (cm)
94-06-02 | 5x914 | 1.66 40 54 5 30
5x612 2.0 38 20,30
18% Spacers in R-22
94-11-24 | 4x124 | 1.89 4.0 14 4 15, 20, 25, 30
5x124 5 12.5
94-11-28 | 4x524 29 4 17.5, 19, 20, 25, 30
4x924 48 27.5,29. 30,35
4x724 38 24,25,30,35
4x324 22 17.5, 20, 25
94-11-29 | 4x024 12 14, 15, 20, 25, 30, 35
95-01-26 | 4x124 8 12.5, 15,20
4x125 5.0 10 12.5, 15,20
4x525 32 20,25
95-01-31 | 4x125 10 25
4x525 33 25,30
4x123 3.0 6 15,17.5, 20, 25, 30
4x523 38 22.5,25,30
4x323 26 20, 25,30
4x425 5.0 42 25,30
95-02-01 | 4x123 3.0 16 25
4x023 6 10, 12.5, 15, 20, 25
4x024 4.0 7 10, 12.5, 15, 20, 25
4x025 5.0 9 10, 12.5, 15, 20, 25
Note: ‘x’ denotes the integer used to identify the flow obstruction spacing, which varied with

inlet condition and number of obstructions used.
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B.2 Measured and Calculated Data

It should be mentioned that although the author performed all the CHF experiments in
the present study, the tabulation of resuitant CHF and other calculated data (i.e., DHin, Xin, Xc,
CHF CHFRef, CHFR) were performed by Doerffer et al. (1995). The data is re-presented here
only for reference and use in the present analysis.

B.2.1 Legend for Data

The following labels are defined for each of the DAS-measured variables:

RUNID:
Date:
Time:
P:

m:

G:
Tw:
Tin:
DHin:
Xin:
Xc:

Power:
CHF:

CHFRef:

CHFR:

SP:

run identification number (user-defined)
month/day/year
24hr;min:sec

measured outlet pressure (MPa)

measured mass flow rate (kg/s)

calculated mass flux based on cross-section area (Mg/m’s)

calculated average wall temperature (°C), based on the arithmetic
average of the wall temperature measured upstream of each obstacle and
at the test section outlet

measured inlet fluid temperature (°C)

calculated inlet subcooling (kJ/kg), based on inlet fluid temperature and
outlet pressure

calculated inlet quality, based on inlet fluid temperature and outlet
pressure

calculated critical quality at CHF location, based on iniet fluid
temperature, outlet pressure, and critical power

measured power to the test section at occurrence of CHF (kW)
calculated critical heat flux (CHF), based on power and wall surface area
(MW/m?)

calculated reference CHF, based on previous reference CHF experiments
(no obstructions), correlated for the same local condition

ratio of calculated CHF (with flow obstructions) to CHFRef (with no
flow obstructions)

spacing (cm) between flow obstructions and the test section outlet (i.e.,
the N obstructions were equally spaced with each other and the outlet)
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B.2.2 Tabulated Data

The flow-obstruction experimental CHF data are presented in three separate spreadsheet
tables to follow:

Table B.2-1:  30% rings in Freon-134a (314 points)
Table B.2-2: 18% spacers in Freon-134a (208 points)

Table B.2-3: 18% spacers in Freon-22 (233 points)
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Table B.2-1: CHF Enhancement data with 30% rings in Freon-134a

RunlD

11114
12114
12114
13114
15114
15114
15114
16114
16114
16114
17114
17114
17114
17114
17114
18114
18114
18114
18114
19114
19114
19114
116114
116114
116114
117114
117114
117114
117114
118114
118114
118114
11914
11914
11914
11914
11914
12914
12914
12914
12914
12914
13914
13914
13914
13914
13914
17914
17914
17914
17914
21914
21914
21914
21914
21914
22914
22914
23914
23914
23314
23914
23914
23914
24914
24314
24914

Date

Time

20/04/94 17:56:14.00
20/04/94 18:03:22.00
20/04/94 18:05:16.00
20/04/94 18:10:44.00
21/04/94 13:37:04.00
21/04/94 13:39:21.00
21/04/94 13:41:23.00
21/04/94 13:52:18.00
21/04/94 13.57:52.00
21/04/84 13:59:29.00
21/04/94 14:01:55.00
21/04/94 14:02:13.00
21/04/94 14.03:16.00
21/04/94 14.03:31.00
21/04/94 14:05:20.00
21/04/94 14:08:55.00
21/04/94 14:10:28.00
21/04/94 14:11:25.00
21/04/94 14:19:06.00
21/04/94 14:21:16.00
21/04/94 14:22:08.00
21/04/94 14:23:03.00
21/04/94 16:04:17.00
21/04/94 16:05:10.00
21/04/94 16.05:51.00
21/04/94 16:09:23.00
21/04/94 16:10:33.00
21/04/94 16:11:20.00
21/04/94 16:12:38.00
21/04/94 16:14:58.00
21/04/94 16:15:35.00
21/04/94 16:16:22.00
27/04/94 17:49:16.00
27/04/94 17:50:24.00
27/04/94 17:51:20.00
27/04/94 17:52:06.00
27/04/94 17:52:54.00
27/04/94 17:56:08.00
27/04/94 17:57:29.00
27/04/34 17:58:43.00
27/04/94 17:59:28.00
27/04/94 18:00:18.00
27/04/94 18:04:19.00
27/04/94 18:05:41.00
27/04/94 18:06:24.00
27/04/94 18:07:15.00
27/04/94 18:04:09.00
27/04/94 18:39:22.00
27/04/94 18:40:01.00
27/04/94 18:40:34.00
27/04/94 18:41:07.00
27/04/94 18:54:20.00
27/04/94 18:55:43.00
27/04/94 18:57:04.00
27/04/94 18:53:09.00
27/04/94 18:59:06.00
27/04/94 19:03:19.00
27/04/94 19:04:19.00
27/04/94 19:09:54.00
27/04/94 19:10:40.00
27/04/94 19:11:52.00
27/04/94 19:12:51.00
27/04/94 19:13:33.00
27104/94 19:14:15.00
27/04/94 19:17:54.00
27/04/94 19:18:38.00
27/04/94 19:19:24.00

MPa

1.671
1.666
1.666
1.663
1.685
1.679
1.665
1.654
1.672
1.675
1.672
1.668
1.671
1.666
1.669
1691
1.68Q
1.668
1.671
1.678
1.663
1.663
1.686
1.680
1.662
1.691
1.660
1.654
1.657

1.668
1.666
1.669
1.671
1.665
1.660
1.663
1.663
1.672
1.672
1.666

/s

1999
198.3
198.5
20L1
2030
201.6
2020
202.0
202.0

G
Mg/m2s

3.988
3.995
3993
3992
3.992
4.019
4.006
4.007
3.995
3.982
3.989
4.007
3.999
4014
199§
31.995
3.986
3.979
3992
3990
3993
3.980
3.959
3977
3.981
3.981
3917
3.973
3.969
3.987
3.989
3.986
4.027
3.994
3.999
4017
4017
4.290
4143
4.066
4.038
4.065
411
4.000
4.019
4.0i3
4017
4.024
4.039
4.011
1.062
4.012
3.997
3.985
3.978
3994
3.962
3.979
3978

3.949
4.000
4.039
4.011
4.019
4.018
4.018

Tw
[of

70.96
7097
70.89
70.81
72.20
72.18

.14
71.93
71.83
71.09
7118
713
72
7110
71.30
nm
7148
7238
7242
72.22
7217
7243
7233
T2.15
72.89
7234
7233
nn
72.53
72.49
72.65%
67.18
6758
67.31
6828
67.19
66.39
68.91
66.61
68.53
67.99
6543
65.50
6549
65.50
65.50
65.11
65.12
65.15
65.16
66.11
66.00
66.01
66.00
65.99
65.80
65.78
65.56
6569
65.77
65.73
65.75
65.75

66.16
66.17

Tin
Cc

9.93

9.49

9.89
10.00
10.90
10.84
1092
10.88
10.97
1084
10.95
10.90
10.92
10.93
1092
10.90
10.88
1088
11.06
12
1L10
1112
10.99
10.95
1099
1108
11.08
L
11.04
11.03
11.03
110
52.61
52.63
52.43
52.39
5237
52.56
52.59
52.65
52.70
5281
2n
52.45
52.83
5281
5280
52.59
52.70
2214
32.76
52.76
52.69
5261
52.67
52.87
52.70
52.61
5267
5274
52.89
52.67
$2.67
52.65
52.69
52.78
5291

DHin
kg

7424
74.10
74.10
7383
7344
1327
.62
T.24
72.85
73.18
7287
7276
.86
7265
T2.80
73.68
73.28
.79
T2.66
7276
.30
n27
137
7.8
39
7342
7220
7191
13
72.68
T34
7236
10.69
10.78
1085
10.79
10.81
10.71
10.66
10.57
10.55
1032
10.33
10.51
10.59
10.50
10.65
10.78
10.79
10.73
10.77
11.62
11.56
11.55
11.40
11.09
10.98
11.06
11.10
1.04
10.57
10.73
10.85
10.88
.19
11.08
10.60
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Xin

<0.531
-0.530
-0.530
-0.528
0.528
0.526
-0.519
0.515
0.522
0.524
0.522
-0.521
Q.52
-0.520
-0.521
-0.530
0.526
-0.521
-0.520
-0.522
-0.517
0.516
-0.527
-0.525
-0.517
-0.528
-0.516
-0.513
-0.515
-0.520
-0.517
-0.517
-0.076

-0.077
Q.07
0.077
0.076
-0.076
-0.075
0.078
0072
-0.077
-0.07§
0.076
-0.075
-0.076
0077
0.077
0.077
0.077
-0.084
-0.083
-0.083
-0.082
-0.080
-0.079
007
-0.079
0.079
-0.076
0077
-0.078
-0.078
-0.080
-0.079
-0.076

Xe

0.005
0.0058
0.006
0.005
0.013
0.012
0012
0.010
0.012
0.009
0.012
0.014
0.009
0010
0.011!
0.016
0.01s
0.016
Q.061
0.058
0.061
0.062
0.026
0.025
0.026
0.033
0.035
0.031
0.040
0.041
0.026
0.042
0.162
0.163
9.160
0.158
0.160
Q.150
0.159
0.163
0.16%
0.162
0.168
0.175
Q173
0.174
0.173
0172
0.175
0.175
[ R pd
0.173
0.177
0177
0.177
17
0.180
0.178
0.133
0.186
0.188
0.184
0.181
0.183
0.190
0.191
0.191

Power
kW

15.007
15.025
15.030
14.966
15.088
15.150
14.967
14.845
14,952
14.891
13.959
15.059
14.985
14.943
14927
15.243
15.11
15.000
16.293
16.205
1622
16.199
15328
15338
1522
15.609
15411
15.499
15.499
15711
15.795
15.678
6.751
6.737
6.688
6.651
6.716
6.841
6.351
6.838
6.824
6.759
7.086
7.047
7.040
7.026
7.048
7.065
7.169
7013
7.113
73
7276
7258
7.224
7.180
7.201
7.203
7322
7335
7312
7351
7351
7360
7.609
7.609
7.538

CHF CHFref CHFR
MWim2 MW/m2 -
0.291 0295 0.987
0292 0294 0991
0292 0292 0998
0290 0.294 0989
0293 0267 1.095
0294 0272 1.080
0290 0274 1.061
0288  0.281 1.026
0290  0.273 1.064
0289 0273 1.040
0290 0270 1.076
0292 0263 1.09!
0289  0.282 1.023
0290 0.280 1.03%
0290 0275 1054
0296 0259 1144
0293 0261 1124
0291 0261 1114
0316 0.189 1673
0315 0.193 1.629
0315 0190 1659
0314 0.188 1671
0298  0.236 1259
0298 0240 1240
0295 0241 1.224
0303 0226 1340
0299 0226 (.31
0.301 0218 1.380
301 0219 1374
0305 0216 141!
0307 0210 1460
0304 0215 1414
Q131 0127 1.029
0131 0127 1.029
0.130 0128 1012
0129 0129 1002
0.130 0.128 1016
0.133 0128 1.037
0.133  0.127 1.045
0133  0.127 1046
0.132 0127 1046
0.131 0127 1033
0.138  0.125 1.102
0137  0.12% 1103
0.137 0.124 101
0.136 0.124 1096
0.137 0124 L102
0.137  0.125 1.099
0.139  0.12¢ LI26
0.138 0124 1116
0.138  0.124 L1113
0.140  0.121 1.158
0.141  0.121 1169
0.141  0.121 L1é61
0.140  0.121 L1584
0.139 0122 1146
0.140  0.122 1143
0.140 0123 L139
0.142 0121 L170
0.142 0121 1181
0.142 0121 LI72
0143  0.122 1.168
0.143  0.122 1166
0.143 0122 LIT1
0.148  0.119 1237
0.148  0.119 1240
0.146 0.120 1.220

se

1200
100.0
100.0
$0.0
69.0
69.0
69.0
50.0
50.0
50.0

2Ls
LS
218
120.0
120.0
120.0
1209
1200

80.0
80.0
80.0
80.0



Table B.2-1: CHF Enhancement data with 30% rings in Freon-134a (cont.'d)

RuniD

24914
24914
31914
31914
31914
31914
31914
32914
32914
32914
34914
34914
34914
41914
41914
41914
42914
42914
42914
44914
44914
44914
44914
11114
11114
1114
11114
11114
12114
12114
12114
12114
12114
13114
13114
13114
13114
14114
14114
14114
21114
21114
21114
22114
22114
22114
22114
31114
31114
31114
31114
41114
41114
41114
41114
41114
11714
11714
11714
12714
12714
12714
12714
13714
13714
13714
13714

Date Tune

27/04/94 13:20:03.00
27/04/94 19:20:59.00
27/04/94 19:51:35.00
27/04/94 19:53:13.00
27/04/94 19:54:26.00
27/04/94 19:55:39.00
27/04/94 19:56:31.00
27/04/94 20.01:15.00
27/04/94 20:01:47.00
27/04/94 20:02:36.00
27/04/94 20:11:36.00
27/04/94 20:12:06.00
27/04/94 20:12:47.00
27/04/94 20:16:27.00
27/04/94 20:17:01.00
27/04/94 20:17.54.00

27/04/94 20:34:59.00
27104/94 20:35:33.00
27/04/94 20:36:12.00
28/04/94 13:35:22.00
28/04/94 13:37.02.00
28/04/94 13:37:56.00
28/04/94 13:40:33.00
28/04/94 13:42:32.00
28/04/94 13:50:31.00
28/04/94 13:52:16.00
28/04/94 13:52:21.00
28/04/94 13:43:10.00
28/04/94 13.55:17.00
28/04/94 13:59:39.00
28/04/94 14:00:33.00
28/04/94 14:01.08.00
28/04/94 14:01:42.00
28/04/94 14:04:30.00
28/04/94 14.05.07.00
28/04/94 14:05:40.00
28/04/94 14:13:27.00
28/04/94 14:14:02.00
28/04/94 14:14:42.00
28/04/94 14:17:47.00
28/04/94 14:18:59.00
28/04/94 14:19:48.00
28/04/94 14:20:26.00
28/04/94 14:47:29.00
28/04/94 14:54:43.00
28/04/94 14:55:17.00
28/04/94 14:55:48.00
28/04/94 16:01:22.00
28/04/94 16:02:29.00
28/04/94 16:03:02.00
28/04/94 16:04:17.00
28/04/94 16:04:59.00
10/05/94 14:23:20.00
10/05/94 14:25:05.00
10/05/94 14:25:48.00
10/05/94 14:29:45.00
10/05/94 14:35:33.00
10/05/94 14:36:20.00
10/05/94 14:38.03.00
10/05/94 14:41:05.00
10/05/94 14:41:33.00
10/05/94 14:42:45.00
10/05/94 14:43:23.00

MPa

1.663
1.668
1.650
1.644
1.704
1.691
1.668
1.671
1.668
1.669
1.668
1.666
1.663
1.665
1.663
1.663
1.662
1.660
1.669
1.668
1665
1.663
1.668
1.669
i.672
1.642
1.653
1.682
1.706
1.682
1.683
1672
1671
1.680
1.666
1.668
1.662
1.677
1.672
1.668
1.662
1.657
1.662
1.688
1.665
1.668
1.679
1.632
1.662
1.665
1.663
1641
1.632
1.633
1.650
1.634
1.656
1.656
1.657
1.637
1.672
1.668
1.668
1.668
1.666
1.668
1.671

4.106
4179
3991
3997
1.050
4.188
4.017
14013
$.012
1.042
4.078
4038
4.030
4.038
4.003
4.036
4.037
1.016
4.008
4.043
4.053
4.058
4.024
4,008
1.031
4039
4055
1.085
4.007
4.018
4.016
3.983
4013
3.961
4.017
4,012
4.021
4.033
4.023
4.017
3.948
3.983
4.006
3.959
3.973
3979
3.955
3.984
4.042
4.038
4.028
3.966
3.980
3.984
3979
3.987
$.030
3.045
EXt
4.003
3.020
3.022
4.033
4.069
4.050
3.957
3.963

Tw
[

66.18
66.20
66.00
65.97
67.05
66.86
66.53
66.58
66.47
66.51
66.51
66.49
66.52

66.64
66.61
66.53
66.54
66.62
66.95
66.43
66.87
66.91
7143
71.66
1.8
naz

.21
nA?
n.82
72.87
nn
n.el
73.07
72.%9
72.92
T84
7344
73.29
73.27
73.28
73.18
nBnR
7414
73.86
7392
73.96
nn
74.38
74.38
7433
7448
74.04
73.93
1R
14.10
68.36
67.69
68.31
67.02
65.71
66.72
66.10
66.64
66.42
66.93
6701

Tin
(o

52.83
52.85
52.94
53.00
an
$3.03
5320
$3.13
$3.23
§3.33
53.64
3N
§3.64
.02
$4.13
54.19
54.24
5424
53.46
54.19
54.34
54.38
54.41
10.70
0.7
10.84
10.73
10.84
10.90
10.90
10.90
10.93
1092
10.99
109§
1097
10.97
11.04
11.08
iL10
117
1115
11s
1117
119
12t
1121
123
11.36
1137
1139
1121
11.26
11.28
11.30
1128
44.10
4428
4425
34,07
28
434
4438
447
454
44.65
4.67

DHin
klikg

10.59
10.78

9.87

9.5¢
12.41
1.38
102t
1045
10.18
10.07

9.53

9.3§

9.34

8.66

8.57

8.49

834

8.28

8.30

8.67

832

8.23

833
nu
73.20
71.80
7238
73.39
7329
73
7338
7290
72.836
i1
72.63
1266
1242
793
7269
T4
7214
7198
nI19
.17
n23
7233
72.76
70.83
7188
T1.98
71.89
na
70.78
70.81
7487
71.30
23.66

n.50
23.34
24.11

3.73
159
2342
2331
2341

Xin Xc Power

-0.076
0.077
-0.070
-0.068
-0.090
-0.082
-0.073
-0.075
«0.073
-0.072
-0.068
-0.067
-0.067
-0.062
-0.061
-0.061
-0.060
-0.059
-0.059
-0.062
-0.059
-0.059

-0.523
-0.524
-0.510
-0.516
-0.527
-0.537
-0.526
-0.527
-0.522
-0.522
-0.528
0.519
-0.520
0.517
-0.523
40.521
-0.519
-0.515
-0.514
-0.516
-0.526
-0.516
-0.517
0.5
-0.502
-0.513
-0.515
-0.514
-0.506
-0.502
0.502
0.509

0.169
-0.167
-0.168
-0.166
0173
0.170
-0.170
0.169
-0.167
0.167
-0.168

0.184
0.182
0.206
0.205
0.150
0.185
0.201
0212
0214
0.213
0.219
0.222
0.221
0.224
0.228
0.22§
0.231
0232
0.233
0.245
0.244
0.243
0.245
0.017
0.01!
o7
0.009
0.010
0.023
0.024
0.024
0.031
0.027
0.081
0.036
0.041
0.039
0.051
0.056
0.085
0.063
0.065
0.062
0.076
0.081
0.080
0.085
0.093
0.082
0.082
0.084
0.119
0.118
0.119
0.122
0.118
0.103
0.100
0.097
Q.104

0.097
0.097
0.112
0.115
0.129
0.123

kW

7.504
7.596
1.7170
1.7120
7.892
7.306
7.723
8.081
8.073
8.088
8235
8.199
8.158
8.12§
8.154
8.110
8252
8.227
8218
8734
8.652
8.623
8.628
15.206
15.158
15077
15.018
15.285
15.617
15.482
15479
15.467
15.446
15.686
15.690
15.802
15.729
16.218
16.271
16.200
16226
16.232
16277
16.668
16.690
16.688
16.825
16.809
16.929
16.946
16.924
17.540
17.500
17529
17.706
17.626
.1
7.618
7.582
7.634
7578
7.542
751
8.039
8.029
7.980
8.084

CHF  CHFref
MW/m2 MW/m2
0.146  0.121
0.147  0.121
0.151 0.119
0.150 0.120
0.153 0113
0.152  0.117
0.150 o.118
0.157  0.115
0.157  0.115
0.157  0.115
0.160 0.113
0.159 Q.11
0.158  0.115
0.158 0.1
0.158 0113
0.157  0.114
0.160  0.113
0160 0.113
0.159 0112
0170  0.lt0Q
0.168 0.110
0167 0111
0.167 0.110
0295 0.261
0298 0277
0293  0.268
0.291 0.290
0296 0.281
0303  0.242
Q.30t 0.245
0300 0.246
0.300 0.231
0.300 242
0304 0.215
0305 0.226
0.307 0218
0.30s 0.223
0318 0203
0.316 0.196
0.314 0197
0.31s 0.187
0315 0.18%
0.316 0.189
0324 0.17!
0.324 0.166
0324 0.168
0327 0.162
0326 0.154
0329 0164
0329 0.163
0328 0162
0.330 0.140
0340 0.140
0340  Q.140
0344 0.139
0342 0.140
0.150 0144
0.148 Q.145
0.147  Q.146
0.148  0.144
0.147  0.149
0.146 0.148
0.147  0.147
0.156 0.140
0.156 0.140
a.158  0.139
0.157 0137

CHFR

1.200
1.218
1.265
1.250
1.356
1.292
1272
1.363
1.359
1.363
1.400
1.396
1381
1.385
1.396
1.382
1416
1.410
1.428
1.544
1.520
1.510
1.528
1129
1.062
1.092

1.054
1.252
1.229
1223
1.298
1.240
1417
1.350
1.406
13712
1.549
1.607
1.5%6
1.681
1.702
1.672
1.894
1.948
1.931
2018
2119

2012
2.030
2432
2427
2433
2473
145
1.036
1L.018
1011
1.026
0989
0.990
1.002
112
1118
L7
1.142

SP

45.0

0.0
5.0
250
25.0
pA X ]
5.0
pal
225
2.8
2.8
200
200
00
17.5
17.5
17.5
15.0
150
15.0
150
125
12.5
12.5
12.5
100
10.0
10.0
10.0
10.0
1200
1200
1200
%00
80.0
80.0
30.0
60.0
60.0
60.0
60.0



Table B.2-1: CHF Enhancement data with 30% rings in Freon-134a (cont.'d)

RuniD

14714
14714
14714
14714
15714
15714
15714
15714
21714
21714
21714
21714
274
22714
22714
23714
23714
23714
24714
24714
24714
25714
25714
25714
31714
31714
31714
32714
32714
33714
33714
33714
33714
4714
34714
34714
36714
36714
38714
41714
41714
41714
43714
43714
43714
43714
43714
43714
43714
34714
44714
44714
15514
15514
15514
16514
16514
16514
21514
22514
22514
22514
23514
23514
23514
23514
24514

Date Time

10/05/94 14:44:55.00
10/05/94 14:46:01.00
10/05/94 14:47:28.00
10/05/94 14:47:53.00
10/05/94 14:50:52.00
10/05/94 14:51:29.00
10/05/94 14:52:10.00
10/05/94 14:52:52.00
10/05/94 15:04:38.00
10/05/94 15:05:47.00
10/05/94 15:06:10.00
10/05/94 15:09:33.00
10/05/94 15:14:35.00
10/05/94 15:14:41.00
10/05/94 15.15:54.00
10/05/94 15:19:26.00
10/05/94 15:20:02.00
10/05/94 15:20.42.00
10/05/94 15:27:11.00
10/05/94 15:29:35.00
10/05/94 15:31:50.00
10/05/94 15:35:14.00
10/05/94 15:40:15.00
10/05/94 15:42:07.00
10/05/94 16:01:13.00
10/05/94 16:01:51.00
10/05/94 16:02:27.00
10/05/94 16:05:55.00
10/05/94 16:07:23.00
10/05/94 16:11:05 00
10/05/94 16:11:55.00
10/05/94 16:12:38.00
10/05/94 16:13:20.00
10/05/94 16:17-10.00
10/05/94 16:17:51.00
10/05/94 16:18:34 00
10/05/94 16:34:12.00
10/05/94 16:34:47.00
10/05/94 16:35:28.00
10/05/94 16:46:26.00
10/05/94 16:47:42.00
10/05/94 16:49:26.00
10/05/94 17:54:30.00
10/05/94 17:55:28.00
10/05/94 17:56:19.00
10/05/94 17:57:01.00
10/05/94 17:58:06.00
10/05/94 18:00:32.00
10/05/94 18:01:17.00
10/05/94 18:04:46.00
10/05/94 18:05:33.00
10/05i94 18:07:16.00
10/05/94 19:08:53.00
10/05/94 19:09:29.00
10/05/94 19:09:58.00
10/05/94 19:14:59.00
10/05/94 19.15:25.00
10/05/94 19:15:52.00
10/05/94 19:30:16.00
10/05/94 19:33:12.00
10/05/94 19:33.47 00
10/05/94 19:34:47.00
10/05/94 19:37:05.00
10/05/94 19:37:43.00
10/05/94 19:38.04.00
10/05/94 19:38:39.00
10/05/94 19:40:40.00

P
MPa

1.653
1.700
1.668
1.668
1.666
1.663
1.663
1.666
1.615
1.675
1.671
1.666
1674
1.674
1.662
1.677
1.671
1.66%
1.683
1.666
1.666
1.666
1.666
1.665
1.666
1.662
1.660
1672
1.669
1.671
1.663
1.663
1.666
1.668
1.668
1671
1.648
1.650
1.663
1.6712
1.669
1.660
1.674
1.669
1.668
1.669
1.669
1.657
1.653
1.666
1.665
1.668
1.668
1.665
1.665
1.668
1.662
1.663
1.665
1.669
1.665
1.660
1671
1.668
1.666
1.665
1.669

s

198.8
204.6
201.1
201.0
196.9
200.5
2017
197.1
202.2
202.5
205.6
2043
204.5
205.2
203.6
203.5
199.7
204.0
198.7
2044
2014
199.3
200.3
198.6
208.2
208.1
203.4
206.4
2027
202.0
200.1
205.!
2.1
198.2
203.2
198.7
018
199.7
203.7
199.2
2048
199.6
199.6
208.1
204.2
2072
202.1
2044
2026
201.5

199.2

196.0
195.5
199.5
202.2
203.6
197.3
2008
016
2016
199.2

G
Mg/mls

3.956
4070
4.000
4.039
39g
3.988
4.014
3921
4.022
4.029
4.091
4.065
4.068
4.081
4.050
4.048
3.974
4.059
3982
1.067
4.006
3964
3.985
3951
4143
4.081
1.047
4.107
4.033
4031
3.980
4.080
4.020
3.944
4.042
3983
4014
397
4052
3964
4.069
3
3970
4.14]
4.063
4.122
4021
4.067
4.030
4.009
4.086
4.021
1.987
3997
3.981
1962
1872
3.899
1889
3969
4.023
4.050
3925
3995
4011
4.011
3.963

Tw
[of

65.88
66.70
66.38
65.98
68.71
67.17
68.36
68.91
65.14
66.20
6621
66.16
66.43
66.58
6651
66.98
6742
6746
67.14
66.82
66.81
6725
6729
6733
67.15
67.16
68.34
6732
67.46
67.51
6733
67.36
67.36
67.60
67.66
6172
6767
67.76
63.01
67.44
6745
6730
6761
67.58
67.61
67.59
6762
6737
67.45
68.09
68.18
68.17
67.83
67.36
67.98
68.64
68.70
68.65
68.51
68.10
68.06
67.98
68.54
68.47
68.50
68.48
68.73

Tin
(o

4458
“un
4431
“432
4453
4471
4487
44.39
44.10
4392
4401
4425
43.09
44.10
4434
1456
44.65
44.76
45.04
4537
4535
45.59
45.66
45.79
M“4n
44.67
44.65
44.60
45.00
45.28
4542
45.52
45.57
45.81
4592
4599
46.51
46.51
46.49
4531
45.57
45.75
45.70
46.14
46.36
46.49
46.65
45.00
44.30
4.7
44.87
45.15
3393
34.02
34.07
43
34.37
3448
33.78
33.76
3393
34.02
3420
3429
3437
3448
3453

DHin
Wikg

238l
526
23.84
23.81
23348
23.08
280
2389
2199
4.7
2441
23.86
.42
439
23.54
2182
23.44
23.21
23.34
217
2.19
2183
an
21.46
3.4
23.04
23.01
23.58
2285
1249
21.96
182
21.86
21.56
2139
2140
19.70
19.76
20.34
2.49
2198
2134
2197
112
072
20.59
20.33
2236
248
23.14
286
2.56
39.44
39.18
19.10
3887
38.54
3844
3954
19.75
39
19.00
39.15
38.89
1n
38.50
33.60

B-9

Xin

0.163
-0.182
0471
-0.170
0.168
0.165
£0.163
<0.168
-0.158
0177
-0.175
<0.171
0.178
0.178
<0.168
Q.17
-0.168
-0.166
-0.168
0.159
0.159
0.156
0155
0.153
.165
-0.165
0.164
4.169
-0.163
<.161
0.157
.156
-0.156
0.153
<0.153
-0.153
-0.140
-0.141
0.1
<0.181
0.157
-0.152
Q.187
<0.151
-0.148
Q.147
-0.146
0.159
4.160
0.165
-0.163
<0.161
-0.282
-0.280
0279
0278
0275
0278
-0.283
0.234
-0.281
4278
-0.240
02738
0.2717
0.275
0.276

Xe

0.109
0.091
0.100
0.099
0.139
0.136
0.136
0.143
0.108
0.097
0.095
0.100
0.106
0.108
0.1lé
0.128
0.135
0.130
0.155
0.152
0.15¢
0.170
0.170
0.173
0.130
0.135
0.133
0.141
0.153
0.168
Q172
0.167
0.171
0.192
0.186
0.196

1212
0215
0.207
0.171
0.165
0.176
0.183
017
0.180
0.176
0.184
0.174
0.174
0.192
0.190
0.198
0.069
0.069
0.072
0.096
0.107
0.107
0.062
0072
0.070
0.067
0.103
0.097
0.096
0.097
0.119

Power
134

15758
11492
7618
7634
8458
8.436
3445
§.448
7.551
1.745
1.740
1.745
4023
8.098
8.100
1379
8.453
8.448
8.920
8372
$.797
9.086
9.119
9.103
8.593
8.593
$.483
8.945
8.955
9.317
9.206
9.260
9.243
9.537
9.619
9.681
9.986
9.983
10.034
9.248
9.222
9.167
9.486
9.365
9.371
9.347
9.298
9.549
9.508
10.070
10.157
10.163
9.839
9.926
9.834
10.412
10.404
10.462
9438
9.946
9.931
9.846
10.567
10.545
10.526
10.507
11.008

CHF CHFref
MW/m2 MW/m2
0.147 0.143
0.150 0152
0.148 0.145
0.148 0.145
0.164  0.133
0.164  0.134
0.164 0.134
0.164  0.132
0.147 a.141
0.150  0.147
0.150 0.147
0.150 0.145
0.156  0.142
0.157 0.141
0.157 0.140
0.165  0.135
0.164  0.133
0.164  0.135
0.173 Q.126
0.172 0.129
'R YAt 0.129
0.176  0.125
0.177  0.125
0.177 0.124
0.167 0.134
0.167 0134
0.t165 0133
0174 0.131
0.174 0.128
0.18! 0.123
0179  0.125
0.180 0.12%
0.179 0.124
0.186 0.120
0.187 0121
0188 0118
0.194 0.118
0.198 0118
0.195 0.117
0.179 0.124
0179 0125
0.178  0.124
0.184 0121
0.182 0123
0.182 0122
0.181 0122
0.180 0.12t
0.185 0.124
0.18¢4  Q.128
0.195 0.120
0.197 0.120
0.197  0.118
0.191 0.180
0.191 0179
0.191 0177
0202 0.151
0202 0144
1203 0.143
0.183  0.186
0193  0.176
Q.193 0178
0.191 0.182
0.208 0.145
0205 0.148
0204  0.149
0208 0.148
0.214  0.139

CHFR SP

1.026
0.989
1017
1.022
1.234
1.224
1.227
1.242
1.036
1.020
1.02¢
1.039
1.095
L
1127
1.222
1.229
1219
137
1338
1.328
1413
1.320
1.424
1.243
1.239
1.226
1.329
1.353
1.454
1.433
1.434
1.343
1.55¢
1546
1.586
1641
1.648
1.662
1.482
1.431
1.432
1.526
1472
1.492
1.481
1.490
1.490
1477
1.631
1.642
1.668
1.064
1.064
1.081
1.338
1.398
1817
0.983
1.098
1.081
1.048
1414
1.380
1374
1.380
1.539

70.0
70.0
70.0
700
50.0
50.0
s0.0
s0.0
70.0
70.0
700
70.0
60.0
60.0
60.0
50.0
50.0
50.0

10.0
30.0
30.0
40.0
40.0
40.0
40.0
30.0
30.0
30.0
30.0
250



Table B.2-1: CHF Enhancement data with 30% rings in Freon-134a (cont.'d)

RuniD

24514
24514
24514
24514
31514
32514
32514
32514
33514
33514
33514
34514
34514
34514
34514
35514
35514
35514
36514
36514
36514
36514
41514
41514
41514
41514
42514
42514
42514
43514
43514
43514
43514
43514
44514
44514
44514
11913
11913
11913
11913
11913
12913
12913
12913
13913
13913
13913
14913
14913
14913
21913
21913
21913
22913
22913
22913
23913
23913
23913
24913
24913
24913
24913
31913
31913
31913

Date

Time

10/05/94 19:41:25.00
10/05/94 19:42:08.00
10/05/94 19:42:39.00
10/05/94 19:43:02.00
10/05/94 19:54:21.00
10/05/94 20:04:58.00
10/05/94 20:05:44.00
10/05/94 20:06:10.00
10/05/94 20:10:33.00
10/05/94 20:11:05.00
10/05/94 20:11:41.00
10/05/94 20:15:49.00
10/05/94 20:16:13.00
10/05/94 20:16:48.06
10/05/94 20:17:47.00
10/05/94 20:19:50.00
10/05/94 20:20:17.00
10/05/94 20:20:48.00
10/05/94 20:24:31.00
10/05/94 20:25:09.00
10/05/94 20:25:42.00
10/05/94 20:26:17.00
10/05/94 20:42:12.00
10/05/94 20:42:55.00
10/05/94 20:44:07.00
10/05/94 20:44:46.00
10/05/94 20:48:45.00
10/05/94 20:49:24.00
10/05/94 20:50:02.00
10/05/94 20:53:04.00
10/05/94 20:53:32.00
10/05/94 20:54:05.00
10/05/94 20.54:36.00
10/05/94 20:55:08.00
10/05/94 20:58:40.00
10/05/94 20:59:40.00
10/05/94 21:00:28.00
11/05/94 14.01:32.00
11/05/94 14:02:19.00
11/05/94 14:03:35.00
11/05/94 14:05:09.00
11/05/94 14.05.48.00
11/05/94 14.08:01.00
11/05/94 14:08:52.00
11/05/94 14:09:47.00
11/05/94 14:11:54.00
11/05/94 14:12:35.00
11/05/94 14:13:30.00
11/05/94 14:16:09.00
11/05/94 14:16:46.00
11/05/94 14:17:38.00
11/05/94 14:28:15.00
11/05/94 14:29:18.00
11/05/94 14:29:41.00
11/05/94 14:31:24.00
11/05/94 14:31:57.00
11/05/94 14.32:39.00
11/05/94 14:34:29.00
11/05/94 14:35:01.00
11/05/94 14:36:12.00
11/05/94 14:38:05.00
11/05/94 14:38:42.00
11,05/94 14:39:40.00
11/05/94 14:40:33.00
11/05/94 14:46:40.00
11/05/94 14:47:11.00
11/05/94 14:48:09.00

P
MPa

1.669
1.662
1.662
1.663
1.663
1.666
1.660
1.662
1.687
1.659
1.659
1.668
1.659
1.662
1.660
1.668
1.666
1.662
1.662
1.660
1.662
1.663
1.663
1.653
1.654
1.654
1669
1.657
1.656
1.647
1.645
1.660
1.663
1.662
1.666
1.666
1.663
1.647
1.647
1.648
1.651
1.653
1.653
1.651
1651
1.657
1.654
1.650
1.657
1.656
1.656
1.666
1.662
1.662
1.666
1.666
1.668
1651
1.653
1.6%6
1.654
1.656
1.663
1.654
1.642
1641
1.662

m

8/

194.5
202.0
199.3
198.6
195.5
2025
203.5
205.5
198.4
1974
2043
200.7
199.5
199.4
200.1
205.6
194.6
198.0
016
092
207.5
203.6
195.7
3010
202.0
200.2
195.9
196.6
1978
205.8
201.8
206.9
2009
195.7
1992
195.2
199.7
146.2
148.5
150.0
1513
147.3
152.6
1489
152.0
150.0
1483
151.9
150.3
147.9
153.7
1499
149.0
1519
148.3
151.9
152.7
1453
147.8
147.6
146.8
149.5
150.4
1488
149.7
149.6
149.6

G
Mg/mls

3.869
4.018
3.976
3.952
3.889
4.029
4.048
4.089
3946
3.927
4.065
3.993
3.969
3.966
3.980
4.091
387
3.940
4.011
4.162
4127
4.050
3892
3.998
1018
3982
3.397
3912
3.935
1.095
4.006
4.116
3.997
1894
3.963
3.882
3973

-

2,958
2.985
1010
2.930
3.036
2.963
303
2982
2950
3.02t
2989
2942
3.058
2982

-

301
2951
3.023
3.038
2390
2.940
2937
1920
2975
2993
2.960
2977
2977
1976

Tw
C

68.76
68.76
68.74
68.74
67.78
6792
67.88
67.97
68.17
63.19
68.14
68.47
6829
68.36
68.34
68.95
68.81
68.71
6924
69.24
69.29
69.33
68.28
68.12
68.16
68.11
68.39
68.17
68.19
68.43
68.45
68.67
68.76
68.79
69.16
69.17
69.14
66.88
65.31
67.90
66.01
69.44
67.57
66.95
67.19
67.75
6721
66.69
69.34
67.81
66.35
68.08
67.63
7t.01
66.68
66.52
68.32
6537
6632
67.30
65.07
64.99
66.58
65.34
64.49
64.85
64.36

Tin
[

34.68
34.70
470
34.73
3334
3321
33.49
33.60
3320
33.26
34.28
34.20
3422
3433
3439
34.51
34.55
34.64
34.88
15.06
3528
3541
3388
34.06
33.24
3429
34.26
3428
3437
Js.a8
481
34.61
3466
3373
3397
3525
35.43
§5.82
55.75
5381
54.83
54.67
54.74
54.68
54.65
55.13
55.01
5473
5490
54.83
54.85
5.1
5494
53.87
55.03
5511
$5.12
55.40
5542
55.55
55.67
55.60
55.80
§5.53
54.30
$4.63
54.56

DHin
ki’kg

3838
38.05
38.08
38.08
40.13
1044
39.79
19.69
38.60
38.58
38.55
39.03
38.64
38.59
3845
38.57
3845
38.13
nn
3744
3723
37.04
3937
38.6%
3842
3838
39.01
3849
3829
3776
3764
3812
38.16
3799
3782
bR N
7ol
.26
538
690
7100
731
720
722
728
6758
633
7.08
713
718
715
718
7.28
137
129
718
721
611
6.14
6.06
5.80
598
5.97
6.0
6.51
6.88
785

B-10

Xin Xe Power
- - kW
£0.275
0.272
0272
0.272
-0.287
-0.289
0.284
-0.283
-0.275
0.275
0.275
0279
0.276
«0.276
-0.278
<0276
0278
0272
-0.27
0.267
-0.266
-0.265
-0.281
0278
0.274
0273
0279
0.275
«0.273
-0.269
-0.268
0.272
-027M
02N
<0270
£.268
-0.264
-0.037
-0.038
-0.049
0.050
-0.052
+0.051
-0.051
-0.082
-0.048
-0.049
-0.050
-0.051
-0.081
-0.051
-0.051
0.052
-0.083
-0.052
-0.051
-0.052
-0.044
0.044
-0.043
-0.041
0.043
-0.043
0.043
0.046
0.049
-0.056

0.132
0.121
0.124
0.125
0.061
0.064
0.065
0.066
0.091
0.095
0.082
0.100
0.106
0.105
0.104
ot
0.133
0.128
0.149
0.138
0.143
0.152
o.101
0.093
0.091
0.095
0.10¢
0.109
0.109
0.113
0119
0.109
0.12.

0.131
0.153
Q.162
0.i%6
0.229
0223
Q.218
0214
0218
02ls
0220
0.214
0222
0.225
9217
0.231
0.237
0.223

11.043
11.096
11.078
11.038
9.522
10.014
9.952
10.034
10.196
10.240
10.236
10.647
10.663
10.624
10.618
11.108
11.097
i
11.829
11.883
11.881
11.858
10.465
10392
10.327
10.328
10.496
10.573
10.538
11.050
10.943
11.082
11.133
11927
1.9
t1.722
11.765
5.468
5450
5573
5.596
5.574
5.692
5.682
5.678
5,672
5.691
5.692
5.941
5971
5.908
5.794
5813
5.823
5.908
§.942
5.973
6.091
6.166
6.178
6234
6.273
6.303
6.254
6.148

6.178
»

.221

0.227
0.221
0.233
0.228
0228
0.255
0.254
0.255
0.261
0.257
0.257
0.257
0.236
0.244
0.241

CHF CHFref CHFR SP

MW/m2 MW/m2
0214 0.13§
.215  0.138
0215 0.138
0214 0.137
0.188  0.167
0.194  0.185
0.193  0.188
0.195 0.8+
0.198 0.156
0.199 0.153
0.199  0.163
0207  0.146
0207 O.144
0206 0.144
0206 0.134
0216  0.14]
0215 0.13%
0216 0.137
0230 0.130
0231 0132
0231 0131
0230 0.129
0.203  0.147
0202 0.153
0200 0.155
0200 0.152
0208  0.14%
0.205 0.144
0.206 0144
0.214  0.140
0212 0140
0214 0141
0216 0.138
0.214  0.136
0229 0139
0228 0.127
0228 0.128
0.106 0.100
0.106 0.101
0108 0.103
0109 0.103
0.108  0.104
0110  0.102
0110 0.102
o110 o.r02
¢lge  0lo2
0.0 0.101
0.110  0.101
0115 0.099
0.116  0.098
a.1s 0099
0112 0.102
0.113  0.101
o113 o101
0115  0.100
0.115  0.099
0.116 0.099
0.118  0.093
0120 0.093
0120 0093
0.121  0.091
0122 0092
0122  0.092
0121 0.092
0.119 0.093
0.120  0.093
0121 0097

1.583
1.557
1.562
1.559
1.108
1.049
1.046
1.061
1.265
1.295
1222
1.419
1.436
1.429
1.426
1.532
1.591
1.579
1.764
1.748
1.762
1.782
1385
1.320
1.294
1.319
1.400
1.429
i.432
1.531
1.522
1.520
1.568
1572
1173
1.790
1778
1.057
1.047
1.084
1.059
1.038
1.088
1.080
1.081
1.083
1.089
1.092
1.169
1.180
1.164
1.108
1.115
L2l
1.142
1.163
1174
1.268
1.289
1.289
1.325
1328
1.327
1322
1.287
1.292
1.243

cm

25.0
5.0
250
250
50.0
30.0

40.0
350
350
350
300
300
300
300
250
250
150
200
200
200
200
350
350
35.0
350
30.0
300
300
5.0
5.0
5.0
25.0
5.0
20,0
200
200
1200
120.0
120.0
120.0
120.0
100.0
100.0
100.0
$0.0
80.0
40.0
60.0

60.0
700
70.0



Table B.2-1: CHF Enhancement data with 30% rings in Freon-134a (cont.'d)

RunlD

31913
31913
32913
32913
32913
33913
33913
33913
34913
34913
34913
41913
41913
41913
42913
42913
42913
43N3
43913
43913
43913
45913
45913
45913
45913
41912
41912
41912
41922
41922
41922
42922
42922
42922
43922
43922
44922
44922
44922
41624
41624
41624
41624
43624
43624
43624

Date Time

11/05/94 14:48:40.00
11/05/94 14:49:09.00
11/05/94 14:51:13.00
11/05/94 14:51:43.00
11/05/94 14:52:20.00
11/05/94 14:55:05.00
11/05/94 14:55:45.00
11/05/94 14:56:18.00
11/05/94 14:58:48.00
11/05/94 14:59:27.00
11/05/94 15:00:01 00
11/05/94 15:10:36.00
11/05/94 15:11:19.00
11/05/94 15:11:49.00
11/05/94 15:13:47.00
11/05/94 15:14:17.00
11/05/94 15:14:44.00
11/05/94 15.18:30.00
11/05/94 15:18:55.00
11/05/94 15:19:35.00
11/05/94 15:20:54.00
11/05/94 15:30:37.00
11/05/94 15:31:53.00
11/05/94 15:32:23.00
11/05/94 15:33:02.00
11/05/94 16:20:33.00
11/05/94 16:21:16.00
11/05/94 16:21:47.00
11/05/94 19:31.37.00
11/05/94 19:32:45.00
11/05/94 19:34:11.00
11/05/94 19:37:33.00
11/05/94 19:38:50.00
11/05/94 19:41:16.00
11/05/94 19:45:29.00
11/05/94 19:47:02.00
11/05/94 19:53:12.00
11/05/94 19:54:03.00
11/05/94 19:56:02.00
12/05/94 13:28:09.00
12/05/94 13:28:31.00
12/05/94 13:29:09.00
12/05/94 13:30:00.00
12/05/94 13:38:32.00
12/05/94 :3:39:10.00
12/05/94 13.39:51.00

MPa

1.662
1.662
1.663
1.665
1.668
1.665
1.665
1.666
1.671
1.657
1.659
1.662
1.663
1.662
1.671
1.657
1.657
1.663
1.665
1.665
1.662
1.650
1.668
1.656
1.659
1.660
1.662
1.662
1.136
1131
1.120
1123
1121
1120
1.129
1123
1.133
1128
1.126
1138
1.130
1.130
1132
1.129
1.127
1.129

[73]

1526
1489
151.2
1482
148.6
152.2
149.0
152.4
148.9
149.1
148.8
150.8
1489
149.8
146.7
1478
147.5
1477
146.1
1479
145.6
1516
1517
153.5
148.4
106.3
103.9
103.0
100.1

95.9
100.0
103.6
100.1
1031

98.5

G
My/m2s

3.036
2962
3.008
2948
2957
3.029
2.964
3.033
2963
1966
2.960
3.00!
2962
2.930
2919

-

2934
2918
2907
2942
2397
3017
3017
3045
2953
PASE]
2067
2049
1.991
1.907
1.989
2062
1991
2052
1.959
1934
2.100
1.943
1.919
4,009
3.937
1999
4.046
4.068
4.061
3.984

Tw
C

6490
64.75
64.88
6493
64.90
65.12
6529
65.16
65.74
65.44
65.42
65.16
65.17
65.16
65.45
65.23
65.25
65.56
65.56
65.53
65.53
65.54
65.91
65.69
65.67
63.82
63.72
63.82
54.04
54.07
54.33
§5.45
55.1%
$4.37
54.08
55.20
$4.31
54.40
51.77
5442
5447
5532
54.86
§5.9¢
$6.92
§7.70

Tin DHin
C kig

54.52
54.63
54.54
54.67
54.63
54.39
5439
54.37
54.81
§4.98
55.18
54.90
54.94
55.01
§5.18
55.27
55.20
55.64
55.73
55.66
5584
5528
5538
5548
5544
5302
5307
5308
39.10
39.10
39.01
19.50
39.76
4025
40.77
40.90
41.46
41.63
41.70
25.95
26.02
2621
26.39
27.84
2786
23.10

791
114
754
181
786
8.3
823
432
782
701
6.76
131
732
7.14
735
6.55
6.67
623
6.14
.26
535
.28
681
6.21
6.36
10.19
10.16
10.19
m
694
7.00
6.41
598
512
4.82
439
1.00
329
328
2731
26.82
26.55
26.36
24.08
2397
370

B-11

Xin

0057
-0.055
0.057
0.056
-0.056
-0.059
0.059
-0.060
-0.056
-0.050
-0.048
0.052
-0.052
-0.051
-0.082
0.047
-0.048
-0.044
<0.044
0.045
0.042
0.045
0.049
0.044
0.045
-0.073
«0.073
-0.073
-0.049
-0.044
-0.044
-0.040
£.037
<0.032
-0.030
-0.028
-0.025
0.021
<0.020
0.173
4.169
-0.168
0.166
0.152
4.151
0.149

Xc

0.233
0.243
0.244
0.253
0.250
0.258
0.266
0.259
0.278
0.282
0.236
0.266
0.271
0.266
0.287
0.290
0.290
0.304
0.308
0.299
0312
0311
0.309
0.309
0.319
0.264
0.273
0.276
0.320
0.320
0.330
0.347
0.361
0.156
0.387
0.397
0.382
0.419
0.429
0.103
0.110
0.109
0.107
0.145
0.147
0.158

Power CHF  CHFref
kW MWm2 MW/m2

6.177
6222
6.364
6.394
6.357
6.752
6.768
6.793
6.953
6.937
6.965
6.720
6.736
6.645
6.947
6.976
6.979
7.194
7.188
7.103
7.210
7.578
7.588
7.601
7.5M
5.016
5.022
5030
5.843
5.848
5.936
6.379
6.341
6.365
6.520
6.552
6310
6.311
6877
$.501
8.770
8.797
4.304
9.610
9.657
9.640

0.120
0.121
0.124
0.124
0.123
0.131
0.131
0132
0.138
0.135
0.135
0.130
0.13}
0.129
0.135
0.135
0.135
0.140
0.139
0.138
0.140
0.147
0.147
0.148
0.147
0.097
0.097
0.098
0.113
0114
0.115
0.124
0.123
0.12¢
0.127
0.127
0132
0.132
0.133
017
0.170
[ X¥a]
0.171
0.187
0.187
0.187

0.097
0.097
0.095
0.095
0.095
0.091
0.091
0.091
0.089
0.085
0.085
0.089
0.089
0.090
0.087
0.084
0.084
0.082
0.08t
0.083
0.080
0.076
0.080
0.078
0077
0072
0.085
0.085
o1
a.110
ol
0.099
0.104
0.099
0.101
0.10!
0.083
0.097
0.097
0.156
0.154
0.153
0.153
0.143
0.143
0.143

CHFR

1234
1.251
1299
L3t
1295
1.439
1447
1.451
1.525
1.575
1.594
1.459
1.465
1.434
1545
1616
1614
L
1718
1.661
175§
1928
1.842
1902
1.907
1345
1.142
1183
1.009
1.036
1.041
1.236
1.182
1.249
1.248
1.261
1.600
1.358
1.379
1.094
1104
L
114
L3o0t
1.313
1.309

SP

50.0
500
450
45.0
45.0
40.0
40.0

350
350
350
40.0
40.0
40.0
350
350
is0
300
300
Jo.0
300
21.8
275
27.8
275

350
350



Table B.2-2: CHF Enhancement data with 18% spacers in Freon-134a

RunlD

11914
11914
11914
12914
12914
12914
13914
13914
13914
15914
15914
15914
21914
21914
21914
22914
22914
22914
23914
23914
23914
24914
24914
24914
25914
25914
25914
26914
26914
26914
31914
31914
31914
32914
32914
32914
33914
33914
33914
34914
34914
34914
35914
35914
35914
41914
41914
41914
42914
42914
42914
43913
43913
43913
44914
44914
51914
51914

Date Time

18/05/94 20:44:54.00
18/05/94 20:45:24.00
18/05/94 20:46.03.00
18/05/94 20:48:33.00
18/05/94 20:49:29.00
18/05/94 20:50:01.00
18/05/94 20:51:29.00
18/05/94 20:52:09.00
18/05/94 20:52:38.00
18/05/94 20:56:06.00
18/05/94 20:56:32.00
18/05/94 20:57.01.00
18/05/94 21:02:31.00
16/05/94 21:03:05.00
18/05/94 21:03:36.00
18/05/94 21:05:14.00
18/05/94 21:05:45.00
18/05/94 21:06:15.00
18/05/94 21:08:02.00
18/05/94 21:08:39.00
18/05/94 21:09:12.00
18/05/94 21:10:58.00
18/05/94 21:11:34.00
18/05/94 21:12:00.00
18/05/94 21:13:14.00
18/05/94 21:13:36.00
18/05/94 21:14:03.00
18/05/94 21:16:01.00
18/05/94 21:16:25.00
18/05/94 21:16:48.00
18/05/94 21:22:47.00
18/05/94 21:23:20.00
18/05/94 21:23:58.00
18/05/94 21:15:41.00
18/05/94 21:26:06.00
18/05/94 21:26:48.00
18/05/94 21:28:20.00
18/05/94 21:28:15.00
18/05/94 21:29:16.00
18/05/94 21:31:05.00
18/05/94 21:31:30.00
18/05/94 21:31:58.00
18/05/94 21:33:47.00
18/05/94 21:34:10.00
18/05/94 21:34:35.00
18/05/94 21:41:08.00
18/05/94 21:41:35.00
18/05/94 21:2:04.00
18/05/94 21:12:01.00
18/05/94 21:43:23.00
18/05/94 21:34:54.00
18/05/94 21:48:00.00
18/05/94 21:38:35.00
18/05/94 21:49:08.00
18/05/94 21:51:06.00
18/05/94 21:52:16.00
18/05/94 22:00:37.00
18/05/94 22:01:32.00

P
MPa

1.662
1.663
1.663
1.663
1.665
1.663
1.666
1.663
1.665
1.665
1.665
1.665
1.656
1.651
1.653
1.654
1.653
1.654
1.654
1.654
1.654
1.659
1.657
1.659
1.663
1.660
1.659
1.668
1.666
1.665
1.654
1.650
1.645
1.650
1.647
1.647
1.666
1.666
1.665
1.663
1.659
1.662
1.663
1.656
1.659
1.650
1.650
1.650
1.668
1.666
1.665
1.663
1.654
1.656
1.669
1.665
1.653
1.639

m

[

201.0
200.3
196.2
202.0
200.1
203.7
199.3
199.2
2018
199.9
199.6
199.0
198.1
200.2
202.7
200.6
196.8
199.1
202.6
200.0
200.8
199.2
199.5
2015
199.2
198.7
2003
2009
195.6
198.9
199.5
200.1
202.8
203.6
204.5
2047
204.2
2042
199.3
200.6
203.1
203.2
200.7
203.8
2033
2023
205.6
2024
206.0
204.8
2104
204.6
206.7
206.6
209.8
2073
208.8
209.3

G
Mg/m2s

3.998
3.986
3.903
4.019
3.982
4.052
3.966
3.963
4.014
3.978
39
1.958
3.941
3.984
4,032
3.991
3.915
3.961
4.030
3.979
3.994
3.963
3.969
4.008
3.963
3.953
3.985
3.997
3.892
3.958
3.970
3.981
4.034
4.050
4.069
4.073
4.061
4.063
3.965
3.991
4.040
4.042
3.993
4.055
4.045
4.024
4.089
4.027
4.098
4.075
4.186
4.071
4112
4.109
4174
4.123
4.155
4.164

Tw Tin DHin
(o C kg

66.87 53.32
66.75 53.31
66.74 5331
66.96 $53.56
72.54 53.64
67.68 53.62
66.41 53.82
67.13 53.79
67.45 53.82
67.20 54.16
6648 54.16
6592 54.19
67.83 53.90
67.66 53.90
67.98 53.86
68.67 53.95
67.91 53.95
67.52 53.93
67.17 5393
66.43 53.93
66.20 53.93
66.55 53.92
6599 53.93
67.68 53.05
66.11 5314
66.00 54.18
65.99 $§3.18
66.21 54.21
66.64 54.32
66.46 54.40
65.29 54.19
65.84 54.16
66.02 54.01
65.67 53.95
65.59 54.01
65.86 54.08
66.02 54.08
65.93 5414
66.07 54.21
66.08 54.51
66.09 54.56
66.21 54.64
66.33 54.90
66.15 54.97
66.18 55.03
65.58 54.30
65.64 54.30
65.65 54.40
66.05 54.53
66.09 54.68
66.13 53.66
66.28 53.95
66.13 55.03
66.06 55.12
66.74 55.40
66.60 55.69
66.20 53.99
65.81 54.45

B-12

9.77
9.86
9.86
9.46
9.40
9.37
9.18
9.11
9.12
8.60
8.60
8.54
8.63
8.45
8.57
8.49
8.42
8.51
8.51
8.51
8.51
3.73
8.64
8.53
8.57
8.39
8.32
8.63
8.40
8.22
8.11
7.98
8.03
8.30
8.09
7.98
8.77
8.69
8.51
7.99
172
1.73
7.38
6.96
7.00
1.75
71.75
7.61
8.18
7.35
7.82
7.30
6.81
6.73
6.85
6.20
837
7.09

Xin

-0.070
-0.070
-0.070
-0.068
-0.067
-0.067
0.066
-0.065
-0.065
-0.061
-0.061
-0.061
-0.062
-0.060
-0.061
-0.060
-0.060
-0.061
-0.061
-0.061
-0.061
-0.062
-0.062
-0.061
-0.061
-0.060
-0.059
-0.062
+0.060
-0.059
-0.058
-0.057
-0.057
-0.059
-0.058
-0.057
-0.063
-0.062
-0.061
-0.057
-0.055
-0.055
-0.053
-0.050
-0.050
-0.055
-0.055
-0.054
-0.058
-0.056
-0.056
-0.052
-0.049
-0.048
-0.049
-0.044
-0.060
-0.050

Xe

0.160
0.160
0.165
0.177
0.180
0.175
0.183
0.185
0.182
0.190
0.187
0.191
0.185
0.183
0.180
0.185
0.187
0.186
0.181
0.186
0.185
0.194
0.195
0.192
0.196
0.198
0.196
0.200
0.211
0.208
0.196
0.195
0.194
0.193
0.194
0.196
0.198
0.198
0.207
0.215
0.211
0.211
0.229
0.226
0.228
0.203
0.201
0.208
0.205
0.209
0.201
0.218
0.220
0.220
0.230
0.238
0.216
0.218

Power
kW

6475
6.463
6.469
6911
6916
6.895
6.931
6.967
6.965
7.021
6.943
7.005
6.849
6.829
6.869
6.909
6.811
6.891
6.870
6915
6.932
7.164
7.167
7.149
7.180
7.188
7171
7.363
7.415
7.438
7.099
7.070
7.164
7.216
7.225
7.284
7.456
7.435
7.458
7.626
7572
7.580
7.904
7.864
7.905
7.345
7.385
7.375
7.580
7.592
7.568
7.728
1778
7.750
8.178
8.181
8.075
7911

CHF  CHFref
MWim2 MW/m2

0.126
0.125
0.126
0.134
0.134
0.134
0.135
0.135
0.135
0.136
0.135
0.136
0.133
0.133
0.133
0.13¢
0.132
0.134
0.133
0.134
0.135
0.139
0.139
0.139
0.139
0.130
0.139
0.143
0.144
0.144
0.138
0.137
0.139
0.140
0.140
0.141
0.145
0.144
0.145
0.148
0.147
0.147
0.153
0.153
0.153
0.143
0.143
0.143
0.147
0.147
0.147
0.150
0.151
0.150
0.159
0.159
0.157
0.15%

0.127
0.127
0.127
0.123
0.123
0.124
0.122
0.122
0.122
0.121
0.121
0.120
0.123
0.124
0.124
0.123
0.i23
0.123
0.123
0.123
0.123
0.120
0.121
0.121
0.119
0.119
0.120
0.118
0.116
.17
0.121
0.121
0.122
0.121
0.121
0.121
0.118
0.118
0.117
0.116
0.117
0.117
0.113
0115
0.114
0.119
0.120
0.119
0.117
0116
0.118
0.115
0116
0.116
0.112
0.111
0.116
0.117

CHFR

0.986
0.984
0.992
1.087
1.094
1.083
1.103
1.110
1.107
1.130
1113
1.129
1.082
1.073
1.079
1.093
1.075
1.090
1.081
1.094
1.097
1.158
1.154
1.150
1.167
1.168
1.160
1.212
1.239
1.236
1.142
1131
1184
1156
1.157
L7
1.223
1219
1.236
1.277
1.256
1.262
1.353
1.329
1334
1.193
1.198
1.202
1.260
1.267
1.250
1.303
1.303
1.301
1.417
1.425
1.347
1313

SP

120.0
120.0
1200
80.0
80.0
80.0
60.0
60.0
60.0
55.0
55.0
550
80.0
80.0
80.0
70.0
70.0
70.0
60.0
60.0
60.0
50.0
50.0
50.0
45.0
35.0
45.0
40.0
40.0
40.0
50.0
50.0
50.0
45.0
45.0
45.0
40.0
40.0
30.0
350
35.0
35.0
30.0
30.0
30.0
40.0
40.0
40.0
35.0
35.0
350
300
30.0
300
250
25.0
30.0
30.0



Table B.2-2: CHF Enhancement data with 18% spacers in Freon-134a (cont.'d)

RuniD Date Time P m G Tw Tin DHin Xin Xc¢ Power CHF  CHFref

- - - MPa gs Mgm2s C C Wkg - - kW MW/m2 MW/m2
51914 18/05/94 22:01:58.00 1.639 206.1 4.101 6573 54.77 6.60 -0.047 0223 7.822 0.1s52 0.117
51914 18/05/94 22:02:52.00 1.668 205.1 4.080 66.19 55.16 7.16 -0.051 0219 7751 0.150 0.113
51914 18/05/94 22:03:25.00 1.666 2032 4.062 66.19 5532 684 -0049 0222 7727 0.150 0.1l4
51914 18/05/94 22:03:47.00 1.668 198.0 3.939 6622 5538 6.81 -0049 0231 7739 0.150 0112
52914 18/05/94 22:07:00.00 1.657 2005 3.988 66.26 5593 552 -0039 0244 7.962 0.155 0.112
52914 18/05/94 22:07:33.00 1.650 199.8 3.976 66.11 56.05 503 -0.036 0249 7988  0.155 0II12
52914 18/05/94 22:07:58.00 1.651 2002  3.983 66.09 $6.17 3.89 -0.035 0248 7.937 0.5  0.112
11714  19/05/94 12:51:13.00 1.665 204.5 4.069 69.25 44.75 2304 -0.165 0.101 7.616 0.148 0.144
11714  19/05/94 12:51:57.00 1.663 198.7 13952 67.05 33.79 2292 -0.164 0.108 7.563 0.147 0.143
11714  19/05/94 12:52:22.00 1.663 2013  4.005 66.27 44.83 2287 -0.163 0.105 7.558 0.147 0.134
12714  19/05/94 12:53:35.00 1.656 201.0 3998 66.17 44.81 2259 -0.161 0.102 7412 0134  0.13§
12714 19/05/94 12:54:35.00 1.656 2009 3.997 6645 44.81 2259 -0.161 0.104 7.455 0.145  0.145
12714  19/05/94 12:55:21.00 1.65¢ 199.8 3.975 66.78 44.79 22.56 -0.161 0.105 7.363 0.145 0.134
13714 19/05/94 12:57:21.00 1.659 2000 13979 66.60 $4.81 2271 -0.162 0.116 7802 0.151 0.0
13714 19/05/94 12:57:25.00 1.659 2018 4016 69.50 34.77 22.77 -0.163 0.112 7751  0.150  0.141
13714  19/05/94 12:57:51.00 1.659 1993  3.965 67.06 34.85 22.66 -0.162 0117 7.795 0.1s1  0.140
14714  19/05/94 13:00:41.00 1.657 199.1 3960 66.91 4501 22.33 .0.159 0131 8.089 0157 0.136
14714 19/05/94 13:01:21.00 1.657 201.7 4013 66.94 45.07 2226 -0.159 0.124 8.007 0.155 0137
14714  19/05/94 13.01:58.00 1.659 1983 3946 66.79 45.14 2221 -0.58 0.130 8.007 0.155 0.136
15714 19/05/94 13:03:57.00 1.662 1960 3900 6648 3499 2255 .0.161 0.139 3.242 0.160 0.134
15714  19/05/94 13:04:22.00 1.662 199.4  3.967 66.54 44.94 2264 -0.162 0.133 8238 0.160 0.13§
15744  19/05/94 13:04:53.00 1.662 1975 3929 67.52 44.97 22.58 .-0.161 0.136 8213 0.159 0.134
17714  19/05/94 13:09:35.00 1.663 2014 3.007 67.04 4512 2242 -0.160 0.138 8405 0.163 0.133
17714  19/05/94 13:09:59.00 1.663 198.1 3941 66.82 4507 22.50 -0.161 0.141 8364 0.162 0.133
17714 19/05/94 13:10:23.00 1.663 198.6 3951 66.70 45.14 2239 -0.160 0.142 8391 0.163 0132
21714  19/05/94 13:14:4800 1.666 203.6 4050 68.29 43.96 2431 -0.174 0.096 7691  0.149  0.147
21714 19/05/94 13:15:17.00 1.666 200.1 3981 70.09 43.03 24.20 -0.173 0093 7.625 0.148  0.147
21714  19/05/94 13:15:52.00 1.666 203.1 4040 70.35 <4.27 23.83 -0.170 0098 7619 0.138 0.146
22714 19/05/94 13:18:39.00 1.668 198.6 3.951 66.65 34.23 2395 -0.171 0108 7760 0.1S1  0.143
22714 19/05/94 13:19:32.00 1.65¢ 201.2 4,003 66.12 434,35 2323 .0.166 0.108 7.718 0.150 0.143
22714 19/05/94 13:20:10.00 1.65¢ 2032  4.042 66.09 44.33 2326 -0.166 0.106 7.730 0.150 0.143
23714 19/05/94 13:22:3500 1.668 2020 4.019 66.73 43.51 23.53 -0.168 0.116 8018 0156 0.140
23714  19/05/94 13:22:55.00 1.668 202.5 4.028 66.62 44.53 23.50 -0.168 0.116 8030 0.156 0.140
23714  19/05/94 13:23:24.00 1.668 1989 3956 67.89 44.59 23.42 .0.168 0.423 807t  0.157 0138
24744 19/05/94 13:25:21.00 1.656 200.5 3.989 66.59 44.88 2248 -0.160 0.132 8207 0.159 0136
24714 19/05/94 13:25:52.00 1.656 202.6 4.030 66.47 4492 2242 .0.160 0.127 8.159 0.158 0.136
24714 19/05/94 13:26:17.00 1.659 2014 4006 67.10 <4496 22.49 -0.160 0129 8178 0159 0.136
25714 19/05/94 13:31:31.00 1.665 202.8 4035 66.59 4516 22.42 .0.160 0.143 8598 0.167 0.131
25714  19/05/94 13:32:11.00 1.666 2023  3.025 66.64 4527 2232 -0.160 0.147 8682 0.169  0.130
25714 19/05/94 13:32:37.00 1.665 1954 3.888 66.60 4534 2214 -0.IS8 0158 8636 0.168 0.128
31714  19/05/94 13:38:18.00 1.619 201.2 4003 70.25 44.83 21.08 -0.149 0.132 8000 0.155 0.136
31714 19/05/94 13:39:38.00 1.669 201.5 4.009 6627 44.59 2348 -0.168 0.118 8062 0.156 0.139
31714  19/05/94 13:40:32.00 1.662 2027 4032 66.13 4464 23.09 -0.165 0.117 8009 0.155 0.139
31714  19/05/94 13:41:02.00 1.665 202.1  3.021 66.16 44.68 23.15 -0.166 0.118 8.017 0.156 0.139
32714  19/05/94 13:44:13.00 1.660 203.5 4.049 66.51 4485 22.72 -0.162 0.127 8245 0.160 0.136
32714  19/05/94 13:44:33.00 1.660 2024 4028 66.42 3485 2272 .0.162 0.131 8304 0.161 0135
32714 19/05/94 13.45:08.00 1.662 208.8 4.153 66.42 44.97 22.58 -0.161 0.123 8319 0.161 0.136
33714  19/05/94 13.48:08.00 1.653 2028 4.034 6649 4501 22.16 -0.158 0.146 8.651 0.168 0.131
33714  19/05/94 13.48:41.00 1.653 201.2 4003 6638 45.07 22.07 -0.1S7 0.148 8.607 0.167 0.131
23714  19/05/94 13:49:15.00 1.656 2105 4.1838 66.45 4523 2194 -0.156 0.136 8.637 0.168 0.132
34714 19/05/94 13:51:21.00 1.657 1999 3976 67.01 4575 21.22 -0.1S1 Q.I71 9.02¢ 0175  0.126
34714  19/05/94 13:51:50.00 1.659 201.4  4.007 6694 4577 2125 -0.152 0.168 9030 0.175 0.126
34714  19/05/94 13:52:31.00 1.657 1982 3.944 6693 4596 2091 -0.149 0.176 9.03¢ 0175  0.I25
41714  19/05/94 13:17:43.00 1.612 2066 4.111 6533 4551 19.72 -0.139 0.137 8078 0157 0.3
41714  19/05/94 14:19:00.00 1.669 209.5 $.168 66.95 4523 22.49 -0.161 0.121 8244 0160 0.137
41714  19/05/94 14:19:27.00 1.665 2063  4.103 66.55 4529 2223 -0.159 0.125 48181 0159 0.136
42714 19/05/94 14:22:27.00 1.672 2050 4079 68.47 4534 22.45 -0.161 0.143 8709 0.169 0.130
42714  19/05/94 14:22:5500 1.665 2057 4.092 67.65 4538 22.09 -0.158 0.145 8708 0.169 0.130

B-13

1.301
1.317
1.316
1.339
1.383
1.383
1.374
1.02¢
1.025
1.020
0.991
1.000
1.004
1.080
1.063
1.080
1154
1.131
1.139
1197
1.185
1.185
1.226
1.223
1.230
1.015
1.007
1.014
1.054
1.047
1.049
L.ns
1.116
1.137
1.178
1.161
1.168
1.269
1.294
1.306
1.145
1.128
1.116
1119
1.176
1.192
1.186
1.278
1.272
1.266
1.395
1.393
1.407
1182
LIT2
1.167
1.297
1.295

300
30.0
30.0
30.0
25.0
25.0
25.0
120.0
1200
1200
80.0
80.0
80.0
60.0
60.0
60.0
50.0
50.0
50.0
40.0
40.0
40.0
35.0
350
350
80.0
80.0
80.0
60.0
60.0
60.0
50.0
50.0
50.0
40.0
40.0
40.0
30.0
30.0
30.0
50.0
50.0
50.0
50.0
40.0
40.0
400
30.0
30.0
30.0
50
25.0
250
40.0
40.0
40.0
300
300



Table B.2-2: CHF Enhancement data with 18% spacers in Freon-134a (cont.'d)

RuniD

42714
43714
43714
43714
44714
44714
44714
51714
51714
51714
51714
51714
52714
52714
52714
53714
53714
53714
14514
14514
15514
16514
16514
16514
17514
17514
17514
24514
24514
24514
25514
25514
25514
26514
26514
26514
27514
27514
27514
27514
28514
28514
28514
32514
32514
33514
33514
33514
33514
34514
34514
34514
35514
35514
35514
36514
36514
36514

Date Time

19/05/94 14:23:38.00
19/05/94 14:26:23.00
19/05/94 14:26:54.00
19/05/94 14:27:35.00
19/05/94 14:32:46.00
19/05/94 14:33:40.00
18/05/94 14:34:29.00
19/05/94 14:48:34.00
19/05/94 14:49:46.00
19/05/94 14:50:19.00
19/05/94 14:51:31.00
19/05/94 14:52:34.00
19/05/94 14:55:16.00
19/05/94 14:55:43.00
19/05/94 14:56:38.00
19/05/94 15:02:57.00
19/05/94 15:03:53.00
19/05/94 15:04:29.00
20/05/94 10.01:03.00
20/05/94 10:02:00.00
20/05/94 10:04:12.00
20/05/94 10:21:56.00
20/05/94 10:22:43.00
20/05/94 10:23:39.00
20/05/94 10:24:52.00
20/05/94 10:25:46.00
20/05/94 10:26:27.00
20/05/94 10:47:19.00
20/05/94 10:48:24.00
20/05/94 10:52:14.00
20/05/94 10:53:28.00
20/05/94 10:54:01.00
20/05/94 10:54:31.00
20/05/94 11:00:48.00
20/05/94 11:01:49.00
20/05/94 11:02:47.00
20/05/94 11:06:19.00
20/05/94 11:07:22.00
20/05/94 11:08:40.00
20/05/94 11:09:23.00
20/05/94 11:11:38.00
20/05/94 11:12:09.00
20/05/94 11:12:50.00
20/05/94 11:31:57.00
20/05/94 11:32:23.00
20/05/94 11:35:05.00
20/05/94 11:36:30.00
20/05/94 11:37:57.00
20/05/94 11:39:06.00
20/05/84 11:31:06.00
20/05/94 11:43:37.00
20/05/94 11:44:08.00
20/05/94 11:46:53.00
20/05/94 11:47:27.00
20/05/94 11:48:35.00
20/05/94 11:50:24.00
20/05/94 11:51:13.00
20/05/94 11:52:10.00

P
MPa

1.663
1.660
1.659
1.659
1.665
1.656
1.662
1.674
1.669
1.666
1.666
1.668
1.651
1.653
1.653
1.662
1.665
1.665
1.659
1.659
1.659
1.650
1.648
1.638
1.659
1.654
1.656
1.666
1.668
1.663
1.665
1.663
1.662
1.660
1.660
1.659
1.665
1.659
1.660
1.657
1.659
1.659
1.657
1.666
1.665
1.663
1.662
1.662
1.665
1.657
1.659
1.660
1.660
1.663
1.663
1.660
1.663
1.665

m

g/s

208.0
204.8
206.6
209.6
203.2
2012
209.6
2102
2074
2023
204.7
207.5
2029
208.0
202.1
198.3
203.3
2054
205.2
203.1
2053
2009
2012
200.2
2018
203.7
205.2
202.8
204.6

2044
199.3
204.0
199.0
201.4
203.3
202.7
201.1
199.1
196.7
198.4

G
Mg/m2s

4.137
4.075
4.111
4.170
4.042
4.003
171
4.183
3.126
4.024
4.073
4.129
4.036
4.138
4.02!
3.945
4.045
4.087
4.083
4.040
+.084
3.996
4.003
3.983
4.015
4.052
4.082
4.034
4.070
4.023
3.996
3.984
4.073
411
4.121
4.092
4.026
4.148
4.175
4.079
3975
3.870
3.936
4.014
4.007
4.024
4.031
4.067
3.965
4.059
3.960
4.006
4.044
4.033
4.001
3.962
3913
3.948

Tw
C

67.07
67.19
67.13
67.15
67.46
68.12
70.23
67.43
67.43
67.36
68.52
67.88
68.56
68.54
68.95
68.87
68.90
67.76
67.96
68.16
68.58
67.95
68.01
68.02
68.23
68.18
68.22
68.30
68.32
68.29
68.45
68.36
68.37
68.17
68.21
68.22
68.42
68.31
68.35
68.33
68.95
68.91
68.91
68.34
68.31
68.10
68.03
68.12
68.40
68.19
68.30
68.31
68.38
68.55
68.53
68.96
68.99
69.03

Tin
C

45.55
45.90
4599
46.10
46.38
46.62
46.73
43.44
43.60
45.05
45.57
45.84
46.20
46.23
16.40
47.18
47.25
47.31
3379
33.83
33.87
33.42
33.52
33.63
33.70
33.77
3383
33.79
33.89
3403
34.03
34,07
34.09
3416
422
33.23
34.35
3440
34.46
3444
34.48
34.57
34.66
33.96
34.02
3415
3422
34.27
3427
3424
34.33
3431
34.39
313,36
34.52
34.61
3370
3479

B-14

DHin
Wikg

21L7
2L1L
20.91
20.74
20.56
19.83
19.90
25.40
2345
22.65
21.86
21.50
20.29
20.30
20.11
19.23
19.24
19.15
39.27
39.22
39.16
39.45
39.26
39.09
39.41
39.12
39.09
39.58
39.50
39.10
39.16
39.04
38.95
38.78
38.70
38.61
38.69
38.36
38.34
38.25
38.25
38.11
3791
39.33
39.19
38.93
38.76
38.68
38.80
38.55
38.47
38.56
3845
38.36
3838
38.12
38.10
38.03

Xin

0.156
-0.151
-0.149
-0.148
-0.147
-0.141
-0.142
-0.182
+-0.168
-0.162
-0.156
0.154
<0.135
+0.135
-0.143
<0.137
-0.138
-0.137
-0.280
-0.280
-0.280
-0.281
-0.279
<0278
-0.281
-0.279
-0.279
-0.283
-0.283
-0.279
-0.280
-0.279
-0.278
-0.277
-0.276
-0.276
-0.277
-0.274
<0274

273
-0.273
0272
-0.271
-0.281
-0.280
-0.278
0277
-0.276
0277
-0.275
-0.275
-0.275
-0275
-0.278
0274
0272
0272
0272

Xe

0.144
0.164
0.162
0.158
0.188
0.195
0.186
0.127
0.134
0.143
0.145
0.143
0.170
0.165
0.174
0.201
0.194
0.191
0.062
0.067
0.063
0.070
0.073
0.073
0.077
0.076
0.074
0.062
0.060
0.064
0.072
0.075
0.067
0.071
0.070
0.073
0.088
0.078
0.077
0.088
0.109
0.120
0.114
0.062
0.062
0.069
0.071
0.067
0.076
0.074
0.083
0.078
0.084
0.087
0.090
0.108
0.114
0.112

CHF  CHFref CHFR

Power
kW MW/m2
8.704 0.169
9.031 0.175
9.025 0.175
8.973 0.174
9.510  0.185
9.498 0.184
9.632  0.187
9.056 0.176
8.740 0.170
8.631 0.168
8.624 0.167
8.600 0.167
8.964 0.174
9.043  0.176
8989  0.174
9.395 0.182
9.422 0.183
9412  0.183
9.832 0.191
9.869  0.192
9.855 0.191
9.896 0.192
9974  0.194
9.877 0192
10.143 0.197
10.187  0.197
10.137  0.197
9.777  0.190
9.788  0.190
9.705 0.188
9.876  0.192
9912  0.192
9.884  0.192
10.076  0.196
10.045 0.195
10.059 0.19§
10336  0.201
10.292  0.200
10319 0.200
10.359 0.20¢
10.684  0.207
10.683 0.207
10.676  0.207
9.673 0.188
9.636  0.187
9.826 0.194
9865 0Q.191
9.822  0.191
9.848 0.191
9.992  0.194
9967  0.193
9.973 0.194
10.221 0.198
10.257  0.199
10257  0.199
10.602  0.206
10.645  0.207
10.648 0.207

MW/m2

0.131
0.126
0.126
0.127
0.121
0.120
0.121
0.13¢
0.133
0.131
0.130
0.131
0.126
0.126
0.125
0.119
0.120
0.120
0.189
0.182
0.187
0.180
0.175
0.176
0.170
0.171
0.173
0.189
0.192
0.187
0.177
0.173
0.182
0.176
0.177
0.173
0.157
0.165
0.165
0.156
0.143
0.140
0.141
0.189
0.189
0.180
0.i77
0.182
ein2
0.173
0.165
0.169
0.161
0.159
0.156
0.143
0.141
0.142

1.294
1.389
1.385
1.370
1.528
1.530
1.547
1.309
1.276
1.276
1.283
1.278
1.383
1.393
1.396
1.536
1.530
1.522
1.007
1.050
1.021
1.070
1.104
1.089
1.159
1.155
1.135
1.00S
0.991
1.009
1.085
L
1.051
L1134
1.100
1.128
1.280
1.214
1214
1.291
1.450
1.479
1.465
0.994
0.992
1.061
1.080
1.047
L1
1123
1L17¢
1.145
1.234
1.256
1.278
1.436
1.462
1.456

SP

J0.0
250
25.0
5.0
20.0
20.0
20.0
30.0
30.0
30.0
30.0
30.0
25.0
25.0
5.0
200
200
200
40.0
40.0
50.0
35.0
350
35.0
300
30.0
30.0
40.0
40.0
40.0
350
350
35.0
30.0
300
300
250
25.0
25.0
25.0
200
200
200
40.0
40.0
350
350
350
350
30.0
300
300
250
25.0
250
20.0
20.0
20.0



Table B.2-2: CHF Enhancement data with 18% spacers in Freon-134a (cont.'d)

RuniD

41514
42514
42514
42514
43514
43514
43514
44514
44514
45514
45514
45514
51514
51514
51514
52514
52514
52514
52514
52514
53514
53514
53514
53514
54514
54514
54514
51914
51914
51914
51914
51612
53612
53612

Date Time

20/05/94 12:01:42.00
20/05/94 12:06:34.00
20/05/94 12:07:13.00
20/05/94 12:08:42.00
20/05/94 12:11:14.00
20/05/94 12:12:00.00
20/05/94 12:12:53.00
20/05/94 12:15:20.00
20/05/94 12:16:10.00
20/05/94 12:19:02.00
20/05/94 12:21:02.00
20/05/94 12:21:47.00
20/05/94 12:34:00.00
20/05/94 12:34:52.00
20/05/94 12:36:15.00
20/05/94 12:38:13.00
20/05/94 12:38:19.00
20/05/94 12:39:44.00
20/05/94 12:40:35.00
20/05/94 12:41:29.00
20/05/94 12:43:28.00
20/05/94 12:44:19.00
20/05/94 12:44:49.00
20/05/94 12:45:26.00
20/05/94 12:47:50.00
20/05/94 12:48:24.00
20/05/94 12:49:04.00
02/06/94 10:57:36.00
02/06/94 10:59:34.00
02/06/94 11:00:40.00
02/06/94 11:01:19.00
02/06/94 19:20:40.00
02/06/94 19:29:23.00
02/06/94 19:30:14.00

P
MP2

1.641
1.665
1.662
1.660
1.659
1.651
1.653
1.663
1.666
1.669
1.650
1.653
1.669
1.666
1.665
1.665
1.665
1.660
1.666
1.666
1.657
1.654
1.653
1.656
1.663
1.665
1.668
1.663
1.672
1.662
1.662
1.656
1.665
1.660

m
s

202.1
199.6
2078
203.1
201.9
2032
200.6
200.3
195.5
195.2
203.9
203.1
2023
2070
204.7
200.4
200.0
210.7
203.9
205.5
195.6
200.1
198.4
2000
193.6
194.5
196.7
2017
2019
202.7
202.8
108.2

97.1

99.4

G

Mg/m2s

4.020
39
4.134
4.041
4.017
4.042
3.990
3.985
3.890
3.883
4.077
4.040
1.025
4.119
$.07
3.987
3978
4.192
4.087
4.088
3.892
3.981
3.947
3978
3.8582
3.369
3913
4012
4.018
4.032
4.027
2152
1.931
1.978

Tw
o}

67.79
68.42
68.35
68.37
68.36
68.07
67.99
68.84
68.91
69.18
69.06
69.13
70.05
69.92
69.85
69.15
69.80
69.81
70.98
70.90
68.87
68.84
68.75
68.82
69.23
69.21
69.27
66.60
66.82
66.55
66.44
63.36
65.19
65.51

Tin
C

33.63
33.20
34.27
34.44
34.46
34.53
34.63
34.63
4.2
34.83
35.24
35.39
33.59
33.09
34,46
33.52
34.59
4N
3381
3481
34.76
34.81
34.81
34.92
35.09
35.24
3544
53.63
55.32
5517
55.90
3787
38.09
38.13

B-15

DHin
kg

38.78
3891
38.68
38.37
33.28
37.86
31.79
3822
38.20
38.16
36.75
36.65
40.00
19.14
38.52
38.44
38.33
37.95
38.06
38.06
37.78
37.57
37.51
37.47
37.52
37.37
37.18

9.33

7.08

5.96

5.76
33.06
33.10
32.86

Xin Xc Power CHF  CHFref
W MW/m2 MW/m2

-0.276
-0.278
-0.276
-0.274
-0.273
-0.270
-0.269
0.273
-0.273
-0.273
-0.262
-0.261
-0.286
-0.280
-0.275
-0.275
-0.274
+0.271
<0272
0.2712
-0.270
-0.268
-0.267
-0.267
-0.268
+0.267
-0.266
-0.067
-0.051
<0.043
+0.041
-0.236
-0.237
-0.235

0.064
0.077
0.065
0.075
0.086
0.088
0.093
0.106
0.117
0.143
0.137
0.144
0.075
0.075
0.082
0.098
0.095
0.081
0.089
0.084
0.115
0.111
0.116
0.113
0.149
0.148
0.146
0.210
0222
0.227
0.228
0.129
0.193
0.187

9.645
9.906
9.925
9.934
10.175
10.197
10.191
10.624
10.672
11.341
11.488
11.554
10.226
10.281
10.224
10.465
10.336
10.391
10.310
10.245
10.537
10.630
10.670
10.670
11.297
11.289
11.319
7.811
7.704
7.662
7.630
5.536
5.830
5.868

0.187
0.192
0.193
0.193
0.197
Q.198
0.198
0.206
0.207
0.220
0.223
0.224
0.198
0.200
0.198
0.203

.201
0.202
0.200
0.199
0.205
0.206
0.207
0.207
0.219
0.219
0.220
0.152
0.150
0.149
0.148
0.107
0.113
Q.14

0.188
0.171
0.184
0172
0.159
0.157
0.15¢
0.144
0.140
0.132
0.133
0.132
0.172
0.170
0.163
0.148
0.151
0.159
0.155
0.159
0.137
0.142
0.141
0.141
0.131
0.131
0.131
0.117
0.113
0.114
0.114
0.107
0.113
0.115

0.996
1.123
1.046
1.121
1.239
1.259
1.289
1.435
1.475
1.669
1.672
1.701
1.157
1175
1.217
1.376
1.328
1.270
1.295
1.249
1.495
1.450
1.469
1.465
1.672
1.671
1.675
1.300
1.325
1.308
1.303
1.004
0.992
0.987

40.0
30.0
30.0
300
25.0
25.0
250
20.0
200
15.0
15.0
15.0
30.0
300
3o.0
25.0
25.0
25.0
5.0
25.0
20.0
200
20.0
200
15.0
15.0
15.0
300
30.0
30.0
300
30.0
200
200



Table B.2-3:

RuniD

41124
41124
41124
42124
42124
42124
43124
43124
43124
43124
44124
44124
SH124
S1124
SU124
41524
41524
41524
41524
42524
42524
42524
42524
43524
43524
43524
54524
54524
54524
47524
47524
47524
47524
41924
41924
41924
42924
42924
42924
54294
54294
54294
45924
45924
45924
41724
41724
41724
42724
42724
42724
43724
43724
43724
46724

Date

24/11/94
24/11/94
24/11/94
24/11/94
24/11/94
24/11/94
24/11/94
24/11/94
29/11/94
291194
24/11/94
24/11/94
24/11/94
24/11/94
24/11/94
28/11/94
28/11/94
28/11/94
28/11/94
28/11/94
28/11/94
28/11/94
28/11/94
28/11/94
28/11/94
28/11,94
28/11/94
28/11/94
28/11.94
28/11/94
28/11/94
28/11/94
28/11:94
28/11/94
28/11/94
28/11/94
28/11/94
28/11/94
28/11/94
28/11/94
28/11/94
28/11/94
28/11/94
28/11/94
28/11/94
28/11/94
28/11/94
28/11/94
28/11/94
28/11/94
28/11/94
28/11/94
28/11/94
28/11,94
28/11/94

CHF Enhancement data with 18% spacers in Freon-22

Time

16:01:21.00
16:02:10.00
16:03:02.00
16:16:31.00
16:17:15.00
16:17:59.00
16:29:21.00
16:32:56.00
16:33:30.00
16:34:11.00
16:45:24.00
16:46:09.00
17:03:34.00
17:06:23.00
17:07:38.00
16:17:03.00
16:19:19.00
16:20:18.00
16:22:47.00
16:28:11.00
16:29:48.00
16:30:27.00
16:30:57.00
16:39:33.00
16:41:43.00
16.42:47.00
16:56:54.00
16:58:16.00
16:58:50.00
17:14:10.00
17:14:36.00
17:15:23.00
17:15:54.00
18:34:10.00
18:35:09.00
18:36:08.00
18:42:43.00
18:43:24.00
18:43:59.00
19:01:29.00
19:02:37.00
19:03:42.00
19:10:29.00
19:12:08.00
19:13:00.00
19:22:17.00
19:23:51.00
19:24:29.00
19:28:15.00
19:28:50.00
19:29:47.00
19:33:12.00
19:34:07.00
19:34:50.00
20:00:49.00

P
MPa

1.897
1.889
1.889
1.904
1.901
1.901
1.880
1.878
1.877
1.874
1.906
1.907
1.904
1.897
1.900
1.841
1.888
1.883
1.891
1.901
1.900
1.898
1.898
1.909
1.900
1.901
1.909
1.903
1.904
1.894
1.891
1.892
1.892
1.904
1.901
1901
1.903
1.900
1.901
1.900
1.889
1.888
1.868
1.868
1.877
1.878
1.898
1.884
1.884
1.884
1.888
1.903
1.894
1.886
1.889

m

g/s

200.6
200.1
2014
200.8
201.0
2012
200.5
200.7
200.7
200.3
2012
2011
200.1
200.1
200.0
205.8
207.1
206.7
202.6
201.8
201.6
2016
200.7
200.1
2016
2021
202.0
2018
2013
202.5
201.8
202.4
202.4
2023
2022
20LS
2017
2012
200.6
200.0
200.6
200.6
202.1
2015
202.1
2023
203.1
202.8
2018
2015
201.3
199.9
202.1
201.8
2012

G
Mg/m2s

3.991
3.981
4.006
3.996
3.998
4.002
3.989
3.993
3.993
3.985
4.002
4.000
3.981
3.982
3.980
4.095
4.119
4113
4.030
4.014
4.011
4.011
3.993
3.981
4.011
4.021
4.019
4.015
4.004
4.029
4.015
4.026
4.027
4.024
4.024
4.008
4.012
4.004
3.990
3.979
3.991
3.990
4.020
4.009
4.020
4.024
4.041
4.034
4.015
4.009
4.005
3.976
4.021
4.015
4.003

Tw
C

60.17
60.11
60.18
60.39
60.40
60.45
60.64
60.33
60.36
60.40
61.74
61.78
62.20
62.14
62.16
58.85
59.65
§9.51
59.86
59.86
59.81
59.84
59.81
60.57
60.38
60.37
60.72
60.78
60.85
60.39
60.46
60.55
60.49
63.40
63.19
63.61
58.51
58.45
58.29
58.47
58.27
58.23
57.54
57.62
57.19
58.47
58.81
58.68
58.55
58.57
58.59
59.01
58.88
58.85
59.11

Tin
(o4

13.28
1327
13.30
13.32
1335
13.37
13.45
13.58
13.57
13.58
14.00
14.05
14.41
14.51
14.56
28.50
28.68
28.75
28.98
29.12
29.22
29.25
29.27
28.26
28.28
28.30
28.68
28.58
28.59
28.07
28.13
28.22
28.24
47.57
47.76
4197
47.85
47.87
47.97
48.08
48.35
48.42
47.30
4723
47.21
38.33
38.32
38.33
38.12
38.14
38.17
38.36
38.36
38.44
38.40

B-16

DHin
kikg

46.26
46.02
46.01
46.47
46.33
46.30
45.51
45.29
45.26
45.16
45.72
45.70
45.20
44.80
44.86
25.85
27.19
26.95
26.91
27.06
26.89
26.82
26.79
28.41
28.09
28.10
27.86
27.81
27.86
28.14
27.95
27.91
27.89

2.54

2.16

1.91

2.13

2.00

1.96

L.70

0.99

0.84

175

1.82

212
1432
14.98
14.51
14.79
13.78
14.83
15.08
14.79
13.42
1458

Xin

-0.297
-0.295
-0.295
-0.299
-0.298
-0.298
-0.292
-0.290
-0.290
-0.289
<0.294
-0.294
-0.291
-0.288
-0.289
-0.164
-0.174
-0.173
-0.173
-0.174
-0.173
-0.172
-0.172
-0.183
-0.181
-0.181
-0.180
-0.179
-0.179
-0.181
<0.179
-0.179
-0.179
-0.016
-0.014
-0.012
-0.014
-0.013
-0.013
-0.011
-0.006
-0.005
-0.01!
-0.012
-0.014
-0.092
-0.096
-0.093
-0.095
-0.095
-0.095
-0.097
-0.095
-0.092
-0.094

Xc

0.097
0.099
0.097
0.108
0.107
0.108
0.125
0.126
0.125
0.127
0.162
0.165
0.197
0.198
0.199
0.179
0.171
0.171
0.179
0.187
0.189
0.18%
0.190
0.211
0.208
0.210
0.218
0.221
0.219
0.211
0.216
0.215
0.214
0.270
0.274
0.276
0.281
0.283
0.283
0.293
0.294
0.295
0.282
0.284
0.281
0.222
0.218
0.221
0.225
0.227
0.228
0.292
0.241
0.243
0.249

Power
kW

12.292
12.296
12.316
12.704
12.666
12.677
13.033
13.040
12.999
13.025
14.257
14.331
15.182
15.119
15173
11104
11.145
11.086
11.091
11.313
11.351
11.335
11.307
12.253
12.168
12.263
12.469
12.530
12.467
12.364
12.432
12.412
12.395

9.001

9.045

9.025

9.222

9.247

9.232

9.444

9.398

9.379

9.283

9.323

9.284

9.897

9.939

9.939
10.073
10.116
10.144
10.521
10.568
10.556
10.733

CHF  CHFref
MW/m2 MW/m2
0.239 0.189
0.239 0.185
0239  0.189
0.247 0.185
0.246 0.185
0.246 0.185
0.253 0.171
0.253 0.171
0.252 0.171
0.253 0.169
0.277 0.163
0.278 0.162
0.295 0.148
0.293 0.147
0.295 0.147
0.216 0.156
0.216 0.170
0.215 0.168
0.215 0.158
0.220 0.155
0.220 0.154
0.220 0.153
0.219 Q.151
0.238 0.145
0.236 0.148
0.238 0.149
0.242 0.148
0.243 0.146
0.242  0.145
0.240 0.148
0.241 0.145
0.241 0.147
0.241 0.147
0.175 0.13§
0.176 0.134
0.175 0.131
0.179 0.131
0.179 0.129
0.179  0.128
0.183 0.12§
0.182 0.124
0.182 0.124
0.180 0.127
0.181 0.125
0.180 0.129
0.192  0.143
0.193 0.148
0.193 0.145
0.196 0.132
0.196 0.140
0.197 0.140
0204 0.136
0.205 0.140
0205 0.137
0.208 0.135

1.260
1.288
1.263
1.333
1.328
1.327
1477
1.481
1.474
1.498
1.702
1L.721
1.987
1.994
2.005
1.379
1273
1.278
1.366
1.417
1.435
1.435
1.454
1.639
1.594
1.597
1.639
1.670
1.670
1.620
1.665
1631
1.637
1.294
1313
1.332
1.365
1.387
1.401
1471
1.469
1.470
1.420
1443
1.402

1.299
1333
1.381
1398
1.404
1.504
1.468
1.491

Sp

30.0
30.0
300
25.0
25.0
25.0
200
20.0
20.0
200
15.0
15.0
12.5
12.5
12.5
30.0
30.0
30.0
30.0
25.0
25.0
25.0
25.0
200
200
20.0
17.5
17.5
17.5
19.0
19.0
19.0
19.0
35.0
35.0
350
30.0
30.0
30.0
2.5
215
21.5
29.0
29.0
29.0
35.0
350
350
30.0
300
30.0
250
25.0
5.0
24.0



Table B.2-3: CHF Enhancement data with 18% spacers in Freon-22 (cont.'d)

RuniD  Date Time |4 m G Tw Tin DHin Xin Xc Power CHF CHFref CHFR SP
- - - MPa s Mgmls C C Wikg - - kW MWm2 MWm2 - om

46724 28/11/94 20:01:28.00 1.889 201.5 4.009 59.13 3847 14.47 -0.093 0.249 10.727 0208 0.136 1.533 24.0
46724 28/11/94 20:02:29.00 1.884 201.0 3.998 S9.17 3863 14.12 -0.091 0.249 10.644 0207 0.134 1.543 240
46724 28/11/94 20:05:15.00 1.889 201.0 3.999 59.18 3881 14.04 -0.090 0.250 10.660 0.207 0.133 1.539 24.0
41324 28/11/94 20:20:45.00 1.875 201.3  4.004 5$9.58 22.60 34.35 -0.220 0.153 11.709 0.227  0.161 1.412 250
41324 28/11/94 20:21:48.00 1.919 203.0 4.038 6033 2236 36.08 -0.233 0.143 11.809 0229 0.177 1.296 25.0
41324 28/11/94 20:22:29.00 1912 202.7 4.033 6034 22.28 3598 -0.232 0.145 11.862 0230 0.174 1.326 250
41324 28/11/94 20:23:05.00 1.898 202.1  4.021 60.15 2221 3558 -0.229 0.145 11.753 0.28 0.170 1.343 250
42324 28/11/94 20:26:26.00 1.904 199.7 3974 60.45 2209 3594 -0.231 0.163 12250 0238 0.158 1.501 200
42324 28/11/94 20:27:13.00 1.904 203.] 4.040 60.60 22.17 35.82 -0.231 0.163 12.416 0.241  0.166 1.449 200
42324 28/11/94 20:27:51.00 1.906 202.8  4.034 60.62 2230 3575 -0.230 0.164 12.420 0241  0.166 1.456 200
43324 28/11/94 20:31:56.00 1.903 199.2 3963 62.01 2247 3541 -0.228 0.183 12.726 0247 0.150 1.643 175
43324 28/11,/94 20:33:15.00 1.895 202.2  4.022 6247 22.57 35.04 -0.225 0.184 12.864 0250 0.156 1.603 17.5
43324 28/11/94 20:34:26.00 1.891 2020 4019 61.74 2275 34.68 -0.223 0.186 12.846 0.249  0.154 1.619 175
41024 29/11/94 10:32:44.00 1,900 202.1  4.021 6338 1197 47.85 -0.308 0.093 12599 0.245 0.196 1.250 350
41024 29/11/94 10:33:44.00 1901 202.1  4.020 62.80 1199 47.90 -0.308 0.092 12.570 0.244  0.197 1.241 350
41024 29/11,94 10:35:11.00 1.904 2019 3017 64.13 1199 4799 -0.309 0.093 12,611 0245 0.196 1.247 350
42024 29/11/94 10:40:47.00 1.897 2014 4.006 67.93 1198 47.76 -0.307 0.098 12.700 0246 0.190 1.297 300
42024 29/11/94 10:41:30.00 1.8398 201.1 4,001 68.08 1198 47.79 -0.307 0.099 12.700 0247 0.190 1.299 300
43023 29/11/94 10:45:20.00 1.903 201.5 4.008 6540 12.06 47.85 -0.308 0.109 13.057 0253 0.186 1.365 250
43024 29/11/94 10:46:29.00 1.900 201.2  4.003 64.82 1213 47.67 -0.307 0.112 13.097 0254 0.183 1390 250
43024 29/11/94 10:47:06.00 1.904 202.1  4.021 67.21 12.15 47.79 -0.308 0.110 13.120 0255 0.187 1.362 250
44024 29/11/94 10:50:39.00 1.397 2009 3.998 61.99 12.19 47.51 -0.305 0.126 13.476 0262  0.175 1.494 200
44024 29/11,94 10:51:27.00 1.901 2009 3997 62.04 1224 4759 -0.306 0.124 13.443 026! 0.176 1.479 200
44024 29/11/94 10:52:24.00 1903 201.6 4.012 61.97 1229 47.57 -0.306 0.123 13.452 0261 0.179 1.458 200
45024 29/11,94 10:59:15.00 1.915 2016 4.010 6239 1237 47.87 -0.309 0.141 14071 0273 0Q.173 1.578 150
45024 29/11/94 11:00:08.00 1.892 201.7 4012 62.08 1245 47.03 -0.302 0.146 14069 0273  0.167 1.632 150
45024 29/11/94 11:01:04.00 1.897 201.1  4.001 62.11 1256 47.06 -0.302 0.149 14124 0274  0.166 1.655 150
47024 29/11/94 11:17:16.00 1.880 200.6 3.992 62.35 12.64 4642 -0.297 0.168 14584  0.283  0.155 1.829 14.0
47024 29/11/94 11:17:59.00 1.872 201.1  4.001 6225 1271 46.11 -0.295 0.166 14.482 0281 0.155 1.808 140
47023 29/11/94 11:19:47.00 1.915 203.0 4.038 62.78 1284 47.34 -0.305 0.151 14356 0279  0.173 1.615 130
47024 29/11/94 11:20:28.00 1.907 202.6  4.031 62.72 1280 47.14 -0.304 0.153 [4.363 0279 G.I70 1.644 140
47024 29/11/94 11:21:09.00 1.900 2023  3.026 62.68 1279 46.89 -0.302 0.156 14.384 0279  0.167 1.676 130
41124 26/01/95 19:01:22.00 1.895 201.2 4.002 61.96 7.37 52.83 -0.339 0.113 14.149 0275 0.182 1.512 200
41124 26/01/95 19:02:17.00 1.884 200.8 3995 61.59 7.53 5227 -0.335 0.114 14073 0273  0.178 1.536 200
41124 26/01/95 19:03:00.00 1.871 2009 3.997 6133 7.60 51.74 -0.331 0.1i3 13956 0271  0.176 1.540 200
41124 26/01,95 19:03:53.00 1.880 200.8 3.996 6147 7.70 51.97 -0.333 0.113 13990 0272 0.178 1.530 200
32124 26/01/95 19:08:07.00 1.878 2009 3.998 61.83 7.71 51.88 -0.332 0.134 14615 0284 0.168 1.686 150
42124 26/01/95 19:09:28.00 1.877 2019 4.017 61.80 7.87 51.62 -0.331 0.135 14681 0.285 0.170 1.681 150
42124 26/01/95 19:10:28.00 1.862 201.6 4.011 61.58 796 51.04 -0.326 0.134 14.534 0282 0.166 1.696 150
42124 26/01/95 19:11:40.00 1.880 201.7 4013 61.71 7.99 51.57 -0.330 0.138 14634 0284 0.170 1.672 150
43124 26/01/95 19:15:52.00 1.900 200.5 3.988 62.47 8.0l 52.23 -0.336 0.155 15313 0297 0.162 1.832 125
43124 26/01/95 19:16:30.00 1.880 199.8 3.975 62.19 8.04 51.54 -0330 0.163 15390 0299 0.154 1933 125
43124 26/01/95 19:17:52.00 1.859 2094  4.166 62.16 8.27 50.60 -0.323 0.150 15526 0.301  0.177 L1700 125
43124 26/01/95 19:18:42.00 1.877 20i.5 4.009 6229 834 5110 -0.327 Q.167 15563 0302  0.157 1.930 125
43125 26/01/95 19:37:56.00 1.839 2S1.§ 5004 63.15 893 49.19 -0313 0.122 17201 0.334  0.196 1.702 125
43125 26/01/95 19:39:02.00 1.825 2513 4999 62.68 9.69 47.90 -0.304 0.128 17.119 0332  0.193 L1724 125
43125 26/0i/95 19:41:41.00 1.875 2527 5028 63.67 998 49.17 -0.315 0.121 17.222 0334 0200 1.672 125
43125 26/01/95 19:42:46.00 1.869 251.8 5009 63.78 10.02 48.89 -0.313 0.126 17.260 0.33§  0.196 1.708 125
43125 26/01:95 19:43:33.00 1.862 2521 5.015 63.78 10.09 48.60 -0310 0.127 17.248  0.335  0.196 1.706 12.5
42125 26/01/95 19:46:49.00 1.821 2555 S.083 6239 9.86 47.53 -0.301 0.108 16506 0.320 0.208 1.539 150
42125 26/01/95 19:48:10.00 1.889 2557 5.086 63.64 9.88 49.77 -0319 0.102 16784 0326 0.215 1512 150
42125 26/01/95 19:49:35.00 1.865 254.7 S5.067 6333 9.95 48.89 -0.312 0.107 16704 0.32¢ 0210 1.543 150
42125 26/01/95 19:51:19.00 1.874 2555 5.082 63.61 9.93 49.19 -0315 0.102 16.639 0323 0214 1.507 150
41125 26/01,95 19:53:33.00 1.881 2532 5037 63.19 9.87 49.51 -0.317 0.085 15909 0.309 0219 1.410 200
41125 26/01/95 19:54:56.00 1.865 253.0 5.033 6797 9.69 49.19 -0.314 0.091 16.058 0.312 0214 1.454 200
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Table B.2-3: CHF Enhancement data with 18% spacers in Freon-22 (cont.'d)

RunIlD  Date Time P m G Tw Tin DHin Xin Xc Power CHF CHFref CHFR SP
- - - MPa gs Mgm2s C C kkg - - kW  MW/m2 MWim2 - cm

41125 26/01/95 20:00:33.00 1.871 247.8 4931 6541 8.81 5033 -0.322 0.089 15519 0309 0205 1.506 20.0
11525 26/01/95 20:18:42.00 1.912 250.2 4.977 61.36 31.86 23.66 -0.153 0.194 13.432 0261 0.169 1.543 200
41525 26/01/95 20:19:48.00 1.859 251.6 5.006 60.83 32.48 21.09 -0.135 0.206 13.447 0261 0172 1.520 20.0
41535 26/01/95 20:20:29.00 1.847 251.7 5008 60.80 32.74 2041 -0.130 0.212 13.519 0262  0.171 1.536 200
44525 26/01/95 20:39:11.00 1.889 252.3 5020 60.84 3228 2240 -0.144 0.179 12702 0.247  0.179 1377 250
44525 26/01/95 20:39:52.00 1.874 251.7 5007 6029 3251 21.62 -0.138 0.185 12728 0247  0.177 1399 25.0
13525 26/01/95 20:40:30.00 1.868 250.1  4.975 60.14 32.74 21.15 -0.135 0.190 12737  0.247  0.172 1435 250
44125 31/01/95 11:34:24.00 1.904 2519 S5.011 63.60 8.69 51.60 -0.332 0.064 15519 0301 0.232 1.297 25.0
44125 310195 11:25:54.00 1.891 2520 5.013 6336 8.89 5097 -0.327 0.065 15187 0299 0231 1292 25.0
44125 3101/95 11:26:29.00 1.884 252.1  5.015 6329 891 5073 -0.325 0.067 15429 0299 0229 1.308 25.0
44125 31/01/95 11:27:23.00 1.875 2523 5.020 63.07 898 5036 -0.322 0.066 15327 0297 0229 1.297 25.0
43535 31,0195 11:38:56.00 1.875 254.1 5054 60.54 31.12 2349 -0.150 0.170 12.718 0247  0.186 1.330 25.0
43525 31.01/95 11:40:32.00 1.866 253.3  5.040 60.42 31.28 2299 -0.147 0.175 12772 0.248  0.183 1.356 25.0
43525 310195 11:41:40.00 1900 2552 5.078 6091 3124 2416 -0.155 0.167 12.775 0.248  0.189 1315 250
43525 31,01/95 11:43:43.00 1.898 251.8 5.009 60.75 33.53 2114 -0.136 0.185 12.580 0243  0.176 1.3%0 25.0
43525 31,01,95 11:44:21.00 1.892 2519 5011 60.76 33.70 207 -0.133 0.187 12539 0243  0.176 1.384 25.0
44525 31,01/95 11:30:29.00 1.854 2554  5.081 5991 33.05 2031 -0.130 0.171 12,025 0233  0.188 1.240 300
44525 31/01/95 11:52:14.00 1.898 253.2  5.037 60.54 33.14 21.64 -0.139 0.161 11.823 0.229  0.186 1.234 300
44525 310195 11:53:07.00 1.888 2534  5.041 60.52 3322 21.18 -0.136 0.164 11.861 0230 0.186 1240 300
41123 3L01/95 12:16:33.00 1.889 150.6 2.995 60.04 562 5459 -0350 0.119 11.006 0.214  0.178 1.200 300
41123 310195 13:18:48.00 1.871 1509 3.003 $9.32 565 5395 -0.345 0.116 10880 0.211  0.177 LISL 300
41123 310095 13:19:12.00 1.868 151.1 3.006 59.29 568 5385 -0.344 0.119 10956 0213  0.175 L.212 300
41123 3105/95 13:20:28.00 1.856 150.8  3.001 $9.12 570 5343 -0.341 0.122 10951 0213  0.173 1.227 300
42123 3101,95 13:24:14.00 1904 1509  3.001 $9.81 573 5500 -0.354 0.123 11170 0217 0177 L2126 250
42123 3LO1/95 13:24:48.00 1.897 151.3  3.010 $9.77 572 S4.76 -0.352 0.124 11196 0217 0176 1.238 250
42123 31,0195 13:26:19.00 1.884 1508  3.000 §9.52 575 S431 -0.348 0.125 1L124 0216 0175 1.234 250
43123 3101/95 13:27:53.00 1.875 1503 2990 59.42 570 S4.04 -0346 0.127 11100 0215 0174 1239 200
43123 310195 13:28:36.00 1.869 150.0 2984 59.40 570 53.85 -0.344 0.132 11182 0217 0.172 1265 200
43123 31,01/95 13:30:28.00 1.895 153.7  3.057 59.92 4575 5465 -0.351 0.121 11304 0219  0.174 1.260 200
43123 31.01/95 13:31:23.00 1.895 153.8 3.060 59.84 576 S4.62 -0351 0.122 11331 0220 0.I74 1.267 200
44123 3LOL9S 13:34:41.00 1910 149.0 2.964 60.33 581 5505 -0355 0.163 11973 0232 0.159 1.457 150
44123 31/01/95 13:35:31.00 1.894 151.5 3.014 60.25 577 54.53 -0350 0.163 12.108 0.235 0.159 1479 150
33123 310195 13:36:19.00 1.894 1520  3.023 60.17 582 5450 -0.350 0.164 12.170 0236  0.158 1.494 150
34123 31/01/95 13:38:28.00 1.878 15L.1  3.007 5995 5.90 53.90 -0.345 0.173 12228 0237 0156 1520 15.0
44123 31,01/95 13:39:30.00 1.869 153.0 3.043 59.76 594 5357 -0343 0.167 12186 0237  0.157 1508 15.0
45123 31,0195 13:44:23.00 1.906 152.9 3.041 60.09 6.03 S4.69 -0352 0.150 11.912 0231 0.163 L4319 175
45123 31/01/95 13:45:18.00 1.886 1515  3.013 60.04 597 5409 -0347 0.158 11933 0232 0161 1439 175
45123 31/00/95 13:46:04.00 1886 ISL.9  3.022 60.04 594 5410 -0347 0.157 11932 0232 0161 1437 175
46123 31/01/95 13:50:43.00 1.897 1509  3.003 6333 592 5449 -0350 0.210 13.165 0256  0.142 1.803 2.5
45523 31/01/95 14:21:04.00 1.869 1525  3.033 58.19 37.92 1431 -0.091 0294 9.197 0.179 0.122 1467 225
45523 31/01/95 14:21:57.00 1.865 1SL.8  3.020 57.95 38.07 1400 -0.089 0.299 9222 0.179 0.122 1470 22.5
45523 31/01/95 14:23:52.00 1.892 153.0 3.043 5825 38.07 1485 -0.095 0292 9235 0179 0117 1534 25
45523 31/01/95 14:24:5400 1.881 1522  3.029 58.07 38.19 1451 -0.093 0293 9.160 0.178  0.120 1487 225
46523 31/01/95 14:26:39.00 1.862 1528 3.041 57.77 38.13 13.79 -0088 0.285 8929 0.173 0125 138 25.0
46523 310195 14:27:34.00 1915 1543  3.070 $8.77 3734 1661 -0.107 0276 9.166 0.178  0.115 1549 25.0
46523 3LOI/95 14:28:37.00 1.897 153.4  3.052 S8.61 37.52 1572 -0.101 0281 9.119 0.177 Q.19 1.488 25.0
46523 3L,01/95 14:29:41.00 1.886 153.1  3.046 5832 37.53 1550 -0.099 0281 9.074 0176 0.121 1450 25.0
47523 3ILOLOS 14:32:22.00 1.848 1546  3.075 §7.20 37.15 14.66 -0.093 0264 8.683 0.169  0C.131 1.289 300
47523 31,01/95 14:33:44.00 1.903 1544  3.071 58.03 37.04 1658 -0.107 0.255 8.676 0.168 0.125 1349 300
47523 310195 14:34:28.00 1.897 1539  3.061 5795 3723 1616 -0.104 0257 8.643 0.168 0.126 1.335 300
47523 31,01/95 14:35:19.00 1.892 1539 3.063 57.87 37.36 1586 -0.102 0.259 8.660 0.168  0.126 1.335 30.0
41323 31095 14:44:01.00 1.897 151.7 3.017 58.14 26.12 3052 -0.196 0.200 9.353 0.182 0.145 1.253 300
41323 310195 14:44:37.00 1.892 1513  3.009 S$8.07 26.17 3025 -0.194 0200 9282 0.180 0.146 1.235 300
31323 310 /95 14:45:18.00 1.883 IS1.4 3.011 58.09 26.23 29.89 -0.192 0201 9270 0.180 0.146 1229 300
42323 31/01/95 14:47:54.00 1.886 150.8 3.001 $8.02 2647 29.71 -0.191 0.222 9.692 0.188  0.140 1.347 250
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Table B.2-3: CHF Enhancement data with 18% spacers in Freon-22 (cont.'d)

RunlD Date Time P m G Tw Tin DHin Xin Xe¢ Power CHF CHFref CHFR SP
- - - MPa g/s Mgm2s C C kg - - kW MW/m2 MW/m2 - cm

42323 31/01/95 14:48:42.00 1.878 150.4 2991 58.02 2632 29.65 -0.190 0.223 9701 0.138  0.140 1.342 250
42323 31/01/95 14:49:38.00 1.907 1546 3.076 5857 26.04 3097 -0.199 0209 9.792 0.190 0.139 1.366 25.0
43323 31/01/95 14:51:53.00 1.903 150.5 2994 58.88 26.34 3044 .0.196 0.247 10.351 0201  0.128 1.566 20.0
43323 31/01/95 14:54:18.00 1.883 150.7 2.998 58.72 26.64 29.51 -0.189 0.252 10.354 0.201  0.130 1.544 200
43323 31,01/95 14:56:23.00 1.869 149.3 2971 5838 26.82 28.70 -0.184 0.258 10303 0200 0.132 1.512 200
42425 31/01/95 15:40:54.00 1.509 250.5 4984 60.17 39.86 13.11 -0.084 0.228 12.157 0236 0.161 1.466 250
42425 31,01/95 15:42:03.00 1.910 251.2 4.998 60.27 41.26 11.31 -0.073 0233 11.923  0.231 0.161 1.436 25.0
42425 310195 15:43:13.00 1.904 2503 4.979 60.27 4195 10.09 -0.065 0.237 11.737 0228  0.159 1.4348 25.0
42425 31,01/95 15:44:06.00 1.906 249.7 4.968 60.32 4231 9.65 -0.062 0.241 11.768 0.228  0.157 1.458 25.0
43425 31/01/95 15:45:58.00 1.872 250.6 4.986 59.78 42.52 8.28 -0.053 0.236 11.313 0220 0.162 1351 30.0
43425 31/01/95 15:47:06.00 1.859 250.1 4976 59.37 4249 793 -0.051 0235 11.179 0217 0.163 1.334 300
43425 31/01/95 15:48:41.00 1.880 251.0 4.993 59.71 4235 8.82 -0.057 0.232 11.300 0219 0.164 1.341 300
43425 310195 15:49:41.00 1.868 250.9 4.992 59.58 4230 8.43 -0.054 0233 11.272 0219  0.164 1.335 300
43425 3L01/95 15:51:15.00 1.856 250.5 4.984 59.29 4237 797 -0.051 0235 11.234 0.218  0.163 1.335 300
41123 01,0295 10:15:23.00 1.915 151.9 3.022 61.01 16.10 43.31 -0279 0.110 9.165 0235 0.183 1.289 25.0
41123 010295 10:17:06.00 1.904 1515 3.015 6046 16.59 42.41 -0273 0.108 8977 0230 0.183 1.258 250
41123 010295 10:18:06.00 1.897 151.1  3.007 6040 16.72 4198 -0.270 0.110 8935 0229 0.182 1260 25.0
41123 01,0295 10:27:22.00 1.906 152.6 3.037 60.93 1551 43.73 -0.282 0.105 9.162 0235 0.184 1.280 25.0
41123 01,0295 10:28:03.00 1.903 1524  3.032 60.81 1595 43.13 -0.278 0.102 8.993 0231 0.185 1247 250
41123 01/0295 10:28:33.00 1.903 1522  3.027 60.75 1623 42.80 -0.275 0.106 9.026 0232 0.183 1264 25.0
41023 01/0295 10:42:19.00 1.859 154.1 3.066 61.15 594 5320 -0.340 0.087 10295 0264  0.184 1.439 200
41023 01,0295 10:45:39.00 1.906 154.4 3.072 62.14 598 54.69 -0.352 0.084 10453 0268 0.193 1.390 20.0
41023 01/02/95 10:46:57.00 1.891 154.2 3.067 62.00 597 54.23 -0.348 0.086 10433 0268  0.190 1.413 200
42023 010295 10:49:43.00 1.881 1S1.8  3.020 6190 593 53.97 -0.346 0.105 10.674 0274  0.182 1.503 150
42023 01/0295 10:50:22.00 1.884 152.2 3.028 61.86 597 54.06 -0.347 0.102 10.651 0273 0.183 1490 150
42023 01/0295 10:52:05.00 1.909 152.2 3.029 62.46 594 5485 -0.353 0.102 10.759 0.276  0.186 1.485 150
43023 0L/O2/95 10:55:32.00 1.886 150.8 2999 62.15 595 54.10 -0347 0.112 10.787 0277 0.181 1.532 125
43023 01,0295 10:57:41.00 1.897 153.2  3.047 6250 595 5442 -0.350 0.112 11.007 0283 0179 1579 125
43023 01,0295 10:58:46.00 1.888 152.7 3.039 62.32 6.01 S54.11 -0.347 0.112 10933  0.281 0.179 1571 125
44023 01,0295 11:02:15.00 1.875 154.6 3.075 62.70 598 53.73 -0.344 0.125 11.326  0.291 0.170 1.707 10.0
44023 01,095 11:03:28.00 1.901 154.9 3.082 63.15 6.04 5449 -0.351 0.126 11477 0295 0171 1720 100
44023 0LOL/9S 11:04:32.00 1.892 1543  3.070 63.02 6.07 54.15 -0.348 0.129 11466 0294 0.170 1731 10.0
46023 01,0295 11:15:15.00 1.900 153.1 3.047 61.50 S5.30 5529 -0.356 0.081 10391 0267 0.195 1.365 250
46023 01,0295 11:15:55.00 1.889 153.0 3.044 6142 542 5479 -0.352 0.084 10.397 0.267 0.192 1.392 25.0
46023 01/02/95 11:17:29.00 1.904 152.8 3.040 62.01 5.67 55.04 -0.354 0.084 10406 0267 0.195 1372 25.0
41024 01,0295 11:23:13.00 1.912 204.2 4.062 6445 7.06 53.72 -0.346 0.044 12376 0318 0247 1.286 250
41024 01/0295 11:24:22.00 1.894 203.4 4.46 6423 7.5 53.01 -0.341 0050 12350 0317 0234 1.356 250
41024 0L0L9S 11:25:22.00 1.884 203.4 4.047 6407 722 52.67 -0.338 0.051 12325 0316 0230 1.374 250
42024 01,0295 11:23:00.00 1.875 206.1 4.100 64.16 7.30 5230 -0.335 0.059 12.683 0326 0226 1.1 200
42024 010295 11:28:29.00 1.871 2062 4.102 6408 729 5211 -0.333 0.059 12635 0324 0225 1.438 200
42024 010295 11:29:17.00 1.860 205.9 4.097 63.95 7.35 51.68 -0.330 0.060 12.565 0323 0221 1.457 200
42024 010295 11:30:17.00 1.894 206.6 4.109 6445 742 5273 -0.339 0.055 12.670 0.325 0236 1.380 200
43024 01/02/95 11:32:51.00 1.889 204.7 4.072 64.72 745 5254 -0.337 0.069 12947 0332 0217 1.531 150
43024 34731 11:33:41.00 1.889 204.8 4.075 64.67 749 5252 -0.337 0.068 12924 0332 0218 1.519 150
43024 34731 11:34:58.00 1.895 208.3 4.144 6505 7.54 52.65 -0.338 0.068 13.162 0.338 0.228 1479 150
44024 34731 11:37:40.00 1.897 2074 4126 6491 7.64 5255 -0.338 0.076 13.344 0343 0.220 1.556 125
44024 34731 11:38:19.00 1.884 206.8 4.114 64.78 7.64 52.15 -0334 0.077 13.257 0.340 215 1.583 125
43024 34731 11:38:55.00 1.880 206.7 4.1l11 6470 7.67 51.98 -0.333 0.078 13.248 0340 0213 1.598 125
45024 34731 11:41:23.00 1.904 204.0 4.058 6558 7.69 52.74 -0.330 0.093 13.695 0352 0202 1.744 10.0
45024 34731 11:42:08.00 1.898 2064 4.107 6560 7.72 52.52 -0.338 0.092 13.792 0354 0207 1.712 100
45024 34731 11:42:53.00 1.892 206.1 4.100 6555 7.78 5227 -0.336 0.093 13.757 0353 0204 1732 10.0
41025 34731 14:00:10.00 1919 2564 5.101 66.71 846 5236 -0.338 0.024 14380 0369 0299 1.235 250
41025 34731 14:00:53.00 1.906 256.5 5.103 66.56 8.61 S51.72 -0.333 0.029 14431 0370 0.286 1.296 25.0
41025 34731 14:06:26.00 1.865 2568 5.110 6545 838 50.64 -0.324 0.030 14218 0365 0277 1316 250
42025 34731 14:10:15.00 1.924 255.0 5.074 67.02 8.63 52.37 -0.338 0.037 14.814 0380 0272 1.398 200
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Table B.2-3:

RunlD

42025
42025
43025
43025
43025
43025
44025
44025
44025
45025
45025
45025
45025

Date

34731
34731
34731
34731
34731
34731
3473
34731
34731
34731
34731
347
34731

CHF Enhancement data with 18% spacers in Freon-22 (cont.'d)

Time

14:11:08.00
14:12:01.00
14:14:19.00
14:17:00.00
14:18:30.00
14:20:40.00
14:23:19.00
14:24:24.00
14:25:33.00
14:27:40.00
14:28:25.00
14:29:03.00
14:29:51.00

P
MPa

1.915
1.895
1912
1.884
1.869
1.912
1.903
1.884
1.880
1.884
1.874
1.865
1.892

m

g/s

255.4
256.9
256.1
254.0
255.5
256.0
2544
261.1
258.0
156.1
2552
255.5
258.7

G
Mg/m2s

5.082
s
5.095
5.053
5.084
5.092
5.060
5.194
5.133
5.095
5.076
5.083
5.087

Tw
C

67.25
67.03
67.27
66.68
66.46
67.19
67.60
67.52
67.39
67.48
67.57
67.42
67.85

Tin
(o

8.77
8.89
9.04
8.96
9.09
9.06
9.20
9.39
9.44
9.39
9.44
9.52
9.56
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PHin
klkg

51.88
SLI13
51.49
50.69
50.02
51.44
50.97
50.20
49.96
50.17
49.80
49.41
50.22

Xin

-0.335
-0.329
-0.332
-0.325
-0.320
-0.332
-0.328
-0.322
<0.320
-0.322
-0.319
-0.316
-0.323

Xc

0.036
0.040
0.053
0.057
0.060
0.055
0.065
0.064
0.067
0.077
0.080
0.079
0.078

Power CHF  CHFref CHFR
kW MW/m2 MW/m2

14.676
14.734
15.295
15.145
15.159
15.342
15.549
15.691
15.604
15.932
15.885
15.791
15.931

03717
0.378
0.393
0.389
0.389
0.394
0.399
0.403
0.401
0.409
0.408
0.405
0.409

0.273
0.268
0.253
0.241
0.241
0.251
0.237
0.252
0.241
0.231
0.226
0.226
0.230

1.378
1.410
1.551
1.610
1.613
1.570
1.685
1.599
1.659
1.773
1.803
1.790
L3717

SP

20.0
20.0
15.0
15.0
15.0
15.0
125
12.5
12.5
10.0
10.0
10.0
10.0



B.3  CHF Analysis
B.3.1 Analysis Procedures

Although the analysis procedures used to derive the non-measured (calculated) data in
Tables B.2-1 through B.2-3 are well described in Doerffer et al. (1995), a few relations are
introduced for use in the error analysis to follow.

. Inlet subcooling: a positive number, indicating the degree to which the inlet fluid is
subcooled (i.e., below saturation temperature):

Hsub = Hf(P) - Hf(Tin) (Bl)

where H(T, ) is the saturated liquid enthalpy (J/kg) based on temperature (T, ), and
H.(P)is the saturated liquid enthalpy based on outlet pressure (P). The fluid enthalpy
is assumed to be independent of pressure, and the effect of pressure-drop (across the
test-section) to be small.

. Inlet quality:

X = —Hsub - _Hsub (Bz)
" H(P) H(P) - H(P)

H rg(P) is the enthalpy of vaporization anng(P) the saturated vapour enthalpy, which
are both functions of outlet pressure.

. Critical quality: similar to inlet quality,

X = Hout - f(P) (B.3)
© T T H(P)

From an energy balance:

Q = m[H(T,,) - H(T,)] (B.4)
Hi(T,0) = H(T,) - 2 ®5)
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Therefore,

Hf(Tin) + 'Q—C - Hf(P) 0
X = m =X, + = (B.6)
Hfg(P) m
. Critical Heat Flux (CHF):
0
= - 7
i ndlL (B.7)
. CHF enhancement ratio: the ratio of CHF with and without a flow obstruction, based
on constant (local) quality:
Reyr = Te.cs (B.8)
De,ret X_=const
or constant inlet temperature and heated length:
qC.O S
Rewp = Zcoobs (B.9)
qc.ref

T, Ly=const

B.3.2 Error Analysis

The following error analysis is used to estimate the uncertainty in all measured and
calculated parameters from the previous CHF analysis procedures. The results can be
considered as an RMS error or single standard deviation (o) in each variable, combining both
systematic and random sources of error.

. Inlet subcooling:
OH. ) OHy, ’
AH , = AH(P) —— AH(T}) (B.10)
oH,(P) oH.(T,)
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oH oH

sub sub

GH.(P) OH((T,) !

Af(P : (eH, |
s f 3 2
(25D ) | e
wan | (] (]
Assume: Af(P) = Af(T) =02 %
£(P) £(T)

Qutlet Pressure:

calibration range: 0-3.45 MPa
pressure calibrator: =0.01% (F.S.) = =(.345 kPa
max. calibration error: 1.834 kPa

AP = (03457 + (1.834F = 1.866 kPa = 0.001866 MPa

[nlet Quality:
Xy o |y |
A)(in = sub " _a_AHfg
oH ong
cﬂ"",in = _‘_1_ aXm -Hsub
aHsub fg aHfg H, fgz

_ ) Af(P) o ™ )2
A (F) \j( £(P) H‘(P)) [ Y
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Table B.3.2-1: Uncertainty in inlet subcooling and inlet quality, 30% rings in Freon-134a.

P G r, | H, | aH, X, AX,

(MPa) | (Mg/m*s) | (°C) | (Jkg) | (¥/kg) %)
1.13 2.0 40 6046 385 | -0.0378 | 00024 | 64
113 4.0 27 | 26475 360 | -0.1654 | 00023 | 14
1.66 3.0 55 7268 447{ -00517 | 00032 | 6.2
1.66 4.0 11 | 76528 368 | -0.5446 | 00029 | 05
1.66 4.0 34 | 41263 404 | -0293 | 00029 | L0
1.66 4.0 a5 | 23727 425| -0.1689 | 00030 | 138
1.66 4.0 53 | 10602 443| -0.0755 | 00032 | 42

Critical quality:
ax, P (ax. ) (ax )
AX, = —— AH(T,)) | + —A +| —Am| +
3H,(T,) J 30 am

o AH(P)V X A (p 2
3H.(P) T 3Hy, (P) w ()

(B.18)

See Section A.3.2 for details on Am, and below for AQ.

Power loss: as outlined in Section 3.2.3, the heat losses from the test-section are small
in comparison to the uncertainty in measured heat loss (i.e., contain errors in both power
and latent heat). As such, the uncertainty in predicted heat loss is used, instead of heat
loss, to specify the uncertainty in power (Q).

From the graph of aQ, versus Q for all single-phase flow data, shown in
Figure B.3.2-1, the following uncertainty in power is obtained:

- =120 + 22 _(p -
AQ = AQ, = 120 + —-s(Q - 5000) (W) (B.19)

The dead-band at zero power (120 W) is a result of uncertainties in the measurement of
latent heat exchange (i.e, a combination of error in flow measurement and inlet/outlet
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fluid temperature measurement). It should be mentioned that Doerffer et al. (1995)
corrected the measured power for heat loss (i.e., the values of CHF in Tables B.2-1
through B.2-3 include these corrections), but no mention is made of the uncertainties
associated with these heat loss predictions. As heat losses are small (1-4% of measured
power), the corrected values are used, and the uncertainties assumed to be that of
measured power (AQ).

200
180 4 0 0-55g/s
160 € ° 6075 g/s
140 & o o A
§ 120 ‘ g ° 4 100-125 g/s
= 100 ﬂ ® 150g/s
g |
5 % © 200-250 g/
g 0 ) 2 0 g/s
r-
40 ® 300-350 g/s
20 A 400g/s
0
0.0 5.0 100 150 200
Q (kW)

Figure B.3.2-1: Uncertainty in heat loss versus measured power (MR-74,
single-phase tests in Freon-134a, all data).
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Table B.3.2-2: Uncertainty in critical power and critical quality, 30% rings in Freon-134a.

P G Tin Xc.min ¢, max AQc AX:
MPa) | (Mg/m* °C -
(MPa) | (Mgrms) | (O [ 0. ch o | W
kW) (kW)
1.13 20 401 032 5.82 0.43 6.85 130 | 0.012
1.13 4.0 271 0.10 8.76 0.15 9.64 140 | 0.006
1.66 30 551 0.21 5.46 0.32 7.63 130 | 0.009
1.66 4.0 11| 0.01 14.8 0.12 17.7 180 | 0.009
1.66 4.0 341 0.06 943 0.16 11.9 150 | 0.008
1.66 4.0 45| 0.09 7.52 0.22 10.2 140 | 0.007
1.66 4.0 53| o015 665 | 025 8.76 140 | 0.007
. Critical heat flux as a measured quantity:
dq, \* (e .}V (o .V

Ag. = —A —Ad| +| —AL .20

e \J ( 20 Q] 2d ] aL (®.20)

4. 1

00 rndlL

3q, d = 0.008 + 0.00005

-_= 5 (B.21)

dd  nd*l L = 2.05 £ 0.0005

G _ g

oL ndlL?

Critical heat flux as a calculated quantity: a reference value of CHF is required to define

the non-dimensional CHF enhancement ratio (Rgy;), as described in Section B.3.1.
Doerffer et al. (1995) used the following empirical correlation to describe a series of

reference-tube CHF data, covering the complete range of CHF enhancement
experiments:

Aj.=aP®Gc + dP°G/X}
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One can determine the uncertainty in the correlation, as per the measured quantities:

Ag a‘iCAP 2 aé"AG 2 aé‘AX 2 (B.23)
= —_— + | —_— + | — .
9 aP 3G ax, e
where

94

S = abP® VG + dePNGIXE

aP

aéc b(e-1) e~(-l)y8

< - acP?G¢™ « dfPeGV VX! (B.24)

o4

£ = dgPeG/XE™"

Applying the appropriate correlation for Freon-134a, the following uncertainties were
obtained.

Table B.3.2-3: Uncertainty in measured and calculated CHF, 30% rings in Freon-134a.

P G Tin ch Xc.min Xc,max
(MPa) | Mg/m*s) | (°C) | (kW/m?) T .. T -
q. Aq, q. Aq,
(MW/m?) | &W/m?) | (MW/m®) | (kW/m?)

1.13 2.0 40 2.5 0.113 3.1 0.133 49
1.13 4.0 27 2.7 0.170 2.1 0.187 1.5
1.66 3.0 55 2.5 0.106 3.1 0.148 2.0
1.66 4.0 11 3.5 0.288 34.6" 0.344 3.0
1.66 4.0 34 29 0.183 8.9 0.231 1.9
1.66 4.0 45 2.7 0.146 7.3 0.197 1.4
1.66 4.0 53 2.7 0.129 1.7 0.170 12

d
T Large AG_ atlow X" is due to large values of A

c
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Table B.3.2-4: Percent uncertainty in measured and calculated CHF, 30% rings in Freon-134a.

P G Tin Xc.min A,cmax
MP Mg/m* °C ~
M) | Mgm's) | CC) T T . | o
(%) (%) (%) (%)
1.13 2.0 40 2.2 2.7 1.9 3.7
1.13 4.0 27 1.6 1.2 1.4 0.8
1.66 3.0 55 24 2.9 1.7 1.4
1.66 40 11 1.2 12.0 1.0 0.9
1.66 4.0 34 1.6 49 1.3 0.8
1.66 4.0 45 1.8 5.0 1.4 0.7
1.66 4.0 53 2.1 1.3 1.6 0.7
. CHF enhancement ratio:
3R 2 { ar 2
ARCHI-' = J [ S ch,obs] + [ < ch.mf] (st)
aqc.obs d e ref
where
oR 1
Slewr 1 . Reys' (B.26)
aqc. obs qc. ref qc.obs
JR q. 1
—_CHF _ _;ob_s = RCH.F._ (B.27)
G res Qeores Deres
therefore
A t (aq . )
ARcr _ [ wa_] . [ _"am_f) (B.28)
RCHF qc.obs qc.ref
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The correlations are used to compute the reference-CHF values (g, ) for use in the
CHF enhancement ratio, based on both constant (local) quality and constant inlet
temperature. The RMS errors computed from each correlation (against reference-CHF
experimental data in Freon-134a), over the specific quality range of the CHF
enhancement measurements, are presented in Table B.3.2-5.

Table B.3.2-5: RMS errors in reference-tube CHF correlations (Freon-134a).

P G Ty X Ad, gys (%)
(MPa) (Mg/m*s) 0 local T inlet
1.13 2.0 40 0.32-0.43 5.4 3.0
1.13 4.0 27 0.10-0.15 8.1 5.6
1.66 3.0 55 0.21-0.32 12.1 54
1.66 4.0 11 0.01-0.12 27 0.8
1.66 4.0 34 0.06-0.16 4.0 3.0
1.66 4.0 45 0.09-0.22 4.1 3.2
1.66 4.0 53 0.15-0.25 42 36

The maximum of both Ag.and Ag, g,sis used to estimate the RMS error in the

reference-CHF used for the enhancement ratio (Aq, ). These are summarized in
Table 3.2-6.
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Table B.3.2-6: Uncertainty in CHF enhancement ratios, 30% rings in Freon-134a.

P G T, g, gbs' A s ARcyp
(MPa) | Mg/m™ | (°C) | (%) (%) (%)

* local inlet local inlet
1.13 2.0 40 22 54 3.0 5.8 37
1.13 4.0 27 1.6 8.1 5.6 8.3 58
1.66 3.0 55 24 12.1 54 12.3 59
1.66 4.0 11 1.2 12.0 12.0 12.1 12.1
1.66 4.0 34 1.6 49 4.9 5.2 52
1.66 4.0 45 1.8 5.0 5.0 53 53
1.66 40 53 2.1 42 36 4.7 42

+ Maximum values of Aq,

,obs
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Appendix C: CHF Model Specifications
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C.1 Reference Tube CHF Network Model

The following section contains a complete listing of all data files for the reference tube
CHF model.

C.1.1 Network Component List (ref -exp .nwk)

Iter-1 Iterator
Jct-0 Sigdctxl0
ExpIn TPAInput
transl iTrans
Sect-1 TPAPipe
trans2 iTrans
Jct-1 AOBank
Jet-2 AOBank
g-min SigRatio
g-max SigRatio

C.1.2 Network Component Links (ref -exp.lnk)

Iter-1 0 Jct-0 0
Ject-0 0 Sect-1 1
Jet-0 1 g-min 0
Jct-0 2 g-max Q
ExpIn 0 transl 0
transl 0 Sect-1 0
Sect-1 0 trans2 0
Sect-1 1 Iter-1 0
Sect-1 3 g-min 3
Sect-% 4 g-max 3
transl 1 Jct-1 0
trans2 1 Ject-2 0
Jct-1 0 g-min 1
Jet-L 1 g-max 1
Jct-2 0 g-min 2
Jct-2 1 g-max 2
g-min 0 Iter-1 1
g-max 0 Iter-1 2



C.13

C.14

Network Input Variable List (ref-exp.ivl)

Iter-1
ExpIn
ExpIn
ExpIn
ExpIn

Element
Element
Element
Element
Element

Sp
p
W
T

W1F

Network Trend Variable List (ref-exp.tvl)

ter-:
lter-:
Iter-.
Iter-1}
Ttex-l
Jet-Q
Jet-a
Jee-2
Jee-a
Jet-o
Jet -0
Jer-0
Jee-¢
Jet -3
Jee-3

Sect-1l
Sect-1
Sect-1
Sect-~1
Sect-1
Sect-1
Sezt-1
Sect-1
Sect-:
Sect-:
Sect-I
Sect-1
Sect-1
transl
transi
trans

Rlemant
Rlement
Element
Blement
Stream Qutpuc
Scream Quetput
Stream Cutput
Stream Cutput
Stream Qutput
Stream Output
Stream GCutput
Stream Qutput
Stream Cutput
Stream Jutput
Stream Cutput
Rlement
Blement
Element
RBlement
Elerent
Element
Stream Cutput
Stream OQutput
Stream Cutput
Stream Cutput
Stream Queput
Stream QJutput
Stream ZCutput
Stream Qutput
Blemant
Elemert
Rlemant
Rlerent
RElement
Stream OQCutput
Stream Culput
Stream Output
Stream Qutput
Stream Qutput
Stream Qutput
Stream Cutput
Stream Output
Stream Queput
Blement
Element
Element
Element
Zlement
Riement
Tiement
Blement
Blement
Blement
Element
Element
Blement
Element
Element
Blement
Zlement
Stream Qutput
Queput
Cutput
Qutput
Cutput
Cutput
Qutput
Stream Cutput
Stream Qutput
Stream Cutput
Stream Cutput
Stream Qutput
Blement
Blement
Rlement

W IONME B0

vovsoooo

wooOOoOOO0G

rPLN~ODOOQOLOOOO

iniCue
sp
nindut
faxcut
value
value
value
value
value
vialue
value
value
value
value

pe
Kode_lype
G1R_frac

Stream

14
"

initial cutput signal
centroller set paint
ainimam output signal
maximum cutput signal
Analog Stream value
Ana.cg Stream value
Analeg Stream value
Analeg Stream value

: Analog Stream value
: Analeg Stream value

: Analeg St

Analog Stream value
Analog Stream value
m value

: Analog stream value
: Analog Stream value

rame of flu:d (precpercty)
iniet specification
tnermodynamic pressure {Pa!

: total tlow rate (rg/s)

£luid temperature [(oC!
liquid film tlow rate [kg/sl]

: total flow race [(kg/al

: pressure (Pal

enchalpy [J/kg]

. tarperature [(oC)
: toeal liquid ¢lew rate (kg/s)

vapour tlow rate (kg/s]
Liquia tilm flow rate [kg/s]

: encTained liquid ticw rate [kg/s)
: Type of Stream ccanecticn
: pressure (Pa!

: teeal tlow rzate (kg/s!

enthalpy (S/kgl

: temperature [oC]

: total flow rate (kg/s]

: pressure (Pal

enthalpy (J/xgl

temperature (aC!

cotal liquid flow rate (kg/si
apour flow rate (kg/al

liquid film flew rate ([xg/s]
entrained liquid fiow rate [kg/s]
Analog Stream value

rame of fluid tproperty)

pipe diameter {ml

pipe lengtn (m]

: inlet elevaticn [m]
: cutlet elevation (m]

mags flow velacity [kg/m2-a]
tatal pressure drep [Pal

: na. of fluid nodes ([2-500]

: FO numerical sol'n method

: normalized neat flux input (W/ma!

: File to store Nodal variable values
: entrainment/depcsition nodel option

annular node type cption

: entrainment fraction ac CNAF (0-1)
: CHF location {m]
: CHF quality (m]

ArTay to store Nocal variable values

: tetal flow rate (ka/sl]

: temperature [oC]
: toeal liquid flow rate [kg/s!
: vapaur flow rate (kg/si

liquid £ilm flow rate [kg/a]

: entrained liquid flow rate (kg/si
: Analog Stream value
: Analcog Stream value
: Analag Stream value

Analog Stream value
Type of Stream connection

pressure [Pa}
: total flow rate [kg/s]

C-2

<Floats>
<Float>
<Float>
<«Floac>
<float>
<Flcat>

: <Plcat>
: <Float>

<Floats>
<Float>
<Float>
<Float>
<Flcat>

: <Ploat>
: <Floats>

<Text »

<Mode >

<Ploat>
<Float»>
<Float>
<Float>
«<Float>
«Float>
«<Float>
«floats>
<Fleat>
<Flcat>
«Float»

: <Float>
: <Mode>
: <Floats>

<Flcat>
<Floats>
<Floacs
<Flcat>
<Floats>
<Floats»
«<Float>
«<Float.
<Floats>
«<Flcat»
<Float>

: <Floats»
: <Text>

: <Floats>
: <Floats

<Flcat»
«<Float>

: <Float>
: <Floats

<Integers
<Mode>
<Float>
<Text>
<Mode >

: <Mode>
: <Floats

<Flcat>
<Float>

: <Array»
: <Float»
: «Float>
: «<Float>
: «<Floats

«<Float>
«float>
<Flcat>
<Float>
«Float»
<Float>
<Float>
«<Float>
<Mode >
<Float>
<Float>

: <configs

cinput>
<exec>
<AxXec>
<exec>

¢ <axecs»

<8/XEC>
<eXec>
<axec>
<@xec>»
<gxec>
<eXRC>
«axec>
<axec>
<RXEC>
<build>

: «builda>

<input>
<inputa>
<input>
<ifput>

1 <exec>

eXec>
axec>
<@XQC>
<axec>
exec>
“<@XQC>

: CeXec>




transl
ctransl
trans2
tranal
transl
trana2
transl
trana2
trans2
trans2
transl
Jet-1
Jee-1
Jer-2
Jet-2
q-men
q-max

Element
Element
Stream
Stream
Stream
Stream
Stream
Stream
Stream
Stream
Stream
Stream
Stream
Seream
Stream
Stream
Stream

Qutput
Qutput
Qutput
Qutput
Qutput
Qutput
Qutput
Queput
Cutput
Queput
Cueput
Gutput
Cutput
Qutput
Qutput

POrHOI'O~000CDDOO

enchaipy (J/kgl

temperature (oC)

total tlcw rate (kg/w]
pressure [Pa}l

enthalpy [J/kgl

temperature [oCl

total liquid flow rate [kg/s]
vapour flow rate [kg/s]
ligquid film flow rate {(xg/s]
ntrained liquid flow rate (kg/sl
Analcg Stream value

Aralog Stream value

Analog Stream value

Rnalog Stream value

Analog Stream value

Analog Stream value

: Analog Stream value

<float>
<Float>
«<Float>
<Float>
«<Float>
<Float>
<float>
<Float>
<Float>
<Float>
<Float>
<Float>
<Float>
<Fleat>
<Floac>
<Flcatx>
<Floats>

</RXOC>
<exec>
<exReC>
<exec>
<RXVC>
<@XeC>
<@Xec>
<axec>
<@xec>
<exec>
<exec>
<@XeC>

: <exec>

<@RBC>
<8xXec>
<exec>
<execs



C.2 Enhancement Tube CHF Network Model

The following section contains a complete listing of all data files for the 1-4 obstacle
CHF enhancement tube model.

C.2.1 Network Component List (obs -exp .nwk)

Iter-1 Iterator

Jct -0 Sigdctxl0
ExpIn TPAInput

transl iTrans

Sect-1 TPAOPipe
Sect-2 TPAOPipe
Sect-3 TPAOPipe
Sect-4 TPAOPipe
Sect-5 TPAOPipe

trans2 iTrans
Jet -1 AOBank
High HighSigx10
Low LowSigx1l0
Jet -2 AOBank
g-min SigRatic
g-max SigRatio
Err-1 SigError
Err-2 SigError
Err-3 SigError
Err-4 SigError
Exr-S SigError

High-e HighSigx10

C.2.2 Network Component Links (obs -exp . 1nk)

Iter-1 0 Jet-0 Q
Ject-0 0 g-min 0
Jct-0 1 g-max 0
Jet-0 2 Sect-1 1
Jet -0 3 Sect-2 1
Ject -0 4 Sect-3 1
Jet -0 S Sect-4 1
Jet -0 € Sect-5S 1
ExpIn 0 transl 0
transl 0 Sect-1 0
Sect-1 0 Sect-2 0
Sect-2 0 Sect-3 0
Sect-3 0 Sect-4 o
Sect-4 0 Sect-5 ]
Sect-5 0 trans2 0
transl 1 Jet-1 0
Sect-1 1 BErr-1 1
Sect-1 3 High 0
Sect-1 4 Low 0
Sect-2 1 Err-2 1

C4



C.23

C.24

Sect-2
Sect-2
Sect-3
Sect-3
Sect-3
Sect-4
Sect-4
Sect-4
Sect-S
Sect-5
Sect-5
trans2
Ject-1
Jcr-1
High
Low
Jct-2
Jet-2
g-min
g-max
Err-1
Err-2
Err-3
Err-4
Err-5S
High-e

High
Low
Err-3
High
Low
Err-4
High
Low
Brr-5S
High
Low
Jct-2
g-min
g-max
g-min
g-max
g-min
g-max
Iter-1
Iter-1
High-e
High-e
High-e
High-e
High-e
Iter-1

OB WNHRONHNNWWHHORBPRPWWHLDMNEHER

Network Input Variable List (ocbs-exp.ivl)

Iter-1
ExpIn
ExpIn
ExpIn
ExpIn
Err-1
Err-2
Err-3
Err-4
Err-S

Network Trend Variable List (obs-exp . tvl)

lter-1
lter-1
Tter-l
lter-1
lter-i
Jet-0
Jet-Q
Jet-a
Jet-Q
Jet -2
Jee-3S
Jee-a
Jee-Q
Jer-a
Jct-9
Expln
Expin
Expln
Bxpin

Element
Element
Element
Element
Element
Stream
Stream
Stream
Stream
Stream

Element
Blement
Blement
Blenent

Stream
Stream
Stream
Stream
Stream
Stream
Stream
Stream
Strean
Stream
Stream

Qutput
Qutput
Qutput
Qutput
Cutput
Cutput
Qutput
Qutput
Qutput
Qutput
Qutput

WBIARN I LN ~OO

Element

Element
Element
Element

Input
Input
Input
Input
Input

iniout

Sp
p

W

T
W1F

OO0 O0O0O0

value
value
value
value
value

r {nitial output sigral
: controller set point

: mainimum cutput signal
: maximum cutput signal
: Analeg Stream
: Analog Stream
: Anralog Stream
: Analog Stream
: Analog Stream
: Analog Stream
: Analog Stream
: Analeg Stream
: Analeg Stream
: Analeg Stream
: Analog Stream
: name of £luid
: inlet specificatian

value
value
value
value
value
value
value
value
value
value
value
{(preperty)

C-5

st ynamic p e [Pa]
: total flow rate {kg/s!

: <Float>
: <Floats>
: <Float>
: <Floats>
: <Ploats>
: <Floats>
: <Floats
: <Floats>
: <Floats>
: <Floats
: <Flcacs
: <Flcats
: <Fleaes»
: <Flcat»
: <Float>
s <Text>

: <Mode>

: <Floats>
: <Floats>

: econtig>
: <inputs
! <EX@C>
T <@Xec>
T <CEREC>
I <QXEC>
! <EXEC>
: <eXec>
: <RREC>
T <EeXEC>
T <AXBC>
T <ERRC>
: <EXeC>
T <exec>
T <eXec>»
: <builds
: <build>
: <inputs>
+ <inputs>



Sect-2
Sect-2
Sect-2
sact-2
Sect-2
Sect-1
Sect-2
Sect-2
Sect-}
Sect-1
Sect-1
Sect-13
Sect-1d
Sect -1
Sect-3

Blement
Blement
Stream
Streanm
Stream
Stream
Stream
Stream
Stream
Stream
Rlement
Element
Blement
Element
Element
Stream
Stream
Stream
Stream
Stream
Stream
Stream
Stream
Stream
Blement
Rlement
Element
Rlement
Elerent
Blemrent
lement
Elemant
EBlemart
EBlement
Element
Llement
E_ement
E.ement
Tlament
Element
Blemant
Element
EBlement
Element
Element
Stream
Stream
Stream
Stream
Stream
Stream
Stream
Stream
Stream
Stream
Stream
Stream
Element
Element
Element
Elament
Elamant
Blement
lement
Element
Element
Elemant
Blement
Element
Blement
Element
Rlerert
Element
Element
Element
Element
Element
Element
Stream
Stream
Strean
Stream
Stream
Stream
Stream
Strean
Stream
Stream
Stream
Stream
Element
Rlement
Rlement
Element
Elemant
Klemert
Element

Qutput
Qutgut
Qutput
Output
Qutput
Queput
Output
Cutput

Qutput
Qutput
Qutput
Qutput
Gutput
Qutput
Qutput
Cutput
Queput

Jutput
Cutput
Cutput
Qutput
Cutput
Cutput
Cutput
Qutput
Queput
Queput
Qutpue
Qutpue

Qutput
Qutput
Qutput
Jutput
Qutput
Quetput
Qutput
Qutput
Sutput
Cutput
Sutput
Cutput

noocoooco00O

oooo@oa0

rLUNPOODOORDO0

AWNI'ODO0GO00O

value
value
value
value
Fluid

fluid temperature (eC}
liquid £ilm flow rate [xg/s]
total flow rate ({xg/s)
pressure {Pa]
enthalpy [(J/2g)
temperature [oCl
total liquid flew rate (kg/s)
vapour flow rate [kg/s|
liquid film flow rate [kg/s]
entrained liquid flow race (kg/al
Type of Stream connection
: pressure (Pal
: total flew rate [kg/s}
enthalpy [J/xql
: tempearature [oC]
total flow rate (kg/s)
presaure (Pa)
enthalpy (J/kgl
temperature [oCl
total liquid flow rate [kg/s!
: vapour flow rate {kg/e)
liquid film flow rate (kg/s!
entrained liquid flcw rate (kg/s]
Analcg Stream value
name of fluid (prcperty)
pipe diameter ([m}
pipe lengtn [m}
inlec elevation {ml
: cutlet elevation [m!
: mass flow velocity (kg/mS-s]
: total pressure drog {Pa!
: no. ¢f fluid nodes [2-500
: FD numerical sol'n method
: normalized heat flux input (W/m2i
: File to store Nodal variable values
: entrainment/deposition model option
: annular node type cption
: entrainment fracticn at ONAP (0-1)
: CHF locatien [ml
: THF quality (=]
liquid-£film atrippirg coeft (0-1})
liquid-dreplet irpingement coeff (G-1)
: depositicn enhancement constant
: deposition ennancement decay rate
: Array to store Nodal variable values
: tetal ¢low rate (kg/sl
+ pressure [Pal
: enthalpy (J/kg]
: temperature {oC!
tctal liquid flow rate (kg/s]
vapcur flow rate (kg/s}
liquid tilm flow rate (kg/sl
entrained liquid flow rate (kg/sl
Analog Stream value
: Analog Stream value
Analog Stream value
Analeg Stream value
: nane of tluid (property)
pipe diamater [m!
fe lengtn (=i
rlet elevation [m!
: outlet elevatien (m)
: mass flow velocity (kg/m2-s]
tatal pressure drep [Paj
: ne. of tluid nodes [2-500])
: FD numerical ecl'n method
: nozmalized neat fiux input {W/m2!
: File to stors Nodal variable values
: entrainment/deposition model option
: annular node type cption
: entrainment fracticn at OKAF (0-1)
: CHF location {m]
: CHF quality (m)
liquid-£ilm stripping coeff (0-1}
liquid-droplet impingement coetf (0-1}
deposition ennancement congtant
dsposition ernancement decay cate
: Array te stere Nodal variable values
: total flow rate [kg/s!
: pressure (Pa)
: enthalpy (I/kgi
temperature (aoC}
: total liquid flow rate (kg/a}
«rapour tlow rate [kg/s!
liquid £ilm flow rate (kg/s]
entrained liquid flow rate (kg/s]
Analog Stream value
Analog Stream value
Analog Stream value
Analeg Stream value
name of fluid (property)
pipe diameter [m]
pipe length (mj]
inlet elevation (m]
cut.et elevation (m]
mags flow velecity (kg/m2-s]
total pressure drep (Pal

C-6

<Float>
<Float>
<Floats>
<Float>
<Float>
<Float>
«<Float>
<Fleat>
<Float>
«<Floats>
«Mcde»

«Float>
<float>
<Floats
<?loat>
<Float>
<Floats>

: <Float>

«<Float>

: <Float>
: <Fleat>
: <Floats>

<Float>»
<Float>

: «Texet>

<Float>
<Fleat>
<Fleat>
<Float>

: <Float>

<Float>
<lnteger>
<Mode>

: <Floats»
: <Text»
1 <Mode>
: <Mode>
: «<Float>
. «Float>

<Floats>
<Fiocat>

: <Float>
: <Float>
: <Floats>
: <Array>
: <Flsat>
: <Float»

<Flcats
<Float>
<Flcats>
<Float»
<Float>

« <Flcat,
: «Floats»
: <Floats
: <Floats>
: <Float>
: <Text>

<«Floae>

: <Fleat>
: <Float>
: <Floats
: <Float>
: «<Floats>
: <Integer>
1 <Mode>»

: <Flcat>
: «Text>

: eMode>

: <Mode>
: <Float>
: <Float>
: <Floats>
: <Float>

<Float>

: <Float>
: <Fleat>
1 <ATTRY>
: <Floats»
: <Fleats>
: <Float>

<Float>
<Float>

: eFloats>
: <Flcat>

<Float>
<Float>
<Floats>
<Ploat>
<Float>
<Text>

<Ficat>
<Float>
<Float>

: <Float>

<Flcat>

: <float»>

<axec>
<Suild>
«config>
<RXQC>
<centig>
<build>
<pui ld>
<config>
<@REC>
<@ReC>
«contig>
<config>

: <config»>

<config>
<@xXeC>
<eXecC>
<CREC>
<axec>
<exec>

: <QREC>

<@XeC>
<@xec>
<axec>
<eXecC>
<@xec>
<exXec>
<EXEC>
<build>
<canfig»>
«config>
<config>

: <cenfig>
1 <@RQC>

<execC>



Sect-3
Sect-1l
Sect-3
Sect-3
Sect-3
Sect-1
Sect-1
Sect-3
Sect-1
Sect-3
Sect-1
Sect-1
Sect-3
Sect-1
Sect-1
Sect-3
Sect-1}
Sect-1
Sect-1
Sect -3
Sect-1}
Sect-]
Sect-3
Sect-)
Sect-1
Sect-]
Sect -4
Sect-4
Secte4
sezt-4
Sect-4
sect-4
Sect -4
Sect-4
Sect-4
Sect-4
Sect-4
Sect-4
Sect-4
Sert-4
Sact-4
Sect-4
Sect-4
Sect-4
Sect -4
Sact-4
Seact-4
Sect-4
Sect-4
Sect-4
sect-4
Sect-4
Sect-4
Sect-4
Sect-4
Sect-4
Sect-4
Sect-4
Sect-4
Sect-S
Sect-5
Sect-S
Sect-5
Sect-5
Sect-5
Sect-S
Sect-5
Sect-5
Sect-5
Sect-~5
Sect-5§
Sect-§
Sect-5
Sect-5
Sect-5
Sect-5
Sect-5
Sect -5
Secz-S
Sect-S
Sect-5
Sect-S
Sect-5
Sect-S
Sect-$
Sect-5S
Sect-5
Sect-5
Sect-5
Sect-S
Sect-5
Sect-5
transl
transl
transl
transi
crans2

Blement
Rlemant
Blement
Element
Element
Element
Element
Blement
Element
Blement
Element
Blement
Element
Element
Stream
Stream
Stream
Stream
Stream
Stream
Stream
Stream
Stream
Stream
Stream
Stream
Element
Zlement
E.ement
Tlament
Rlement
Blement
Rlement
Blement
RBlement
Blement
Zlemnent
EBlement
EBlement
Element
Elerent
Elerment
Element
E.ement
Element
Element
Rlement
Stream
Stream
Stream
Stream
stream
Stream
Stream
Stream
Stream
stream
Stream
Stream
Blement
Element
Element
Blement
Rlement
Element
Tlement
Riement
Blement
Rlement
Blemant
Element
Zlement
E_ament
Klement
Elemnent
Blement
Element
Element
Elerent
Element
stream
Stream
Stream
Stream
Stream
Stream
Stream
Stream
Strean
Stream
Stream
Stream
Element
Eiement
B.ement
Blement
Blement

Qutput
Qutput
Cueput
Sutput
Jutput
Qutput
Qutput
Qutput
Qutput
GQutput
Qutput
Quegut

Cutput
Qutput
Sutput
Cutput
Qutput
Qucput
Qutput
Qutput
Qutput
Qutput
Queput
Jutput

Cutput
Qutput
Queput
Jutput
output
Qutput
Qutput
Qutput
Qutgut
Queput
Quetput
Sutput

P Y N N-R-N-N-R-N} FWNFO0000000

ALMNHODOOOOQOO0

IR

Wl

g
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#1X
value
value
value
value
Fluid
qd

Zi

Zo

G

dp
NNodes
Sclve_Type

no. of fluid nodes [2-500!

f0 numerical sol'n methcd

normalized neat flux input (W/ma]
File to store Nodal variable values
entrainment/depcsiticn model cption
annular node type optien

ancrainment fraction at CNAF (0-1})
CHF locaticn [m]

CHF quality [m]

liquid-film seripping coeff (0-1)
liquid-droplet impingement coeff (3-1)
deposition enhancement constant
deposition enhancement decay rate
Arzay to atore Nodal variahle values

: total flow rate (kg/s]
: pressure (Fal

enchalpy (J/kgl

temperature [oC!

tocal liquid flow rate (kg/sl
vapcur flow rate (kg/s!

liquid ¢ilm Slow rate [(kg/s]
entrained liquid flow rate (kg/s!
Analog Stream value

Analog Stream value

: Analog Stream value

: Analcg Stream value

: name of fluid (prepertyl
: pipe diameter ([m]

: pipe length (m]

inlec elevacion (m]
cutlet elevation [m}

: nass flow velocity (kg/m2-s)

total pressure drop [Pa)

: no. ef fluid nodes [2-500]

: FD numerical scl'n methed

: normalized heat flux input [(W/ma}]

: ¥ile to store Nodal variable values

: entrainment/deposition model cptien

: annular node type option

: entrainment fraction at CNAF (Q-1)
: CHF iocation {mi

: CHF quality [m:

: liquid-£ilm stripping coeff (0-1)

liquid-droplet impingement coef? (0-1)

: deposition ennancement constant
: deposition enhancement decay rate
: Array to stare Nodal variable values

total flow rate (kg/e]
zessure (Pal

: enthalpy [J/kg|

: temperature (oC!

: teeal liquid flow race (kg/al
: vapour flow rate [kg/s]

liquid tilm Zlow rate (kg/s)

: entrained liquid flow rate (kg/s
: Analog Stream value

Ana.log Stream value

: Anaiog Stream value
: Analeg Stream value

name of fluid (property)
fm]

: pipe diameter
: pipe length [(ml]
: inlet elevation [m]

cutlet elevation (ml

mass f{low velocity (kg/ml-sl

total pressure drop (Pail

fe. of fluid nodes (2-500]

2 numerical sol'n method
narmalized heat flux input (W/@3]
File to store Nodal variasle values
entrainment/deposition model ocption
annular node type opticn
entrainment fracticn at ONAF (C-1)

: CHF lecation (m]

CHF quality (m]

liquid-£ilm atzipping cceff (0-1)
liquid-droplet impingement ccef! (0-1)
deposition anhancement constant

: deposition enhancement decay rate
: Asray to store Nodal variable values

tctal flow rate [kg/s]
pressure (?al

: enthalpy (J/xgl

temperatuce [oC

total liquid flow rate (kg/s!
vapaur flow rate {kg/s]
liquid £ilm flow rate (kg/s]

: entrained liquid flow rate (kg/s]

Analog Stream value

: Analcg Stream value
: Analeg Stream value
: Analeg Stream value

Type of Stream connecticn
pressure (Pa]

total flow rate (xg/sl
enthalpy (J/kg]
temperature {oC]

C-7

<Integer>
<Mode>
<Float>
<Taxt>
<Mode>
<Mode>
<float>
<Float>
<Float>
<Flcat>

: <Float>
: <Floac>

<Float>
<Array>
<Float>
<Flocat>
<Float>
<Float>
«Float>

: <Fleoats»
: <Ploat>

<Float>
<Floac>
<Floats
<Floats»
«<Floac>
<Text»

: <Float»
: «Float»

<Flcat>
<Floata>
<«Floats
«<Float>
<Integer>
<Mode>
<Float>
<Text>
<Mode >
<Mode >
<Floats

: <Float>
: <Float>
: <Float>

<Floata
«<Floats»

: «Float>
i <ArTay>
1 <Float>
: «flcat>
: <Floats>
: <Float>

<Float>

: <Floats
: <Flcat>
: <Floats>
: <Floats>

«Float>
<Floats
<Float>
<Text >
<Flcat>
<Float>
<Flocat>

: <floats>
: <Floats

<Ploats>
<Iinteger>
<Mode >
«Float>

: <Taxt>

: <Mode>

<Mode >
<Floats>
<Fioat>

: <Fleat>

<Float>
<Flcat>
<Float>
<Flecat>
<Array>
«<Float>
<Float>
<Flcat>
<Flcat>
<Float>
<Float>
<Flcat>

: <Fleat>
: <Float»

<Flcats>

: <Fleat>
: <Floats>

<Mode>
<float>
<F.cats>

: <Float>
: <Float>

<Builda>
<config>
<exec>
<config>
<build>
<buildx
<config>
<exec>
<exec>
<config>

: <config>

<configs>
<config>
<exec>
<exXec>
cexec>
<gxecs>
<exec>
<exec>
<exXec>
<exec»
<eXec>
<exec>
<@X8C>
<exec>
<exec>
<build>
<config>
«<config>
<configa
<config>

: <@Xec>

<exec>
<Build>
<contig>
<exec>
<config>
<build>
<build>

: <conzig»>

<EXET>

: cexec>
: <canfigs

<conf{ig>
<config>
cconfig>
<axec>
cexec>
cexec>
<exec>
<execs>
<exec>
<exec>
<eXeC>
<exec>
<axec>

: <caxec>
: <eRECH»

<exec>
<tuild>
«centig>
ccentig>
<config>
<ccenfigs
<exec>
<exeC>
<builds>
cconfig>
<axec>
<configs
<Builds>
<build>
«configs>
<axec>
<exec>
<cantig>

: <config>

<«anfigs>
<contig>
«@ReC>
<ERBC>
<RXOC>
<EREC>
<EXE8C>
<BXRC>
<exXec>
<exec>
<exec>
<exec>
<eXec>
<axec>
exec>

: <Build>

<eXeC>
<RXEC>
<eXec>
<RXEC>



trans2 Stream Qutput 0 W : total flocw rate [kg/s) : «<Flcat> : <axec>
trans2 Stream Qutput ¢ p : pressure {Pa] : <Float»> : <exec>
trans2 Stream Qutput 0 i : enthalpy {J/kg) : <Floats> : <exec>
trans2 Stream Qutput § 7T : temperature (oCl : <Float> : <execs>
trans2 Stream Qutput ¢ Wl : total liquid flow rate (kg/s] : <Float> : <gxec>
trans2 Stream Quetput 0 Wg : vapour flov rate [kg/s] : <Ploat> : <exec>
tranal Stream OQutput 0 WlF : liquid £ilm flow rate (kg/a) : <Float> : <ARRC>
trans2 Stream Qutput 0 WI1E : entrained liquid flow rate [kg/s} : <Float» : cexec>
trans2 Stream Output 1 value : Analog Stream value : <Floats> : <exec>»
Jee-1 Stream Output 0 value : Analog Stream value : <Float> : cexec>
Jet-1 Stream Output 1 value : Analog Stream value : <Float» T <RXEC>
Stream Input 5 value : Analeg value : <Ploats> : <exac>
Stream Input 6 value : Analeg value : «Float> : cexec>
Stream Input 7 value : Analeg value : <Floats> : <exec>
Stream Input 3 valiue : Anaieq value : <Ploat> : <axecs>
Stream Input 9 value : Analog value : <Floats 1 <oxeac>
Stream Cutput 0 value : Analeg value : <Float> : <axec>
Stream Input 5 value : Analcg value : <Float» T <exec>
Stream Input § value : Ana.eg value : <Float> : <exec>
Stream Input 7 value : Analog value : «Float> : <axec>
Stream Input 8 value : Araleg value : <Floats> T <exec>
Stream Input 9 wvalue : Analeg vaiue : «<Float> : <BXEC>
Stream Qutput O value : Analeg value : <Float> : <«@xac>
Stream QCutput 3 value 1 Analeg value s <Floats H
Stream OQuetput . value : Analeg value : <Floata
Stream CQutput 0 value : Analog value : <Fleat>
Stream Qutput G value : Analog value s «<Pleats
Stream Input 0 value : Analeg value : <Float>
Stream Qutput 7 value : Analeg value : <Floats>
Stream Input o value : Analog Stream value : <Float> :
Stream Qutput 0 value : Analog value : «Flocat> H
Stream Input 0 value + Analeg value : <Float»
Stream Quetput 0 value : Analeg value : <Float>
Stream Input 0 value : Analog value : <Fleats»
Stream Qutput 0 value : Analog value : «Floats
Stream Input 0 value : Analeg value : «Fleat>
Stream Qutput O value : Analag Stream value : «Floats
Seream Irput 5 valiue : An3dlcq Stream value : <Floac>
Stream  Input 4 value : Analeg Stream value : <Float>
Stream Input 7 value : Analog Stream value : «<Floats>
Stream Input § value : Analeg Stream value : <Float>» :
High-e Stream Input 9 value : Analog Stream value » <Float> :
High-e Stream QCutgut Q0 value : Analog Stream value : «Float> .




C.3 OSM Object Data Sheets

C.3.1 Component Objects

Object: Pipe Icon:
Type: Element
Related: <none> 0 — ag
pin pout
Purpose: calculate the friction and
total pressure drop inside a pipe for a constant-property fluid at steady-state.
Variables
Name Desc Ivpe atu
Fluid : name of fluid (propecty) ¢ <Text> : <build>
Fric_Mode : turbuleat friction formula option : <Mode> : <build>
4 : pipe diameter (m) : <Float> : <config>
L : pipe leagth m] : <Float> : <config»>
Zi : inlet elevation {m] : <Float> : <config»>
20 : outlet elevatica (m] : <Float> : <config>
G : mass flow velccity 'kg/m2-s] : <Float> 1 <exec>
dp : toral pressure drop (Pal : <Float> : <execs>
u : average fluid velocity {m/s} : <Float> : <exec>»
Re : Reyrolds aumber : <Float> : <@exec>
£ : Fanning friction factor : <Float> : <exec>
tau_w : wall shear stress [Pa] : <Floats 1 <exec>
Streams
e Num  label Name Desc
Iaput Q pin PStream inlet flow stream
Qutput 1] paut PStream outlet flow stream
Details
Fluid

Fric_Mode:

the name of a text-file (Fluid.dat)containing the constant fluid properties (see

CPProp data object)

various formulations of the single-phase friction factor inside tubes:

= Blasius: Blasius formula
= Prandtl: Prandtl formula
= Overlap: Prandtl logarithmic-overlap
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Spalding:  Spalding formula
= PrPipe: Prandtl-Reichardt relation

Default Configuration

Steady-state constant property pipe

Fluid : name of fluid (property) : water : <Text> : <build>
d : pipe diameter m] : 0.0100 : <Ploat> : <config>
L : pipe lengta (m] : 1.0000 : <Ploat> : <config>
Zi : inlet elevation (m] : 0.000 : <Float> : <config>
2o ; outlet elevation (m] : 0.000 : <Float> : <config>
Fric_Mode : turbulent friction formula option : Prandtl : <Mode> : <build>
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Object:
Type:
Related:

Purpose:

Variables

Name

Fluid

d

Zi

2o

G

dp
NNodes
Solve_Type
20
NodefFile
NodeArray

Streams

1/0

Input
Input
Cutput

Details

Fluid

TPPipe Icon:
Element

Pipe

steady-state single-phase and
two-phase flow and pressure
drop inside a pipe with
uniform heat-flux on the
wall.

Desc

: name of fluid (property)

: pipe diameter {m]

: pipe leangth m]

: inlet elevation im]

: cutlet elevation (m]

: mass flow velocity {kg/m2-s]

: total pressure drop (Pal

: no. of £luid nodes [2-500]

: FD numerical sol'n method

: normalized neat flux input (W/m2]

: File to store Nodal variable values
: Array to store Nodal variable values

Num abe Name Desc
o] pin TPStrean
L q0 AStream
9 pout TPStream

the name of two text-files:
properties (Fluid-1.dat),

Ixpe

: <Text>
: <Float>
: <Floats>
: <Float>
: <Float>
: <Float>
: <Float>
: <Integer>
: <Mode>
: <Float>
: <Text>
: <Array>

status

: <builds>
: <conflig»
: <config>
: <config>
: <config>
: <exec>

1 <exec>

: <build>
: <config>
: <exec>

: <config>
: <exec>

inlet two-phase flow stream
nominal neat flux input
cutlet two-phase flow stream

one containing the thermodynamic fluid
the other containing
properties (Fluid-2.dat) (see the TPSatTablel and TPSatTable2 data objects)

the transport



Solve_Type: various formulations for the finite-difference governing equations:

Stepl: 1¥-order predictor
= RK-4: 4*-order Runge-Kutta

NodeFile: filename to store the nodal solution variables when NodeArray is included in the

network trend variable list

NodeArray: nodal solution variables:

Name Desc
p : pressure (Pa)

: enthalpy [J/kgl

T : temperature [oC]

G : mass velocity [(kg/m2-s]

Gl : ligquid mass velocity [(kg/m2-s]

Gg : vapour mass velocity (kg/m2-s]

u : mass-average velocity :m/s)

ul : liquid mass-average velocity [m/s]

ug : vapour mass-average velocity (m/s]

uu : momentum-average veiocity (m/s]
dp_by_ds : total pressure gradiezt [Pa/m]
dGg_by_ds : vapour mass velocity gradient {kg/m3-s)
duu_by_ds : mixture mom. velocity gradient (1/s]
dil_by_dp : lig. exthalpy-press. gradiezt [J/kg-Pal

dig_by_dp : vap. eanthalpy-press. gradiezt :J/kg-Pal

x_7T : thermodyriamic quality

x : flowing quality

alpna : void fraction

rho : density l‘kg/m3]

sli : gas-to-liquid slip ratio

£ tp : two-phase friction factor

tau_w : wall shear stress [Pa]

1 : neat flux [W/m2]

Gamma_vap : evaporation rate (kg/m3-s]

Gamma_lg : liguid flash rate (kg/m3-s]

Gamma_gl : vapour condense rate (kg/md-s]
Default Configuration
Steady-state two-phase pipe
Flu.d : rame of fluid (property) : water
d : pipe diameter m] : 0.0100
L : pipe length Im] : 1.0000
Zi : inlet elevation Im] : 0.000
Zo : sutlet elevatisn (m] : 0.000
NNcdes : ao. of fluid nodes [2-500] : 28
Solve_Type : FD aumerical sol'a metaod : Stepi
NodeFile : File to store Nodal variable values : Node
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Type Status
: Float : exec
: Float : exec
: Float ;. exec
: Float : exec
: Float : exec
: Float : exec
: Float : exec
: FTloat : exec
: Float : exec
: FTloat : exec
: Float : exec
: Tloat : exec
: Float : exec
: Float : exec
: Float : exec
: Float : exec
: Float : exec
: Float : exec
: Ploat : exec
: Float : exec
: Float : exec
: Float : exec
Float exec
: Float : exec
: Float : exec
: Float : exec
: <Text> : <build>
: <float> : <config>
: <Ploat> : <config>
: <Float> : <config>
: <Floats> : <config>
: <Integer> : <build>
: <Modes : cconfig>
: <Text> : <cconfig>



ject: TPAPipe Icon:

Type: Element
Related: TPPipe
Pipe
Purpose:  steady-statesingle-phaseand °

two-phase annular flow and
pressure drop inside a pipe
with uniform heat-flux on the wall.

Variables
Name Besc Type Status
Fluid : name of fluid (property) : <Text> : <build>
d : pipe diameter :m] : <Float> : <config>
L : pipe length (m] : <Tloat> : <config>
2L irlet elevation 'm] : <Ploat> : cconfig>
Zo : outlet elevation [m} : <Floats> : <config»>
G : mass flow velocity [kg/m2-s] : <Float> : cexec>
dp : total pressure drop (Pal : <Float> : <cexec>
NNodes : no. of fluid nodes [2-500] : <Integer> : <build>
Solve_Type : FD numerical sol'n method : <Mode> : <config>
30 . normalized neat flux imput [W/m2] : <Float> : <exec>
NodeFi.le : File to store Nodal variable values ¢ <Text> : <config>
ECType : entrainment/deposition model option : <Mode> : <build>
Node Type : annular node type option : <Mode> : <build>
GlE_frac : entrainment fraction at CNAF (C-1) : <Float> : <config>
flowing guality at ONAF (€-1) : <Float> : <cconfig>
: CEF location (m] : <Float> : <exec>
! : CEF quality (m] : <Fleoat> 1 <exec>
NodeArray : Array to store Nodal variable values : <Array> : <exec>
Streams
/0 Num Label Name Desc
Input 8} piz TPASt.ream inlet two-phase flow stream
Input 1 qo AStream aominal heat flux input
Cutput s} pout TPAStream outlet two-pnase flow stream
Gutput b Le AStream critical leagth
Cutput 2 Xe AStream eritical quality
Qutput 3 ipeak AStream enthalpy at peak f£ilm thickness
Cutput 4 i AStream enthalpy of dry vapour
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Details

Fluid the name of two text-files: one containing the thermodynamic fluid
properties (Fluid-1.dat), the other containing the transport fluid
properties (Fluid-2.dat)(see the TPsatTablel and TPSatTable2 data objects)

Solve Type: various finite-difference formulations of the governing equations:

Stepl: 1¥-order predictor
= RK-4: 4*-order Runge-Kutta

NodeFile: filename to store the nodal solution variables when NodeArray included in the
network trend variable list

EDType: various entrainment/deposition options:
= Whalley: Whalley et al. (1974)
= Hewitt: Whalley and Hewitt (1978)
= ASSERT: Tabhir et al. (1987)
= Govan: Hewitt and Govan (1990)
= Saito: Saito et al. (1978)
= Sugawara:  Sugawara (1990)

Node_Type: various triangular solution options, used to solve the interfacial shear stress,
liquid film thickness, and film flow:

Universal: universal velocity
= Empirical: approximate thick-film
= Integral:  shear stress integration
NodeArray: mnodal solution variables:
Name Resc Ivge Stagug
p : pressure (Pa] : Float : exec
L : eathalpy (J/kgl : Float : exec
T : temperature [oC] : Float : exec
G : mass velocity [ka/m2-s] : Float : exec
Gl : liguid mass velocity (kg/m2-s] : Float : exec
Gg : vapour mass velocity (kg/m2-s] : Float : exeac
uw : mass-average velocity {m/s] : Float : exec
ul : liguid mass-average velocity (m/s] : Float : exec
ug : vapour mass-average velocity [m/s] : Float : exec
uu : momentum-average velocity [m/s] : Float : exec
dp_by_ds : total pressure gradient {Pa/m] : Float : exec
dGg_by_ds : vapour mass velocity gradieat (kg/m3-s] : Float : exec
duu_by_ds : mixture mom. velocity gradieznt {1/sl : Float : exec
dil_by dp : lig. enthalpy-press. gradient [J/kg-Fa] : Float : exec
dig_by dp : vap. enchalpy-press. gradient [J/kg-Pal : Float : exec

: thermodyzamic quality : Float : exec
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x

alpna

rho

slip

£ tp

T au_w

q
Gamma_vap
Gamma_lg
Gamma_gl
GLT

GLE

u_c

ul®

ulE
Gamma_D
Gamma_E
Gamma_Fg
Gamma_Eg
dGLE_by_ds
dGuc_by_ds
x_c
alpha_gc¢
alpha_c
rho_c

Cc

k

delta
tau_:i

Default Configuration

flowing quality

: void fractioz

densicy (kg/m3]

: gas-to-liquid slip ratio

two-phase friction factor

: wall shear stress (Pa]
: heat flux ([W/m2]

evaporation rate (kg/m3-s]
liquid flash rate (kg/m3-s]

: vapour condense rate [kg/m3-s]

liquid film mass velocity [kg/m2-s]

: eatrained liquid mass velocity {kg/m2-s]
: core mass-average velocity (m/s]

liquid film mass-average velocity [m/s]

: droplet mass-average velocity [m/s]

: volumetric deposition rate (kg/m3-s]

: volumetric extraizment rate (kg/m3-s)

: volumetric film flasa rate [kg/m3-s]

: volumetric droplec flash rate (kg/m3-s]

entrained liguid gradieat [kg/m3-s]
core momentum gradiezt {N/m3]

core flowing quality

core gas void fraction

core void fraction

core density [kg/m3]

: core droplet concentration (kg/m3)

droplet mass transfer coefficieat (m/s]
liquid £ilm thickness
interfaclal shear stress (Pa)l

steady-state two-paase annular pipe

Fluid : name of fluid (property) : water

d : pipe diameter [m] : 0.0100
L : pipe length [(m] : 1.0000
2l : inlet elevation (m] : 0.000
Zo : outlet elevation {(m] : 0.000
NNodes : no. of fluid nodes {2-500] : 25
Solve_Type : FD numerical sol'n method : Stepl
NodeFile : File to store Nodal variable values : Node
EDType : entrainment/deposition model optioz : Whalley
Node_Type : annular node type option : Empirical
GLE_frac : entrainment fractlion at ONAS (0-1) : 0.9900
x_onaf : flowing quality at ONAF (0-1) : 0.0200

: <Float>

: <build>

: <config>

: Float : exec
: Float : exec
: Ploat : exec
: Float : exec
: Float : exec
: Float : exec
: Float : exec
: Float : exec
: Float : exec
: Float : exec
: Float : exec
: Ploat : exec
Ploat : exec
: Ploat : exec
: Float : exec
Float : exec
: Float : exec
: Float : exec
: Float : exec
: Float : exec
: Ploat : exec
: Float : exec
: Float : exec
: Float : exec
: Float : exec
: Ploat : exec
: Float : exec
: Float : exec
Float : exec
<Text>
<Float>
<Float>
: <Float> :

<cornfig>

<config>

: <config>

: <Integer> :

<Mode>

: <Text>

<Mode>

: <Mode>

: <Float>

<Float>

<build>

<cconfig>

: <config>

: <builds>

<build>

: <config»>

: <config>



Object: TPAOPipe Icon:

Type: Element
Related: TPAPipe
TPPipe
Pipe
Purpose: steady-state single-phase and pin pout

two-phase annular flow pipe
with flow obstruction at the inlet — pressure drop and flow inside the pipe with
uniform heat-flux on the wall.

Variables

Nanme Cesc Zype Status
Fluid : name of fluid (property) : <Text> : <build>
d : pipe diameter [m] : <Float> : <config>
L : pipe length [m] : <Floats : <config>
Zi : inlet elevation (m] : <Ploat> : <config>
A : outlet elevation (m] : <Float> : <config>
G : mass flow velocity ‘kg/m2-s] : <Float> : <exec>
dp : total pressure drop {Pa] : <Floats> : <exec>
NNodes : ne. of fluid nodes [2-500] : <Integer> : <build>
Solve_Type : TD aumerical sol'n method : <Mode> : <configs
j=qe] : normalized heat f£lux input (W/m2] : <Floats> : <execs
NodeFile : File to store Nodal variable values : <Text> : <config>
ECType : entraiament/deposition model option : <Mode> : <build>
Node_Type : annular node type option : <Mode> : <build>
GLE_frac : entraiament fraction at ONAF (Q-1) : <Float> : <config>
x_onaf : flowing gquality at ONAF (0-1) : <Float> : <conflig>
L_CHF : CHF location [m] : <Float> : <exee>
x_CHF : CHF gquality (m] : <Float> : <exec>
K_strip : liguid-film stripping coeff (0-1) : «<Float> : <config>
K_depos : liquid-droplet impingement coeff (0-1) : <Float»> : <config>
Co : deposition enhaancement constant : <Float> : <config»>
a : deposition ennancement decay rate : <Float> : <config>
NodeArray : Array to store Nodal variable values : <Array> : <exec>
Streams

1/0 Num Label Name Desc

Input c pin TPAStream inlet two-phase flow stream
Input A qe AStream nominal heat flux izput

Output 4] pout TPAStream outlet two-phase flow stream
cutput h Lec AStream eritical length

Qutput 2 Xc AStream critical quality

Output 3 ipeak AStream ezthalpy at peak film thickaess
Qutput 4 ig AStream enthalpy of dry vapour
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Details

Fluid the name of two text-files: one containing the thermodynamic fluid
properties (Fluid-1.dat), the other containing the transport fluid
properties (Fluid-2.dat)(seethe TPSatTablel and TPSatTable2 data objects)

Solve_Type: various finite-difference formulations of the governing equations:

Stepi: 1*-order predictor
= RK-4: 4%-order Runge-Kutta

NodeFile: filename to store the nodal solution variables when NodeaArray included in the
network trend variable list

EDType: various entrainment/deposition options:
= whalley: Whalley et al. (1974)
= Hewitt: Whalley and Hewitt (1978)
= ASSERT: Tahir et al. (1987)
= Govan. Hewitt and Govan (1990)
= Saito: Saito et al. (1978)
= Sugawara:  Sugawara (1990)

Node Type: various triangular solution options, used to solve the interfacial shear stress,
liquid film thickness, and film flow:

Universal: universal velocity
= Empirical: approximate thick-film
= Integral:  shear stress integration
NodeArray: nodal solution variables:
ame Resc Iype Stacug
p : pressure [Pa] : Float : exec
i : eathalpy (J/kgl : Float : exec
7 : cemperature [oC] : Float : exec
G : mass velocity (kg/m2-s] : Float : exec
Gl : liguid mass velocity (kg/m2-s] : Float : exec
Gg : vapour mass velocity (kg/m2-sl] : Float : exec
u : mass-average velocity Im/s] : Float : exec
ul : licuid mass-average velocity Im/s] : Ploat : exec
ug : vapour mass-average velocity {m/s] : Float : exec
uu : momentum-average velocity [m/s] : Float : exec
dp_by_ds : total pressure gradiext [Pa/m] : Float : exec
dGg_by_ds : vapour mass velocity gradient [kg/m3-&] : Float : exec
duu_by ds : mixture mom. velocity gradient [1/s] : Ploat : exec
dil by dp : lig. eathalpy-press. gradient {J/kg-Pal : Float : exec
dig_by_dp : vap. entaalpy-press. gradieat [J/kg-Pa] : Ploat : exec
x_T : thermodynamic gquality : Float : exec
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Default Configuration

x

alpha

rho

slip

£ _tp
tau_w

q
Gamma_vap
Gamma_lg
Gamma_gl
GlF

GlE

u_c

uls

ulE
Gamma_D
Gamma_E
Gamma_Fg
Gamma_Eg
dGLE_by_ds
dGuc_by_ds
x_¢
alpna_gec
alpha_c
rho_c

c

k

delta
tau_%L

flowing quality

: void fraction

: density {kg/m3]

: gas-to-liquid slip ratio

: two-phase frictioa factor
: wall shear stress :(Pa]

: heat flux (W/m2]

: evaporation rate (kg/m3-s]

liguid flash rate (kg/m3-s]
vapour condense rate (kg/m3-s]
liguid film mass velocity [kg/m2-s]

: entrained liquid mass velocity (kg/m2-s]
: core mass-average velocity (m/s]

liquid £ilm mass-average velocity im/s]

: droplet mass-average velocity [(m/s]

: volumetric deposition rate kg/m3-s]

: volumetric entrainment rate {kg/m3-sl

: volumetric f£ilm £lash race [kg/m3-s]

: volumetric droplet flash rate [kg/m3-s]
: entrained liguid gradieat [(kg/m3-s]

core momentum gradieat (N/m3]
core flowing quality

: core gas void fraction

: core void fraction

: core density (kg/m3]

: core droplet concentration (kg/m3}

droplet mass transfer coefficient {m/s]
liquid film thickness
interfacial shear stress [Pa]

steady-state two-paase annular pipe

Fluid

d

Zi

2

NNodes
Solve_Type
NadeFile
EDType
Node_Type
GlE_£rac
x_sznaf
K_strip

K_depos

: name of fluid (property) : water

: pipe diameter Im] : 0.0100

: pipe lengta (m] : 1.0000
inlet elevation (m] : 0.000

. outlet elevation [m] : 0.060

: no. of f£luid nodes [2-500] : 25
FD aumer:ical sol'zn method : Stepl
file to store Nodal variable values : Node

: entrainment/deposition model option : Whalley

: annular node type option : Empirical

: entrainment fraction at ONAF (0-1} : 0.9900

: flowing guality at ONAF (Q-1) : 0.0100

: liquid-film stripping coeff (0-1) : 0.0000

: liguid-droplet impingement coeff (0-1) : 0.0000

: deposition eahancement constant : 0.000Ceq

: deposition enhancement decay rate : 0.000Ce0
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: <Integer>

: <Mode>

: <Text>

: <Mode>

: <Modes

: <Float>

: <Float>

: <Float>

: <Tlcat>

: <Floats>

: <Float>

<build>

: <config>

Float : exec
: Ploat : exec
: Float : exec
: Float : exec
: Ploat : exec
Float : exec
: Float : exec
: Float > exec
: Float : exec
: FTloat : exec
: Float : exec
: Float : exec
: Float : exec
: Float ¢ exec
: Float : exec
: Float : exec
: Tloat : exec
: Float : exec
Float : exec
: Float : exec
: float : exec
: Ploat : exec
: Float : exec
float : exec
: Float : exec
: Float : exec
: Float : exeaQ
Ploat : exec
Float : exec

: <Text>

: <Float>

: <Tloat>

: <Floats>

: <Float>

<config>
<config>

cconfig>

: <build>

<config»

: <config>

<build>

<build>

: <config>

: <config>

: <config>

: <config>

<config>

: <config>



Object: TPInput Icon:

Type: Element

Related: <nones

Purpose: two-phase flow input specifier

Variables

Name Desc Iype Status
Fluid : name of fluid (property) : <Text> : <build>
Mode : inlet specification : <Mode> : <builds>
o] : thermodynamic pressure [Pa] : <Floats> : einput>
w : total flow rate [kg/s] : <Float> : <inputs>
x : flowing guality : <Floats : <inputs>
7 : fluid temperature [oC] : <Float> : <input>
Hin : fluid enthalpy (J/kg] : <Float> : <input>
Ksub : fluid subcooling (J/kg] : <Float> : <input>
Streams

1/9 Num Label Namg Resc

Cutput Q pout TPStreanm sutlet two-phase flow stream
Details

Fluid the name of two text-files: one containing the thermodynamic fluid

properties (Fluid-1.dat), the other containing the transport fluid
properties (Fluid-2.dat)(see the TPSatTablel and TPSatTable2 data objects)

Mode: various methods of specifying the fluid enthalpy:
= temperature: fluid temperature, including subcooled
temperatures
= quality: thermodynamic or flow quality, including
subcooling
enthalpy: fluid enthalpy
subcooling: amount of enthalpy subcooling

The associated input variable (T, x, Hin, Hsub) is used in both the input and
trend variable list
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Default Configuration

Homogenecus Two-Phase Tlow Input

Fluid : name of fluid (property) : steam : <Text> . <build>
Mode : inlet specification : qualicy : <Mode> : <build>

C-20



Object: TPAInput Icon:

Type: Element

Related: TPInput

Purpose: two-phase annular flow input specifier

Variables

Name Desc Ivpe Status
Fluid : name of fluid (property) : <Text> : <build>
Mode : inlet specification : <Mode> : <build>

P : thermodynamic pressure [Pa] : <Floats> : <input>

W : total flow rate {kg/s] : <Ploat> : <inputs>

x : flowing gqualicy : <Float> : <input>

T : f£luid temperature [oC] : <Float> : <input>
Ein : fluid eathalpy [J/kgl : <Float> : <input>
Hsub : fluid subcoaling [J/kgl : <Float> : <input>
WLlF : liguid £ilm flow rate (kg/s] : <Float> : <izput>
Streams

1/0 Num Label Name Rese

Cutput c pout TPAStream outlet annular flow two-phase stream
Details

Fluid the name of two text-files: one containing the thermodynamic fluid

properties (Fluid-1.dat), the other containing the transport fluid
properties (Fluid-2.dat)(see the TPSatTablel and TPSatTable2 data objects)

Mode: various methods of specifying the fluid enthalpy:
= temperature: fluid temperature, including subcooled
temperatures
= quality: thermodynamic or flow quality, including
subcooling
= enthalpy: fluid enthalpy
= subcooling: amount of enthalpy subcooling

The associated input variable (T, x, Hin, Hsub) is used in both the input and
trend variable list. For all cases of subcooled inlet, the liquid-film flow rate
(W1F) is reset to zero.
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Default Configuration

Annular Two-Phase Flow Input
Fluid : name of fluid (property) : steam : <Text> : <build>

Mode : inlet specification : quality : <Mode> : <build>
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Object: iTrans Icon:
Type: Element
ot
Related: <none> A
Purpose: enthalpy flow transmitter
0 o0
pin pout
Variables iTrans
Name Besc Type Stacus
Stream : Type of Stream connection : <Mode> : <builds>
p : pressure [Pa) : <Float> : <exec>
W : total flow rate [kg/s] : <Float> : <exec>
Z : eathalpy (J/xg] : <Float> : <cexec>
T : temperature oC) : <Float> : <execs
Streams
1/0 Hum Label Name Desc
Input [s} in <user-defined> inlet process stream
Cutput o} pout <user-defined> outlet process strean
Cutput b So AStream eathalpy output signal
Details
Stream the name of the stream to which the enthalpy transmitter is to be attached to:
= PStream: single-phase process stream
= TPStream: two-phase (two-fluid) stream
= TPAStream: two-phase (three-fluid stream
Default Configuration

enthalpy flow transmitter

Stream

: Type of Stream connection

: PStream
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Object: Iterator
Type: Element
Related: <none>
Purpose:
Variables
Name Desc
Stacus
laiQut : inicilal output
Sp : contraoller set
mizCut : minimum output
maxCut : maximum output
Streams
/0 Num Label
Input o] S§i
Input z So_min
input 2 So_max
Cutput o] So
Details
Secant solution:
Default Configuration

Secant solution iteration block

Secant Solution Iterator

iniCut

Icon:

Type
signal : <Float> : <config>
point : <Float> : <input>
sigral : <Float> : cexec>
sigral : <Ploat> : <exec>
Name Desc
AScream input signal
AStream minimum output signal
AStream maximum output signal
AStream output sigaal
e=§, - S,
-1 _(n-2) _ - (n-1)
g _ S, e S, e
o -2 -
e(n ) e(n 8}
: 100.0000e0 : <Float>

: initial output signal
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Object: SigError Icon:

Type: Element
Related: <none>
Purpose: Error signal generator

Variables <none>

Streams
I/c Num Label Name Desc
Input [o] Sp AStream gset-point signal
Input b si AStream input signal
Cutput o} So AStream output signal
Details
Output signal:

S, = Sp - S,
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Object: SigRatio Icon:
Type: Element
Related: <none> 9

Purpose: Condition the output signal using the
ratio of three external signals and an
input signal

Variables <none>

Streams
1/C Num Label Name Desc
Input Q Si AStream input signal
Input S xi AStream refereace signal #1
Input 2 x2 AStream refereace signal #2
Iaput 3 xi AStream reference signal #3
Jutput G So AStream sutput signal
Details
Output signal:
(x, - x,)
_ i 3
[ = (x -x Sl
2 l
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Object: AOBank Icon:

Type: Element
Related: <none> So1
Purpose: distribute an input signal to two output signals of the the

same value

AOBank

Variables <nones>

Streams
1/0 Num Label Name Desc
Input 0 si AStream input signal
Cutput [¢] Sol AStream output signal #1
Cutput b3 So2 AStream output signal #2
Details
Output signal:

Sol = Soz = Si
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Object:
Type:
Related:

Purpose:

Variables

Streams

/¢
Input
Cutput
Cutput
Cutput

Qutput

Details

Output signal:

SigJctxlo0
Element
AOBank

distribute an input signal to a number of connected
output signals of the the same value

<none>

¥4
=3
3
[
0
D
e

¥ [N RN - e] I
172
o
-

Nane

AStream
AStream
AStream
AStream

AStream

Icon:

esc

input signal
output sigrnal #1
output signal #2
output sigral #3

output signal #10
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Object:
Type:
Related:

Purpose:

Variables

Streams

I/0
Input

Input
Cutput

Details

Output signal:

LowSig
Element
<none>

select the lower of two analog signals

<none>
Num Labe Name

i1 AStreamn
ps Si2 AStream
o] Sol AStream

esc

input signal #1
input signal #2
output signal

S, = min(S,,, S;,)
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Object: LowSigl0 Icon:
Type: Element

Related: LowSig o SN
. i1

Purpose: select the lower of 10 analog signals

12

il

1)

i5
Variables <none> 6

b4

i8
Streams .

' 3
1/0 Num Label Name Desc LowSigx10
Iaput 0 Sii AStream input signal #1
Izput 1 si2 AStream input signal #2
Input 2 Si3 AStream iaput signal #3
Input 9 Si.0 AStream input sigrnal #.0
Qutput [o} So AStrean sutput signal
Details
Output signal:

Sf) = miﬂ(S“. S2' e Sllo)

i
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Object: HighSig

Type: Element
Related: <none>
Purpose: select the higher of two analog signals

Variables <nones>

Streams

payie) Num
Input Q
Input z
cutput ¢
Details

Output signal:

Name

AStream
AStream
AStream

Desc

input signal #l
input signal #2
output signal

S, = max(S;, S;,)

C-31

Icon:
Si
[ ey
o0
si2 So
it
HighSig



Object: HighSigl0 Icon:
Type: Element '
Related: Highsig Si1

Purpose: select the higher of 10 analog signals

Variables <nore> i8

i8 -

Streams .
}

1/0 Num Label Name Desc HighSigx10
Input ¢} sii AStream input signal #1
Izput 1 si2 AStream input signal #2
Input 2 Si3 AStream input signal #3
input 3 §i10 AStream input signal #10
Cutput [¢} So AStream output signal
Details
Output signal:

S, = max(S;, S5, - S;10)

(4]
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Object: CHFBowring

Type: Element
Related: <none>
Purpose: CHF correlation by Bowring (1972), formulated to compute CHF based on inlet

conditions and heated length (steam only)

Variables

Name Desc Type Status
P ressure [Pal : <Float> : einput>
G : mass flux kg/m2-s] : <Float> : <izput>
d : pipe diameter (m] : <Float> : <input>
L : verical pipe length Im] : <Float> : <izput>
Hsub : inlet subcooling {J/kg] : <Floats> : <input>
Qe . eritical Eeat Flux [(W/m2] : <Ploat> : <exec>
Lc : eritical guality 10-1] : <Float> : <execs>
Streams <none>
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Object:
Type:
Related:

Purpose:

Variables

Name

Streams

Details

Fluid

CHFKatto
Element
<nones

CHF correlation by Katto and Ohne (1984), formulated to compute CHF based
on inlet conditions and heated length (any fluid)

Desc Type Status
: pressure [Pal : <Float> : einput>
: mass flux [ka/m2-s] : <Tleat> : <input>
: pipe diameter [m] : <Float> : <inputs>
: verical pipe length (m] : <Float> : <inputs>
: inlet subcoecling [J/kg] : <Float> : einput>
: critical Eeat Flux (W/m2] : <Float> : <exec>
: eritical gualicy (0-1] : <Float> : <exec>
: name of Cperating Fluid : <Text> : <build>
<none>

the name of two text-files: one containing the thermodynamic fluid
properties (Fluid-1.dat), the other containing the transport
properties (Fluid-2.dat) (see the TPSatTablel and TPSatTable2 data objects)
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Object: CHFAeclUo
Type: Element
Related: <none>

Purpose: 1994 AECL-UO CHF look-up table, formulated to compute CHF based on inlet
conditions and heated length

Variables

Name Desc Type Status
D : pressure [Pal : <Float> : <input>
G : mass f£lux [ka/m2-s] : <Float> : <input>
d : pipe diameter Im] : <Float> : <input>
L : verical pipe length (m] : <Float> : <iaput>
Esub : inlet subcooling (J/kgl : <Float> : <input>
Qe : critical Eeat Flux [W/m2] : «<Float> : cexec>
Xc : ecritical guality (0-1] : <Float> : <exec>
Fluid : name of QOperating Fluid : <Text> : <build>
Streams <none>

Details

Fluid the name of two text-files: one containing the thermodynamic fluid

properties (Fluid-1.dat), the other containing the transport
properties (Fluid-2.dat)—see the TPSatTablel and TPSatTable2 data objects

Also requires the presence of the CHF look-up table (CHFtable.dat) input as
a text file for the Table3D data object.
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Object:
Type:
Related:

Purpose:

Variables

Pl

Streams
Details

Fluid

Correlation:

Notes:

CHFPoly
Element
<nones

Generalized CHF correlation, formulated to compute CHF based on inlet
conditions and heated length

Desc ~ype Status
: pressure [Pal : <Float> : <input>
: mass flux [kg/m2-s] : <Ploat> : <input>
: pipe diameter [m] : <Floatc> : <input>
: verical pipe leagth m] : <Floats> : <inputs>
: inlet subcooling [J/kgl : <Float> : <input>
: critical EHeat Flux [W/m2) : <Float> : <exec>
: eritical gquality [0-1] : <FTloat> T <exec>
: name of Operating Fluld : <Text> : <builds>
: correlation constant #1 : <Float> : <configs>
: correlation constant #2 : <Float> : <config>
: correlation constant #3 : <Float> : <config>
: correlation coxnstant #4 : <float> : <config>
: correlation constant #S : <Float> : <config»
: correlation constant #6 : <Float> : <config>
: correlation conscant #7 : <Float> : <config>
: inlet fluid temp. {oC) : <Float> 1 <exec>

<nenes>

the name of two textfiles: one containing the thermodynamic fluid
properties (Fluid-1.dat), the other containing the transport
properties (Fluid-2.dat) (see the TPSatTablel and TPSatTable2 data objects)

q. = plPP:GP: +p4Pp‘Gp5XCp7

1. units of (P, G) are MPa and Mg/m?-s, respectively, for the correlation so
that a unit conversion precedes the use of the correlation by CHFPoly,
3. make sure (P, G) are in the correlation units when deriving your own

constants (p,—p,)-
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C.3.2 Stream Objects

Object: PStream

Type: Stream

Related: <none>

Purpose: transfer single-phase flow parameters between elements
Variables

Name Desc Type Status
W : flow rate 'kg/s] : <Float> : <exec>
p : pressure [Pa] : <Float> : <exec>
i : enthalpy [J/kgl : <Float> : <exec>
T : temperature [oC] : <Float> : <execs>
Object: TPStream

Type: Stream

Related: PStream

Purpose: transfer two-phase flow parameters between elements
Variables

Name Desc Type Status
o : total £low rate [kg/s} : <Float> : <cexec>
p : pressure [Pa] : <Float> 1 <eXec>
i : enthalpy [J/kgl : eTloat> : cexec>
oo : temperature [oCl] : <TFloat> : <exec>
Wl : liquid flow rate [(kg/s] : <Float> : cexec>
Wg : vapour flow rate (kg/s} : <Float> : <exec>
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Object: TPAStream

Type: Stream
Related: BStream

TPStream
Purpose: transfer two-phase annular flow parameters between elements
Variables
Name Desc Type Status
W : total flow rate [ka/s] : <Floats> ;. <exec>
D : pressure {Pa] : <Float> : <exec>
i : enthalpy [J/kagl : eFloat> : <exec>
T : temperature ([oC] : <Floats> : <cexec>
Wl : liquid flow rate ’kg/s] : <Floats> : <cexecs
Wg : vapour flow rate {kg/s] : <Ploat> : cexec>
WiF : liquid £ilm £low rate (kg/s] : <Float> : <c@execs>
W1lE . entrained ligquid f£low rate [kg/s] : <Float> : <exea>
Object: AStream
Type: Stream
Related: <none>
Purpose: transfer a single-value (analog) between clements
Variables
Name Cesc Type status
value : Analog Stream value : <Float> : <exec>
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C.3.3 Data Objects

Object: CPProp

Type: Data

Related: <none>

Purpose: contains a standard set of constant-property fluid parameters

Variables

Name Desc Type Status
rno : density (kg/m3] : <Float> : <builds>
mu : dynamic viscosity (kg/m-s] : <Float> : <bulld>
Cp . specific heat [J/kg-oC] : <Float> : <build>
K : taermal conductivity [W/m-oC] : <Float> : <build>
Example

constant properties of water at T = 10oC

rho : density [ka/m3} : $99.2000e¢

nu : dymamic viscosity ‘kg/m-s] : ..310Ce-3

Cp . specific neat [(J/kg-oC} : 4.1950e3

K . thermal conductivity (W/m-oC] : 0.538%0CeC
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Object: TPSatTablel

Type: Data

Related: TablelD

Purpose: 1-D multi-variable look-up table containing saturated thermodynamic fluid
properties

Example: R-134a-1.dat

Thermodynamic Froperties of Saturated Freon R-134A
<] Tsat v_£ v_g h_t h_£g h_g s_£ s_£g 9.9
S06%9.75 -40. . 586259Z-01 0.002-00 223286.1 223286.- 0.00E+00 957.6931 957.6931

3 7.0576272-04 3
57068.60 -135.0 7.169230E-04 2.827749E-01 5821.55> 220632.. 226453.7 24.44489 926.4419 950.8868
85703.23 -30.0 7.237917E-04 2.252942E-01 1.840.20 217748.0 229588.2 48.69506 895.5297 944.2247
107519.6 -25.0 7.301237S-04 1.8125125-01 17785.97 2:14906.9 232692.9 71.67426 866.0264 917.7106
133365.2 -20.0 7.369887E-04 1.471509E-01 23748.60 212020.5 235769.2 93.81236 837.5294 931.3427
$64032.9 -15.0 7.4470212-04 1.204844E-01 29794.96 209022.0 238817.0 115.4172 809.6921 925.1093
20026..7 -10.0 7.533119E-04 9.943394E-02 35971.66 205863.0 241834.7 136.6964 782.3030 918.9994
242755.5 -5.0 7.627606E-04 3.2466165-02 42307.77 202511.3 244819.0 157.7765 755.2164 912.9929
292.93.5 0.0 7.729513E-04 6.919488E-02 48817.40 198947.8 247765.2 178.7201 728.3464 907.0665
349231 .4 5.0 7.817780E-04 S.828315E-02 55502.44 195264.3 250666.7 199.5414 701.6512 901.1926
3.4521.6 10.0 7.95.4262-04 4.937480E-02 62355.14 191160.5 253515.6 220.2195 675.1208 895.3403
2630054.0 80.0 1.07326.2-03 6.458320E-03 171460.3 106567.4 276027.6 485.5168 301.7623 787.2792
2923605.0 85.0 1.1263745-03 S.513917E-03 18149S.5 95562.53 277058.0 506.7584 266.8226 773.5810
3243176.0 90.0 1.1963772-03 4.6440972-03 192435.8 §2027.86 274463.7 529.9071 225.8787 755.7860
1530853.0 95.0 ..288538E-03 3.80B609E-03 204516.5 64787.65 269304.2 555.5251 175.9816 731.5067
19689.3. 100.0 L1.4.5151Z-03 2.826390E-03 2.8011.3 42392.28 260403.6 584.2458 111.6065 697.8524
4064043, L0l..1 2.022783E-03 2.012783E-03 251469.7 0.00E-00 25:469.7 800.4443 0.00E-00 800.4443
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Object: TPSatTable2

Type: Data
Related: TablelD
Purpose: 1-D multi-variable look-up table containing saturated transport fluid properties

Example: R134a-2.dat

wrangport Properties of Saturated Freon R-134A
-] Tgat mu_£ cp_¢ x 2
50698.75 -40. ,729021E-04 1129.369 1.089680E-0:

=

mu_g [« K-} X_g gsigma
.971560E-06 743.0391 1.760851E-02

04 7 7.555834E-03
570668.60 -35.0 4.384BS0E-04 1153.564 1.068516E-01 8.6397932-06 757.2891 B8.051966E-03 1.6830232-02
85703.23 -30.0 4.076264E-04 1177.975 1.047350E-Cl 9.205883E-06 773.2234 8.54777SE-03 1.606672E-02
107519.6 -25.0 3.798463E-04 1202.374 1.026185E-01 9.680862E-06 790.4764 9.0391412-03 1.531624E-02
131366.2 -20.0 3.S4741BE-04 1226.590 1.005025E-01 1.0075762-05 808.7717 9.528990E-03 1.457728E2-02
164032.9 -15.0 3.3.9734Z-04 1250.505 9.8387142-02 1.040162E-05 327.9220 1.001778E-02 1.384855E-02
20026%.7 -1G.0 3.1.252BE-04 1274.056 9.627287E-02 1.0669475-05 847.8296 1.0505932-02 1.312896E-02
242755.5 -5.00 2.923348E-04 1297.236 9.416000E-02 < .0B9034E-0S B68.4860 1.09941SE-02 1.2417662-02
292193.5 0,00 2.750095S-04 1320.090 9.204891.E-02 1.107527E-05 889.9720 1.14B367E-02 1.171400E-02
349231.4 5.00 2.5909692-04 1342.719 B.9940042-02 1.223528E-05 912.4576 1.197638E-02 1.1017552-02
41452..6 .0.00 2.444416E-04 1165.277 B.7833B4E-02 1.13181425-05 936.2022 1.247470E-02 1.032811E-02

2630054. 80.00 1..93829E-04 2009.427 5.902722E-02 :.3.4896E-05 2024.568 2.280091%-02 1.648895E-03
2921635, 85.00 ..139590E-04 2.98.392 5.7062272-02 1.941094E-05 2399.403 2.6041492-02 1.1523684E-03
31243176. 90.00 1.088267E-04 2558.451 5.S511603E-02 2.083559E-05 3062.931 1.152907E-02 6.9982722-04
3530858. 95.00 -.039660E-04 34213, 144 S5.319358E-02 2.243392E-05 4481.439 4.077645E-02 3.086484E-04
1064043, 101.. §.600073E-05 30569.84 3.5498172-02 3,401540E-05 30569.84 3.549817E-02 8.3773002-09
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Object: Table3D
Type: Data

Related: TablelD
Table2D

Purpose: 3-D single-variable look-up table

Example: Chftable.dat

1994 AZCL-UC }-C CHP lock-up tatle
3 % p qe
<83 -~ 40 -3 .30 -+ 1% -3 -0 ¢ .08 16 .1 20
e ) 6606 S3)1 4779 S2IC 4%%) 1419 1347 1066 42T 296 207 158
132 43 712% 6418 6468 4739 494C 1481 2618 1526 87T 184 641 615
1:8 320 720 7193 T0)9 4340 33ICH 4124 3342 L94 1189 131317 1:3) 197
130 304 8139 7381 T19% 6216 3313 4306 147 3792 1632 1651 1898
130 S¢6 4334 T66) 7488 €321 8361 413 1788 1304 204G 1687 lAA1 1873
100 139C 8ASO 7809 1442 Al2s81 5187 4836 4129 1327 2428 2286 3300 231!
39 183¢ 2133 796 e292 5432 4714 4316 16Cs 3832 2437 340% 2393
180 3¢ce 3440 G016 €336 Sa)e 4713 4218 1616 I69T 2447 24e6 3113
138 3%0¢ 10942 8701 173 344) 4745 422C 1611 376D 2348 230% 2167
133 1cc0 9197 6487 S4S3 4791 4219 1651 1798 16d€ 2972 2418 2248
1CC 18cC 10017 4as6 9504 4827 4377 1662 2841 2642 2624 2470 2382
L3¢ <300 13871 7016 9sad  49C8 4110 Jeds 947 2737 2648 2310 21327
: 4223 11347 7492 4902 3066 4118 )07 10&S 2830 2716 336C 3152
sece 7906 K242 4266 4413 3718 1137 189) 2777 2499 2401
553¢ 424 6511 3487 4539 181 )263 2932 2024 lesl a4
4330 13617 #ala €773 3e6R 4nBe 19)) 1149 1048 3892 1699 24321
a%C0 L 13966 8593 7080 4676 44% 4101 )Y 1069 2914 2718 2332
Tocl 14379 9745 TI49  «GET 8033 4332 1308 1113 298 3745 3907
7908 14562 4713 7641 6288 5181 4)0C 1949 1176 2996 2768 2310
4ccy 15017 10087 7918 €837 3170 4173 )e17 1230 1037 2179) 3%s¢
< s7¢a 5024 €149 412 241D 1596 1374 1039 e&3 487 "

133 78S 79 7G99 alT4 S2IT 4338 1A% 2411 2678 1874 1391 123
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D.1

D.3

Appendix D: Flow Obstruction Specifications

18% Ring Flow Obstruction .. ...

30% Ring-Type Flow Obstruction .

18% Block-Type Flow Obstruction

....................................

....................................

....................................



D.1  18% Ring Flow Obstruction

INCONEL TUBE

10 mm

FLOW AREA (NO SPACERS) 50.26mm square
FLOW AREA (AT RING) 41.32mm square
17.8% REDUCTION IN THE FLOW AREA AT THE RING

RING M. MILD STEEL

RING AREA = 8.94mm square

TOLERANCE
o SLIDING RING SPACER
Xy REVISIONS DESIGN: JOHN R. SCHENK | OCT. 93 e
X. XX+/- .08 CHEKD
XXX +/-.02 APPD if ﬁtﬁ
s WORKORDER® 86004 ;
PROJECT:  BANAS Sy
FILE: MR7RING | OWG.# g CHALK AVER LABORATORES




D.2

30% Ring-Type Flow Obstruction

INCONEL TUBE

10 mm

67 mm SLIT .5mm

85 mm

FLOW AREA (NO RING) = 5028 mm °
FLOW AREA AT RING = 3819 mm ?
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D.3  18% Block-Type Flow Obstruction
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By:

Two Penn Plaza
New York, NY 10121-2298
Tel 212 904 2574

Fax 212 904 6285 iz
The McGraw-Hill Companies
TO: David Vaitekunas
15 Malhotra Court
Ottawa, Ontario K1V 1K1 Canada
Date: August 24, 2000 invoice Number: 42003

Fee: $0.00

The McGraw-Hill Companies material requested:

Title: VISCOUS FLUID FLOW, 2E(1991)

Author(s): White, F

Specific material: Figs: 6-9, 6-18 as outlined with your letter dated August 13, 2000 (ONLY)
For inclusion in:

Title: AN INFESTIGATION OF THE EFFECT OF FLOW OBSTRUCTIONS ON CRITICAL
Author(s): David Vaitekunas

Publisher: University of Ottawa
Publication Date: 2000

In response to your request of August 13, 2000, this agreement, upon receipt by The McGraw-Hill Companies fram you of the
specified fee together with your countersigned copy of this Agreement, shall constitute your permission to use the material cited
above, subject to the following conditions. This permission shall terminate: (a) if the conditions of this agreement are not met, or (b)
if the proposed work is not published within two years of the date hereof or, if published, remains out of print for at least six months.

1. Asigned copy of this agreement must be sent to The McGraw-Hill Companies, Permissions Department, Two Penn Plaza,
NY, NY 10121-2298.

2. No adaptations, deletions, or changes will be made in the material without the prior written consent of The McGraw-Hill
Companies.

3. This permission is non-exclusive, non-transferrable, and limited to the use specified herein. The McGraw-Hill Companies
expressly reserves all rights in this material.

4. This permission applies. unless otherwise specified, solely to publication in the English language and to distribution in the
United States, its territories and dependencies, the Philippines, and Canada.

5. A credit line must be printed on the first page on which the materia! appears. This credit must include the author, title,
copyright date, and publisher, and indicate that the material is reproduced with permission of The McGraw-Hill Companies.

This permission applies ta print reproduction only and does not extend to any electronic media unless otherwise specified.

This permission does not allow the use of any material, including but not limited to photographs, charts, and other illustrations,
which appears in a McGraw-Hill Companies work copyrighted in or credited to the name of any person or entity other than The
McGraw-Hill Companies. Should you desire permission to use such material, you must seek permission directly from the
owner of that material, and if you use such material, you agree to indemnify The McGraw-Hill Companies against any claim
from the owners of that material.

!

/ J
\ A ’14/
Cindy McBride

Permissions Department
Agreed and accepted by:

Name and title: Pav, d A Vo igjw.nqa PhD_Student
Publisher: Univers i ot O
Authorized Signature:

Date: O —Sep-2090

Form R



Taylor & Francis, Inc., Routledge, Inc., Garland Publishing
29 West 35th St.

New York, NY 10001 USA

Tel: 212.216.7851

Fax: 212.564.7854

1)98 _ &qq% Jaristy @routledge-ny.com

Q& F
SEFR

REPUBLICATION PERMISSION AGREEMENT AND INVOICE # R1180

Your Reference ATTACHED
August 23, 2000

David A. Vaitekunas
15 Malhotra Court
Ottawa, Ontario
K1v 1k1, Canada

Dear Requester:

We are pleased to grant permission (print only) to you for the republication of:
Selection: Figure 1.6a

From: Enhanced Boiling Heat Transfer

Within the following publication: An Investigation Of The Effect Of Heat Flow Obstructions,
By D. Vaitekunas

Publisher/Pubdate: University Of Ottawa, University Library / August 2000

l. This permission is a non-transferable grant for English language use, as described below, in the following
territory only: World

[£5)

Payment (nonrefundable) of $0.00 is due upon publication of your Work. If payment is not received by
then. this permission will become void. Please make payment payable to the Permissions Dept. at the
address above. Our tax ID # is 13-389-6226.

3. Each copy containing our material must bear the following credit line:

Copyright (Insert Copyright Year) From (Insert Title) by (Insert Author Name). Reproduced by
permission of Taylor & Francis, Inc./Routledge, Inc., http://www.routledge-ny.com

4. Permission is granted on a one-time, non-exclusive basis for a print run up to 10 copies.
5. One copy of the published Work must be sent to the Permissions Dept. at Taylor & Francis, /Routledge
Inc.

6. This permission extends only to material owned or controlled by us. Please check the credits in our book
for material in which the copyright is not owned or controlled by us. You should apply to the owner of
the copyright for permission to use material that is not ours.

7. Permission is contingent upon you obtaining the written approval of our author. In the case of Works
compiled by editors, permission must be sought from the individual contributors.

8. Permission will be void if Routledge material exceeds 10% of the total pages in your publication. This
includes permission granted by Routledge, NY; Routledge UK; and Theatre Arts Books, all of which are
part of Routledge, Inc.

Jeffrey Aristy
Manager, Subsidiary Rights & Pe

0 G- S‘E - éwco

Agreed (please print name and sign) Date

We have elected not to use this material:
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"David Vaitekunas” <dVaitek@magma.ca> on 08/13/2000 07:56:58 PM

To: Chris Smith/FIN/ORL/HARCOURT@HARCOURT
cc:
Subject: Authorization to copy

I wish to request the authorization to reproduce an illustration from one of
your older Journal Articles for use in my doctoral dissertation. To
facililate the effort, I have included the following general info:

1. Requester Information:

David A. Vaitekunas

PhD Student

Department of Mechanical Engineering
University of Ottawa

tel: +1 613 736 0925 (home) +1 613 748 5500 (office)

fax: +1 613 748 3972 (office)

e-mail: dvaitek@magma.ca (home) davidve@davis-eng.on.ca (office)

Note : office located at 'W.R. Davis Engineering Ltd.', not 'University of
Ottawa'
2. Mailing Address:

David A. Vaitekunas
15 Malhotra Court
Ottawa, Ontario
K1v 1K1

CANADA

3. Journal article information:
The illustration I wish to reproduce is from:

Clauser, F.H. 1956. "The turbulent boundary layer." Adv. in Appl. Mech.,
vol. 4, pp. 1-51 (Fig 2.3, thesis.p20.pdf)

I have attached an Adobe file containing the actual illustration, as it
appe2rs in my thesis. The Reference cecticn of my thesis will include the

SaS -

complete bibliography, and also a copy of each copyright permission I recieve.
4. How requested material will be used:

The above material will form part of my doctoral thesis to be published in
the Univesity Library:

"An Investigation of the Effect of Flow Obstructions on Critical Heat
Flux, Pressure Drop, and Heat Transfer”

The final copy is due at the end of August, including the permissions to
use copyrighted material

5. Additional instructions:



Please have a 'signed' letter authorizing me to use the above copyright
material in my thesis sent to me by mail (at the above address), by fax, or by
e-mail at your earliest convenience. Thank you.

Sincerely,

David A. Vaitekunas . .

University Of Ottawa 'qg(p Q not_{"a_ywﬁ’)
| LR Q m ) [ _[— -
R L )
35 - att1.htm LAAC “a YN

s PERMISSION GRANTED
%2 - thesis.p20.pdf prvided that.

your research confirms that the material in
question is original to our text and appears
without credit or acknowledgement to
another source; proper credit is nfo

\ our publicatioyy(s). ghe

AnTios_ :J:& Date. % [Jacn:i\,
J

ACADEMIC PRESS; ', 7.
Orlarido, Florida 32887-6777




k-Type Rough T
yp ougnness P White
20 |- O 4% smooth, 47% fine graine, 5% large praine —]
O 98% uniform sand, 5% large grains
8 97.5% uniform mnd, 2.5% large grains

Clauser (1956) proposed adownward s oo, 5% are graire 4 'i’]"
shift parameter for modifying the ———- mm':sa.mum ."/ «

8nd-grain roughness
logarithmic overlap velocity profile to

account for the effect of a repeated 0
roughness with an average height (k):
1
u'=—Iny"+B-AB(k") —— .
K 215 . hﬂ.‘:l;::(lcn'm"m)
L ku_ 2.15) % 10 0? 0 w0
T = 2 . vk

v

Figure 2.3:  Clauser (1956) profile-shift
parameter B(k") (White, 1991).

Unfortunately, B is notaunique function of k" but varies with the roughness geometry, as illustrated
in Figure 2.3. The curves indicate that for k”>60, the relation is logarithmic (i.e., no viscosity effect)

and this flow has been termed fully rough.

White (1991) curve-fitted the following relation to the sand-grain roughness data:

AB, = % In(1+03k") 2.16)

When substituted into Equation (2.15), the following velocity profile for fully-rough k-fype flow is

obtained:
4= Ly + B - Linc1+03k7)
K K
@2.17)
=Ly 2] + 85, k*>60
&

20
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Academic Division
) Managing Director: Ivon Asquith
Great Clarendon Street

NIVERSITY PRESS Oxford ox2 6pp
United Kingdom

+44 (0) 1865 556767 telephone
+44 (0) 1865 556646 fax
Www.oup.com

17 September 1999
Our Ref: [[Whalley/AMIZ/sp

David Vaitekunas
15 Malhotra Court
Ottawa

Ontario K1V 1K1
Canada

Dear David Vaitekunas

Our permission is granted for the use of the copyright material listed in
your request attached for use in your thesis. Fees will be waived on this
occasion. If at some future date your thesis is published it will be
necessary to re-clear this permission.

Please include a credit line in your thesis citing the author/editor, title and
year of the Oxford University Press publication, which is the source of the
material together with “by permission of Oxford University Press”.

If a credit line or acknowledgement in our publication indicates that tables
or figures or illustrations included in this material have been drawn or
modified or reproduced from an earlier source it will be necessary for you
to clear a separate permission for these items with the original publisher.

Yours sincerely

Sheba 9}’ &W?

Anna Zawadzki
Rights Department

Note: It will be necessary to apply to us separately for any electronic use
of the material, unless specifically covered by this permission.

Oxford University Press is a departinent
of the University of Oxford. [t furthers
the University’s objective of excellence
in research, scholarship, and education
by publishing worldwide
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- ZAWADZKI, Anna

From: ROZIER, Helen

Sent: 31 August 1999 14:58

To: ZAWADZKI, Anna
Subject: FW: Authorization to copy

—--Original Message-----

From: David Vaitekunas [SMTP:david@davis-eng.on.ca)
Sent: 31 August 1999 14:24

To: enquiry@oup co.uk

Subject: Authorization to copy

Dear Sir/Madam,

| wish to request the authorization to reproduce two figures from one your
books for illustration in my Doctoral thesis (PhD). Can you please tell me
how to proceed. The book is:

Boiling Condensation and Gas-Liquid Fiow OP

first edition o

P.B. Whalley :
Fig.2.1.p.5 7 po -Nf
Fig. 2.10,p. 127 o fcks

Thanks - Davia
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FCR/mm/aug 00.017
15 August 2000

Mr David A Vaitekunas

15 Malhotra Cpurt

Ottawa

g? "\z/ml(;( 1 Elsevier Science
Gilobal Rights

Dear Mr Vaitekunas The Boulevard
Langford Lane

CHEMICAL ENGINEERING SCIENCE, Vol 28, pp 974-975, 1973, Hutchinson, “A Xidlinglon
. . . wy g Oxford OX5 1GB
possible characterization...” |1 Figure only

INTERNATIONAL JOURNAL OF HEAT AND MASS TRANSFER, Vol 26, pp 395,
1983, Haramura, 1 Figure only Tel (+44) (0) 1865 843830
Vol 36, 1993, Tigglebeck 2 Figures only Fax (+44) (0) 1865 853333
Vol 22, pp 1649, 1979, Berger, 1 Figure only E-mail: permissions@elsevier.co.uk
Vol 33, pp 230 & 231, 1990, Hewin, 2 Figures only Home Page: www.clsevier.com
As per your letter dated 14™ August 2000, we hereby grant you permission to reprint the
aforementioned material at no charge in your thesis subject to the following conditions:
l.  If any part of the material to be used (for example, figures) has appeared in our
publication with credit or acknowledgement to another source, permission must also
be sought from that source. If such permission is not obtained then that material
may not be included in vour publication/copies.
2. Suitable acknowledgment to the source must be made as follows:
"Reprinted from Journal title, Volume number, Author(s), Title of article, Pages
No., Copyright (Year), with permission from Elsevier Science”.
3. Reproduction of this material is confined to the purpose for which permission is
hereby given.
4.  This permission is granted for non-exclusive world English rights only. For other
languages please reapply separately for each one required. Permission excludes use
in an electronic form. Should you have a specific electronic project in mind please
reapply for permission.
5. This includes permission for the National Library of Canada to supply single copies,
on demand, of the complete thesis. Should your thesis be published commercially,
please reapply for permission.
Yours sincerely
Frances Rothwell (Mrs)
Global Rights Manager
The processing of permission requests for all Elsevier Science (including Pergamon
imprint) journals has been centralised in Oxford, UK. Your future requests will be
handled more quickly if you write directly to: Subsidiary Rights Department,
Elsevier Science, PO Box 800, Oxford OXS 1DX, UK.
Fax: 44-1865 853333; c-mail: permissions@elsevier.co.uk
Imprints:
Elsevier
Pergamon
North-Holland

Excerpta Medica



Groeneveld, Dé

From: Dawvid Vaitekunas[SMTP.dVallek@magma.ca]
Sent: Sunday, August 13, 2000 7:04 PM
To: D. C. Groeneveld
Subject: Authorization to copy
'
=
thes:s.08 pdf

And here is the 2nd e-mail message | sent you...

~—Qriginal Message—-

From: David Vaitekunas < dVaitek@magma.ca>
To: D. C. Groeneveld < groeneveldd@crl.aecl.ca>
Date: August 13, 2000 4:04 PM

Subject: Authorization to copy

Dé,

You should already have recieved a copy of my message to AECL requesting the authorization to copy two
standard CANDU illustrations from my thesis. | alsc need you to grant me permission to copy one of your figures
from:

Groeneveld, D.C. and Yousef, W.W. 1980. “Spacing devices for nuclear fuel bundles: a survey of their effect
on CHF, post-CHF heat transfer and pressure drop.” ANS/ASME Topical Meeting on Nuclear Reactor
Thermalhydraulics, Saratoga, New York.

| have enclosed an Adobe (PDF) file containing the figure in question (thesis.p8.pdf). If you can just send me a
'signed' letter or e-mail (i.e., scanned letter) granting me permission to reproduce the figure, that would be greal.
If you decide to use reguar mail, here is my postal address:

David A. Vaitekunas £, 7 y
15 Malhotra Court n,”,m 14 |
Ottawa, Ontario | ‘}y(‘vo(lv-‘\ o "
K1V 1K1 St "y Ry
Vgl P./'M‘".ﬂ 1
. donde ’ £
Thanks again. Py {U /7:/ pt

,}"
David \ /
/ 7 Vo G "/z'//'
P 9). ‘ Lt

Page 1
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From: Khan, Ammara <khanamm@aecl.ca>

To: '‘David Vaitekunas' <dVaitek@magma.ca>
Cc: D. C. Groeneveld <groeneveldd@crl.aecl.ca>
Date:  August 24, 2000 11:48 AM

Subject: RE: Authorization to copy

Dear Mr. Vaitekunas,

AECL authorizes the reproduction of these two illustrations provided AECL is properly credited.

Sincerely,
Ammara Khan
Public Affairs
AECL

-—--Original Message--—-

From: David Vaitekunas [mailto:dVaitek@magma.ca}
Sent: Sunday August 13, 2000 3:50 PM

To: PublicAffairs@aecl.ca

Cc: D. C. Groeneveld

Subject: Authorization to copy

Dear Sir/ Madam,

| wish to request the authorization to reproduce 2 illustrations from a text book by Knief (1992), whose
original source is AECL, for illustration in my Doctoral thesis (PhD), to be submitted for final publication
at the end of August. The thesis is entitled:

"An Investigation of the Effect of Flow Obstructions on Critical Heat Flux, Pressure Drop, and Heat
Transfer”

| have enclosed two Adobe (PDF) files containing the two figures for which the authorization to copy is
requested. One is a simplified schematic of the CANDU-PHW system (thesis.p2.pdf) and the other is
a an illustration of the CANDU-PHW fuel assembly (thesis.p7.pdf).

Could you please forward this request to someone in the Rights department. Thank you.
Sincerely,

David A. Vaitekunas
University of Ottawa

25/08/00
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From: Beth Darchi <DarchiB@asme.org>
To: dVaitek@magma.ca <dVaitek@magma.ca>

Cc: divietrop@asme.org <divietrop@asme.org>; michalskim@asme.org
<michalskim@asme.org>

Date:  August 14, 2000 10:17 AM
Subject: Re: Authorization to copy

** High Priority ™

Dear Mr. Vaitekunas:

It is our pleasure to grant you permission to use ASME figures from: Inasaka et al. 1991.
"Critical heat flux of subcooled flow boiling in tubes with internal twisted tape." Proc.
ASME/JSME Thermal Engineering, vol. 2, Fig. 2, p.67;

Okamato et al. 1993. "Turbulen shear flow and heat transfer over the repeated two-
dimensional square ribs on ground plane." J. Fluids Eng., vol. 115, pp. 631-637, cited in
your email, for use in part of my doctoral thesis to be published in the Univesity Library: "An
Investigation of the Effect of Flow Obstructions on Critical Heat Flux, Pressure Drop, and
Heat Transfer" the final copy is due at the end of August. As is customary, we request that
you ensure proper acknowledgment of the exact sources of this material, the authors, and
ASME as original publisher.

In accordance with ASME policy, this permission is contingent upon payment of a fee of
US$40.00 (for two figures). This is charged solely to non-editors and non-authors of the
requested paper. Please provide a check, payable to ASME, to the attention of M.
Michalski, ASME Accounting, 22 Law Drive, Fairfield, NJ 07007, and indicate A/C# 104-36-
0000-4303. Should you have any questions regarding payment form or transfer, please
contact Ms. Michalski; F: 973-882-4924, E: michalskim@asme.org.

Thank you for your interest in ASME publications.
Sincerely,

Beth Darchi

Copyrights & Permissions
V: 212-591-7700

F: 212-591-7292

E: darchib@asme.org

>>> "David Vaitekunas" <dVaitek@magma.ca> - 8/13/00 7:46 PM >>>
Dear Sir / Madam,

| wish to request the authorization to reproduce two illustrations from two different ASME
publications for use in my doctoral dissertation. To facililate the effort, | have included the
following general info:

14/08/00
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1. Requester Information:

David A. Vaitekunas

PhD Student

Department of Mechanical Engineering

University of Ottawa

tel: +1613 736 0925 (home) +1 613 748 5500 (office)
fax: +1 613 748 3972 (office)

e-mail: dVaitek@magma.ca (home) davidv@davis-eng.on.ca (office)

Note : office located at 'W.R. Davis Engineering Ltd.", not 'University of Ottawa'

2. Mailing Address:

David A. Vaitekunas
15 Malhotra Court
Ottawa, Ontario
K1V 1K1

CANADA

3.  ASME publication information:

#1: Inasaka et al. 1991. "Critical heat flux of subcooled flow boiling in tubes with internai
twisted tape." Proc. ASME/JSME Thermal Engineering, vol. 2, Fig. 2, p.67 (Fig 1.6e,
thesis.p10.pdf)

#2:  Okamato et al. 1993. "Turbulen shear flow and heat transfer over the repeated two-

dimensional square ribs on ground plane." J. Fluids Eng., vol. 115, pp. 631-637 (Fig. 2.4,
thesis.p24.pdf)

For each of the above items, | have attached an Adobe file containing the actual
illustration, as it appears in my thesis. The filename associated with each of these is
provided in the above list. The Reference section of my thesis will include the complete
bibliography, and also a copy of each copyright permission | recieve.

4. How requested material will be used:

The above material will form part of my doctoral thesis to be published in the Univesity
Library:

“An Investigation of the Effect of Fiow Obstructions on Critical Heat Flux, Pressure Drop,
and Heat Transfer"

The final copy is due at the end of August, including the permissions to use copyrighted
material

5. Additional instructions:

Please have a 'signed' letter authorizing me to use the above copyright material in my
thesis sent to me by mail (at the above address), by fax, or by e-mail at your earliest

14/08/00
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convenience. Thank you.
Sincerely,

David A. Vaitekunas
University Of Ottawa

56-1368/441
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