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Abstract

The effect of tube diameter on critical heat flux (CHF) has been examined by (1) analyzing
existing experimental data, (2) reviewing existing correlations and semi-analytical models, and
{3) obtaining CHF measurements in two vertical tubes of different diameters. Based on constant
local flow conditions, the parametric trend of available CHF data shows generally a decreasing
CHF with increasing tube diameter. Due to the large data scatter (inherent uncertainty within
different sets of data), a definite conclusion cannot be drawn. The observations indicated that the
tube-diameter effect on CHF is a complex phenomenon and is affected by pressure, mass flux

and thermodynamic quality as well as tube diameter itself,

Most existing correlations employ a simple corrzetion factor to account for the tube-diameter
effect. The correction factor is expressed as a function of the tube diameter to a power "'n'',
which has a range from -0.5 t0 0.1. Due to the limited amount of data employed in optimizing
the coefficient. the correction factor is generally valid for a restricted range of flow conditions.

In view of the complexity of this effect, relatively more complex forms of correction factors have
been proposed recently. These correction factors do not improve the prediction accuracy,
compared 1o the use of a simple factor. In addition, they introduced discontinuity at certain

transition regions.

The available semi-analytical models commonly account for the effect of tube diameter on CHF
implicitly through various closure relationships (such as entrainment rate, deposition rate,
interfacial shear stress, etc.). These relationships were often correlated from low-pressure data,
and hence limited their range of application. In all, the relation between CHF and tube diameter
displayed in most models can be approximated as proportional to the tube diameter to a power of

-0.5.

An improved correction factor has been derived to account for the effect of tube diameter on

CHF. Itis also presented in terms of the tube diameter to a power "n", consistent with existing

]



recommendations. Rather than a constant value. the coefficient is expressed as a function of
mass flux and thermodynamic quality to include other compounded ettects. Compared against
18 000 data points from the AECL CHF data bank. the average prediction ervor is -4% and the
root-mean-square (rms) error is 39% based on a constant dryout-quality analysis. Excluding
those questionable 2 000 data points with prediction error outside the +50% ranges, the average

error is reduced to 0.28% while the rms error becomes 17.4%.

Measurements of CHF have been obtained with high-pressure steam-water flow inside two
vertical tubes (inside-diameter values of 5.45 mm and 8.94 mm). They covered a wide range ol
flow conditions and were used to validate the improved correction factor for the tube-diameter
effect. The improved correction factor predicted the experimental data well, around 6% average
error and 9.5% rms error for a total of 76 data points, and therefore validated its applications

outside the development data base.



Acknowledgements

I would like to express my sincere appreciation to Dr. D.C. Groeneveld and Dr. S.C. Cheng for
their guidance, encouragement and patience throughout the course of this study. Their valuable

ideas and constructive criticisms have certainly made this work much more interesting.

I am also thankful to Dr. L.K.H. Leung for his valuable comments and assistance throughout my

work, plus the setting up and the supervising of the experiment.



Table of Contents

Page

NOMENCLATURE. . . .. .. oo o i
LISTOFTABLES . . ... ... ... ... ... . . ... .. ... ... . .. v
LISTOFFIGURES . . . . ... ... o Y
Chapter Page
L. INTRODUCTION. . .. .. ... .o [-1
1.1 BACKGROUND. . . ... ..o 1-1

1.2 BOILING HEATTRANSFER . . . . . ... ... ... ... . .. 1-2
I.2.1  Subcooled Nucleate Boiling. . . . . ... ... ... .. .. . . . -3

1.2.2  Saturated Nucleate Boiling and Forced Convective Evaporation. . . . . . . . 1-4

.23 Transition Boiling. . . . ... .. ... .. .. .. ... .. . .. . 1-4

124 FilmBoiling. . .. ... .. ... 1-4

1.25 TransitionPoints . ... .. ... . . ... .. ... .. ... . . 1-5

.3 ORGANIZATIONOFTHESIS . . ... .. .... ... .. ... .. . . -5

2. CRITICAL HEAT FLUX FOR UPWARD FLOW IN VERTICAL TUBES. . . . . . . 2-1
2.1 CRITICAL HEAT FLUX MECHANISMS. . .. ... ... .. ... .. . 2-1
2.1.1  Departure From Nucleate Boiling. . . . . ... .. ... . .. .. . . | 2-1

212 Dryout. . ..o 2-2

2.2 EFFECT OF FLOW PARAMETERS ON CRITICAL HEAT FLUX . . . . . . 2-3
2.2.1 Effect of Pressurc on Critical Hemt Flux . . . . ... ... ... .. ... . 2-3

2.22  Effect of Mass Flow Rate (or Mass Flux) on Critical Heat Flux . . . . . . . . 2-4

2.2.3  Effect of Inlet Fluid Enthalpy (or Temperature) on Critical Heat Flux . . . . | 2-4

2.2.4  Effect of Local Quality on Critical Heat Flux. . . . . . . . ... . ... . .. 2-5

2.2.5 Effect of Heated Length on Critical Heat Flux . . . . . .. .. .. ... . 2-5

2.3 PREDICTION METHODS FOR CRITICAL HEATFLUX. . . . . ... ... . . 2-5
2.3.1 Empirical Correlations . . .. ... ... ... .. ... ... . . .. . 2-6



2.3.1.1 The Macbeth Correlations . . . . . .. ... ... ... ... ...... 2-6
2.3.1.2 The Biasietal. Correlation. . . . . .. ... ... . ... ... .. .. 2-7
2.3.1.3 The Bowring Correlation. . . . . ... ... ... ... ......... 2-8
2.3.1.4 The Doroschuk ctal. Correlation. . . . .. . ... ... ... ... ... 2-9
232 SemisanalyticalModels. . . .o Lo L 2-10
232.0 TheBeckerModel . . . . ... ... ... 2-10
2322 TheTong Models. . . . .. ... ... . ... ... ... ..... 2-11
2323 The KawoCorrelation . . . ... ... ... ... .. .. .. ...... 2-12
2.3.2.4 The Weisman and Pei Bubbly-FlowModel . . . . ... ... ... ... 2-12
2325 The Whalleyetal. Model. . . . . ... ... .. ... ... ....... 2-14
2.3.2.6 The Leeand MudawwarModel . . .. ... ... ... ...... ... 2-14
2327 TheKattoModel . . . . . ... ... 2-16
2328 TheMegallaModel. . . . . ... ... .. ... .. ...... ... 2-18
2.32.9 The SugawaraModel. . . . ... ... ... ... .. .. ... .. ... 2-19
23.2.10 The Leeetal. (1992 Model. . . . .. . .. ... .. .. . ... . ... 2-19
233 CHFLook-upTables . . . . .. ... .. .. ... .. . ... 2-19

3. LITERATURE SURVEY OF THE DIAMETER EFFECT ON CRITICAL HEAT FLUX 3-1

3.1 OBSERVATIONS FROM EXPERIMENTAL DATA . . . ... ... ... .... 3-1
300 Leeand ObertelliData . . . . .. .. ... .. ... ... .. 32
3.2 BeckerData. . . ... L 3-2
303 BerglesData. . ... oL 3-3
304 OmatskiyData .. ..o oo 3-4
3.1.5 Combined Data of Lee and Obertelli, and Matzner. . . . . . .. .. ..... 3-4
306 Levitametal. Data. . . . ... .. . L 3-4
3.1.7 Smolinand SemenovkerData. . . . . ... ... ... .. ... ... . ... 3-5
308 Nariwietal. Data . ... ... .. ... ... ... .. 3-6
319 Boltenkoetal. Data. . . ... ... 3-6
3010 Chengetal. Data . ... Lo L 3-6



3.0.11 Celataetal. Data . . 1.7

3.2 CORRELATIONS AND PHYSICAL MODELS . . .. ... .. ... . . . 3-7
3.2.1 The Macbeth Correlations. . . ... ... . 3-8
3.2.2 The Biasietal. Correlations. . ... ... 3-8
323 TheTongModels . . .. ... .. . . 3-8
3.2.4  The Doroschuk et al. Correlation . . .. ... ... . 39
3.25 The Whalley etal. Model . . . ... . 39
3.26 The Weismanand Pei Model . .. ... ... .. . RED)
327 TheCHF Look-up Table . ... .. .. . . . . . . 3-10
328 The Leeand Mudawwar Model. . . . ... ... . . 31
3.2.9 The Boltenkoetal. Correlations . . .. .. ... ... .. .. . 301
3.2.10 The KawoModel . ... ... ... ... 3-12
3.2.11 The Levitan Correlation. . . . ... . ... . . . . . . . . 312
3.212 The Celataetal. Model . . . .. .. . .. . . 3-14

33 SUMMARY . ..o 3-14
3.3.1  Models for Subcooled and Low-quality Conditions . . . . .. ... .. . . 314
3.3.2 Models for High-quality Conditions . . . . ... ... .. ... . . 3-15

4. OVERALL EFFECT OF DIAMETER ON CHF BASED ON THE AECL DATA BANK 4-|

4.1.1
4.1.2
413
4.1.4
4.1.5
4.1.6
4.1.7

4.1 CHF TRENDS EXHIBITED IN THE AECL DATA BANK WITH RESPECT TO
TUBEDIAMETER. . . . ... ... ... ... . . ... . .. .. .. 4-2
Data Obtained at a Pressure of 3MPa . . . . ... .. .. ... . 4-2
Data Obtained at a Pressure of SMPs . . . . . ... . .. .. . 4.3
Data Obtained at a Pressure of 6.9MPa . . . . . . .. .. .. ... 4-3
Data Obtained ata Pressure of 79MPa . . . . .. . ... ... .. 4-4
Data Obtained at a Pressure of 9.8 MPa . . . . . . .. . .. ... 4-4
Data Obtained at a Pressure of 11.8MPa. . . . .. .. .. . ... ... 4-4
Data Obtained at a Pressure of 147 MPa. . . ... .. . . . ... . . . 4.5
Data Obtained ata Pressure of 1S7MPa. . . . . . .. . . ... . 4-5

4.1.8



4.1.9 Data Obtained at a Pressureof 17.8 MPa. . . . . . ... ... ........
4.1.10 DataObtained at a Pressureof 19.6 MPa. . . . . . ... ... ... .....
4.1.11 Summary of CHF Trends With Respect to Tube Diameter Exhibited in the
AECLDataBank . . .. ... ... ... . ... ...
4.2 A COMPARISON OF CHF VALUES OF VARIOUS TUBE DIAMETERS TO
THOSEOFANS-MMTUBE . . . . ... .. ... ... . ..
4.2.1 CHF Ratios at Various Nominal Flow Conditions . . . . ... ... ... ..
4.2.2 Summary of the VariationsinCHFRatios . . . . . ... .. ... ......
4.3 CORRECTION FACTORS FOR TUBE-DIAMETER EFFECT ON CHF
BASEDONTHEAECLDATABANK . . .. ... . .. .. .. .

4.3.1 Correction Factors Based on CHF Ratios Referenced to 8-mm Tube . . . . .

4.4 ASSESSMENT OF CORRELATIONS FOR THE EXPONENT OF THE
TUBE-DIAMETER CORRECTION FACTOR . . . .. . ... ... .. ...
4.4.1 CHF Look-up Table Based on Data Obtained in Tubes of Diameter

Between7and9mm . . . ... ... ... ...

4.42 Resultsofthe Comparison . . . .. .. ... ... ... ... ... .. ...

4.43 Comparison Against Other Exponent-based Correlations . . . . ... . ...
4.5 SUMMARY OF THE TUBE-DIAMETER EFFECT ON CHF AND THE

DERIVATION OF A CORRELATION FOR PREDICTING THE EXPONENT N. .

. ASSESSMENT OF MODELS ON DIAMETER EFFECTS . . . . . ... ... ... ..

5.1 REYNOLDS ANALOGY FOR SUBCOOLED AND LOW-QUALITY FLOW .
51 Introduction . . . ... oo
5.1.3  Reynolds Analogy for CHF in Subcooled Tube Flow . . .. .........
5.1.4  Discussion of the Subcooled Flow Model . . . ... .............

5.2 ANNULAR FLOW MODEL FOR HIGH QUALITY
5.2.1 Background

-----------------

-----------------------------------



5.2.2 Governing Equations 5

.............................. 5-8
5.2.3 Prediction of the AnnularFlow Model . . . .. ... ... ..........516
5.2.4  Tube-Diameter Effect on CHF as Predicted With the Annular Film Dryout
Model . . . ... .. o 5T
6. VALIDATION OF CORRELATION FOR EXPONENT IN TUBE-DIAMETER
CORRECTION FACTOR . . . . ... e s 6-1
6.1 DESCRIPTION OFEXPERIMENT . . . . . .. ... ... ... ... . ...... 6-1
6.1.1 TestLoop . . . ... . . . 6-1
6.1.2 TestSections . . . . . . . ... 6-2
6.1.3 Data Acquisition System . . . . . . ... ... L 6-2
6.1.4 Experimental Procedure. . . .. .. ... ... ... ... .. ... ... 6-3
6.2 EXPERIMENTAL DATA . . . . . .. ... . .. .. . i . 6-3
6.2.1 DescriptionsofData . . . ... ... ... .. ... . ... .. .. .. ... 6-3
6.2.2 EmorAnalysisonData . . . ... ... ... ... .. 6-5
6.3 ANALYSIS OF EXPERIMENTAL DATA . .. .. . ... .. ... .. ..... 6-6
6.3.1 Effect of Critical Quality and Mass Flux on Critical Heat Flux . . .. .. .. 6-6
6.3.2 Effect of Tube Diameter on Critical Heat Flux . . . . . ... ... ...... 6-6
6.4 VALIDATION OFEQUATION (4.4) . . . . . ... . ... . it 6-8
6.5SUMMARY. . . . . e, 6-9
7. CONCLUSIONSANDFINALREMARKS . . . ... .. .. .. ... ... ...... 7-1
8. REFERENCES . . . . . .. e e e, 8-1
APPENDICES
L

Plots of Experimental Data vs. Fitted Function g, = f(x) d" for Data Set from Same Sources

II. Measurements from AECL CHF Experiment for 5.45 mm and 8.94 mm Diameter Tubes

II1. Uncertainty analysis of AECL CHF Experiment for 5.45 mm and 8.94 mm Diameter Tubes



Symbol

cw >

0

=

LI T = ® O ™ m = g

e

Nu

Pr

q.
Re

St

NOMENCLATURE

Definition

Flow area

Boiling number { = g/(h G))

Specific heat capacity

Deposition rate

Tube diameter

Entrainment rate

Friction factor

Mass flux

Acceleration due to gravity (= 9.806)
Heat-transfer coefficient

Enthalpy

Latent heat of vaporization
Superficial velocity

Thermal conductivity

Length

Nusselt number (=hd/k)
Exponent in the diameter correction factor
Pressure

Prandtl number (=p C,/ k)

Heat flux

Critical heat flux

Reynolds number (=G d/ p)
Stanton number (= q /(G C, (T, - T))) )
Time

Temperature

C}
=

5

kg.m 25!
m.s
W.m2K"
Jkg!

J kg

m.s”
W.m' K
m

kPa, MPa, bar
W.m?
W.m?

second

°C,K



- =

<

a ©»v =

a

Subscript

o w

o]

Velocity

m.s!

Axial velocity m.y"
Specific volume M) kg
Mass flow rate ko
Weber number (=G d/ (p o)) -
Quality -
Radial distance from the tube wall m
Axial distance m
Definition Unit
Void fraction -
Pressure drop kPa, MPa
Liquid-film thickness m
Laminar sublayer thickness m
Absolute roughness height m
Mixing length m
Prandtl single-phase constant (=0.4) -
Dynamic viscosity kg.m™.g!
Density kg.m™
Surface tension N.m'
Shear stress Pa

Definition

Bubble
Bulk fluid condition
Critical condition (or core condition in annular flow)

Deposition

ii



inj
sat
stream

sub

Droplet drag
Equilibrium
Entrainment
Saturated-liquid condition
Gas

Two-phasc interface
Laminar

Liquid

Liquid entrainment
Liquid film

Microlayer

Inlet

Injection

Al saturation

Main core flow of liquid
Subcooled

Turbulent

Two-phase

Vapour

Vapour core

Near-wall condition

Abbreviation Definition

CHF
DNB

rms

Critical heat flux
Departure from nucleate boiling

Root-mean-square

i



Table

(]

(%)

LS )
[

4.1

4.3

4.4

4.5

4.6

4.7

4.8

6.1

6.2

LIST OF TABLES

Caption Pape
Optimized Values of "y™ in the Macbeth Correlation.. ..o, 2-7

Summary of Suggested Phenomenon and Mechanisms for Tube-Diameter Effeet... 3-17

Summary of Correction Factors for Tube-Diameter Effect on CUF.ooo o 3408
Range of Conditions covered by Various Sources in the AECL Data Bank.............., +4-20

CHF Ratios and Exponents *n’ {or Various Sources (diameter (rom 2 to 6 mm)...... 4-21
CHEF Ratios and Exponents *n’ for Various Sources (diameter from 7 1o 10.4 mm)..4.22

CHF Ratios and Exponents “n” for Various Sources {diameter from 11 (o 20 mm)...4.23
Average Values of Exponent 'n” at Various Nominal Pressures and Mass Fluxes.....4-24
Optimized Exponents for Various Flow Conditions and Data Sets..o.oevvvevvvernen.. 4-25

Prediction Accuracies of CHF for Various Exponent-based Prediction Methods......4-26

Prediction Accuracies of CHF From Correlations vs. Data Sets of ABCL

Data Bank........cocooiiioiiii e e 4-27
AECL CHF Experimental Data and CHF Predicted by Equation (4.4)

(Diameter=8.94 mm, Heated Length=2.49 mm )i, 6-22
AECL CHF Experimental Data and CHF Predicied by Equation (4.4)

(Diameter=5.45 mm, Heated Length=2.5 mm)..ccooiiieiiceeee 6.2



LIST OF FIGURES

Figure Caption Page
1.1 Heat-Transfer Regimes for Vertical Upward Flow in Uniformly Heated Tubes . . . . 1-8
12 BoilingCurve . . . . .. .. 1-9
2.1 Relation Between Subcooled Flow CHF and Pressure Based on Constant Exit

Quality (Collier 1972) . . . . . .. .. .. . 2-21
2.2 Relation Between CHF and Mass Flux for Upward Flow in Tube Based on

Constant Inlet Subcooling (Bowring 1972) . . . . . ... . ... .. ... ... . 2-22
2.3 Relation Between CHF and Mass Flux for Upward Flow in Tube Based on Exit

Quality (GriffelandBonila 1965) . . . . ... ... ... ... .. ... .. .. . 2-22
2.4  Effects of Inlet Subcooling on CHF (Collier 1972) . . ..o 2-23
2.5 Qualitative Dependence of CHF on Critical Quality at Different Mass Fluxes

(Boltenko 1989). . . . .. . . 2-24
2.6 Effects of Tube Length on CHF at Fixed Inlet Conditions (Collier 1972). . . . . .. 2-25
2.7  Effects of Tube Length on CHF at Fixed Exit Quality (Collier 1972). . . . ... .. 2-26
3.1 Diameter Effect Based on Exit Quality (Lee and Obertelli 1963)

(Diameter=5.6 to 10.8 mm, Pressure=6.9 MPa, Mass Flux=1 to 4 Mg.m2s"). . . . . 3-19
3.2 Experimental Data and Correlation Showing the Diameter Effect {Becker 1965)

(Diameter=3.9 to 25 mm, Pressure=3MPa) . . . .. . ... .. ... ... ... . . 3-20
3.3 Diameter Correction Factor Correlated from Experimental Data (Becker 1965) . . .3-21
3.4 Experimental Data Showing the Diameter Effect for Low-pressure Flow Based on

Constant Inlet Subcooling (Bergles 1963)

(Diameter=0.58 to 6 mm, Pressure=0.2 MPa, Mass Flux=3 and 6 Mg.m2s™). . . . . 3-22
3.5  Experimental Data Showing the Diameter Effect Based on Quality (Bergles 1967)

(Diameter=2, 2.4, and 6 mm, Pressure=0.24 to 0.55 MPa,
Mass Flux=1.35 Mgm™s"y. . . ... ... .. .. . ... ... 3-23



3.6

3.7

3.8

3.9

3.10

3.11

3.12

3.13

3.14

Experimental Data Showing the Diameter Effect Based on Constant Inlet

Conditions {Ornatskiy 1969)

(Pressure=2.5 MPa, Inlet Subcooling=60 1o 100°K. Mass Flux=1 to 5 Mg.m=sty |

Experimental Data Showing the Diameter Effect Based on Quality
(Collier 1972)
(Pressure=5.6 to 37.5 mm, Pressure=6.9 MPa, Mass Flux=2 Mg.m=.s")

Best-fit Curves from Experimental Data Showing the Diameter Effect Buased on

Exit Quality (Levitan 1981)

(Pressure=6.9, 9.8, and 13.7 MPa, Mass Flux=2. 3, and 4 Mgm=shy ., ...

Best-fit Curves from Experimental Data Showing the Diameter Effect Based on

Exit Quality for Mass Flux of 1 Mg.m?.s" (Smolin 1981)

(Pressure: 7.8, 10, 14.7,and 17.6 MPa). . . . ... ... ... .. ... .. .. .

The Diameter and Length/Diameter Effect at Low-pressure Based on Exit
Quality (Nariai et al. 1987)

(Diameter=1, 2, and 3 mm, Pressure=0.21 MPa)
Experimental Data Showing the Diameter Effect at Very Low-pressure Based on
Exit Quality (Nariai et al. 1987)

(Diameter=1, 2, and 3 mm, Mass Flux=! Mg.m2s")
Experimental Data Showing the Diameter Effect Based on Exit Quality
(Boltenko 1989)

(Diameter=3.8, 6.1, and 8 mm, Pressure=14.7 MPa, Mass Flux=I to 5 Mg.m™s"')
Experimental Data Showing the Diameter Effect Based on Exit Quality

(Cheng et al. 1992)

(Diameter=4.8, and 12 mm, Pressure=2.3 and 3 MPa,

Mass Flux=2 and 4 Mg.m?s™")
Experimental Data from Celata et al. (1992) and Nariai (1987) Showing Diameter
Effect Based on Exit Quality (Celata et al. 1992)

(Diameter=2.5 to 8 mm, Pressure=0.1 and 0.8 MPa, Flow Velocity=7 to 20 m.s")

Vi

...................

............................

.3-25

L3226

.3-27

. .3-30

. .3-32



3.15

3.16

3.18

4.1
4.2
4.3
44
4.5
4.6
4.7
4.8
4.9
4.10
4.11

4,12

4.13

Diameter Effect Correlated from Experimental Data (Macbeth 1963)

(Diameter=1.3, 2.6, 5.1, and 10.2 mm, Pressure=13.8 MPa,

Mass Flux=0.68 and 2.7 Mg.m=s™) . . .. ... . ... ... . ... ... ...
Experimental Data Showing the Diameter Effect Based on Inlet Subcooling

(Lee and Mudawwar 1988)

(Diameter=4, 8, 12, and 16 mm, Pressure=15.7 MPa, Mass Flux=2 Mg.m™s?,
Subcooling=I10K) . . . . .. ... L
Experimental Data from Thompson and Macbeth (1964) and Katto Model

Prediction Showing the Diameter Effect Based on Exit Quality (Katto 1990)
(Pressure=13.8 MPa, Mass Flux=2 Mg.m™.s"', Exit Quality=-0.146) . ... ... ..
Diameter Effect Based on Exit Quality Shown by Experimental Data and

Analytical Model (Celeta et al. 1994)

(Diameter=0.3 to 2.5 mm, Pressure=0.6 MPa, Flow Velocity=101t0 40 m.s') . .
CHF vs. Quality for Data from Different Sources (Pressure 3MPa). . . . .. ... .
CHF vs. Quality for Data from Different Sources (Pressure 5 MPa). ... ......
CHF vs. Quality for Data from Different Sources (Pressure 6.9 MPa). ........
CHF vs. Quality for Data from Different Sources (Pressure 7.9 MPa)

CHF vs. Quality for Data from Different Sources (Pressure 9.8 MPa), . . . . . . . .
CHF vs. Quality for Data from Different Sources (Pressure 11.8 MPa) . . .. ....
CHF vs. Quality for Data from Different Sources (Pressure 14.7 MPa) . .. ... ..
CHF vs. Quality for Data from Different Sources (Pressure 15.7 MPa) . . ... ...
CHF vs. Quality for Data from Different Sources (Pressure 17.8 MPa) .. ......
CHF vs. Quality for Data from Different Sources (Pressure 19.6 MPa) ... .....
Ratios of CHF vs. Quality Between 8 mm Tube to Other Diameters

(Pressure 3MPa) .. oo oo o o
Ratios of CHF vs. Quality Between 8 mm Tube to Other Diameters

(Pressure SMPa) . .. .. oo oL
Ratios of CHF vs, Quality Between 8 mm Tube to Other Diameters

(Pressure 6.9MPa)y . . .. .. ...

vii



4.14

4.15

4.16

4,17

4.18

4.19

4.20

4.21

4.22

4.23

4.24

4.25

4.26
4.27

Ratios of CHF vs. Quality Between 8 mm Tube to Other Diameters

(Pressure 79MPay . . . ..o 4-41
Ratios of CHF vs. Quality Between 8 mm Tube to Other Diameters

(Pressure 9.8 MPa) . . . ... oL L 4-42
Ratios of CHF vs. Quality Between 8 mm Tube to Other Diameters

(Pressure IL8MPa). . . . .. ... o o 4-43
Ratios of CHF vs. Quality Between 8 mm Tube to Other Diameters

(Pressure 147MPa). . . . .. ..o 4-44
Ratios of CHF vs. Quality Between 8 mm Tube to Other Diameters

(Pressure ISTMPa). . . . .. ..o 4-45
Ratios of CHF vs. Quality Between 8 mm Tube to Other Diameters

(Pressure 178 MPa). . . .. ... .. 4-46
CHF Ratios Between AECL Data Bank’s Data of 8-mm Diameter to Data of

4-mm, 6-mm, and 10-mm Diameters at Various Pressures and Mass Fluxes . . . . . 4-47
CHF Ratios Between AECL Data Bank’s Data of 8-mm Diameter to Data of

Other Diameters for Mass Flux: (2) 0to 1.9(b) 210 3.9.(c) 4t0 6 Mg.m™s" . . . . 4-4%
CHF Ratios for Average Pressures Between 8-mm Diameter Tube and Other

Diameters for Rangesof Mass Fluxes . . . . . ... . ... ... ...... .. .. 4-49

n (from CHF, = CHF (4, (d/8)") calculated from Figure 4.22 as Function

of Quality . . .. .. 4-49
Evaluation of Effects of Pressure and Mass Flux to the CHF Ratios Between

Data of 13-mm and 8-mm Diameter Tubes. . . . . ... ... ... ......... 4-50
Correlated CHF Ratio (d/8)" = CHF,,/ CHF _ypm, 48 Functions of Quality

Based on Average Pressure and Mass Fluxes of 2, 3, and 4.5 Mg.m2s'. . . .. . .. 4-51
Experimental Data (Griffel) vs. Fitted Function g, =f(x)d" (Pressure 7MPa). .. .4-52

Constant Valued n (for CHF=f(x)d" ) from Comparing Data from Same Sources

(a) Pressure=3 to 5 MPa. Mass Flux=0.5to 4 Mg.m2s". . . ... ... ... .... 4-53
(b) Pressure=7 to 8 MPa, Mass Flux=0.5t0 10 Mgm?2s' . . . . ... .. ...... 4-53
(c) Pressure=10 to 12 MPa, Mass Flux=0.5t0 10 Mg.m?s'. . . .. ... ...... 4-54

viii



4.28

4.29

4.30

5.1
5.2

5.4

5.5
5.6

5.8

5.9

5.10

6.1
6.2

Values of Exponent n (for CHF=f(x)d" ) from Comparing Data from Same

Sources . .. ... S T T 4-55
Error-distributions of Predicted CHF from Equations (4.2) and (4.4) Based on
Experimental Data from AECL DataBank . . . . . ... ... ... ... .. .. .. 4-56
Compurisons of Error-distributions (vs. Data from AECL Data Bank) Between

Equation (4.4) and Other Correlations . . . . . ... ... ... ... ... .. .. . 4-57
Upward Flow Subcooled BoilinginTube . . . .. ... .. ... ....... ... 5-20
Pressure Drop vs. Subcooling at Burnout from Experiment

(Thorgensonetal. 1974) . . . . . . ... . .. . . . . . 5.21
Experimental Friction Factor as Function of Reynolds Number for

Annular Channel (Thorgensonetal. 1974) . .. .. .. ... .. ... . ... .. 5.21
Experimental Friction Factor as Function of Reynolds Number for Tube

Correlated from Annular Channel Data (Thorgensonetal. 1974). . . . . .. . ... 5.22
A Control Volume of Annular Flow Regime for a Vertical Pipe. . .. ........ 5-23

Diameter Effect: Annular Film Model Prediction vs. Experimental Data

(Pressure 3 MPa, Mass Flux 0.5 Mg.m™=sy . . . .. .. ... ... .. . ... . . 5-24
Diameter Effect: Annular Film Model Prediction vs. Experimental Data
(Pressure=3 MPa, Mass Flux=2 Mg.m2s™") . .. .. ... ... .. .. ... . . . 5-24
Diameter Effect: Annular Film Model Prediction vs. Experimental Data
(Pressure=7 MPa, Mass Flux=1 Mg.m=s"y . . .. ... ... . .. ... ..., . . 5-25
Diameter Effect: Annular Film Model Prediction vs. Experimental Data
(Pressure=7 MPa, Mass Flux=9.5 Mg.m32s"y . . .. .. ... ... ... ... .. . 5-25
Diameter Effect: Annular Film Model Prediction vs. Experimental Data
(Pressure=15 MPa, Mass Flux=1.5Mgm™s" . . . . ... ... ... ... . . . 5-26
Diameter Effect: Annular Film Model Prediction vs. Experimental Data
(Pressure=15 MPa, Mass Flux=2.7Mgm?2s"y. . . . ... ... .. ... ... . .. 5-26
The MRi-Loop Test Facility . . .. ... ... ... ... ... .. .. . _ .. . 6-9
Test Section and the Setup Schematies . . . ... ... ... ... .. ... .. . . 6-10



6.3

6.4

6.5

6.6

6.7

6.8

6.9

6.10

6.11

6.12

6.13

CHF vs. Inlet Subcooling for Various Mass Fluxes at Pressures 9.55 MPa and
7 MPa (AECL Experiment for 8.94 mm Diameter Tube) . . . .. ... ... .. . 6-11

CHF vs. Inlet Subcooling for Various Mass Fluxes at Pressures 9.55 MPa and

7 MPa (AECL Experiment for 5.45 mm Diameter Tube) . . . . . . ... ... . .. 5-12
CHF vs. Quality for Various Mass Fluxes at Pressures 9.55 MPa and 7 MPa

(AECL Experiment for 8.94 mm Diameter Tube) . . . . . ... . ... ... .. . 6-13
CHF vs. Quality for Various Mass Fluxes at Pressures 9.55 MPa and 7 MPa

(AECL Experiment for 5.45 mm Diameter Tube) . . . . . . .. .. ... .. ... . 6-14
Correlation Equation (4.4) CHF Predictions vs. AECL Experiment

(Pressure=9.55 MPa, Mass Flux=2 and 3 Mg.m3.s",

Diameter=5.45,8.94, 19mm). . . .. .. ... .. ... .. .. ... .. 6-15

Correlation Equation (4.4) CHF Predictions vs. AECL Experiment

(Pressure=9.55 MPa, Mass Flux=1 and 4 Mg.m™.s", Diameter=5.45 and 11.9 mm). . 6-i6
CHF vs. Inlet Subcooling for Various Mass Fluxes at Pressure 9.55 MPa {AECL
Experiment for [1.9 mm Diameter Tube). . . . . ... .. ..... ... .. . . . 6.17
Correlation Equation (4.4) CHF Predictions vs. AECL Experiment

(Pressure=9.55 MPa, Mass Flux=4.4 and 6 Mg.m2.s",

Diameter=5.45and 8.94mm). . . . . . ... .. ... ... ... 6-18
Correlation Equation (4.4) CHF Predictions vs. AECL Experiment

(Pressure=9.55 MPa, Mass Flux=7.5 Mg.m?s"!, Diameter=5.45 and 8.94 mm). .. .6-19
Correlation Equation (4.4) CHF Predictions vs. AECL Experiment

(Pressure=7 MPa, Mass Flux=4.4 and 6 Mg.m™.s"!, Diameter=5.45 und 8.94 mm) . . 6-20
Predicted CHF vs. Measured CHF from AECL Experiment

(Pressure=7 to 9.55 MPa, Mass Flux=1 to 7.5 Mg.m%s™,

Diameter=5.45 and 8.94 mm)



1. INTRODUCTION

1.1 BACKGROUND

Flow boiling is commoniy encountered in heat-transfer equipment used in chemical and power-
generating processes (c.g., boilers, heat exchangers, steam generators, nuclear reactors, etc.). The
conditions of flow boiling involve the vaporization of liquid on the heated surface while heat is
being removed in the process. Due to the large amount of heat required to evaporate the liquid
from the high latent heat of vaporization, flow boiling provides a betier heat-transfer rate than
most other heat-transfer modes. However, with increasing heating power supplied to the heated
surface, u condition is reached where a continuous liquid contact at the heated surface can no
longer be maintained, and a vapour film will start to form at the surface. Due to the poor heat-
transfer characteristics of vapour, a rapid increase in surface temperature may occur. This
phenomenon is identified as the "critical heat flux" (CHF). It is essential to accurately predict the
oceurrence of dryout (or the critical heat flux) in order to avoid the resulting sharp temperature

excursion which can severely damage the heated surface and hence the equipment.

The dryout phenomenon has been studied extensively over the past five decades, resulting in a
proliferation of correlations and prediction methods. Groeneveld and Snoek (1986) estimated
that over 500 correlations were available for tube flow, which signifies the diversity of the
methods in predicting CHF. Despite the vast amount of information, most correlations are valid
only {or a limited range of flow conditions. However, an alternative is the CHF look-up table of

Groeneveld et al. (1996), which is applicable to most practical engineering analyses.

Besides the limitations on flow conditions, empirical correlations also are often restricted to a
specific geometry (such as tubes, annuli, rod-bundles, etc.) and certain channel size (such as
diameter of tube) for which the experimental data were obtained. Most experiments were
performed on a round tube of only one size. For generality, modification factors are required to

extend these correlations to other geometries or difterent channel sizes. A number of empirical
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modification factors have been derived to represent the trend of the bulk of the data base,
although covering only i limited range of flow conditions. The vilidity of these factors is

generally not substantiated for conditions outside the duta base.

The objectives of this study are (1) to examine the tube-diameter effect on CHFE based on the
AECL data bank (one of the targest in the world). and (2) to improve existing prediction methods

for the diameter effect by extending their range of applications.

1.2 BOILING HEAT TRANSFER

Boiling heat transfer is a process where evaporation of lquid tukes place. It is categorized into
pool boiling for natural corvection and flow boiling for forced convective flow. However, the
present study focuses mainly on those encountered in flow boiling. A brief description of the
heat-transfer regimes in tube flow is presented in this chapter. Details of the heat-transter
regimes and mechanisms have been described in Coltier (1972). and Hewitt and Hall-Taylor

(1970).

Figure 1.1 illustrates the heat-transfer regimes associated with vertical upward flow in a heated
tube. With a single-phase liquid introduced at a temperature below the saturation point (i.c.,
subcooled flow) and a sufficiently high surface heat flux. the heat-transfer regime changes [rom
single-phase forced convection to subcooled liquid, subcooled nucleate boiling, saturated
nucleate boiling (or forced convective evaporation at high flows), film boiling. vapour-phase
forced convection, to superheated vapour. Strictly speaking, the single-phase liquid flow at the
inlet and the single-phase vapour flow at the outlet are not classitied as flow boiltng, since no

evaporation takes place in the process.

Figure 1.1 shows only the transition of heat-transfer regimes for an inlet flow with constant flow
conditions. Comparison of the local heal-transfer rate cannot be made at various points along the

tube as the local conditions are continuousty varying; e.g., the local pressure decreuses from point

ot
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to point due to pressure drop, and the local enthalpy (or quality) changes due to heating along the

tube.

The variation of the heat-transfer rate with wall superheat can be examined through the boiling
curve, Figure 1.2, which shows the transition of heat-transfer regimes for a constant flow
condition (i.c., same pressure, mass flux and thermodynamic quality). The transition point
between single-phase liquid flow and nucleate boiling is the onset of nucleate boiling point,
between nucleate boiling (or forced convective evaporation) and transition boiling is the critical
heat flux point, and between transition boiling and film boiling is the minimum film-boiling
point. For a heat-flux controlled system (e.g., an electric heater), the surface temperature
increases sharply from nucleate boiling to film boiling once the heat flux exceeds the critical heat
flux point. In this case, transition boiling is not present. For a surface-temperature controlled
system (e.g., heat exchanger), the heat flux varies from nucleate boiling to film boiling and

passes through transition boiling as the surface temperature increases.

1.2.1 Subcooled Nucleate Boiling

Subcooled nucleate boiling is the heat-transfer regime where boiling occurs in the vicinity of the
heated surface, while the bulk of the fluid remains below the saturation point. At this regime, the
wall temperature is constant and slightly exceeds the liquid saturation temperature, whereas the
mean bulk fluid temperature increases towards saturation. The difference between the mean
fluid temperature to the saturation temperature is defined as the "degree of subcooling" or simply
"subcooling". Vapour bubbles are generated and grow at the "nucleation” sites formed on the
inside surface of the tube where temperature is higher than saturation. When the vapour bubbles
become large, the combination of the drag force by the liquid and the buoyancy force on the
bubbles overcomes the surface-tension force maintained by the near-wall liquid, and lifts the
bubbles from the surface. The high subcooling in the liquid core causes the vapour bubbles to
condense immediately (or within a short distance) once they leave the surface. As the bubbles

condense, the bulk fluid temperature increases accordingly.
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1.2.2  Saturated Nucleate Boiling and Forced Convective Evaporation

Saturated nucleate boiling occurs where the bulk fluid temperature has reached saturation. In the
near-wall region, the formation of bubbles intensifies and leads to rapid migration of bubbles
toward the liquid core. The corresponding {low pattern is referred to as the bubbly flow. Due to
the high heat-transfer rate, the increase in surface temperature is relatively small compared to
other heat-transfer regimes for a similar increase in heat flux. At low flow conditions, these
bubbles coalesce and form vapour slugs. With increasing flow raie, the liquid that bridges the
slug may collapse and the vapour travels primarily in the core with a large amount of liquid
droplets (or entrainment). The remaining liquid travels in the form of a liquid film along the
heated surface. Due to the high liquid-film velocity and heat-transfer rate, nucleation is
suppressed at the surface and heat is carried away from the wall by forced convection through a
turbulent liquid film to the vapour core at the liquid-vapour interface, where evaporation takes

place. This flow regime is often referred to as annular flow, and the corresponding heat-transfer

mode is called forced convective evaporation.
1.2.3 Transition Boiling

Transition boiling is an unstable region where intermittent dryout and rewet of the heated surface
occur continuously. It has not been studied extensively due to the unstable nature of the flow,
and hence will not be further discussed. Furthermore, this heat-transfer regime is not found in a

heat-flux controlled system. Groeneveld and Snock (1986) summarized the heat-transfer

prediction methods for transition boiling.

1.24 Film Boiling

Film boiling, characterized by a vapour film covering the heated surface, is often associated with

a high surface temperature where rewetting is not possible. Due to the low conductivity and heat
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capacity of the vapour, the heat-transfer rate in film boiling is much lower than in nucleate
boiling. Depending on the total flow rate and quality, there are two flow patterns associated with
film boiling: inverted annular film boilig and dispersed flow film boiling. Inverted annular
film boiling occurs at conditions of low flow rate and low quality. It is usually associated with
high surface temperature due to the low convective heat-transfer rate. Dispersed flow film
boiling occurs at conditions of high flow rate and high quality. It is associated with moderately
high surface temperature due to the relativel:-~i< 2 convective heat-transfer rate, compared to

inverted annular film boiling.
1.2.5 Transition Points

In general, the variation in heat-transfer characteristics is gradual at both the onset of nucleate-
botling point and the minimum film-boiling point. Near these points, the surface temperature
increases smoothly with increasing heat flux, and vice versa. This is primarily caused by the
gradual transition of conditions at the surface/liquid interface. At the point of critical heat flux,
however, there is a discontinuity in the heat-transfer rate. The surface which is previously cooled
efficiently by a convective evaporation or nucleate boiling, is suddenly exposed to vapour which
has a poor thermal conductivity and capacity. The disruption causes a sharp increase in surface
temperature, which may severely damage the heated surface. This phenomenon has been the
focal point of much research for the past five decades partly due to safety issues. On the other
hand, there is also a discontinuity at the minimum film-boiling point when heat flux is being

reduced for a heat flux controlled system. The discontinuities produce the effects of hysteresis.
1.3 ORGANIZATION OF THESIS

Chapter I of this thesis has provided a brief introduction to critical heat flux and the description

of various boiling heat-transfer modes and transition points.
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Chapter 2 describes various mechanisms for the occurrence of critical heat flux at various flow
conditions. It examines effects of various flow parameters on critical heat flux and documents
several recommended prediction methods for critical heat flux in tubes with flow boiling. As
indicated in Section 1.1, there are over 500 prediction methods (in both correlations and semi-
analytical models) available for critical heat flux, and it is not the intention of this study to
provide a detailed review. Groeneveld and Snoek {(1986) summarized many correlations for

various applications.

Chapter 3 focuses on a literature survey of relevant information on the tube-diameter effect on
critical Lixat flux. Available experimental data and prediction methods have been examined, and

their respective trend of tube-diameter effect are presented.

Chapter 4 examines, in detail, the tube-diameter effect on CHF as exhibited in data of the AECL
data bank, which consists of more than 30 000 CHF data points. Two approaches have been
selected in the present analysis: the diameter effect was determined with the overatl trend
displayed in all data, or based on trends exhibited in data of any individual source. Based upon
the findings and by focusing on the trend of the diameter effect, a correction factor for diameter
effect on CHF has been derived with data in the data bank. A comparison is shown between
CHF predictions based on the CHF look-up table and the updated correction factor and data in
the AECL data bank.

Chapter 5 presents a simple analytical study based on two models developed for different CHF
phenomena: bubbly flow in subcooled boiling and annular flow in saturated boiling. The tube-

diameter effect on CHF as predicted by these models is examined.

Chapter 6 describes an experiment conducted at the Chalk River Laboratories to obtain
validation data for the updated correction factor for tube-diameter effect. The experimental set-

up and procedure for the tests are described.



The conclusions of the present study are presented in Chapter 7 together with a few final

remarks.
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2. CRITICAL HEAT FLUX FOR UPWARD FLOW
IN VERTICAL TUBES

The Critical heat flux (CHF) point depends strongly on flow conditions and can be categorized
into two types: departure from nucleate boiling (DNB) and dryout. Departure from nucleate
boiling, evolves from nucleation of vapour bubble at the heated surface, is encountered primarily
at high heat flux and low quality (mainly at subcooled) conditions. Due to the high surface heat
flux, the surface temperature rises sharply at conditions beyond the critical heat flux, and as a
result the heated surface can be damaged and hence this phenomenon has also been called
burnout. Dryout is encountered at relatively fow heat flux and high-quality conditions. The rise
in surface temperature is moderate at the critical heat flux point, where the liquid film at the tbe
wall is completely evaporated. These two types of critical heat flux arise from different

mechanisms, which are described below.
2.1 CRITICAL HEAT FLUX MECHANISMS
2.1.1 Departure From Nucleate Boiling

Departure from nucleate boiling occurs at low-quality flows. For a subcooled water flow, a high
heat flux is needed to initiate boiling at the heated surface where vapour bubbles form. Thesc
vapour bubbles grow at the surface and condense once they detach from the wall into the core of
subcooled flow. At heat fluxes below the CHF point, a thin liquid film is maintained between
the bubble and the surface. Evaporation continues and the liquid film is replenished by the bulk
fluid through a capillary action. When a sufficiently high surface heat flux is applied, the density
of bubbles increases in the vicinity of the heated surface. The iemperature rises near the heated
surface, and when the liquid wedges (or “microlayer”) between the bubbles and the heated
surface is disrupted, burnout occurs. This is often called the bubble-crowding scenario, and

occurs when the bulk fluid remains at subcooled conditions. In another case, at a thermodynamic
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quality near zero, the size of vapour bubbles increases, causing the neighboring bubbles to
coalesce with others, forming long bubble slugs. As the size of the slugs increases, the
replenishment of liquid film becomes less efficient and a dry spot is initiated. Due to the high
heat flux and inefficient heat-transfer characteristics of vapour, the surface temperature at the dry
spot increases rapidly. The dry spot spreads rapidly within the vapour slug, due to conduction
and evaporation, and causes a sharp temperature rise of the heated surface. The scenario leading

to this type of DNB is referred to as vapour blanketing.

2.1.2 Dryout

Dryout occurs mainly at high-quality conditions (x, > ~5%) . For saturated liquid flow, bubbles
can migrate freely into the core. With an increase in bubble density, bubbles coalesce to form
vapour slug at low flows and vapour churn at high flows. As the amount and velocity of vapour
in the core increases, the bridges of liquid crossing over the slugs and churns can be broken to
become liquid droplets entrained into the now more continuous flow of vapour in the core. A
film of liquid is left and remains between the vapour core and the heated surface. For a thick
liquid film, waves are formed at its liquid-vapour interface. With increasing vapour velocity, the
crests of the waves are torn off and the liquid is entrained into the vapour core as droplets. At
high vapour quality, the liquid film becomes so thin that wave formation is not possible. Under
these conditions, the entrainment process terminates and the depletion of liquid film continues
through evaporation. When the remaining liquid film is completely vaporized, the heated surface
is cooled only by the vapour phase. This is referred to as dryout, signifying the drying out of the
liquid film. Due to the high vapour velocity and the high liquid content, the heat transfer
coefficient is relatively high and the vapour acts like a heat sink; the rise in temperature is

relatively moderate,

The removal of liquid from the film is compensated to some extent by the redeposit of droplets
from the core back to the liquid fiin. Concentration of the droplet density in the core plays an

important role in the amount of droplet redeposit rate. This is particularly significant for thin
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film conditions where entrainment is not possible. The deposition mechanism usually plays a

significant role before dryout occurs.
2.2 EFFECT OF FLOW PARAMETERS ON CRITICAL HEAT FLUX

Flow conditions strongly affect the critical heat flux. Previous analyses have used approuches
based on either the inlet flow parameters or the local flow parameters as references. The inlet
flow parameters include pressure, mass flux {or mass flow rate) and fluid temperature at the
entrance of the test section. These parameters are measurable quantities in experiments, and
were selected as independent parameters. The inlet flow parameters approach is affected
strongly by the geometric parameters, such as tube diameter and tube length, and hence is limited
to specific channel geometries only. The local flow parameters include pressure, mass flux and
enthalpy (or quality) at the location of CHF. They have to be calculated with conservation
equations based on measured inlet flow parameters. In some cases, both the local pressure and
mass flow rate (used to calculate the mass flux) can be measured. The local enthalpy, however,
must be calculated through a heat balance. Based on local flow conditions, CHF has been shown
to be independent of tube length, except for a dryout location close to the start of the heated
length (entrance length effect due possibly to the development of the thermal boundary layer).
The tube diameter, on the other hand, remains as a crucial parameter and is the subject of the

present study.

In this section, the effects of various flow parameters on critical heat flux have been briefly

described. Detailed discussions can be found in Collier (1972), Hewitt and Hall-Taylor (1970).

2.2.1 Effect of Pressure on Critical Heat Flux

With increasing pressure, CHF generally increases at low pressure conditions but decreases at
high pressure conditions. Collier (1972) suggested that the turning point (i.e., when the

increasing trend changes to a decreasing trend) depends on the flow conditions. It occurs
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generally at pressures between 3 and 5 MPa in steam-water flow. Figure 2.1 illustrates the
variation of critical heat flux with respect to pressure at a constant inlet quality and for this

example at zero quality.

2.2.2 Effect of Mass Flow Rate (or Mass Flux) on Critical Heat Flux

Based on constant inlet flow conditions, the critical heat flux increases with increasing mass flux.
This trend is illustrated in Figure 2.2. The effect of mass flow rate (or mass flux) on CHF for
constant local flow conditions is much more complex than for constant inlet flow conditions.
This is caused by a strong dependence on loca) flow patterns. At low-quality (or subcooled)
conditions, CHF increases with increasing mass flux due to an increase in the forced convective
heat-transfer rate and the turbulence level. The former reduces the bubble formation rate, while
the latter enhances the bubble migration rate to the core and reduces the density of bubbles at the
heated surface. At medium quality conditions (at:out 5-45%), however, CHF varies considerably
with mass flux. With increasing mass flux, it increases in the low mass-flux region, decreases at
medium mass fluxes, and increases at high mass fluxes. A mechanism similar to the one
observed in low quality flow brings an increasing trend of CHF at low and high mass fluxes. The
decreasing trend at medium mass fluxes is primarily caused by an increase in entrainment rate for
the annular flow regime, which leads to an increase in depletion rate of the liquid film, with
increasing mass flux. Figure 2.3 illustrates the effect of mass flux on critical heat flux for

various local conditions.

2.2.3 Effect of Inlet Fluid Enthalpy {or Temperature) on Critical Heat Flux

The effect of inlet fluid temperature on CHF is often presented in terms of inlet subcooling,
which is the difference between saturated liquid enthalpy and inlet liquid enthalpy
(ie., AH;, =H;- H,). Itis shown in Figure 2.4 for various mass fluxes. In general, CHF

increases with increasing inlet subcooling, and a linear relationship is often observed.



2.24 Effect of Local Quality on Critical Heat Flux

Local quality is calculated with a heat balance based on the inlet flow conditions, and is defined

as:

1 Power
X = ( -H. +H, ] (2.1)

D ’i in
B\ W

where H,, is the inlet fluid enthalpy in J-kg™' (based on inlet pressure and fluid temperature),
Power is the total applied heat in watts up to the point of interest, W is the mass low rate in
kg's', and H, and Hy, are the saturated liquid enthalpy and the latent heat of vaporization in kg™
(based on local pressure at the point of interest). Due to the influence of other independent
parameters, such as pressure and mass flow rate on local quality, a complex trend of CHF is often
observed. In general, CHF decreases with increasing quality for a uniformly heated tube with

vertical upward flow, as illustrated in Figure 2.5.
2.2.5 Effect of Heated Length on Critical Heat Flux

The effect of heated length on critical heat flux was shown to be significant at constant inlet flow
conditions. As Figure 2.6 shows, CHF decreases with increasing heated length for the same inlet
subcooling. In terms of the local dryout parameters, however, the effect of heated len gth on CHF
diminishes in tubes with long heated lengths. For short tubes, CHF increases with decreasing
heated length. Figure 2.7 illustrates the variation of CHF for tubes of various heated length

values at constant local dryout qualities.
2.3  PREDICTION METHODS FOR CRITICAL HEAT FLUX

The complexity of the CHF mechanism has resulted in a very large number of CHF prediction
methods, which can be generally categorized into empirical correlations, semi-anal ytical models,

and look-up tables. Most of them, however, are in the form of empirical correlations.
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2.3.1 Empirical Correlations

Empirical correlations were usually developed from data sets of a narrow range of conditions,
based on cither the inlet-flow parameters or the local-flow parameters. They are often based on
some predetermined forms of equation (corresponding to the trend of data, in most cases), which
may provide unrealistic predictions (e.g., negative CHF) outside the range of data base.

Therefore, it is essential Lo apply correlations within their range of validity.

The inlet-flow-conditions type of correlations are limited to a specific geometry and hence are
usually not recommended, except for ad-hoc applications. However, good prediction accuracy
has been reported with correlations of this type. Most of them are based on the assumption that
CHF is linearly proportional to the inlet subcooling. While this trend has been observed over a
limited range of inlet subcooling, it cannot be substantiated for use over wider ranges. The

Bowring (1972) correlation is one that was derived based on inlet-flow conditions.

The local-flow-conditions type of correlations are generally more suitable for tubes of long
heated length. They express CHF in terms of pressure, mass flux, local quality, and tube
diameter. There are two ways to derive a correlation based on local conditions. The First way is
simply to transform an inlet-flow-conditions type of correlation into a local-flow-conditions type
via the heat-balance equation. It has the advantage of maintaining the same sets of correlation
constants and coefficients for both correlations, but the transformed correlation is less accurate
than the inlet-flow-conditions type of correlation. The second way is 1o use a predetermined
form of the local-flow-conditions correlation and correlate the constants and coefficients with the
data base. This usually provides a better fit of the data, but may produce predictions different
from those of the inlet-flow-conditions correlation. Both the Doroschuk et al. (1975) and the
Biasi ct al. (1967) correlations were derived using the second method, and they predicted closely

with their respective data bases.
2.3.1.1 The Macbeth Correlations
Macbeth (1963) employed the local-flow-conditions hypothesis to develop two empirical
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correlations from experimental data. to predict CHF for high- and low-flow conditions. The
high- and low-flow regimes are defined by functions of system pressure and the ratio of tube
diameter to heated length. The correlations relate to pressure, mass flux, tube diameter, latent
heat of vaporization, and local quality. The CHF in the low-flow region is expressed as (in

British units)

c

_ -0.1
= (.00633 Hfg d

0.51
S (1-x) 2.2)
10°

where G is the mass flux in Ib.ft>.hr", d is the tube diameter in 1. and X, is the critical quality.

For high-flow region, the CHF is expressed as (in British units):

Yy ¥s
2 =y d” S ﬁd”* S Gx dH, (2.3)
108 10° 4 108

where y; are the pressure-dependent constants listed in Table 2.1. This correlation was
superceded by the Thompson and Macbeth correlation (1964) and later by the Bowring

correlation (1972) which is described in Section 2.3.1.3.

Table 2.1: Optimized Values of *y” in the Macbeth Correlation.

Pressure (psia) Yo yi s ys Y4 yo |

s 112 0211 0324 | 0.0010 .4 T108
250 1.77 -0.553 | 0260 | 00166 14 0.937
530 1.57 0566 | 0329 | 00127 1.4 20.737
1000 1.06 0487 | 0179 | 0.0085 J1.4 20555
1570 0.72 0.527 0024 | ooi2i 1.4 20.09
2000 0.627 20.268 0.192 0.0093 1.4 0343
2700 0.0124 145 0.489 0.0097 1.4 20529

2.3.1.2 The Biasi et al. Correlation

Biasi et al. (1967) derived two correlations for high- and low-quality regions, based on a
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relatively large number of experimental data. The correlation for low-quality flow is expressed

as.

(2.4)

c

_ 1.88310° | ypp) ;
d° G Ve G 6 €

p) = 0.7249 + 0.099 p exp( -0.032p) (2.5)

where G is the mass flux in kg.m™s™, d is the tube diameter in metres, and p is the pressure in
bars. The exponent ‘a’ depends on the tube diameter, It is 0.4 for tubes of diameter values
greater than 0.01 m, and 0.6 otherwise. The correlation for high-quality flow is written in the

form of:

Biasi et al. (1967) stated that these correlations predict their own data and the data of Macbeth

(1963) and Becker (1965) with root-mean-square errors ranging from 6.5% to 11.3%.

_ 37810 A(p)
e T T gegoes (1T %) (2.6)
hp) = -1.159 + 0.149 p exp( -0.019p) + —22P_ @.7)
10 +p2

2.3.1.3 The Bowring Correlation

Bowring (1972) correlated the CHF in terms of inlet flow parameters (i.e., pressure, mass flux,
inlet subcooling, and tube diameter). The correlation was based on the same form as that

proposed by Thompson and Macbeth (1964). It is expressed as:

A+%dGAH,

q
€ C+L

(2.8)



where AH,, is the inlet subcooling in J'kg" and L is the tube length in metres. The expressions A

and C are defined as

2317F, (% H dG)

1+0.0143F,d° G
0.077F,dG (2.9)

1+0.347F,(7.4x107 G y@-00725p)

where (for R,<1)

18.94

P R, exp(20.89(1 -Rp)) + 0.917
! 1.917
1.309 F,
F, =
R, exp(2.444(1 -R))) + 0309 @.10)
- R, exp(16.658(1 - R))) + 0.667 '
3 1.667
1.649
F,=F, R
Rp =2-05p

where (for Rp > 1)

F, = R ™% exp(0.648(1 - R))
0448
Fy = F R exp(-0245(1-R)))
0219
F, = R, Q.11
1.64%
F, = F, R
Rp =2-0.5p

2.3.1.4 The Doroschuk et al. Correlation

Doroschuk et al. (1980) developed a correlation with their 8-mm tube data covering pressures
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from 5 to 19.6 MPa and mass fluxes from 0.75 to 3 Mg.m2s". Their correlation is expressed as

2 -03
P P G ) 0.68(p/98)-12x,
= 103-175| = | +80| = | fexp(-1.5%) —— 2.12)
. ( ( 93] ( 93] ] P °)( 1000)

A tube-diameter correction factor is used to extend this correlation to other tube-diameter values

(from 4 to 16 mm). It is expressed as

Dea_ _ (__“ ]_m (2.13)
90008 0.008 *

This correction factor applies to mass fluxes from 3 to 19.6 Mg.m?s™ and pressures from 0.75 to

5 MPa.
2.3.2 Semi-analytical Models

Semi-analytical models were developed with fundamental equations, and supplemented with
closure relationships. They were primarily aimed at a specific dryout mechanism because of the
uncertainties in the mechanism for DNB. To ease the modeling effort, many simplifying
assumptions have been introduced. In most cases, this reduces the prediction accuracy of the
modeling compared to the empirical correlations. However, the models can generally provide
valid and realistic predictions outside the range of the data base. While many CHF models have

been proposed, only representative examples will be discussed in this section.
2.3.2.1 The Becker Model

Becker (1965) presented an analysis on CHF prediction for vertical upward flow. The model
postulated that dryout occurs at a position where liquid film is depleted. The location is

independent of inlet subcooling and heated length, but depends on local parameters of pressure,
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heat flux, thermodynamic quality, mass flux, and tube diameter. The mass balance of the model
involves liquid entrainment and droplet deposition, which are expressed by empirical functions.

The correlation is expressed as:

Go.s(qc’;A) ¢ DHfg .

where D is the droplet deposition rate. The parameter B is a complex function expressed in
terms of critical quality, entrainment rate, and the parameter B itself, Therefore, a mathematical
solution of this transcendental equation was derived. The CHF is calculated by solving this

correlation together with the heat-balance equation,
2.3,2,2 The Tong Models

Tong (1968) postulated that the boiling crisis at subcooled conditions is primarily a
hydrodynamic phenomenon. The process begins with stagnation under the bubbly boundary
layer, which separates the bubbles from the heated wall. Due to the high heat flux from the
surface, the stagnant liquid evaporates and forms a vapour blanket on the heated wall. Based on
the formulation of Kutateladze and Leont'ev (1966) for the critical conditions of boundary layer
separation from a flat plate with isothermal injection of the same fluid, Tong (1968) derived a

CHF equation for subcooled flow boiling, which is expressed as

g, = (1.76 - 7.433x,+12222x]) H, p, U, Re™® (2.15)

where U, is the bulk-fluid velocity in m-s™,

‘Tong (1972) developed a model for annular-film dryout, which relates liquid-film thickness to
the rates of liquid entrainment, droplet deposition, and liquid evaporation. These rates are
expressed as functions of mass flux, void fraction, heat flux and boiling length. The increase in

local quality and steam velocity reduces liguid film thickness and hence decreases the dryout heat

2-11



flux. The CHF is correlated as a function of pressure, thermodynamic quality, mass flux and

tube diameter,

2.3.2.3 The Katto Correlation

Katto (1978) derived a simple dimensionless CHF correlation for vertical tube flow with
subcooled fluid (no entrained vapour) at the inlet. The correlation postulates that hydrodynamic
condition of two-phase vapour-liquid flow is responsible for CHF. A dimensional analysis was
applied to derive the correlation by assuming at CHF condition there is a superficial vapour
velocity (q/p,Hy,) which is dependent to: the liquid velocity u; the densities of liquid and vapour
which are related to inertia; the interfacial surface tension o; the viscosities of the two phases
which are related to viscous force, and the gravitational force which is related to buoyancy. The

correlation in its basic form:

d

9. [ pv] [ UPI] 1 _Kxc
= a —
GH 2 m .,
T fg P[ G l 1+K op[ e —p_’ GP; (“{] (2.16)
G%) e, G2l
where a, b, ¢, €, m, n, and K are constants (correlated from experimental data) which vary

corresponding to three different characteristic regimes dependent mainly on the range of mass

fluxes.

The basic form of this dimensionless CHF correlation may be applicable to different types of
fluids.

2.3.2.4 The Weisman and Pei Bubbly-Flow Model

Weisman and Pei (1983) derived a theoretical model for low-quality flows based on bubble
crowding and vapour blanketing phenomena. Their model expects that the mass interchange

between the core region and bubbly layer depends on the conditions of occurrence of a vapour
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blanket. It postulates on the buildup and thickening of a bubble layer along the channe! until a
region near the wall is filled up with bubbles where turbulent eddies are small in size and
insufficient to move the bubbles. The CHF occurs at the region where the bubbly layer is
thickest, when the void fraction in the bubbly layer exceeds a critical value such that an array of
ellipsoidal bubbles cannot be maintained without significant contact between these bubbles.
Weisman and Pei suggested a value of 0.82 for the critical void fraction after comparing the
predictions of their model against a large number of data. The critical average bubble diameter
was evaluated with the Levy (1966) model which was derived on the balances bet-een the

buoyancy and drag forces against surface tension.

The CHF in the Weisman and Pei model is expressed as

g = H, G (x-x) i, ¥ L u 2.17)
e yi s 2 "1 % H,-H, (2.17)
d 0.6 p, -
i, = 0462 Re™"! k06 (—E] 1+q| 2t Ps (2.18)
d Py
Gd

where V' is a function of radial velocity created by vapour generation and the deviation of radial
fluctuating velocity, d, is the diameter of a bubble in metres, H, and Hare enthalpy values of the
subcooled and saturated liquid, respectively, in J'kg", H,, is the liquid enthalpy at the point of
bubble detachment in J-kg™!, and p, and p, are densities of liquid and vapour, respectively, in

kg'm>. An iterative scheme is used to calculate the CHF from these equations.

Agreement was apparent between predictions and the 1 500 data obtained with water flow in a
uniformly heated tube. These data cover the following ranges: pressures from 2 to 20.5 MPa,

mass fluxes from I to 13.6 Mg.m?.s™, heated lengths from 0.035 to 0.36 m, and tube diameters
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from 1.15 t0 37.5 mm.

2.3.2.5 The Whalley et al. Model

Whalley et al. (1978) developed an annular-fiim dryout model for high-quality flow by
evaluating the entrainment, deposition and evaporation rates from the liquid film. Critical heat
flux is calculated based on a mass balance between liquid film flow rate and rates of entrainment

and deposition. The variation of liquid-film flow rate is expressed as

aG, 4 g
—t-2lp-g- 12 2.20
dz d H e (2.20)

where G, is the mass flux of liquid fiim at the wall in kg.m™2.s™, z is the tube length in metres, D
is the liquid mass flux due to deposition in kg.m?.s”, and E is the liquid mass flux due to
entrainment in kg.m?s™. Both the entrainment and deposition mass fluxes were expressed in
terms of a mass-transfer coefficient:

D=kC
E = kC, @.21)

The model requires a simultaneous solution of the liquid-film flow, liquid-film thickness and
pressure drop, often referred to as the triangular relationship. Dryout was assumed to occur when

the liquid film flow rate decreases to zero. The liquid-film thickness is calculated using

0.5
5=£[Eﬂf£) (2.22)
T3\ apian

2.3.2.6 The Lee and Mudawwar Model

Lee and Mudawwar (1988) developed a CHF model for subcooled boiling based on the
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microlayer dryout theory. They postulated that CHF occurs as a result of Helmholtz instability if
heat flux is sufficient for microlayer dryout. CHF is modeled us a function of microlayer
thickness and velocity (determined from a force balance on the vapour blanket), and the length of

vapour blanket (determined by the critical wavelength of the Helmholtz instability). The CHF is

expressed as:

G, 8, (H,+aC (T _,-T))
% 5 P Mt (2.23)

qc=

where G, is the mass flux of the microlayer in kg.m2s™, J,, is the microlayer thickness in metres,

L,, is the length of the microlayer in metres, and T,and T, are the local mean bulk temperature

and saturation temperature, respectively, in °C. The microlayer thickness is expressed as

04216Re“ NG p Hid, [1 5, ] [ngAp]‘”
o+

m = (2.24)
(qc _ahsc(Txar - TI))Z 6m +dB pl Cd
The bubble diameter is defined as
d 0.5
d, = 0.015( %-—J (2.25)
and the drag coefficient is
2d -0
c, - 2 ( o ) 2.26)
3 glp

where d,; is the equivalent bubble diameter. The length of the microlayer is determined with the

critical wavelength of Helmholtz instability, and is expressed as



2mo(p,+p,)
Ly = ———— (2.27)
PP, Uy

where U, is the velocity of the vapour blanket in m-s*. The heat-transfer coefficient for

subcooled boiling is expressed as

. 230¢ B.° 228)
© (T, -T,) (2308 - 1)+ q/h,, '

sat

where £, is the heat-transfer coefficient for single-phase forced convection based on the Dittus

and Boelter equation, which is expressed as

h,

k 0.4
o = ;'0.023Re°'spr, (2.29)

The constants a, b and ¢ were correlated with the Russian data. Numerical iterations are used to
solve all these interrelated equations. This model was tested against experimental data of

De Bortoli et al. (1958), Lee and Obertelli (1963), Matzner (1963), Thompson and Macbeth
(1964), and Williams and Beus (1980).

2.3.2.7 The Katto Model

Katto (1990) developed a CHF model for subcooled boiling based on a theory of liquid sublayer
dryout. This model was based on the similarity between subcooled flow boiling and pool boiling
at dryout, and the CHF is expressed as
8, p H e Ug

q(;: L

(2.30)

B

where L, is the mean length of the vapour blanket in metres, and has the same definition as L,
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(Equation (2.24)) in the model of Lee and Mudawwar (1988). The sublayer thickness, 8_, is
calculated using a model by Haramura and Katto (1983) by taking into account the differences

between forced and natural convection. It is written as

0.4 . 2
2 H
5, - TOOSBY | Pgl | Pgl o | PeHy 230)
2 Py P P\ 4,
4y = 9~ 4pc
2.32
Gre = Rpc (T, -T)) ( )

where g is the total heat flux in W-m?, g, is the heat-flux component for single-phase forced
convection in W-m?, A, is the Dittus-Boelter heat-transfer coefficient for single-phase forced
convection in W.m2K", o is the surface tension in N-m", and T, is the surfacc lemperature in

°C. The single-phase heat-transfer coefficient is calculated using the Dittus-Boelter equation.

The mean velocity of the vapour blanket is defined as

s (2.33)

k - Re -0.8

(2.34)
L+ Ky(p,/p)"

where K, K, and K are void-fraction dependent coefficients. The local velocity of homogencous

two-phase flow is based on the Karman velocity distribution and is expressed as

u, = U | = (2.35)

where p,, is the two-phase homogeneous density in kg:m™. The wall shear stress is calculated

using
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_f |6
T P P:p[ P,,,) (2.36)

and the friction factor is evaluated using the Prandtl-Karman equation

L < 20108, (Rey) - 08 (237)

v

Since heat flux is required in the sublayer-thickness calculation, an iterative procedure is required

to solve for the CHF.
2.3.2.8 The Megalla Model

Megalla (1990) developed a model to predict the liquid-film dryout location for annular and
wispy-annular flow in vertical tubes. This model was based on a mass-transfer coefficient of the
droplet deposition rate, which is expressed as a function of the Reynolds number of the vapour
core and the relative motion between liquid droplets and vapour. The steady-state momentum
equations for the droplets and vapour phase are expressed as functions of the droplet drag

coefficient;

c, = Ma,{ 0.44, 2% (14 0.15Re; **"y (2.38)

Red

The interfacial shear stress is calculated using the Wallis (1970) model. Similar to the Whalley
et al. model (Section 2.3.2.5), the entrainment and deposition mass fluxes were expressed as
functions of the droplet concentration and mass-transfer coefficient. Megalla employed separate

coefficients and concentration values for deposition and entrainment, i.e.,

D=k,C,

E-kC. (2.39)



The mass-transfer coefficient for entrainment, kg, was calculated using the Katto correlation

(1978). Megalla derived a correlation for the mass-transfer coefficient for deposition, £, which

is written as

cosh(Re,/7000)

kp = 115k,

cosh(Re,/(1.1-10°)) (2.40)

2.3.2.9 The Sugawara Model

Sugawara (1990) developed a complex three-fluid (liquid film, vapour, entrained droplets
suspended in vapour) model for vertical upward flow in tubes. This model includes the
simulation of flow regions at entrance, transition between bubbly to slug flow, and liquid-vapour-
droplet annular flow. Several correlations were used for deposition rate, entrainment rate, wall
shear stress and droplet sizes. Sugawara showed that this model provides a closer agreement

between predictions and data than other models (e.g., the Katto (1990) modei).
2.3.2.10 The Lee et al. (1992) Model

Lee et al. (1992) modified the Katto (1990) model for liquid sublayer dryout. The main
difference between these models is the evaluation of the vapour blanket velocity, which was
calculated by solving conservative equations for mass, energy and momentum simultaneously in

the model of Lee et al. (1992). Equation (2.21) was used to calculate the CHF.

2.3.3 CHF Look-up Tables

Both correlations and semi-analytical models are limited to a unique CHF mechanism, and often
provide invalid predictions when extrapolated to other CHF mechanisms. A combination of
several correlations or different models has been suggested to extend the range of application.
However, this introduces a discontinuity in the transition regions. An approach was introduced

by Doroshchuk et al. (1975), who tabulated the CHF values of about S5 000 data points at discrete
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values of pressure, mass flux and local critical quality. Despite a larger data base than those used
in deriving either the correlations or the semi-analytical models, the range of application of this

CHF look-up table remains limited.

Grocneveld et al. (1986) expanded the CHF look-up table of Doroshchuk et al. with over 15 000
data points. Since then, a number of look-up tables have been presented (Leung and Groeneveld,
1993), but the CHF table of Groeneveld et al. still provides the best prediction accuracy.
Recently, Groeneveld et al. (1996) updated the 1986 table with a combined CHF data base of
over 30 000 data points from the Institute of Physics and Power Engineering (of Russia) and
Atomic Energy of Canada Limited (AECL). These data cover the following range of flow
conditions: tube diameters from 0.620 to 92.40 mm, heated length values from 0.011 to 20.00 m,
pressures from 0.1 to 21.20 MPa, mass fluxes from 0.006 to 24.27 Mg.ri4s, local critical
qualities from -1.652 to 1.577, and inlet subcooling values from -1211 to 2711 kJF'kg*. Despite
the large database, the availability of data remains scarce at the extreme conditions (e.g., high-
flow and high-quality conditions). Therefore, the CHF look-up table of Groeneveld et al. (1996)
is limited to the following range of flow conditions: pressures from 0.1 to 20 MPa, mass fluxes

from 0 to 8 Mg.m.s”, and dryout qualities from -0.5 to |,

The CHF look-up table of Groeneveld et al. (1 996) provides CHF values primarily for an 8-mm,
uniformly heated tube with a vertical upward flow of steamn-water mixture. Groeneveld et al.
(1986) introduced a number of correction factors to extend the applications of the CHF look-up
table to conditions and geometries other than the reference case. For the tube-diameter effect, the

correction factor suggested by Doroshchuk et al. (1980C) was used (i.e., Equaticn (2.1 D).
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3. LITERATURE SURVEY OF THE DIAMETER
EFFECT ON CRITICAL HEAT FLUX

The effect of tube diameter on CHF in vertical flow has not been extensively studied, compared
to flow parameters, which have a more dominant effect on CHE. The experimental data obtained
from a single test facility usually cover only a limited range of flow conditions and tube
diameters. As a result, most analyses and prediction methods pertaining to the diameter effect on
CHF are suitable only for restricted applications. Nevertheless, the observations and conclusions
drawn from a combination of these studies provide a good general view. This section describes
some of the observations from experiments, empirical correlations and models that are related to

the tube-diameter effect on CHF.
3.1 OBSERVATIONS FROM EXPERIMENTAL DATA

Experimental data obtained from test facilities suitable for the study of the diameter effect
usually cover narrow ranges of local conditions, caused by the design limitation of the facility,
such as power to the test section, cooling to the flow, and the pump head. As a result, the
experiments focus on either a small variation of tube diameters or a narrow range of flow
conditions. For most of the pre-1970 CHF experiments, data were presented for various
diameters at constant inlet flow conditions. The effect of tube diameter on CHF cannol be
examined because the effects of heated length were also involved. The use of constant local
dryout conditions minimizes the effect of heated length and permits a more systematic study of

the diameter effect.

A number of investigators have reported on the experimentally observed diameter cffects on
CHF. However, their analyses of the effects are scarce and often Jack details. This chapter

summarizes the relevant studies.



3.1.1 Lee and Obertelli Data

Lee and Obertelli (1963) obtained over 600 CHF data points at both subcooled and high-quality
conditions. Their experiments covered pressures from 3.8 to 11 MPa, mass fluxes from 0.4 to
4.1 Mg.m'z.s", inlet subcoolings from 20 to 107°C, exit qualities from -0.2 to 0.95, and tube
diameters from 5.6 to 11.5 mm (heated length to diameter ratio, L/d, from 20 to 360). Figure 3.1
shows the CHF data of the 5.6 and 10.8 mm tubes at a pressure of 6.9 MPa and mass fluxes from
1 to 4 Mg.m™.s”. The effect of tube diameter on CHF is observed from data of the high mass
flux (4 Mg.m?2s" or 3-10° [b.ft*.hr''); the CHF decreases with increasing tube diameter for
constant dryout conditions. Due to the narrow range of local dryout conditions covered in other

flow conditions, the tube-diameter effect cannot be directly examined. The same effect appears

valid if the existing data trend is extrapolated.

3.1.2 Becker Data

Becker (1965) obtained a large amount of data that cover a wide range of flow conditions:
pressures from 0.26 to 9.8 MPa, diameters from 4 to 25 mm, mass fluxes from 0.120 to

5.45 Mg.m™.s”, and local dryout qualities from 0 to 1. The effect of tube diameter on CHF was
examined by comparing the experimental data against those of a 10-mm tube. Becker observed
that the CHF is higher for tubes of diameter values smaller than 10 mm (e.g., about 20% higher
for 4- and 6-mm tubes), but lower for tubes of diameter values larger than 10 mm (e.g., about
10% lower for a 25-mm tube). Figure 3.2 shows the relation between critical quality and the
Becker burnout parameter (which is presented in Equation (2.12) and is inversely proportional to
CHF) for a pressure of 7 MPa. At a constant critical quality, the burnout parameter increases {(or

the CHF decreases) with increasing tube diameter values.

A correction factor for the tube-diameter effect on CHF was described by Becker (1965). It
represents the CHF ratio between a tube of interest to one of 10-mm inside diameter. Based on

the experimental data, Becker presented graphically the correction factor for tubes of diameter
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values from 4 to 25 mm (Figure 3.3). The correction factor (and hence CHF) generalty decreases
with increasing diameter for tube diameters greater than 5 mm. An opposing trend appears,
however, for a 4-mm tube where the correction factor becomes smaller than that of a S-mm tube.
No data was obtained for tube diameters smaller than 4 mm, and thus extrapolation of the
correction factor to smaller tube diameters is not recommended. This correction factor has been
validated with the Columbia and Winfrith data, which were predicted with an average error of

3% and 6%, respectively, using the Becker correlation.
3.1.3 Bergles Data

Bergles (1963) obtained subcooled CHF data with tubes of 1.2 to 2.4 mm in diameter. These
data covered mass fluxes from 0.5 to 1.1 Mg.m™s™ at a pressure of 0.2 MPa. Figure 3.4 shows
that the CHF increases with decreasing tube diameter based on constant exit conditions. The
tube-diameter effect appears to diminish for large diameter tubes (d > 6 mm (or 0.24 in)). The
same trend was exhibited in the Becker correction factor, but a reduction in the tube diameter
effect is observed for tubes of diameters larger than 25 mm. Unlike the Becker correction factor,
Bergles showed consistently an increasing trend of CHF for small diameter tubes (down to

0.5 mm). However, the data scatter increases considerably as the tube diameter decreases.

Bergles et al. (1967) expanded the experiments to obtain CHF data at the positive-quality region.
About 200 data points were collected; they covered pressures from 0.07 to 0.76 MPa, mass
fluxes from 0.68 to 2 Mg.m™.s", and tube diameters of 2, 2.4 and 6 mm. These data correspond
to bubbly or slug flow at qualities lower than 0.02, and fully developed annular flow for qualitics
up to 0.7. Figure 3.5 shows the CHF data with respect to critical quality. Increase in CHF with
increasing critical quality at a low-quality condition is caused by the unstable characteristic of
slug and churn flow. Despite the large uncertainty among these data, the effect of tube diameter
on CHF is clearly displayed by the data for the 2.4- and 6.1-mm tubes (0.094 in and 0.242 in,
respectively). For the same critical quality, the CHF is higher for the 2.4-mm tube than for the

6.1-mm tube (e.g., a reduction of 40% in CHF was noticed at 25% quality), A comparison
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against data of the 2-mm tube cannot be made because of the differences in exit pressure (80 psia

compared to 40 psia).

3.14 Ornatskiy Data

Ornatskiy (1969) obtained CHF data in tubes of diameter values from 0.5 to 12 mm. These data
covered pressures from 1 to 21.6 MPa, mass fluxes from 0.75 to 90 Mg.m?s, and inlet
subcoolings from 0 to 250 K. As Figure 3.6 shows, the CHF generally decreases with increasing
tube diameter at small diameter tubes. Similar to the trend of the Bergles data, the tube-diameter
effect diminishes for tubes of large diameter values. The critical diameter value (i.e., at which
the diameter effect on CHF becomes negligible), however, appears to be affected by mass flux
and quality. It is about 1.5 mm at a mass flux of 50 Mg.m™.s", and 4 mm for mass fluxes less

than 20 Mg.mZs”,
3.1.5 Combined Data of Lee and Obertelli, and Matzner

Collier (1972) showed the diameter effect on CHF using data of Lee and Obertelli (1 963) and
Matzner (1963). These data were obtained at a pressure of 6.9 MPa and a mass flux of
2Mg.m™s". Figure 3.7 shows the CHF values for various tube diameters with respect to critical
quality. Except for the 5.6-mm tube, overlapping CHF conditions were observed for tubes of
diameter range from 9.35 to 37.5 mm. In all cases, the decreasing CHF trend is clearly displayed
with increasing tube diameter at constant dryout conditions. This trend is shown for both

positive quality and subcooled conditions.

3.1.6 Levitan et al. Data

Levitan et al. (1981) obtained CHF data with tubes of various diameters (4, 6, 8 and 10 mm).
These data covered pressures from 4.9 to 13.7 MPa, mass ﬂuxes from 0.75 to 5 Mg.m?s", and a

wide range of critical qualities. They correspond primarily to the dispersed annular-film dryout
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region. Although a large amount of data were obtained, the effect of tube diameter on CHF
cannot be examined clearly from most data because the dryout conditions are different, Figure
3.8 illustrates the comparison of CHF data of Levitan for various tube diameters at the same
dryout conditions. The general trend of increasing CHF with decreasing tube diameter is
observed among the presented data. However, the magnitude of the increase is difficult to
determine because a sharp decrease in CHF is found at certain qualities. Levitan termed these
qualities the "boundary vapour content", which is encountered mainly at low-pressure and low-
flow conditions. Levitan showed that the tube-diameter effect can be represented with the

correction factor, Equation (2.11).

qc'd _ d -1/2
" | 0.008 (3.1)

9c.0.008

3.1.7 Smolin and Semenovker Data

Smolin and Semenovker (1981) obtained CHF data over a wide range of pressure, critical quality
and tube diameters. Figure 3.9 shows the comparison of CHF data obtained in tubes of various
diameters at a mass flux of 1 Mg.m™s" and pressures of 10, 12, 14 and 18 MPa. While the
gradient of CHF with respect to critical quality is steeper at high qualities than low qualities, it is
less drastic than those exhibited in the Levitan data. The “boundary vapour content”, as referred
to by Levitan, is encountered only at pressures of 9.8 and 12 MPz in the 8-mm tube and at a

pressure of 11.8 MPa in the 10.8-mm tube,

An additional transition can be observed at the low-quality region in the 10.8-mm tube. The
gradient of CHF with respect to critical quality is steep at the low-quality region where flow is
likely bubbly, gradual at the mid-quality region where annular flow is expected, and becomes

steep again at the high-quality region where annular flow with entrainment is anticipated.

The effect of tube diameter on CHF is displayed clearly at various pressures; the CHF for the
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8-mm tube is generally higher than those for either the 10-mm or the 10.8-mm tubes. However,
this relation is limited to data of the same flow regime only. Comparing data of different flow '
regimes (at low qualities), the CHF for the 8-mm tube becomes lower than that for the 10.8-mm

tube at the same dryout conditions,

3.1.8 Nariai et al. Data

Nariai et al. (1987) obtained subcooled CHF data with water at {ow pressures and high mass
fluxes (range from 7 to 20 Mg.m™.s™") in tubes of 1, 2 and 3 mm diameter and of 0.0? t0 0.1 m
in length. Since the tube length was relatively short compared to the tube diameter (length-to-
diameter ratios from 3 to 50), a strong entrance effect on CHF is anticipated (Collier, 1972).
This is reflected in Figure 3.10 where an increase in CHF is observed with decreasing tube
diameter and heated length for the same dryout conditions. The effect of tube diameter on CHE
is shown in Figure 3.11. It is strong for small length-to-diameter ratios, but becomes less

significant for large ratios.

3.1.9 Boltenko et al. Data

Boltenko et al. (1988) observed that the diameter effect on CHF is affected by a change in dryout
mechanism at various flow regimes. CHF appears to increase with increasing tube diameter at
low quality or subcooled conditions, but reverses at high qualities. Between the low- and the
high-quality regions, a transition exists and the diameter effect is smalt. The CHF data are
shown in Figure 3.12 for tube diameters of 3.8, 6.1, and 8 mm at a pressure of 14.7 MPa and a

mass flux of 4 Mg.m2s™'.

3.1.10 Cheng et al. Data

Cheng et al. (1992) presented their CHF data obtained with Freon flow in tubes of 4, 8, and

12 mm (ratios of heated-length to diameter from 86 to 165). These data are shown in Figure
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3.13; they covered pressures from 1 to 3 MPa and mass fluxes from 1 to 6 Mg.m™.s". The effect
of diameter on CHF is significant at subcooled conditions, but diminishes at saturated conditions
(above -10% critical quality). At subcooled conditions, an increase in CHF was observed for
decreasing tube diameter. The diameter effect appears to be functions of pressure and mass flux.
At high mass fluxes and pressures, a much stronger effect was observed. Furthermore, this effect

may also depend on the diameter size.
3.1.11 Celata et al. Data

A large data bank of subcooled CHF data was compiled by Celata et al. (1993) for low-pressure
and high heat-flux conditions (pressures from 0.1 to 5.5 MPa, diameters from 0.3 to 15 mm,
heated lengths from 0.0021 to 0.3 m, mass fluxes from 2 to 40.5 Mg.m™s" and fluid subcoolings
from 900 to 230 K). Ornatski (1969), Bergles (1977) and Vandervort et al. (1990) show that
CHF increases significantly with decreasing tube diameters. The effect of diameter on CHF is
also affected by mass flux. Combining their data with that of Nariai et al. (Figure 3.10), Celata
et al. (1993) showed that the CHF decreases consistently with increasing diameter at subcooled
conditions for tube diameter ranges from 2.5 to 8 mm (Figure 3.14). A diminishing diameter

effect is also observed in large-diameter tubes.
3.2  CORRELATIONS AND PHYSICAL MODELS

The predicted CHF trends with respect to tube diameters of various correlations and semi-.
analytical models are examined. For empirical correlations, they usually represent the general
trend of data and hence are limited to a specific range of conditions. For semi-analytical models,
on the other hand, the tube diameter effect is commonly based on the parametric trends of the
closure relations and is often difficult to review. The trends exhibited by the correlations and
models can be used to substantiate the tube-diameter effect on CHF in regions where

experimental data are unavailable.



3.2.1 The Macheth Correlations

The Macbeth (1963) correlations are derived separately for low-flow and high-flow conditions.
For low-flow conditions, the CHF is proportional to d**' for the same dryout conditions
(Equation (2.2)). A more complex diameter effect on CHF is shown for high-flow conditions
(Equation (2.3)). The diameter parameter in the second term is proportional to ¢, while the
exponent 'y,' for the diameter parameter in the first term varies from -0.211 to -1.45 for pressures
from 0.1 to 18.6 MPa. The variation of CHF with respect to critical quality and diameter is

illustrated in Figure 3.15 for the Macbeth correlations.

3.2.2 The Biasi et al. Correlations

The correlations of Biasi et al. (1967) are derived for low- and high-quality regions. At constant
dryout conditions, the effect of diameter on CHF is proportional to d*. However, the value of
exponent ‘a' depends also on the diameter; it is 0.4 for tube diameters less than 10 mm and 0.6

for tube diameters larger than 10 mm.

3.2.3 The Tong Models

The Tong model (1968) includes the diameter effect in the Reynolds number term (Equation
(2.13)), which is proportional to d*®, This function was derived from the interfacial friction
factor based on the average value between laminar and turbulent flow in a smooth tube. As

described in Section 2.3.2.2, this Tong model (1968) is valid for subcooled conditions only.

For annular flow, Tong (1972) postulated that CHF is affected by the thickness of liquid film at
the wall.” The thickness of the liquid film depends on the rates of liquid entrainment, droplet
deposition, and liquid evaporation. These rates are influenced by mass velocity, bulk void
fraction, heat flux, and boiling length. The increase in local quality and steam velocity reduce the

liquid film thickness, thus decreasing the dryout heat flux. Tong correlated the CHF as functions
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of pressure, critical quality, mass flux and tube diameter. The CHF was shown proportional to
d-IJ’Z

3.2.4 The Doroschuk et al. Correlation

Doroschuk et al. (1975) derived a correction factor for the diameter effect, which is expressed s

q, d d -1/2
— = | T (3.2)
9c.0008 0.008

This correction factor was established with data obtained in tubes of 4 to 16 mm in diamelter.

3.2.5 The Whalley et al. Model

The Whalley et al. (1978) model is based on a complex set of equations relating the rates of
entrainment, deposition and evaporation. A number of closure relations have been suggested for
this model; most of them are strongly dependent on tube diameter. In general, the entrainment
rate is the driving mechanism for CHF. It is affected by the liquid film thickness, which in turn
depends on the tube diameter. In small-diameter tubes, the liquid film thickness is thin. This
reduces the entrainment rate and hence leads to an increase in CHF. This effect is described in

detail in Chapter 5.
3.2.6 The Weisman and Pei Model

The effect of diameter on CHF is included primarily in the bubble-interchange parameter, i,, in
the Weisman and Pei (1983) model (Equation (2.15)). Assuming that the other parameters are
independent of tube diameter, the predicted CHF is proportional to d®7 for constant dryout

conditions.



3.2.7 The CHF Look-up Table

Groeneveld et al. (1986) employed the same approach as Doroschuk et al. (1975) to correct CHF
for the tube diameter effect. They observed a strong effect of quality on the exponent ‘n' at some
flow conditions, but the overall trend was inconclusive. By assessing the correction factor with
their CHF database (over 15 000 data points), the exponent in Equation (3.2) was modified to

-1/3 for tube diameters from 2 to 16 mm, i.e.,

qc -1/3
< = (-—-—-d ) (3.3)
94,0008 0.008

This correction factor was validated with the data of Becker (1965) and Doroschuk et al. (1980).
For tube diameters greater than 16 mm, Becker and Soderquist (1992) suggested using an
exponent that is much smaller than -1/2, but Doroschuk (1980) showed that values larger than
-1/2 are more appropriate. Recently, Groeneveld et al. (1996) included the data bank of IPPE in

their analysis and suggested a value of -1/2 for the exponent.
3.2.8 The Lee and Mudawwar Model

The diameter effect exhibited in the Lee and Mudawwar (1988) mode] cannot be easily
examined. It affects mainly the calculation of the microlayer thickness in Equation (2.20).
Within this calculation (Equation (2.21)), however, it has an impact on the Reynolds number, the
bubble diameter, the drag coefficient, and the heat-transfer coefficient for subcooled boiling. A
comparison between predictions of this model and experimental data for various tube diameter
was shown by Lee and Mudawwar (Figure 3.16). Except for the 4-mm tube, the model
predictions agreed closely with the data. Overall, the CHF predictions can be expressed as a

function of d°°,



3.2.9 The Boltenko et al. Correlations

Boltenko et al. (1988) showed that the diameter effect on CHF is a function of flow regime based
on observations from experimental data. From the observed trends the data showed, the quality
range was separated and categorized into five flow regimes: highly subcooled boiling, nucleate
boiling, dispersed annular flow, transition region, and dispersed flow. Several correlations based

on mass flux and pressure were derived to predict the flow-regime transitions.

Based on the diameter correction factor suggested by Levitan and Lanstman (1975)
(i.e., Equation (3.2)), Boltenko et al. introduced a flow-regime dependent exponent. A positive

exponent (n = +1/5) is recommended for highly subcooled flow. In addition, the correction

factor is expressed as a function of quality, i.e.,

4.4 d "
, =(1- v
(x| 5] G

9.,0008

A similar function is used for dispersed annular flow, except a negative coefficient is suggested
(i.e.,n=-1/5). For dispersed annular flow where deposition is dominating, the quality effect is

not present (Equation (3.2)) and the exponent 'n' is -1/3.

Later, Boltenko et al. (1989) modified their recommendation by neglecting the quality effect in
the exponent. Several pressure and flow-regime dependent exponents were suggested. They are

tabulated in the following table:

Pressure Exponent n for: CHF/ CHF,=(d/8)"

(MPa) Subcooled & Nucleate Boiling | Dispersed Annular Flow Dispersed Flow
106 0.188 -0.068 -0.266
6to 14 0.263 -0.164 -0.197

14 10 20 0.418 n/a -0.163
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A revised set of pressure-dependent correlations were also introduced to predict the transitions

between various flow regimes.

3.2.10 The Katto Model

The Katto (1990) model was also based on the microlayer dryout theory, as in the Lee and
Mudawwar model. Due to its complexity, the effect of tube diameter on CHF cannot be clearly
established. Katto compared the mode! predictions against data presented by Thompson and
Macbeth (1964). These data covered the subcooled conditions at a pressure of 13.8 MPa, mass
flux of 2 Mg.m?.s™', quality of -0.146, and tube diameters of 4,8 and 12 mm. Figure 3.17 shows
good agreement between the predictions and data. Similar to the Lee and Mudawwar model, the

predicted CHF values appears to follow the trend of 4%,

3.2.11 The Levitan Correlation

Levitan (1990) postulated that CHF at subcooled conditions is affected by the rates of bubble
formation and removal at the wall layer. An increase in intensity of bubble removal, coupled
with the decrease in intensity of bubble formation, leads to an increase in heat-removal rate and
results in an increase in CHF. For flow in vertical tubes, vapour bubbles are primarily removed
by the drag force, which is proportional to the velocity gradient in the wall layer, dU/dy. Bubble
formation at the wall, on the other hand, depends on the wall layer temperature gradient; a steep
temperature gradient causes a reduction of bubble formation. Since the tube diameter strongly
affects the velocity and temperature gradient in the wall layer, it also has a significant impact on

bubble formation and removal, and hence CHF.
For a turbulent subcooled liquid flow, the velocity profile of the wall layer of thickness y may be

approximated as linear from zero at the wall to Uy, and at the liquid core U = U, = constant.

Kutateladze (1966) suggested that:
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7 = Re™ (3'5)

&l . « g3 3.6

o (3.7)

Since CHF increases with an increasing rate of bubble removal (from a higher wall velocity
gradient, dU//dy) and a decreasing rate of bubble generation (from a steeper temperature gradient,

dTldy), the CHF can be approximated to:

g > —— —-=d” 38

Levitan showed that this proportionality agrees with the data trend of Rybin (1963) for tubes of
2 to 13 mm in diameter, where the CHF is proportional to d®* for a subcooled water and steam-

water mixture (steam qualities from 0 to 0.1).

A similar analogy was made for dryout in annular dispersed flow with bubble entrainment. The
liquid film is considered to be a single-phase flow because the film thickness is many times
thicker than a viscous quasi-laminar flow. An increase in the temperature gradient in small-

diameter tubes reduces the liquid superheat in the film and hence increases the CHF.

3-13



3.2.12 The Celata et al. Model

The Celata et al. (1994) mode] was developed for high subcooling and high mass-flux conditions.
It exhibits an increasing CHF trend with decreasing tube diameter (Figure 3.18). Similar to other

models, the CHF is proportional to d®*.

3.3 SUMMARY

A complex effect of tube diameter on CHEF has been shown among the experimental data. While
a simple correction factor was suggested by a number of authors, this effect appears to be
strongly affected by the flow conditions (and flow regimes). Tables 3.1 and 3.2 summarize the
observations in CHF variation with tube diameter and the available prediction methods. Most
studies showed an increasing CHF trend with decreasiug tube diarmeter for both subcooled and
saturated conditions. A few exceptions (e.g., Boltenko et al. (1988)) observed a reverse trend in

subcooled boiling where CHF increases with increasing tube diameter.

3.3.1 Moedels for Subcooled and Low-quality Conditions

A number of models have been derived to predict CHF in bubbly flow. One of these models
relates the diameter effect to the size of vapour bubbles and the thickness of bubble vapour layer
adjacent to the: wall. For small-diameter tubes, heat transferred from the liquid to the vapour
bubbles is higher since the distance from the vapour bubble layer to the subcooled liquid flow at
the core is reduced. This improves the rate of cond- :1sation of the growing vapour bubbles, and
leads to a reduction in both bubble size and bubble boundary-layer thickness. The effective
condensation also causes the vapour bubbles to collapse within the vapour layer. As aresult, the

CHF increases as the tube diameter decreases.

Another model postulated that void fraction within the bubble layer, along with the relative

thickness of the bubble boundary layer, decreases when the tube diameter is smaller. This
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increases the amount of liquid re-entry for replenishment under the bubble layer, and raises the

supply of liquid for condensation, and hence increases the CHF.,

One theory postulated that the throughput velocity of the liquid core, or the velocity gradient at
the two-phase boundary layer, increases as tube diameter decreases. This enhances the rate of
detachment for the growing bubbles from the bubble layer into the liquid core, and reduces the
size of the vapour patches. It is also suggested that the temperature gradient in the near-wall
region increases for small-diameter tubes, and this improves heat transfer between bubbles and
liquid, which in turn decreases the rate of bubble generation. As a result of the better heat-

transfer rate and faster detachment of the bubbles, CHF becomes higher in narrow tubes.

Another theory considered the hydrodynamic phenomenon where CHF increases as a result of
changes in the interfacial friction between the two phases. Since interfacial friction is inversely

proportional to tube diameter (via the Reynolds number), CHF increases when the tube diameter

is decreased (because the friction factor is greater).
3.3.2 Models for High-quality Conditions

The observations from virtually all experimental data suggested that the CHF is generally higher
for smaller-diameter tubes at high-quality flow. For annular film flow, dryout occurs when the
liquid film becomes too thin and breaks down into dry patches. Therefore, CHF depends
strongly on the liquid film thickness, which in turn is affected by the rates of liquid entrainment,
droplet deposition, and liquid evaporation. These rates are influenced by mass velocity, bulk .
void fraction, heat flux, and boiling length. Most annular-film dryout models were derived to
calculate the variation in film thickness, by employing empirical equations for xtcs of liguid
entrainment, liquid evaporation, and droplet deposition. These empirical equations are mostl y
functions of tube diameter (e.g., the deposition rate has been correlated with d*%), At most
conditions, the entrainment rate is the driving force for CHF, and depends strongly on the liquid

film thickness. With decreasing tube diameter, the liquid film is relatively thinner and hence the
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height of the waves along the liquid film surface is reduced. The relative amount of wave-tips
being torn off by the vapour flow and entrained into the vapour core may in effect reduces. This

leads to a relative reduction in the entrainment rate and hence an increase in the CHF.

Another model developed for high-quality dryout was based on the analogy to the subcooled flow
burnout by assuming a single-phase flow of liquid film. The increase in temperature gradient at
the near-wall fluid in small-diameter tubes lowers the liquid superheat in the liquid film and

increases the CHF.
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Table 3.1: Summary Of Suggested Phenomenon and Mechanisms for Tube-Diameter Effect.

Phenomenon in Small-diameter Tubces

Mcchanisms for CHF Increase

Subcooled
and low-
quality flow

- smaller vapour bubble size
- thinner “apour bubble boundary layer

- better heat transfer because of core Mow
closer to wall

- void fraction within bubble layer decreases

- re-entry of liquid replenishment easier

- velocity gradient of 2-phase boundary layer increascs

- growing vapour bubble detaches caster
before forming vapour patches at wall

- temperature gradient of wall layer higher

- bubble generation slower, due to high
condensation rate at the tip of the bubbles

- interfacial friction inversely proportional to Reynolds
number

- increase (tiction at two-phase boundary
and increase heat transfer

High- - flow of liquid layer a1 wall thinner - boiling is suppressed in the liquid ilm
quality,
;nnular - lower entrainment rate - liquid [ilm thickness increases

ow

- temperature gradient of liquid film at wall increases

- liquict superheat in the film is recuced

- rate of liquid deposition increases

- liquid film thickness increases
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Table 3.2: Summary Of Correction Factors For Tube-Diameter Effect on CHF.

Diameter Effcet and Prediction
(same dryout conditions)

Reference

Validity Range

CHF,/ CHF,, = f(d)
f(d) = 1.18 10 0.9

Becker (1965)

d from 4 to 25 mm, P from 0.27 10 10 MPa,
G from 0.12 to 5.4 Mg'nl3s™ , x from O to 0.5

CHF « d*™* (d >10 mm)
CHF « d™ (d <10 mm)

Biasi et al, (1967)

d from 3 to 37.5 mm, P from 0.27 to 14 MPa, G
from 0.2 to 6 Mg-ni3s”!

CHF « ¢ Tong (1968) subcooled and low-guality flow

CHF « g** Doroschuk et al. (1975} |d from 4 to 16 mm, correlation based on CHF
data of B-mm diameter tubes

CHF « g7 Weisman and Pei d from I 10 37.5 mm, P from 2 to 21 MPa,

(1983)

G from 0.1 to 13.6 Mg-ni3s™

CHF,/ CHF, = Max (0.63, (d/8)"%)

Grocneveld et al, (1986)

d from 2 to 32 mm

CHF, / CHF, =(/8)"*(1+x)

for subcooled and low qualities llow,
CHFy CHF, = (d/8)"%(] +x)

for dispersed annular flow,

CHFy CHF, = (d/%)""

for transition,
CHFy CHF, = (/B)"(1+x)

for dispersed flow

Boltenko ct al. (1988)

d from 4 to 20 mm, correlation based on CHF data
of 8-mm diameter tubes

CHF,/ CHF = (/8" n=[(P, G, x)

Boltenko et al. (1990)

x from -0.5 w 0.5, G from 1 10 6 Mg-ni3s™!

CHF w ¢

Levitan (1990)
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4. OVERALL EFFECT OF DIAMETER ON CHF
BASED ON THE AECL DATA BANK

The effect of tube diameter was studied by examining the parametric trend of cxperimental data,
While a large amount of CHF data has been obtained for tube tlow, only a few experimental
studies focused on the diameter effect (see Chapter 3). In addition, their data covered only a
limited range of flow conditions and this further hampered the development of a generalized
prediction method. The present analysis examined the trend over a wide range of flow
conditions by combining a large amount of collected data. This expanded the comparison
beyond the range of any individual data set und led to a better understanding of this complex

phenomenon.

The AECL CHF data bank contains the largest amount of data for upward flow of water in tubes
{over 27 000 data points from about 40 data sets compiled by sources from difterent countries).
However, many data were obtained at extreme flow conditions, which are beyond the scope of

this study. A screening process was initiated to select appropriaie data based on the following

criteria;

§)) single-phase liquid at the entrance of the heated section (to avoid any phase distribution

for two-phase flow),

(2) ratio of length to diameter larger than or close to 100 (to avoid flow entrunce and wibe
length effects), and

3) critical quality less than 1 (to avoid unrealistic data probably caused by heat-balance

uncertainty).

A total of 23 500 data points were selected from this screening process. Table 4.1 lists the
sources and range of flow conditions for these data. Data points at similar flow conditions (i.c..
approximately the same pressure and mass flux) were grouped and analyzed by comparing their

CHF values based on critical quality and tube diameters. Neglected are some data obtained at
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isolated flow conditions (e.g., with only a single tbe diameter).

41  CHF TRENDS EXHIBITED IN THE AECL DATA BANK WITH RESPECT TO
TUBE DIAMETER

CHF data obtained at each group of nominal pressure and mass flux were presented as functions
of critical quality and tube diameter. Overall, data for the following range of nominal conditions

have been examined:

Pressure, p: 3,5,69,79,9.8,11.8,14.7, 15.7, 17.8, 19.6 MPa
Mass flux, G: 1 to 5 Mg.m?2.s™
Critical quality, x:  -0.3100.9

Tube diameter, d; 4 to 20 mm

Data at other flow conditions were not analyzed because (1) the amount of data is too smatl,
(2) the scatter among data is excessive, or (3) the data obtained were from tubes of the same

diameter.
4,1.1 Data Obtained at a Pressure of 3 MPa

Figure 4.1 compares CHF data for a pressure of 3 MPa and mass fluxes of 1, 1.5, 2.7, 3.2, 4 and
5Mg.m?s'. These data covered a range of tube diameters from 4 to 20 mm, and qualities from
-0.2t0 0.7. In general, the CHF data are consistent with respect to critical quality; a decrease in
CHF is observed with increasing critical quality. Most data were obtained at the Jow mass-flux
regions, where a strong tube diameter effect is shown. An increasing trend of CHF is observed
with decreasing tube diameter. At high mass fluxes, however, the diameter effect appears to
diminish somewhat, as CHF values are almost the same for different tube diameters at the same
critical quality. Due to the lack of data (only for 8 and 10 mm tubes at a mass flux of

5 Mg.m™s™"), this trend for the high mass flux is not conclusive.
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4.1.2 Data Obtained at a Pressure of 5 MPa

Figure 4.2 shows the CHF data for qualities from 0 to 0.8 and mass fluxes from 1 to 4 Mg.m?s!
at a pressure of 5 MPa. The tube diameterg covering these conditions are 4, 6, 8, 10,12, 13, and
20 mm. While most data show an appropriate trend with respect to quality, a large scatter is
observed at high qualities in the 8-mm tubes with a mass flux of 1 Mg.m™s". In fact, all data for
the 8-mm tubes exhibit much non-uniformity in CHF with respect to quality than those for other
tubes. The effect of tube diameter remains the same with higher CHF values for smaller
diameter tubes. However, the variation in CHF observed in the 8-mm tubes results in a wide
fluctuation cf CHF ratio based on the same dryout conditions. For example, at a mass flux of

4 Mg.m™.s", the CHF ratio between the 5.6 and 8 mm tubes is about 1.25 at a quality of 0, but it
is reduced to about 1 at a quality of 0.2. When comparing the data between the 5.6 and 12.8 mm
tubes, on the other hand, the CHF ratio is consistently at about 1.7 at qualities between 0 and 0.1,
This illustrates not only the complexity of the tube-diameter effect, but also the importance of

data reliability.

4.1.3 Data Obtained at a Pressure of 6.9 MPa

A much larger scatter is observed among data obtained at a pressure of 6.9 MPa (Figure 4.3) than
at other low pressures. Except for the data of Bertoletti et al. (1964), most data exhibit a correct
CHF trend with quality. Bertoletti et al. (1 964) noted that their data were affected by a strong
fiow oscillation and hence are considered unreliable. These data were shown for illustration
purposes and have not been included in the present analysis. The effect of tube diameter on CHF
is not clearly shown, but the trend of higher CHF for smaller diameter tubes is generally
observed. Due to the uncertainty in individual data sets, this trend is not definitely identified.
For example, at a mass flux of 3.3 Mg.m?s”, the CHF data of Mayinger for the 7-mm tube are
higher than those of Kirillov for the 6-mm tubes, Moreover, the data of Kirillov also indicated
an effect of heated length on CHF at the mass flux of 5 Mg.m™s", even though the length-to-
diameter ratios are much larger than 100 (up to 1000). Other than these abnormalities, the effect

of tube diameter is relatively strong at low qualities and diminishes with increasing quality.

4-3



4.1.4 Data Obtained at a Pressure of 7.9 MPa

Figure 4.4 shows the CHF data for mass fluxes from 1 to 5 Mg.m™.s™ and qualities from -0.3 to
0.7 at a pressure of 7.9 MPa. The tube-diameter range varies from 4 to 11 mm. These CHF data
show much less scatter than those of 7 MPa and decrease with increasing quality. As for other
pressures, they are generally higher for small-diameter tubes. The tube-diameter effect on CHF

is stronger in small-diameter tubes at low qualities, but reduces as the tube diameter and quality

increase.
4.1.5 Data Obtained at a Pressure of 9.8 MPa

At a pressure of 9.8 MPa (Figure 4.5), CHF data are available for mass fluxes from 1 1o

5 Mg.m™s" and qualities from -0.1 to 0.8 covering tube diameters of 6, 7, 8,9, 10, 11, 12, 13, 15
and 16 mm. Except for a relatively large scatter observed for the data at a mass flux of

1 Mg.m?s", the CHF data decrease consistently with increasing quality. The tube-diameter
effect, on the other hand, is significantly reduced over the present quality range. A higher CHF is
shown for small-diameter tubes at low qualities, but there is practically no diameter effect for
various tubes at high qualities. The uncertainty remains high in several data sets: a large
difference is observed between the data of Mayinger and those of Kirillov for tubes of 7 mm at a
mass flux of 3.3 Mg.m™.s". In addition, both sets of CHF data are higher than those of Kirillov's
for the 6-mm tube, and Borodin's data (a 9-mm tube) lie between the 7-mm and

6-mm data of Kirillov. The data of Kirillov for the 4-mm tube are consistently high.r than those
for all other tubes; those of Tong for the 13-mm tube are systematically lower than all the other

data,
4.1.6 Data Obtained at a Pressure of 11.8 MPa

Figure 4.6 shows the CHF data for mass fluxes from 1 to 5 Mg.m?s” and qualities between 0.1
to 0.55 at a pressure of 11.8 MPa. These data were obtained in tubes of 2,4,5,6,8,10, 11, 14,

15 and 28 mm in diameter. A large data scatter is observed at high qualities for a mass flux of
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1 Mg.m™s” in the 8-mm tubes. Large variation of CHF values are shown for qualities between
0.4 and 0.5. This set of data is therefore questionable. Other data sets appear to be more reliable
as they exhibit a decreasing trend with increasing qualities. Similar to the data of 9.8 MPa, the
effect of tube diameter on CHF appears strong at low quality and low mass flux conditions, and
diminishes with increasing quality and mass flux. Again, this effect is almost absent at high
mass-flux conditions. The large-diameter tube data of Lee and Obertelli (1963) are consistently
lower than those of smaller tubes. An unusual trend is also observed for the 2-mm tube data of
Thompson and Macbeth; these CHF data are much lower than those of large-diameter tubes.
This cannot be confirmed since the data cover an extremely narrow range of qualities (mainly at

-0.05).
4.1.7 Data Obtained at a Pressure of 14.7 MPa

Figure 4.7 shows the CHF data for mass fluxes from 1 to 5 Mg.m™.s" and qualities from -0.1 to
0.55 at a pressure of 14.7 MPa. These data covered tube diameters of 4, 6, 8, 10, 11, 15 and

16 mm. The data scatter remains large at a mass flux of 1 Mg.m™.s". Other data exhibit the
expected trend with quality. At a high positive quality region, a small tube-diameter effect can
still be observed for small-diameter tubes, but the effect is not present for large-diameter tubes.
At subcooled and low-quality (less than 0.1) conditions, these data exhibit a systematic trend
where the CHF values are lower for small-diameter tubes (a reverse trend compared to those
observed so far at low pressures), and it is maintained for all mass fluxes. It is anticipated that
this reverse trend is caused by differences in flow regime encountered in tubes of different sizes.

The quality at which the CHF trend reverses appears to be a function of mass flux and diameter.
4.1.8 Data Obtained at a Pressure of 15.7 MPa

The CHF data at a pressure of 15.7 MPa exhibit a more consistent trend with respect to quality
and tube diameter (Figure 4.8). They were obtained at mass fluxes from 1 to 5 Mg.m>s™, tube
diameters of 6, 8, 11 and 15 mm, and qualities from -0.15 to 0.5. Unlike the CHF data shown for

a pressure of 14.7 MPa, these data present the common trend of increasing CHF with decreasing
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tube diameter, and no reversal at subcooled and low-quality conditions. In addition, the tube-

diameter effect appears to be stronger than for lower pressures at the high-quality region.
4.1.9 Data Obtained at a Pressure of 17.8 MPa

Figure 4.9 shows the CHF data for mass fluxes from | to 5 Mg.m™.s™ and qualities from -0.6 to
0.6 at a pressure of 17.8 MPa. These data were obtained in tubes of 6, 7, 8, 10, 11, 15 and

16 mm in diameter. A large scatter is observed among these data over the complete range of
mass fluxes. The averages of these scattered data show that there is practically no tube-diameter
effect on CHF over the entire range of flow conditions at this pressure. The only exception is the
data of a 4-mm tube which appears to show a similar reverse CHF trend to that observed at a
pressure of 14.7 MPa. This, however, is not supported by data of other tube diameters. For
example, at a mass flux of 5 Mg.m?.s™, the CHF data for the 8-mm tubes are lower than those for

the 6-mm tubes over the same flow conditions of the 4-mm tube data.
4.1.10 Data Obtained at a Pressure of 19.6 MPa

Figure 4.10 shows the CHF data for mass fluxes from 1 to 3.3 Mg.m™.s”, tube diameters of 6, 8,
11 and 15 mm, and qualities from -0.6 to 0.6 at a pressure of 19.6 MPa. There is not much data
obtained at similar flow conditions, except those for a mass flux of 1.5 Mg.m™2.s™ but some of
them quite scattered. The commonly observed tube-diameter effect appears to prevail among
most of the data at this pressure, and the reverse trend is less evident than the other high pressure

data such as 17.8 MPa (section 4.1.9) as an example.

4.1.11 Summary of CHF Trends with respect to Tube Diameter Exhibited in the AECL
Data Bank

CHF wrends with respect to tube diameter are summarized below based on the examination of the
AECL data bank. The selected data groups cover mainly pressures from 3 to 20 MPa and mass

fluxes from 1 to 5 Mg.m?s™.
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. Most data exhibit a common parametric trend with respect to critical quality. However,
relatively large scatter was observed in several data sets.

. A complex phenomenon was shown in this examination where the tube-diameter effect is
affected by not only the tube diameter itself, but may also be by the flow regime (which
depends on pressure, mass flux and critical quality).

. The effect of tube diameter on CHF is stronger at low pressures, low mass fluxes, and
high qualities, but appears to diminish as the pressure and mass flux increase.

. In general, the CHF increases with decreasing tube diameter. This trend was observed in
both subcooled and saturated conditions at pressures lower than 14.7 MPa. A reversed
trend was found at subcooled and low-quality conditions for some high pressures.
However, except at a pressure of 14.7 MPa, this trend is inconclusive.

. Systematic differences have been noted among data of different sources. A few data sets
were identified as questionable, but the uncertainty cannot be verified unless more data

were obtained.

42 A COMPARISON OF CHF VALUES OF VARIOUS TUBE DiAMETERS TO
THOSE OF AN 8-MM TUBE

The influence of various flow parameters on the tube-diameter effect is examined by comparing
the CHF values of various tube diameters to those of an 8-mm tube at the same flow conditions.
The. 8-mm tube data are selected as the reference because they represent the largest number and
cover the widest range of flow conditions in the AECL data bank. However, these data do not

always cover all corresponding conditions for data of other tube diamreters.

In this comparison, a polynomial function of CHF baszd on critical quality was derived with the
8-mm tube data for each set of nominal pressure and mass flux (corresponding to Figures 4.1 to
4.10). The CHF ratios were calculated between the CHF data of any tube diameters (other than
8-mm) and the experimental CHF values of an 8-min diameter tube expressed as continuous
functions (i.e., best-fit from the AECL data bank data of an 8-mm tube) at the same pressure,

mass flux and qualities. All these calculations were applied only to conditions where the 8-mm
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tube data are available, or in other words, thcse functions of CHF ratios were not extrapolated
over the ranges where the 8-mm tube data were absent. These best-fit continuous functions are

assumed to be valid only for the ranges covered by experimental data; any extension may result

in large errors.
4.2.1 CHF Ratios at Various Nominal Flow Conditions

Figures 4.11 to 4.18 show the CHF ratios between tubes of diameters of interest and those of the
8-mm diameter for various pressures. In each figure, the mean valuss of the correction factor for
diameter effect (in place of the exponent -1/2 as presented by Doroschuk et al. (1975) in

Equation (3.2)) are also shown for various sets of data.

At a pressure of 3 MPa (Figure 4.11), the CHF ratio decreases consistently with increasing tube
diameter. For tubes of diameter larger than 8 mm, it is also a function of critical quality, where a
smaller ratio (stronger diameter effect) is observed for higher quality. The quality effect,
however, is reduced as the mass flux is increased. Data of the 6-mm tubes appear to show a
similar trend that the diameter effect is stronger at higher quality (CHF ratio larger). On average,

the exponent in the correction factor varies from -0.96 to -2.48 for various tube diameters.

Figure 4.12 shows the CHF ratios at a pressure of 5 MPa. All ratios are larger than 1 for tube
diameter values smaller than 8 mm, while smaller than 1 for diameters larger than 8 mm. Unlike
those ratios at a pressure of 3 MPa, they are not affected significantly by either quality or mass

flux at these conditions. Various exponents (from -0.476 to -2.38) have been optimized with

these ratios.

A large scatter among CHF ratios is observed in Figure 4.13 for data obtained at a pressure of
7 MPa. Although an overall increasing trend of CHF ratio is shown with decreasing diameter,
there are a few exceptional cases. For example, the ratios are consistently larger than 1 for the
data of a 9.4-mm tube, while the data of a 20-mm tube lie between those of the 12.8-mm and

15-mm tubes at a mass flux of 1 Mg.m?.s". The data scatter is especially significant for small-
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diameter tubes, where a mixed effect is observed at mass fluxes of both 3.3 and 4 Mg.m2s"'. A

range of exponents from 0.03 to -2.03 is obtained for the correction factor.

The CHF ratios for data obtained at a pressure of 8 MPa are shown in Figure 4.14. Except for a
relatively large variation in CHF ratios with respect to quality at low mass-flux conditions, the
quality effect appears to be insignificant. The effect of mass flux is also quite small. Overall, the

CHF ratios remain larger for small-diameter ratios. The exponent varies from -0.075 to -1.31.

Figure 4.15 shows the CHF ratios for a pressure of 9.8 MPa. Similar to those obtained at

7 MPa, a large variation of ratios is observed with respect to quality. The trend is not systematic;
some show an increasing trend whereas others indicate a decreasing trend. Except for the 9-mm
tube data, a larger ratio is shown for small-diameter tubes. The ratios are larger than 1 for the
9-mm tube, but they cover only a narrow range of flow conditions. The average values for the

exponent cover a range from 2.21 to -3.35.

The CHF ratios for a pressure of 11.8 MPa are shown in Figure 4.16. They reduce considerably
at a mass flux of 1 Mg.m?s™” with increasing quality, but vary little at other flow conditions. At

high mass-flux conditions, the ratios approach 1. The exponent varies from 0.34 to -1.7.

Figure 4.17 shows a variation in CHF ratios with respect to quality at a pressure of 14.7 MPa.
The 11-mm tube data, the most obvious examples, show a systematic decreasing trend of CHF
ratio with increasing quality. The ratio varies from 1.5 to 0.75 over the quality range from
subcooled to saturated conditions. Furthermore, the tube-diameter effect is considerably reduced
at mass fluxes higher than 1 Mg.m?s". The mean values of the exponents vﬁry from 0.133 to
-0.663.

A different trend of CHF ratios is shown in Figure 4.18 at a pressure of 15.7 MPa, compared to
that in Figure 4.17. The increasing ratio displayed at a low-quality region in Figure 4.17 has not
been observed in Figure 4.18 at similar flow conditions (e.g., 1 Mg.m?2s™). Except at high-

quality conditions, the CHF ratios are relatively constant with respect to quality. At high mass

4-9



fluxes, the CHF ratio appears !0 increase with decreasing quality. However, the trend observed
in general seems quite different from what the other data showed; most CHF ratios for the 1 |-

mm tube are larger than 1 at a mass flux of 3.3 Mg.m™.s"'. The exponent varies from -0.950 to
0.347.

The same trend of CHF ratio as for the pressure of 14.7 MPa is displayed for data at a pressure of
17.83 MPa (Figure 4.19). The data for both the 10-mm and 11-mm tubes exhibit the decreasing
trend with increasing quality at fow mass fluxes. At high qualities, however, an increasing trend
is shown for the same tubes. The exponent varies from 0.503 to -0.85. In general, the diameter

effect appears to be reversing towards the lower qualities that CHF gradually becomes increasing

with increasing diameter.
4.2.2 Summary of the Variations in CHF Ratios

Tables 4.2 to 4.4 summarize the range of CHF ratios (together with the average values)
calculated for various tube diameters with respect to each data source. A large variation in CHF
ratios has been shown at various flow conditions for the same tube diameters. Figure 4.20 shows
the variations of CHF ratios for specific tube-diameter values (i.e., 4, 6 and 10-mm), where a
relatively large amount of data is available (other than the 8-mm tubes). Although the scatter
among these data is large, a few general observations can be made. For tube diameters of 4 mm,
the CHF ratios appear to increase with increasing quality. Except for the data at a pressure of

15 MPa, the effect of pressure and mass flux on CHF ratio is relatively small. The average CHF
ratio for the 4-mm tubes is approximately 1.4 over these flow conditions. For tube diameters of
6 mm, the CHF ratios are relatively constant at the low-quality region, but decrease as the quality
increases. Overall, the CHF ratio is influenced also by pressure and mass flux; a large ratio is
generally observed for low mass-flux and low-pressure conditions. Over these flow conditions,
the average CHF ratio is about 1.1. A similar trend to that of the 6-mm tubes is observed for the
10-mm tubes, with relatively constant CHF ratios at low-quality regions but a large scatter at
high qualities. The CHF ratios are also higher for low mass-flux and low-pressure conditions.

On average, the CHF ratio is about 0.9,



Figure 4.21 compares of CHF ratios for various tube diameters and pressures over a small range
of mass fluxes. As described in previous sections, the CHF ratios are generally larger for small-
diameter tubes. These figures also illustrate that the CHF ratio is a function of pressure: larger

CHF ratios are shown for lower pressures.

4.3  CORRECTION FACTORS FOR TUBE-DIAMETER EFFECT ON CHF BASED
ON THE AECL DATA BANK

A literature review of existing prediction methods for the tube-diameter effect on CHF was
described in Chapter 3. The methodology commonly used to account for this effect is based on
the correction factor recommended by Doroschuk et al. (1975) (i.e., Equation (3.2)). Most studies
suggested using a constant value for the exponent ‘n’ (e.g., Doroschuk et al. (1975) used a value
of -1/2 and Groeneveld et al. (1986) suggested a value of -1/3). This recommendation appears to
have the support of several analytical models, where the predictions can be similarly expressed in

term of a similar function as the correction factor of Doroschuk et al. (1975).

Section 4.2.3 clearly showed a more complex tube-diameter effect on CHF, which cannot be
accounted for with a simple constant value as the exponent. Tables 4.2 to 4.4 list the calculated
exponent 'n' at various flow conditions for various sources of data. Overall, the exponent varies
from -5.547 to 4.604, and is a function of pressure, mass flux and quality. Although more
complex correction factors were proposed by Boltenko et al. (1988 and 1989), they appear to
exhibit different trends from the experimental data shown in Section 4.2.2. The recommended
use of positive values for the exponent at the low-quality region was not supported by most data,
In addition, the exponents of Boltenko et al. (1988 and 1989) introduced discontinuity over the
transition region; this may not be acceptable for some computer-code applications. Hence, an

improved correction factor is needed for thermalhydraulic analysis.

The improvement to the prediction of the tube diameter effect on CHF follows the same
approach suggested by Doroschuk et al. (1975), which is consistent with existing prediction

methodology. A correction factor to the CHF of an 8-mm tube is used to predict the CHF of
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tubes of other diameter values, and is presented as a function of the diameter ratio. It is

expressed as

9.4 _[ d )" @n
9. 0008 0.008 .

In the present study, a flow-dependent €xponent, n, is introduced to account for the effect of flow
parameters on the correction factor, and is expressed in terms of pressure, mass flux and quality.
Two approaches were used to derive the exponent: one based on average calculated values
referenced to the data of the 8-mm tube in the AECL data bank, and one based on the best-fit
values of individual data set at various flow conditions. The main difference between these two
approaches lies in the data selection for each set of nominal flow conditions. The first approach
considered the data bank essentially a single source (it disregarded the identity of each data
except in identifying the reference), and deduced the tube-diameter effect over the complete flow
range. This approach provides the largest data base, but also the largest scatter, due to the
inherent uncertainty associated with each data set. The second approach examined only data
contained in each individual source. This reduces significantly the number of data, but minimizes

the uncertainty related to loop, design and operation.

4.3.1 Correction Factors Based on CHF Ratios Referenced to 8-mm Tube

An expression of the exponent, n, in Equation (4.1) is derived with the experimental data for
various flow conditions (calculated exponents previously shown in Figures 4.11 to 4.19 and in
Tables 4.2 to 4.4). It is expressed in terms of pressure, mass flux and critical quality, and a
number of constants optimized with the data base. To simplify the analysis, the optimization is
based on the average exponent calculated over each quality range for a nominal set of pressure
and mass flux. Figure 4.22 shows the average CHF ratios calculated for various tube diameters
and nominal flow conditions based on the data in Figures 4.11 to 4.19, The CHF ratios appear to

be quite consistent over these ranges of flow conditions for various qualities. Figure 4.23 shows
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the corresponding exponents at the same flow conditions, and a much larger scatter is observed.
The general trend is that the exponent is closer to 0 (CHF ratio nearer to 1) at low qﬁalities and
decreases (CHF ratio lesser or larger than 1 respectively for diameters larger than or smaller than
8 mm) with increasing quality. Figure 4.24 illustrates the complexity of the pressure and mass-
flux effects on the CHF ratio at a pressure of 13 MPa. The mass-flux effect is relatively
consistent with larger CHF ratios for higher mass-flux conditions; the pressure effect is

inconclusive in this particular case.

Table 4.5 lists the calculated average values of exponent for various diameters and flow
conditions. Based on these average values, a best-fit expression of exponent, n, is empirically

derived. It is written as
n = -0.7+0.477exp(-1.215+0.115p - 2.7x,-0.1G) (4.2)

where p is the pressure in MPa, G is the mass flux in Mg.m2s™, and x, is the critical quality in
fraction. This equation is limited to flow conditions of water flow only, and should not be
extrapolated to other fluids or flow conditicns outside of the data base. An attempt was made to
use non-dimensional parameters in the correlation. However, most non-dimensional parameters
for mass flux were also expressed in a function of diameter. This will result in an implicit
equation which is difficult to solve. Therefore, as a simplification, the dimensional parameters

are employed.

Figure 4.25 shows the parametric trend of the correction factor (based on the exponent n of
Equation (4.2)) with respect to diameter at a pressure of 10 MPa and mass fluxes of 1,3 and

4.5 Mg.m*s™. In general, the CHF ratio or CHF increases (negative value for the exponent n in
Equations (4.1) and (4.2)) with decreasing tube diameter, for any constant critical quality. As
critical quality increases, value of the CHF ratio gradually changes and shifts more away from
unity (exponent n more negative) for any one tube diameter, showing the increase in diameter
effect. For comparison, the average CHF ratios based on experimental data of the databank are

also shown in the same figure. They are well predicted with the correction factor (Equations
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(4.1) and (4.2)), except for the data having large scattering.
4.3.2 Correction Factors Based on Data of Individual Data Set

The correlation for the exponent, n, (Equations (4.1) and (4.2)) is dependent on the data of the
8-mm tubes, because the CHF ratio was calculated with reference to these data. As shown in
Figures 4.2 to 4.10, the scattering among some of the 8-mm tube data, especially for combined
data from different sources, shows certain degree of uncertainty and that can have a large impact
on the accuracy of the correlation. To minimize the effect, the exponent, n, was again
determined with data in individual data sets for specific flow conditions. This eliminates certain

uncertainties associated with different test facilities and experimental procedures.

The present analysis focused mainly on data sets with a large number of data and multiple tube
diameters. These data sets included Becker (1965), Bennett et al, (1965), Griffel (1965), Lee
(1965 and 1966), Tong (1964), Zenkevich et al. (1969), Smolin et al. (1979) and Kirillov (1992).
The compilation of data provided by Kirillov (1992) contains data from Zenkevich, Smolin,
Alekseev and Kirillov. CHF data in each data set were divided into various groups, according to

the nominal pressure and mass flux. These data were used to optimize the coefficients in the

following equation:

g, = fix) d” (4.3)

where f(x) is a polynomial function in terms of the critical quality. The exact form of the
function is not crucial because the main purpose of this optimization is to determine the
exponent, n. The slight variations with respect to critical quality of the exponent, n, is neglected

over each nominal flow condition.

Figure 4.26 compares the equations with the optimized correction factors to the smoothed
experimental data for various tube diameters at nominal sets of pressures and mass fluxes. The

optimized exponent for these conditions is shown in the same figure. Appendix I presents the
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comparisons for other flow conditions and data sets. Table 4.6 summarizes the optimized
exponents for various flow conditions and data sets. The overall range of the exponents is
between -1.2 and 0, with the majority being from -0.7 to -0.5. As anticipated, the flow conditions
covered in this approach are much narrower than those of the previous approach (i.e., based on
all data in the AECL data bank). The optimized exponents are shown in Figure 4.27 over various
ranges of quality at each set of nominal conditions. They vary with both quality and mass flux,
but do not appear to be significantly affected by pressure (other than data scatter). The pressure
effect shown in the previous approach was encountered mainly at high-pressure conditions,
which are not covered in the present data sets. Figure 4.28 shows the overall variation of the

optimized exponent for all data sets.

Based on the nominal flow conditions, an expression for the exponent is derived and is written in

the form of

n = -0.58 (1 -025¢ ) (1 - 0.015G) 4.4

where G is the mass flux in Mg.m™s" and x, is the critical quality in fractions. Probably due to
the lesser amount of applicable data in the optimization process as compared to section 4.3.1, the
pressure effect was not observed to be as significant and hence not included as a component in
equation 4.4. As explained above (for Equation (4.2)), non-dimensional parameters for mass

flux are not used because they are also a function of diameter.

44  ASSESSMENT OF CORRELATIONS FOR THE EXPONENT OF THE TUBE-
DIAMETER CORRECTION FACTOR

The introduction of the newly derived correction factors (exponent n) into the CHF correlation is
assessed with data in the AECL data bank. Although these correction factors only represent the
values of the exponent n, the comparison between their predicted CHF values ~ad the
experimental values is assessed, since the accuracy in terms of CHF is the main interest, The

CHF is predicted using Equation (4.1) based on the diameter ratio to the power n, As established
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earlier, the CHF values for the 8-mm tube data were used as a reference.

4.4.1 CHF Look-up Table Based on Data Obtained in Tubes of Diameter Between 7 and

9 mm

The CHF look-up table of Groeneveld et al. (1996) was derived for 8-mm tubes. However, the
table entries were updated with data of other diameter tubes using the correction factor with an
exponent valuc of -1/2, to improve the prediction accuracy of the table. The use of this table,
therefore, introduces a bias toward this exponent value. To avoid the bias, the preliminary CHF
look-up table (Leung 1996), derived only with data obtained in tubes of diameters between 7 and
9 mm, is used to provide the reference CHF value in this assessment. It covers a much narrower
range of flow conditions than the final table of Groeneveld et al. (1996). The comparison of
predictions against experimental data is made only for flow conditions where CHF values are

available in the preliminary CHF table. This further reduces the number of data for this

assessment.
4.4.2 Results of the Comparison

The comparison is carried out under constant dryout conditions, to show the closeness of fit for
the correlations (i.e., Equations (4.2) and (4.4)). Based on the experimental conditions of
pressure, mass flux and critical quality, the CHF value for an 8-mm tube is calculated using the
preliminary CHF look-up table, and the corresponding exponent, n, is evaluated using either
Equation (4.2) or (4.4). The CHF value for the tube of interest is obtained by correcting the CHF
value of an 8-mm tube with the diameter ratio to the power n. It is then compared against the

experimental CHF value to assess the prediction error. In this study, the prediction error is

defined as

PredictedCHF - MeasuredCHF
MeasuredCHF

Error =

(4.5)



the overall average error is defined as

N
Average Error (Avg) = % E(Error)i (4.6)
i=1

and the overall root-mean-square error is defined as

N
% > (Errow’ (4.7)
i=1

Root-mean-square Error (rms) =
The predicted CHF values using Equation (4.2) for the exponent results in an overall average
error of -0.67% and a rms error of 17.6% for 15 862 data points. About 1 900 data points have
been neglected in this analysis, due to the extremely large prediction error {beyond £50%).
These rejected data are believed to be questionable mainly because the parametric trends they
showed are opposite to the generally observed. Using Equation (4.4) for the exponent provides a
slight improvement in prediction accuracy: the average error is -0.28% and the rms error is
17.4% for also 15 862 data points. Figure 4.29 shows the distributions of prediction error for
these correlations at various error ranges (over a 5% interval). The error distributions are about
the same for both correlations, with more than 50% of the total data predicted within the £10%
error range. However, the use of Equation (4.4) results in slightly more data being predicted
within the £5% range. Therefore for this point in time, Equation (4.4) is recommended over

Equation (4.2).
4.4.3 Comparison Against Other Exponent-based Correlations

Several existing methods of predicting the exponent in the tube-diameter correction factor (see
Chapter 3) were assessed with the same data base. They include the diameter-dependent
exponent of Becker (1965), the constant values of -1/2 of Doroschuk et al. (1975) and -1/3 of
Groeneveld et al. (1986), and the flow-regime-dependent exponents of Kirillov et al. (1989 and
1991). These methods were selected in this assessment because they were based on a large

number of data and hence applicable over a wide range of flow conditions.
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Table 4.7 lists the prediction accuracy of CHF for various prediction methods, The accuracies
for Equations (4.2) and (4.4) are also shown for comparison. Among the existing methods, the
constant-exponent approach of either Doroschuk et al. (1975) or Groeneveld et al. (1986)
provides the best prediction accuracy. In addition, more data are predicted within the £50% error
range with this approach than with the others. The complex flow-regime-dependent exponents of
Kirillov et al. (1989 and 1991) give a less satisfactory prediction accuracy than others. This is
probably because of the uncertainty in the flow-regime transition, which limits the application of
these equations. The diameter-dependent exponents of Becker (1965) yield a reasonable

prediction of CHF. Table 4.8 lists the accuracies of these prediction methods based on each data

set.

The prediction accuracy of Equation (4.4), which is recommended over Equation (4.2), is
practically the same as that of Doroschuk et al. (1975), with close to 0% average error and 17.5%
rms error, and is better than the others. However, slightly more data are predicted within the
+50% error range (as well as the +5% error range) for Equation (4.4) than that of Doroschuk et
al. (1975) (15 862 data points for the former compared to 15 816 data points for the latter). The
error distributions of various methods are compared against that of Equation (4.4) in Figure 4.30.

For all cases, more data are predicted within the +5% error range with Equation (4.4).

4.5  SUMMARY OF THE TUBE-DIAMETER EFFECT ON CHF AND THE
DERIVATION OF A CORRELATION FOR PREDICTING THE EXPONENT N

The tube-diameter effect on CHF has been examined with the AECL data bank. As described in
Chapter 3, the diameter effect is a complex phenomena which is affected by pressure, mass flux
.and quality. In general, higher CHF values are observed for small-diameter tubes. A large
variation in the CHF ratio is shown when the CHF value of the 8-mm tubes is used as a reference
value. The ratios are strongly affected by quality and mass flux. The pressure effect is not
significant at low-pressure conditions, but becomes strong in the low-quality region as the

pressure increases.



The tube-diameter correction factor, used to modify the CHF values of an 8-mm tube, has been
rederived with the AECL data bank. It is based on the same method suggested by Doroschuk et
al. (1975), but the exponent is expressed in terms of flow parameters. Two approaches have
been used to derive the correlation for the exponent: one based on trends of the complete AECL
data bank (Equation (4.2)), and one based on trends of individual data sets (Equation (4.4)). The
latter approach has been shown to provide the best correlation. Furthermore, it results in a

simpler form of correlation than the first approach.

The recommended correlation, Equation (4.4), has been assessed against the AECL data bank,
and compared against the predictions of several existing methods. This assessment showed that
the recommended correlation provides the best prediction accuracy and predicts the most data

within both the £50% and the +5% error ranges.



Table 4.1: Range of Conditions Covered by Various Sources in the AECL Data Bank.

Source No. of Diameter (mm) Pressure (MPa) Mass flux (Mg-ni3s)
points
Alekseev (Kirillov, 1992) 1108 10 9.81019.6 02t07.5
Becker et al. (1962, 1963) 2378 4,6,7.8,10,13,20 03to 4.1 0.1t03.2
Becker et al. (1965) 1227 |4,5.6,8.6,9.4, 10, 11.5, 1.1109.9 021055
12.8, 17.5, 20, 23.6, 25
Becker and Ling (1970) 116 2.4,3,36 3.05107.1 0.03 10 0.98
Becker et al. (1971) 1379 10 3t020 02108
Bennett et al, (1965) 20t 9.5,12.6 41052 0.6103.5
Bertoletti et al. (1964) 352 5,8,9.2 51089 Ftod
Borodin and MacDonald (1984) { 465 9 8.3t0 10.3 1.2t0 6.9
Dell et al. (1969) 82 6.2 6.9 1.310 4.1
Era et al. (1967) 62 6 7 l.1to3
Griffel (1965) 402 6.2, 12.8,23.6,37.5 3.5t010.3 0.61t018.6
Groeneveld (1985) 118 10 81020 0281028
Hassid et al. (1967) 168 25 Jand 5 0371038
Hewitt et al. (1965) 263 9.3 0.11100.2 0.0910 0.3
Jens and Lottes (1951) 47 5.7 340138 [.31010.5
Judd and Wilson (1967) 49 1.3 710138 06710 3.4
Kirillov et al. (1984) 2470 78,8 70177 056
Lee and Obertelli (1963) 239 5.6,10.8 411011 0.6810 4.4
Lee (1965) 264 9.2,9.5,10.8,11.8 6.9 2t05.5
Lee (1966) 243 14,22,28,45 8.6t 12.5 0331034
Lowdermilk et al. (1958) 64 4. 4.8 0.1 0.071024
Matzner et al. (1965) 99 10 6.9 1.21095
Mayinger (1967) 30 7 7t0103 251035
Nguyen and Yin (1975) 56 12.6 7and 8 0.9310 3.8
Rudzinski (1994) 106 8 311010 121078
Smolin (1962, Kirillov (1992)) 666 4,5,6,74,8,10 7.81019.6 05075
Smolin (1979, Kirillov (1992)) | 3000 3.8,6.1,8, 11,16 - 310177 05075
Snock (1988) 13 12 9.6 lto5
Swenson (1962) 25 10.5 13.8 06710 1.8
Teyssedou et al. {1995) 68 8 05t03 ltod
Thompson and Macbeth {1964) 945 1,2,5.6,7.8,9.4, 10.8, 1to 19 0.2to 185
11.5, 12.8, 23,6, 37.5
Tong (1964) 253 6.2,105,11.2,12.8 5210 13.8 0.6810 14
Yin et al. (1988) 287 13.4 11020 2
Zenkevich et al. (1969) 5033 4,58,68,8,11,15 5910 19.6 05105
Zenkevich et al. (1971) 392 8 6910 17.5 lto2.8
Zenkevich et al, (1974) 840 |5,6,7,8,9,10,11, 126 61020 05067
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Table 4.2: CHF Ratios and Exponents ‘n’ for Various Sources (diameter from 2 to 6 mm).

Dia. p G X CHF/CHF, CHF/CHF, n n Source
(mm) (MPay (Mgnlds') (average) (average)
2 12 33 0 1.16 1.16 -0.11 001 Thompson
4 5 2.7 3410 .38 1.47t0 1.50 1.483 -0.556 to -0.292 -0.568 Becker
5 32 2510.33 i.41t0 1,55 1.457 -0.496 to -0.632 -0.543 Becker
7 2.8 J310.35 1.5410 1.574 1,557 -0.62310-0.654  .0.639 Becker
7 33 0.23 1.24 1.24 -0.307 -0.307 Becker
7 5 Jo.ls 1.28t0 1.53 1.4 -0.35610-0.614  -0.495 Becker
8 4 A5t0.25 14410 1.5 1.444 -0.526 to -0.585 -0.53 Kiritlov
8 5 1025 1. 7110 1.58 1.629 -0.774 to -0.660 -0.704 Kirillov
10 5 05102 1.3310 1,76 1.531 -0.41110-0.816 0614 Kirillov
15 4 -0310.25 J7t01.18 017 037710 -0.239 -0.023 Kirillov
15 5 Oto.2 9o 1.1 1.020 0.910-0.138 -0.027 Kirillov
4,5 7 4 0to .05 13710 1.5 1.433 -0.54710 -0.585  -0.625 Kirillov
5 7 33 A 10.15 1443 to 1.50 1.471 0.780t0-0.705  -0.82] Kirillov
12 4 Jdto.15 1.02t0.95 0.985 -0,042 to 0.109 0.032 Kirifloy
56 5 4 0810 28 1.37t0 1.11 1.18 -0.883 t0 -0.222 -0.476  Thompson
7 4 .0510.25 1.52410 1.16 1.336 -1.181 to -0.416 -0.812 Kirillov
6 3 £.5 510 .55 1.22t0 1.92 1.513 -0.691 10 -1.829 -1.44 Becker
7 28 JA310.2 13610 1.46 1.4 -1.06910-1.315  -LI72  Mayinger
7 a3 .0510.30 1.28 10 1.08 .14 -0.85810-0.268  -0.456 Kirillov
7 4 Jw .5 1.5510 1.44 1.496 -1.52310-1,268 -l.4 Tong
7 5 0510.25 1.24t0 1.04 1.114 -0.748 to -0.136 -0,375 Kirillov
8 2.8 010.25 1.08 10 .98 1.022 -0.268 to 0.070 -0.075 Kirillov
8 33 D503 1.21 10 1.027 1.1] -0.66310-0,093  -0.369 Kirillov
8 4 O510.2 1.09to 1.13 1.124 0.30010-0425  -0.407 Kirillov
8 5 Ol0.2 1.27t0 115 1.192 -0.831 10 -0.486 -0.61 Kirillov
10 2.8 Olo.15 11310 1.36 1233 0.42510-1.069  -0.727 Kiriliov
10 a3 110.35 1.12t0 1.08 [.099 -0.39410-0.268  -0.329 Kiriltov
10 2.8 Otw.I5 1.1310 1.36 1.233 -0,425 to -1.069 -0.727 Tong
10 4 Oto.15 1.09 10 1.086 1.09 -0.300 to -0.287 0.3 Kiritlov
10 5 0to.15 1.21to 1.1 1119 -0.663 10 -0.331 -0.391 Tong
12 a3 010.3 1.1210.99 1.162 -0.394 to 0.035 -0.522 Kirillov
12 5 0310.15 1.07 10 1.03 1.045 -0.23510-0,103 -0.153 Kirillov
15 1 310.38 1.2810 1,14 1,205 -0.858 10 -0.455 -0.648 Kirillov
15 2.7 010.18 1110 1.17 1146 -0.33110-0,546  -0.474 Kiriliov
15 32 -110.33 1.09 t0 .82 1.005 -0.300 to 0.690 -0.017 Kirillov
) 4 -0510.17 8810 1.01 0.962 0.444 10 -0.035 0.133 Kirillov
15 ] 0t0.27 l.1B 10 .85 1.012 -0.575 to 0.565 -0415 Kiritlov
16 1.5 D50 .45 9710 .69 0.937 0.106 to 1.290 0226 Kirillov
16 33 010.35 1.1810 .98 1.073 -0.575 10 0.070 -0.245 Kirillov



Table 4.3: CHF Ratios and Exponents ‘n’ for Various Sources (diameter from 7 to 10.4 mm),

Dia, P G X CHF/CHF, CHF/CHF, n n Source
(mm) (MPa) (Mgnids') {average) (avernge)

7 7 2.8 15t0.25 11910 1.35 127 -1.303 to -1.043 -1.79 Mayinger
7 i3 Jdto .2 12110 1.26 1.216 -1,428to -1.731 -1.465 Mayinger

10 33 210.35 1.23101.93 1.564 -1.55010 -4.924 <335 Kirillov
10 33 dte 2 1.2310 1.35 1.379 ~1.550 to -3.282 -2.41 Mayinger

9 7 28 3w 4 9610 .84 0.9 -0.347 to 1,306 -0.904 Kirillov
8 2.8 0.4 0.928 0.928 -0.634 to -0.634 -0.632 Borodin

10 2.8 2510.35 [.18tc .92 1.074 1.405 10 -0,708 0.606 Borodin

10 3.3 2510.35 1.2510 1.34 1.297 1.895 10 2.485 2.21 Borodin

9.5 7 i 6210.74 1.2310 1,72 1.388 1,205 10 4.604 2.031 Kirillov
10 3 | 4510 .65 1.04 to .42 0.791 0.176 10 -3.888 -1.05t Becker
3 1.5 4310.53 .7910.29 0.575 -1.056 10 -5.547 -2.48 Becker

3 2.7 210.38 8910 .55 0.786 -0,52210 -2.679 -1.08 Becker

3 32 1310.35 910.63 0.807 -0.472 10 -2,071 -0.96 Becker

5 l 5810.73 6810 .582 0.587 -1.728 10 -2.426 -2.38 Becker

5 27 2510 .375 89510.938 0.868 -0.497 10 -0.287 -0.632 Becker

5 3.2 1810.3 9l10.88 0.876 -0.42% 10 -0,573 -0.592 Becker

7 l 410 .65 95510 .84 0.826 -0.206 10 -0.781 -0.855 Becker

7 28 10,15 99 10 .861 0.925 -0.045 10 -0.671 -0.349 Becker

7 33 dw 3 .B410.91 0.889 -0.781 1o -0,423 -0.527 Becker

7 4 Oto.25 1.3610 .95 1.007 1.378 10 -0,230 0.031 Kirillov

7 5 0510.25 Tiw .91 0.97 010-0.423 -0.137 Becker

8 1 310 .58 9210.81 0.855 -0.374 10 -0.944 0.7 Becker

8 33 .05 to .075 98 to .88 0.932 -0.091 10 -0.573 -0.316 Becker

10 | 22510 .55 1,13t0.53 0.92 -0.54810-2,845  -0.376 Becker

10 i3 11035 B4101.14 0.981 -0,781 10 0.587 -0.086 Becker

10 4 -0510.225 1 10.932 0978 010-0.316 0.1 Becker

10 3 0510.1 1 | 0 0 Kirillov

12 | J10.46 1.1410 .42 0.973 0.587 to -3.888 -0.121 Kirillov

12 2.8 Jdio3 8910 1.16 0,95 -0.522 10 0,665 -0.263 Kirillov

12 a3 dto 3 9810 1.18 1.079 -0.091 10 0.742 -0.34 Kirillov

12 4 Jtolt5 9810 .99 0.986 -0.091 10 -0.045 -0.063 Kirillov

12 5 .0510.15 1.0410 .95 0.996 0.176 10 -0.230 -0.018 Kirillov

10.4 15 32 0710.2 8810 .93 0919 -0.487 10 -0.325 -0.32 Kirillov



Table 4.4: CHF Ratios and Exponents ‘n’ for Various Sources (diameter from 11 to 20 mm).

Dia. P G X CHF,/CHF, CHF/CHF, n n Source
(mm) (MPa) (Mgai3s") (average) verage)
3 7 | 2710.714 957 10 .489 0.847 -0.13810-2.727 0522 Kiriltov
7 28 0310.15 85610 .86 0.855 -0.488 to -0.474 -0.492 Kirillov
7 33 N510.15 170 .84 0.803 -0.82] to -0.547 -0.69 Kirillov
8 1 21t0.7 910.48 0,764 0.33110-2305 -0.844 Kirillov
B 28 -0510 .05 95610 .83 0.907 -0.141 to -0.585 -0.305 Kiriiloy
10 I A25t0.5 B8 10,465 0.751 -0.401 10 -2.404 -0.897 Kirillov
10 28 35 0.921 0.921 -0.258 -0.258 Kirillov
12 1 310 .46 85 to 0.34 (.581 -0.51010 0.340 -1,703 Kirillov
12 28 Oo.3 8910 1.07 0.878 -0.366 10 0.212 -0.4 Kirillov
15 1 -05t0 .48 1.4 14 1.057 -0.46 Kirillov
15 2.7 0to .33 1.07 10 .B8 0.979 0.21210-0.40] -0.083 Kirtllovy
15 33 25103 9210.96 0.926 -0.262t0-0.128  -0.241 Kiriltoy
16 1 1510 .53 A7t 1.19 0.835 -0.82] t0 0.546 -0.567 Kirillov
16 1.5 0510 .33 710 .60 0.739 -1.075to -1.604 -0.948 Kirillov
16 2 0310 .35 91101,03 0.9 -0.296 10 0.093 -0.328 Kirillov
I6 2.8 010.35 9510 .67 (.862 -2.161 to -1.258 -0.467 Kirillov
13 3 1 Jto 58 1210 48 0,600 1677 10 -2,438 -1.052 Becker
5 2.7 125103 754 10.737 0.752 -0.58210-0629  -0.608 Tong
5 4 0310.1 T75%t0 814 0.788 -0.568 10 -0.424 -0.508 Tong
7 ; S13tw0 6 763 10 802 0,801 -0.557 10 -0.454 -0.472 Kirillov
7 2.8 0510.3 90 10 .803 0.833 -0.217 10 -0.452 -0.376 Kirilloy
7 4 010,05 89 1t0.75 0.82 -0,240 1o -0.593 -0.82 Tong
B 28 0510.2 D.734 10 .68 0.709 -0.637 t0 -0.794 -0.709 Tong
10 28 Oto.15 684 1o 662 0.677 -0.782 10 -0.850 -0.803 Tong
10 4 Oto.l B2610.75 0,79 -0.394 10 -0.593 -0.486 Tong
2 12 28 Jd1o.15 1810,71 0.75 -0.444 10 -0.705 -0.51 Lee
12 3.3 O1to .05 0.923 0,923 -0.143 0,143 Lee
15 7 | 610 .625 41710 0,34] 0,379 -[.39110-1.923 -1.54 Kiriflov
15 | 2810 .43 0.749 0.749 -0.46 -0.46 Kirillov
16 1 25104 7510 .69 0.731 -0.458 to -0.590 -0,5 Kitillov
16 1.5 2510.35 Blip.72 0,742 0.33510-0.523 0475 Kirillov
16 2 2810.35 1.1te 1,33 1.244 0.152 10 0.454 0.347 Kirilloy
16 10 | 4710 .49 351032 0.331 -1.515t0-1.813  -1,596 Kirillov
15 1 A7 10 .47 0.632 0.632 -0.663 -0.663 Kirillov
29 5 1 4310 .48 57910 .526 0.553 -0.596 10 -0.70) -0.646 Becker
7 1 A510.4 .645 to .363 0.603 -0.47910-0.627  -0.552 Becker
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Table 4.5: Average Values of Exponent ‘n’ at Various Nominal Pressures and Mass Fluxes.

P =3 MPa, p=35MPa, p=T7MPa, p=8MPuy, p=10 MPa,
x from 0.02 10 0.72 x from 0.02 10 0.73 x from 0 1o 0.4 x from -0.05 100.3 x from -0,08 10 0.38
G= I 1.5 | 27 ] 32 i 27 ] 32 4 28 | 33 4 5 28 | A3 4 5 2.8 3.3 4 5
d{mm)
4 -0.568]-0.543 -0.639 -0.5 -0.53 1-0.704 0614
4.5 -0.625
5 -0,821 -0.49
55 -0.476 -0.812
3] 1,44 -0.172]-0.456} -1.4 |-0.38 1.0,075[-0.369]-0.407] -0.61 |-0.727]-0.320] -0.3 [-0.606
7 -0.179| -1.46 (A
9 -0.904 -0.632] -1.31 -0.606] 2.21
10 {-1.05]-2.48 | -1.08 | -0.96 -2.38 |-0.632]-0.592 -0,3491-0.527] -0,03 | -0.14 -0.316 -0.086]-0.100 0
11 ) -0.492] -0.69 -0,31 -0.256
13 ]-1.05 -0.608 -0.508 |-0.376 -0.409 -0,709 -0.803 -0.46
20 -0.646
P =12 MPa, p =15 MPa, P = 16 MPa, P~ 1% MPa,
x from 010 0.3 % from -0.07 10 0.48 x from O to 0,45 x from -0.15 10 0,48
G= | 28] 3.3 4 5 1 28 3.2 4 5 1 1.5 2 28 33 1 2.8 3.3 4 5
d(mm)
2 -0.11
4 -0.023]-0.027 Q112 ] 0.02
5 -0.032
6. -0.522 -0.153]-0.648]1-0.474[-0.017]0.133 |-0.042 0,226 1,073 10.167 | 0.102 |-0.153 | 0.102 |-0.654
7 0.503
10 [-0.26]0.340|-0.063]-0.016 -0.32 -0.85 {0,031 | 0.446 [ 0.307
11 |-04 -0.117]-0,083|-0.241 -0,567|-0.948 |-0,328{-0.467 -0.825 [-0.231
14 1-0.51]-0.145
15 -0.46 -0.5 |-0.475|0.347 -0.69
16 -0,663
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Table 4.6: Prediction Accuracies of CHF from Various Exponent-based Prediction Methods.

Method No. of Data Error (%)

mean rms
Becker (1965) 15657 0.9 18.2
Doroschuk et al. (1975) 15816 0.3 17.5
Groeneveld et al. (1986) 15816 1.3 17.6
Kirillov et al. (1989) 15641 2.3 18.7
Kirillov et al. (1991) 15660 2.3 19.1
Equation (4.2) 15862 -0.67 17.6
Equation (4.4) 15862 -0.28 17.4
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Table 4.7: Optimized Exponents for Various Flow Conditions and Data Sets.

Becker (1965) [P=3,G=0.5 [P=3.G=10 [Pu3 Gr 15 l'r;-a,o-z Pu5G=05 |P=5Gm1 [Pus Ga23|Pas Gad Pm?, Gwi
0.45<x<0.0 [0.45<x<0.75[03 <x <07 I.2<x <055 0.75<x<0.9 {035 <x<0.65]0.1 <x<0.5 [0, <x <03 0.2 < x <0.8
6<d<25 Gede8 4<de20 dede |75 [T<d<iD T<d<20 303<d<10 393 cdes |6<d <24
n = -(.8 n=-0.4 n=-0.45 n o~ -0.5 In~ 085 n = -0.9 0w .1.2 n = 0,35 = -0.6

Becker (1965) {P=7,G=2 [P=7.G=4
(< x <0.5 0.05 < x 20,35
d<de24 4<d<2d
n = -0.6 n=0.6

Bennettetal, |P=7.Gm13 [P=?,Gu2 [Pu?,G=27 [P=7 G=4

(1965) 0.35<x <06 {01 <x<0.5 0.0 <x<045 |0 <x<045
95<d<t3 95<d<13 RS<d<I3 [05<d<i3
n=-05 n =-0,9 n = -0,6 n=.05

Giriffel {1965) [P =7, G =0.95|P=7,G=1.35[Pn7,Gu 1.9 [P, G=27 Pm7,Gm38 P27, G=55|Pu?.G=75
0«<x<0.6 -1 < x <0.45 -0.05 < x <0.4 0.2 < x <0.25 {-0.15 < x <0.2 -0.15 < x <0.2 ]-0.05 <x<0.15
13<d<38 13<d<38 (6<d<38 6<d <38 6<d< 38 [6<d <38 b<d< 3B
n = -(.5 jn =04 n = -0.4 jn=-05 n = -0.4 n=-04 jn=-04

Lee and P=7.C=] [Pa?7,G=2 |[P=7G=4

Obertelli 0.5<x<D8 [015<x<0.5 [D<x<03

(1963) Gadei2 G<d< ]2 Gede |2
n =-0.9 n = 0.5 0= -0.5

Lee (1966) P=1l,G=l |P=]l,G=1.35|P=11,G=2 P=ll,Gu27{P=12,Gu05[P=12,G= | P=12,G=ld4
0.1 < x <04 {0<x<03 0.05 < x <0.25 {0.05< x <0.15 [0.4 < x <0.5 0.15 < x <0.25 [0.05 < x <0.2
D4<d<28 |I15<d<28 [94<d<1d4 NI15<d<14 l4<d<28 14<d<28 14<d <28
n=-0.5 n ~-0.8 0= 0.5 n = -0.85 In=-0.8 In=-10 n=.0.8

{Zenkevichet [P=7 G =275

al, (1969} 0.3 <x <04
95<d«12.6
n=-0.85

Zenkevich Pml12, Gut5IP=12,G=2 |P=12G=25

(1974) 0.25 <x <04 [0.15<x <0.35|0.1 <% <0.3 i
7.7<d< 104 [77<d< 104 |77 <d < 10.4
n=-1.2 I = 0,85 n=-0.9

Kirillov P=?,G=05 [Pm7,G=2 [Pu7, Gud

(1992) 0.7 <x <0.9 [0.15 < x <0.45|0.05 < x <0.35
Bed<126 [8<d<126 [8<d<95
n = -0.6 n = -0.5 n w~-0.5

Tong (1964) [P=7,Gwl.5 [P=7,G=19 P=7,G=27 [P=7 G=38 P=7,G=55 |P=m7,Ga75 |P=7,G=95
0.1 <x<0.2 |0.2<x<03 [0.1<x<025 [0.05<x <02 0 < x<0.] 0<x <008 [0<x <0l
10<d<I3 |5<d<l3 Gedall 6<d< 13 6<cd< 13 G<d<|d G<d<]3
n=-0.5 n = -0.6 0= 0,85 n=-0.8 0 = 0,85 n=-0L§ n=-05

Tong (1964} |Pw 10, G=27|P=10,Gw3.7[P=10,G=53IP = 10,G=76|P=10,G=0
0<x<0.15 [0<x<0.l 0 < x <0,1 -0.05 <x <01 [0<x <012
6<d<13 G<d«<13 6<d< I3 Geda]] Ged<]l
n=-07 |i-08 |o-.07 n=-0.5 [n--O.S

Smolinetal, |P=8,Gmwl [P=8G=l5 [P=8,G=27 Pul2,G=l5[Pw12,G=22|P=12,G=27|P=12,Gad Pm12,Gus

(1979 06<x <07 [045<x<0.55[0.0 <x<0.4 |0<x<0.25 {-0.05<x<03 -0.02 < x <0,3 1.0.05 <x<0.15 [0 < % <0.15
J<d<il Bad<ll Bad<|Il C<d< 8§ 6<d<l] 6cd<]l 6<d<B Gcd<8
n =8 n = -0.5 n=-0.5 n = -0.5 n = .0.5 n = 0.5 n=0 1= -0.1

Kirillov P=10,G=05{P=10,G=1 {Pm]0,Gnl5[P=10,Gw2 P=10,G=25]Pm 10, G=27|P=10,G=3 [Pu=i0,G=d4 |Pmi0 Gm05

(1992) 0.4<x<095 |02<x<06 [0<x<04 -0.05<x <0.4 |0.05<x<0.35[0<x <035 [0<x<03 < x <04 0«<x <015
B<d<]0 B<d<10 6<d<l] Gadell G<dall Bed<ll Gad< |0 dzd< 10 G<d<8
n=0 n = n = -0,6 n =-0.5 o = 0.5 n = -0,35 [n = 0.45 {n = -0.45 n=-0.5




Table 4.8: Prediction Accuracies of CHF Correlations vs. Data Sets of AECL Data Bank
[efals
ISnme of Equaticn (4.2) E tion{4.4) Kirrilov (1989) Kirtilov {1991)
Experimental mean ms no.of f m . ms no. of | mean iins no. of | mean rms no. of
Data Year error error data error error data ertor error data error | error data
v 1992 =063 0186 343 =0 (JR6 0,191 839 0028 0,183 841 =0.013 0 1R85 242
Becker 1963 -0.074] 0.230 1967, -0.044]  0.223 1991 0.014]  0.223 1961 0.002] 0.221 1983
ecker 1965 -0,084] 0.193 11583 -0.065 0.188 1150 0.000] 0.230 11110 -0.003] 0226 1108}
Becker 1970 0.053 0.142 54 -0.076] 0.159 56 0.257]  0.358 62 0.251 0.371 61
Becker 1971 -0.058] 0.181 1020 -0.072] 0.183 1071 -0.013 0.175 ]076' -0.001 0.175 1070
enfiett 1965 -0.0114- 0.161 182 0.028] 0.165 186 0.104] 0.201 176 0.107] 0.201 175
Borodi 1984 -0.034] 0.117 464 -0.021 0.115 464 0.002]1 0.118 464 0.007] _ 0.117 464
Dell 1969 0.000] 0144 67 =0.014] 0.170 lql -0.060] 0.174 708 -0.070]  0.191 72
ERA 1967 0.206] 0.289 25 0.183 0.275 27 01550 0.276 32 0.164]  0.275 35
riffel 1965 =0.112]  0.183 196 -0.074] 0.172 196 0.088] 0.253 201 0.091 0.267 187
Hassid 1967 -0.136) 0.175 158 -0.018 0.137 161 0.315]  0.363 116 0.273) 0342 134
cns 1951 =0.255 0.273 13 -0.173} 0.187 13F 0319 0.324 130 -0.333] 0.33% 13
udd 1967 0.103 0.175 49 0.108] 0.169 49 0.216]1 0.246 46 0.228] 0.260 46/
Lee 1963 -0.167 0.203 189 -(},154 0.193 189 -0.098 0.162 186] -0.089 0,158 183
Lee 1965 -0.030 0.144 261 -0.013 0.136 257] 0.035 0.137 250 0.040] 0.140 250
e 1966 0.015 0.101 120 0.006] 0,087 120 0.170] 0.196 120 0.193] 0.220 120
Matzner 1965 -0.046)  0.197 59 -0.027] 0.189 58 0.031 0.194 57 0.034] 0.194 57
Mayinger 1967 -0.185 0223 38 -0.187] 0.220 37§ -0.215] 0.242 373 -0.215] 0.242 37
Rudzinski -0.092] 0.158 87 -0.092{ 0.158 R71 -0.092] 0.158 R7)  -0.092{ 0.158 571
molin 1962 0.072] 0.152 612 0.062] 0.156 606 0.021 0.155 613 0.018] 0.173 610
molin 1979 0.036] 0.125 2778 0.040{ 0.132 2783 0.017]  0.125 2751 0.012 0,129 2748
1988 0.016 0.127 14 0.034]  0.130 14 0.122] 0.145 13 0.184 0.228 14
1964 ~0.084 0.185 135 -0.073 (1.180 135 -0.006] 0.237 134 =0.005 9.240 135
1988 -0.09 0.247 219 -0.124]  (0.281 211 -0.068] 0.223 185 -0.030] 0,230 195
1969 (.04 0.175 4101 0.042] 0.168 4114 0.038] 0.185 4079 0.036] 0.193 4069
1971 0.043 0.211 203 0.044] 0.211 203 0.043 0.212 203 0.043)  0.212 203
1974 gﬁﬂ (0.163 784 0.047] 0.157 775 0.089] 0.18% 763 0.100f  0.200 762
— ——— —————— E—
-0.0067]  0.176 15862} -0.0028] 0.174] 158620 0.0233 0.187} 156410 0.0232] 0.191] 15660
- - ~ ! —— —==
Coralatinne
Sourge of Becker Groeneveld (1986) Foroschuk et al. (1975}
Experimental mean mms no. of § mean ms no. of
Data Year error etror data error error data
Aleksoay 1992 00871 094 0002} 0195 839
Backer 1963 0,008 0.219 1997 .(.039 0.223 2001
[Backer 1965 -0.015 0,232 1133 -0.065]  0.188 1150
ecker 1970 -0.264 0.335 58 {.078 0.176 57
Becker 1971 =0.055 0.178 1065 -0.077 0.186 1071
Bennett 1963 0.087 0.196 179 0.022 0.170 186
Borodin _ 1984 -0.012 0.115 464 =0.025 0.116 464
2l 1959 0,062 0.180 70 -0.011 0.167 70
[ERA 1967 0.185] 0290 31| 0.186] 0277 ﬁ_‘l
Griffel 1065 0.045 0.251 197F _-0.096f 0.177 197
[Hassid 1967 0312] 0371 164 -0.053] 0.123 160]
[Jens 1951 -0.210 0.221 13 -0.140 0.159 13
1967 0.177 0.222] 49 0.161 0.208 49 0.096 0.158 49
1963 -0.118 0.166 1830 .0.125 0.171 1861 -0.158 0.195 189
1965 0.014 0.144 255 0.013 0.140 255 -0.018 0.139 258
1266 0.156+ 0.182 120 (.080 0.119 120 -0.017 0.081 120
1965 0.001 0.185 570 -0.001 0.185 57 0.074 0.2.73 37
1967 -0.206 0.235 378 -0.201 0.231 37 -0.183 0.217 37
-0.096 0.160 371 .0.092 0.158 87 -0.092 0.15% 87
1962 0.012 0.149 613 0.048| 0.150 610 0.063 0.153| 597
1979 0.020]  0.126 2757 0.035 0.128h 2768 0.042 0.132 2773
1988 0.077 0.114 13 0.052 0.097 13 0.014) 0.133 14
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Figure 4.1: CHF vs. Quality for Data from Different Sources (Pressure 3 MPa)
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Figure 4.2: CHF vs. Quality for Data from Different Sources (Pressure 5 MPa)
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Figure 4.4: CHF vs. Quality for Data from Different Sources (Pressure 7.9 MPa)
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Figure 4.5: CHF vs. Quality for Data from Different Sources (Pressure 9.8 MPa)
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Figure 4.6: CHF vs. Quality for Data from Different Sources (Pressure 11.8 MPa)
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Figure 4.7. CHF vs. Quality for Data from Different Sources (Pressure 14.7 MPa)
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CHF vs. Quality for Data from Different Sources (Pressure 15.7 MPa)
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CHF vs. Quality for Data from Different Sources (Pressure 17.8 MPa)
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Figure 4.11: Ratios of CHF vs. Quality Between 8 mm Tube to Other Diameters
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Figure 4.13: Ratios of CHF vs. Quality Between 8 mm Tube to Other Diameters

(Pressure: 6.9 MPa)
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Figure 4.14: Ratios of CHF vs. Quality Between 8 mm Tube to Other Diameters

(Pressure: 7.9 MPa)
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Figure 4.15: Ratios of CHF vs. Quality Between 8 mm Tube to Other Diameters

(Pressure: 9.8 MPa)
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Figure 4.16: Ratios of CHF vs. Quali

(Pressure: 11.8 MPa)

4-43

CHF Ratio between tubes of 8mm & other diameters

20
P=11.8 MPa G=2.8 Mgisqm-s [—g— AT 0mm {Kirlkov)
T =110 {Kiriov)
,E —dr—  d14mm (Logy
= avg. lor sach g
@ 1.5
'
T
o
2
Lo = =(10/B)*-0,263
o =(11/8)4.0.4
8 A =(14/8)2-0.51
K]
€ .0
[ 9
T
o
00 T T T T
-0.2 0.0 0.2 0.4 0.6 t
Quallty x

CHF Ratios between 8mm tube & other diameters

20
P=11.8 MPa G=4 Mg/sq.m-s ——  G5mm (Kot
—f— =10 {Kilkov}
---------- m.mmd
1.5+
h 5 ~(E/B)* 0.032
={10/8)7-0.063
0.5
0.0 r T T T
-0.3 -0, Q.1 a2 0.5 L
Quality x

ty Between 8 mm Tube to Other Diameters



CHF Ratios: CHF(d) / CHF{dmm) CHF Ratios: CHF(d) /! CHF({8Bmm)

CHF Ratlos: CHF{d) / CHF{8mm)

CHF Ratio between 8mm tube & othaer diamaters

20
Pa14.7 MPa, G=1 Mg/sq.m-s —8— e tRxilon
=~—Or— dal1mm {Kirktoy)

k—  de 5w {Kirilov}

——tr= ge16mm (KGrikov)

154 ———— &g boroachd

%hﬂqk& gw.. -(6/8)%-0.648

={11/8)4-0.117

=(15/8)4-0.46

&Orh L (16/8)8-0.663
0.5+
0.0 Y T T T
0.1 0.1 c.3 0.5 0.7 0.9
Quality x
CHF Ratio between 8mm tube & other diameters
20
P=14.7 MPa, G=3.2 Mg/sq.m-s
—&—  du8mm (Kidlo)
—&—  duiD.4mm (Kirlkv}
=8 de11mm (Kirkiov)
wy s avg. tor each o

et

={6/8)*-0.017

=(11/8)*-0.241
=(10.4/8)4-0.32

0.5+
0.0 T T T T
-0.1 o 0.3 0.5 0,7 0.8
Quality x
CHF Ratio between 8mm tube & other diameters
2.0
P=14.7 MPa G=5 Mg/sq.m-s
—@—  deimm (Kiritlov)
ey CaBmim {Kilkav)
.......... avg, for each d
154
={G/B)*-0.0415
=({4/8)5-0.0272
1.04
0.5-
[+XH T T ¥ T
-0.1 0. 0.3 0.5 a.r Q0.8
Quality x

CHF Raties: CHF(d) / CHF(8mm}

CHF Ratios: CHF{d)/CHF(8mm)

CHF Ratio between Smm tubs & other dlameters

20
P=14.7 MPa, Gu2.7 Mg/sq.um-s
——— Ca=Birem (Kiriikoy)
8 o1 Kiikoy)
s g for aachd
1.54
={6/8)A-0,474
LT T
={11/8)4-0.083
0.5'|
0o T T v T
0. 0.1 [ER] 0.5 0.7 0.4
Quality x
CHF Ratlo bstween 8mm tube & other diametars
20
P=14.7 MPa, Ge4 Mg/sq.m-s —@— 03,04 oo
= Oefi.07mm (Kirow)
.......... avg. for aach
1.5
P oo~  hn »{3.84/8)4-0.023
’ =(6/8)40,1323
0.5 4
00 r r r T
-0.2 0.0 g.2 0.4 0.6 [ 2]
Quallty x

Figure 4.17: Ratios of CHF vs. Quality Between 8 mm Tube to Other Diameters

(Pressure: 14.7 MPa)
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Figure 4.18: Ratios of CHF vs. Quality Between 8 mm Tube to Other Diameters
(Pressure: 15.7 MPa)
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Figure 4.19: Ratios of CHF vs. Quality Between 8 mm Tube to Other Diameters

(Pressure: 17.8 MPa)
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5. ASSESSMENT OF MODELS ON DIAMETER
EFFECTS

Appropriate accounting for the tube-diameter effect on CHF is crucial for the success of a
physical modet or correlation. It is unlikely that a single model is capable of modelling the CHF
mechanisms in different flow regimes. Two semi-analytical models are examined to enhance the
understanding of the physical mechanisms pertinent to the diameter effect on CHF. These
models cover two different regimes: bubbly flow at subcooled and low-quality conditions, and
annular-film flow at high qualities. They are the homogenous flow mode! based on the Reynolds

analogy for subcooled and low-quality flow and the annular-film dryout model for high-quality

flow.

5.1 REYNOLDS ANALOGY FOR SUBCOOLED AND LOW-QUALITY FLOW

5.1.1 Introduction

The Reynolds analogy relates the similarity of heat transfer in pipe flow to friction at the wall.
Based on this theory, Tong (1968) and Thorgenson et al. (1974) related the heat transfer and CHF
for subcooled fiow in tubes to a critical friction factor or Reynolds number. Their semi-
analytical models express CHF in terms of a Reynolds number, which is a function of the tube

diameter. Therefore, they provide the basis to account for the tube-diameter effect on CHF.

5.1.2 Concept Background

In subcooled flow, nucleate boiling occurs when a thin layer of liquid next to the heated wall is
superheated sufficiently for bubble formation. These bubbles grow and approach the subcooled
liquid from the main stream and subsequently collapse while transferring their latent heat to the

colder fluid. The growth and collapse process is repeated. Although there is no net flow of
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vapour from the heat-transfer surface, there is a certain volume of vapour in the proximity of the
surface at any time. Heat transfer is caused by the phase change of the liquid next to the tube
wall: vaporization occurs at the base of the vapour bubbles while condensation takes place at

their top.

Jordan and Lepppert (1962) applied the Reynolds analogy to subcooled nucleate-boiling heat
transfer. The vapour bubbles at the wall are considered to be the wall roughness which affects
the thermal boundary layer of the liquid core. The flow structure is illustrated schematically in
Figure 5.1. Assuming that the heat-transfer mechanism from the top of the bubbles to the bulk
subcooled flow is entirely turbulent convection, the heat transfer can be related to a friction factor

based on the Reynolds analogy. The Stanton number is written as

Nu h I
St = = = (5.1)
RePr pC,U 2

where Nu is the Nusselt number, Re is the Reynolds number, Pr is the Prandt] number and fisthe

friction factor. The heat-transfer coefficient is then written as

h=§ng (5.2)

and the surface heat flux becomes

_ _f
q-hAT——é-pCPUAT (5.3)

This equation is applicable for flow conditions of the Prandtl number close to 1 {Pr ~ 1, at water
temperatures between 170°C to 210°C). The Colburn analogy (or modified Reynolds analogy) is

to be applied for other Prandtl numbers (i.e., Pr # 1), and the heat flux is expressed as
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g = hAT = -ngpUATPr'm (5.4)

5.1.3 Reynolds Analogy for CHF in Subcooled Tube Flow

In subcooled boiling, the liguid next to the tube wall is being vaporized into bubbles, which in
turn are being condensed at their top next to the subcooled flow core. At the onset of CHF,
vigorous nucleate boiling is present and heat transferred from the wall relies more by
vaporization than by forced convection. CHF is expected to occur when the heat-transfer rate is
limited either by the vaporization at the tube wall or by the turbuient transport from the bubbles.
In the first case, liquid is prevented from reaching the wall for the vaporization process to
continue, and in the second case vapour is restricted from leaving the wall at the critical
condition. Vaporization controls the heat-transfer process at the low subcooling or saturated
boiling conditions, while turbulent transport dominates at the high subcooled region. Based on

Equation (5.3), the critical heat flux is expressed as

£
g, = i pC,UAT, (5.5)

where AT, is the temperature difference between the heated surface and bulk stream, and the

critical friction factor:

_d
2 p U7 (5.6)

where AP is the pressure drop at CHF and p, is the density of the bulk liquid stream. A similar

equation for CHF can be written with Equation (5.4) based on the Colburn analogy.
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Thorgerson et al. (1974) obtained pressure-drop and CHF data with an annular channel at low
pressure (0.3 MPa or 40 psig). Figure 5.2 shows the pressure-drop measurements against the
coolant subcooling. The critical friction factor calculated from the pressure drop was presented

as

S (annuluy = 0.694 Re 038 6.7

Figure 5.3 shows the relation between the friction factor and the Reynolds number from the
experiment. The same figure shows the friction factors corresponding to various relative-
roughness (e/d) values in commercial pipes. They were used to evaluate the equivalent
roughness or the size of the bubbles for the vapour blanket. The data showed that the equivalent
roughness or bubble size decreases with increasing flow velocity. Chang et al. (1961) expressed

the radius of the detaching bubbles as

ko,

Ty = 5.8
o (58)

Equation (5.7) was extended by Thorgerson to CHF in round tubes by the relation:

S (annuluy % fubo 4 5.9
nNRUIUY = u + .
(@ vl EA i e B (5.9)

4]

where f'is the non-boiling friction factor from the Moody Chart. The friction factor for a round

tube at CHF is calculated from Equation (5.9):

f,=7.413Re ™03 (5.10)

This friction factor correlation represents the boiling effects for a round tube, and is shown in

Figure 5.4.



CHF is predicted using Equations (5.7) for annulus and Equation (5.10) for tube. The tube wall

temperature is calculated using the Weatherhead (1963) correlation, which is expressed as

T,-T,, = (477 - 0.1277, ) (g:107%%)0% .11

This analogy shows that the boiling contribution and the rate of vaporization are important only
in influencing turbulence at the wall, and that the heat transferred can be related to a
corresponding friction factor. Thorgerson applied this analogy and the friction factors, Equations
(5.7) and (5.10), to compare against his experimental CHF data for annular channels and round

tubes, and his predictions were within 10% of accuracy.

The Thorgerson data were obtained at low-pressure conditions only and may not be applicable
for high pressures, because the calculations for both the surface temperature and frictional
pressure drop are also affected by pressure. Since the CHF is predicted to be proportional to the
Reynolds number (i.e., CHF = Re™**), the effect of tube diameter on the CHF is similar

(i.e., CHF = d**¥) for constant dryout conditions. This agrees closely with the trend exhibited
among data in the AECL data bank for both low- and high-pressure conditions (see Chapter 4),

where the exponent n varies from -0.3 to -0.8 (or an average of -0.55),

Tong (1968) postulated the occurrence of CHF at subcooled conditions due to flow stagnation
under the boundary layer (separating the vapour from the heated wall). The stagnant liquid
vaporizes to form a vapour blanket next to the wall, Kutateladze and Leont'ev (1966) suggested
that an injection stream normal to the main flow arises from vapour generation at the wall in
nucleate boiling. At critical conditions, the injection stream causes a local stagnation to the
boiling two-phase boundary layer, resulting in dryout at the stagnation point. The criterion for

flow stagnation with wall injection of a fluid into the stream of the source fluid is expressed as

Gl’nj = 2f;:b G.m-eam (5'12)



or

p,U, = 2f,p,U, (5.13)

where subscript j and o denote injection and the stream, and f,, is the friction with no injection or
boiling. By equating the momentum of the critical injection te the momentum of the vapour

generated by boiling, Tong expressed the criteria as

) \
qc p
L = p,U} = p,UZ (2P| 2 (5.14)
P Hfz Py
or
qc = szfg pi Uo (5.15)

The velocity distribution and the friction factor in a tube experiencing subcooled CHF were
assumed to be similar to that of a tube with a rough surface. The velocity profile for turbulent
flow in a rough tube has been shown to be in-between those for turbulent and laminar flow in a

smooth tube. The friction factor for a fully developed turbulent flow is expressed as

fp = Re™®? (3.16)

while for a fully developed laminar flow it is

5, « Ret® (5.17)

Tong assumed a mean friction factor of these values for the boiling flow, which is expressed as
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Jyphaze = RE™ (5.18)

where
p,U,d
Re = - (5.19)
p’aal
After substitution, Equation (5.15) becomes:
g, = CH,p, U, Re ™ (5.20)

where C is an empirical factor expressed in terms of bulk quality or subcooling. Based on the

same derivation presented above, the tube diameter effect on CHF is shown to be d°® rather than
d-0.545

5.1.4 Discussion of the Subcooled Flow Model

The subcooled-flow models examined in this section express CHF as a function of the friction
factor at the vapour-liquid interface. Since friction factor is proportional to the Reynolds
number, this implies that CHF at constant dryout conditions is related to the tube diameter

through

g, =d” (5.21)

The exponent, n, is slightly different, depending on the models (either -0.545 or -0.6). This
basically agrees with the general trend exhibited among data of the AECL data bank (Chapter 4).
While these models showed a simple tube-diameter effect on CHF, a more complex relation was

exhibited upon the examination of the AECL data bank. The observation, however, is primarily



valid for high-quality conditions, because the available data for subcooled and low-quality

conditions are limited. A high-quality model is described in the next section.
5.2 ANNULAR FLOW MODEL FOR HIGH QUALITY

CHF at high-quality flow in general corresponds to the annular-fiim dryout phenomenon. Many
models have been developed for annular-film dryout; they were mostly based on the basic model
of Whalley et al. (1978). Modifications were introduced to various closure relationships which
are needed to complete the prediction scheme. They are anticipated to be continuously updated
when more experimental data become available and better analytical approaches are derived.

The effect of tube-diameter on CHF for the latest model is examined in detail in this section.
5.2.1 Background

Annular flow is characterized by a thin liquid film flowing along the tube wall while a

continuous vapour flows with a significant amount of liquid entrainment in the core of the tube.
CHEF generally occurs at sufficiently high qualities where the liquid film dries out. Thinning of
the liquid film is caused by liquid evaporation and also liquid entrainment into the vapour core.

Part of the lost liquid is replenished by the droplet deposition process from the flow core.

For most analyses, the flows of both the liquid film and vapour are turbulent, and hence most
annular-film dryout models are semi-analytically based. In addition, a number of closure
relationships (such as entrainment rate, deposition rate, etc.) for these models are mostly

empirical.
3.2.2 Governing Equations

Figure 5.5 shows a control volume of the aanular flow regime. To simplify the derivation of the

equations, the following assumptions are made:
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- constant fluid properties (i.c., no flashing),

- no vapour present in the liquid film, and

- flow of liquid droplets and vapour in the tube core is homogeneous,

Mass Continuity:

§((1-a 5G
(( )P;)+ ¥ o_ i D—E——-q—
&t 6z d HJ:g
d(a(l-e'Yp,) &G
( P, Rt E(E—D).
5t 6z d
ﬁ(mu"pv) &G, 4{ ¢
+ = - =
5¢ Sz d Hfg

Overall heat balance:

s} Y Ag
—(HG, +HG, ) +—({(1-a)pu,+a(l-eYpu +aa’p u) = -2
52( Tyt T el )P, p,) p

where G is the mass flux based on the flow area of tube, D i~ the deposition rate, E is the

(5.23)

(5.24)

(5.25)

(5.26)

entrainment rate, d is the tube diameter, fis the friction factor, # is the enthalpy, ¢ is the heal

flux, u is the velocity, x is the quality, z is the tube length, « is the fraction of tube cross-section

occupied by the vapour and droplets, ¢’ is the fraction of the vapour/droplet core occupied by the

vapour, § is the liquid film thickness, 8z is the incremental tube length, p is the viscosity, and t©

is the shear stress.

The subscripts le, If, ifc, fg, i, I, v, and ve refer to liquid entrainment, liquid film, critical liquid

film for entrainment, the difference between saturated vapour and saturated liguid, liquid-vapour

interface, liquid, vapour, and vapour core, respectively,
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For the approximation of «, and denoting & as the thickness of the liquid film,

o= 1-22 4 20 (5.27)

1-g = == |
o - (5.28)

Use C as the concentration of liquid droplets in the vapour/droplet core,

C=(-2a)p, (5.29)

Since C/p, is usually so small that " is close to 1, then ae.’ for the above equations can be

assumed to be unity. At steady state, Equation (5.26) becomes:

5 4q
"é;(f‘rinf+ HiGle * Hva) = _QT (530)
By substituting Equations (5.32) to (5.34), the energy Equation (5.30) can be written as:
dH, dH
0 = -——du[e,(.-_’J +Gv[ “]]@ (5.31)
4Hfg dp dp dz
At steady state, Equations (5.23) to (5.25) become:
8G 4
if q
-4 -2 p-g-4L
8z d H, J (5.32)
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8 Gie 4
= —(E-D
52 p ( ) (5.33)
5G, 4
6z d Hfg

A triangular relationship is derived to solve simultaneously for the liquid film thickness (8),
liquid/vapour interfacial shear (z;) , and liquid fitm mass-flow rate (G). The triangular

relationship is described in the following equations.

From Turner and Wallis (1965):

dpld
L oq o (8P4, a8 (5.35)
dpldz d

5 = 4| | ldpldz), (5.36)
4 dpldz

where dp/dz is the two-phase pressure gradient:

ie _ 211
dz d/2-6

(5.37)

and (dp/dz)yis the frictional pressure drop, as if a liquid film flows alone in a tube:
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a — _ (5.38)

2
(ie) A
iy pa.d

The solution of the interfacial shear is found from the relationship between the interfacial friction

factor correlated by Whalley and Hewitt (1978):

1/3
Py &
=f = 1+24f L = (5.39)
hesen 1o 2]
and
2
= Llp gy e (5.40)
T 97 ve Pye 2 *
Defining
Gl
Reif 5.4
Ky
(G, +G, d)
Re,, = ——F " (5.42)
u,
For the laminar case (f; is the liquid film friction factor depending on liqid film Reynold's
number):
o, = ——e* G (5.43)
" Glc/ple * Gvfpv -

and



16
Re, (5.44)

For the turbulent case, the Blasius correlation (White (19%1)):

f, = 0.079Re,"” (5.45)
and
f, = 0.079Re > (5.46)

The correlations for entrainment and deposition used by the Whalley et al. (1978) annular flow

model can be replaced by the most recent E/D model of Hewitt and Govan (1990) as in the

following:
D = kC (3.47)
E =kC

A (5.48)

Since the vapour and droplet core is assumed to be homogeneous, the velocity, u,,, of the droplets

in the vapour core is assumed to have the same velocity, u,., as the vapour.

ve (5.49)

The concentration factor for deposition is:
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C=te T _p(1-q) (5.50)

The deposition rate coefficient is:

k= 01815 |2 C/p,s0.3
Py
o [ ) 5.5
k=0083 | | = C/p,>03
p.a\ p,

The entrainment rate (the subscript /fc denotes critical liquid film for onset of entrainment) is:

0.316

E=G 575-10'5[(0 -G )zi‘-’l] 5.52

= My " i ife 2 ( ) )
Opv

for G, > Gy, and

E=0 (5.53)

for Gy < Gy, where

Gy, = ( %’) Rey, = (%‘] exp 5.85+o.4249[5J il (5:54)
'ul p,

To solve the annular flow model, the initial conditions for the liquid film, the vapour core, and
the location at the onset of annular flow are required. The initial condition for the onset of
annular flow is assumed to be at local quality of 1%, and the rate of liquid entrainment is

assumed to be at 99% of the total liquid flow (Whalley et al. (1978)).
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At the onset of annular flow:

x = 0.01
G
Z _p99 = E, (5.55)
H
Mass fluxes are calculated as follows:
G, = G()
G, = G-G,
G, = G(E) , (5.56)
G,f = G,-G,
The balances of mass fluxes are iterated in steps, using:
dG,
G, =G+ dz
dz
G, = G-G,
G, = G,-G, (5.57)
dG,
G, = G, +—Ldz
¥ ¥ dz

CHF occurs when the liquid-film flow is zero (G < 0). The local dryout quality and the location

along the tube can be calculated from:

49,z

* = " Xin (5.58)
H,Gd

where



Xy = (5.59)
Hfs
and
G
z = mefgd;—q— (5.60)

5.2.3 Prediction of the Annular Flow Model

The model described in Section 5.2.2 has been incorporated into a computer program by Chin
(1984). The newer E/D correlation from Hewitt and Govan (1990) was added to the program by
Vaitekunas et al. (1995).

The computer program (1995) was used for sample runs to calculate CHF for a pressure of

3 MPa and mass fluxes of 0.5 and 2 Mg.m™.s™; for a pressure of 7 MPa and mass fluxes of 1 and
9.5 Mg.m?.s™'; and a pressure of 15 MPa and mass fluxes of 1.5 and 2.7 Mg.m?s'. CHF is
calculated for tube diameters from 4 mm to 37.5 mm; and the Iocal dryout quality from O to 1.
The results were plotted for CHF vs. quality and are shown in Figures 5.6 to 5.11. Experimental

CHF data from the AECL data bank are also shown in these figures.

The figures also show the curves in the form of q. = f(x)d" for various tube diameters to correlate
with the program predictions. For each flow condition, the curves were generated by the best-fit
of a polynomial function f(x) and by the exponent n for all the different diameters. Ilustrated by
the plots, the trend of the diameter effects on CHF are similar between the model prediction and
the fitted CHF. Values of n for these correlations are between -0.5 to -0.6; i.e., -0.55 and -0.6 for
the the two low-pressure (3 MPa) cases; -0.5 and -0.6 for the 7 MPa cases; and -0.5 for the two

high-pressure (15 MPa) cases.



In the same figures, experimental data from the AECL data bank (smoothed by best-fit) were also
shown. These CHF data were also correlated by another function f 1(x)d" for the various
diameters, to show quantitatively their relation to diameter. The best-fit values of n are between
-0.5t0-0.8.

However, the experimental data are consistently higher than the corresponding CHF values

predicted by the model. In other words, the annular flow model underpredicts CHF at most

conditions.

5.24 Tube-Diameter Effect on CHF As Predicted with the Annular-Film Dryout Model

The effect of diameter on CHF as shown by both the experimental data and prediction by the
anniiar-flow model is very similar, and especially can be closely correlated by the function

§. = fix)d" (or q, = d"), where n is between -0.5 to -0.8.

The annular model was derived for the balances of mass flows and energy. The annular-flow
regime is complex, because it involves several types of mass and heat transfer, such as the liquid
film at the wall, the vapour core, the liquid entrainment, the droplet deposition, and the
vaporization near the wall. The turbulent nature of these mass flows rules out the possibility of a
completely theoretical derivation of the model. There are few alternatives but the use of
empirical correlations for frictional shear at the vapour/liquid fim interface, entrainment, and
droplet deposition. Due to these complexities, the relation of the diameter's effect on CHF is noi
explicit from the model’s equations. The relation of the diameter to some of the governing

equations is examined in this section.

Equation (5.30 to 5.34) involves the balance of the mass-transfer flow rates. Rearrangement of

the equations results in:
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oG
i D-E«--’f(ﬁ)
Hfg dz | 4

For entrainment, Equation (5.52), for a liquid film flow rate (G higher than a critical :ate (G

0316
E =G| 57510 (G,-G )2——dp‘
y| 2 ¥y 2

op,

The critical liquid film flow rate (5.54) is given by:

Gy, = b Re,, = Pl expl 58504249 22| |2
o d Ky P,

The deposition rate, Equation (5.47), depends on Equations (5.48), (5.49), and (5.50) as follows:

The concentration factor for deposition is

The deposition rate coefficient, Equations (5.50) and (5.51), is

k= 01815 |2 Cip,<03
P, d




Hence for the same liquid concentration, the deposition rate, Equation (5.47), is a function of d®5,
Thus the liquid film will be replenished more slowly for larger diameters. In addition, for larger
diameters, the film depletion will be increased by an increased entrainment rate, since entrainment
is a function of d**'® from Equation (5.52). Hence both the parameters, the deposition and the
entrainment, have an integral effect on the film flow rate and lower the CHF. These integral

effects and hence the effect of diameter are embodied in the annular-flow model.

The model clearly shows an increase in CHF with a decrease in diameter, and the examples are

shown in Figures 5.6 to 5.11. On the other hand, no obvious influence of mass flux and pressure

on the diameter effect is evident from these figures.

In summary, the annular-flow model predicts CHF with the diameter effect similar to that the
experimental data showed in Chapter 4. CHF occurrence appears to be controlled by entrainment
and deposition near the critical condition, and both the rates of entrainment and deposition

(empirical) are empirically correlated to the diameter in the form of d".
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6. VALIDATION OF CORRELATION FOR EXPONENT
IN TUBE-DIAMETER CORRECTION FACTOR

A correlation has been derived for improving the exponent, n, in the tube-diameter correction
correlation for CHF (i.e., Equation (4.1)). It was described in Chapter 4, as Equation (4.4), and
has been assessed against data in the AECL data bank. Since these data were used in developing
the correlation, this assessment is considered part of the verification process only. To ensure that
the correlation is valid outside the development data base, a validation exercise has been
introduced. This chapter describes the experimental program to obtain validation data and the

comparison of predictions based on the correlation against the experimentai data.

6.1  DESCRIPTION OF EXPERIMENT

An experiment was introduced to obtain CHF data with upward steam-water flow at high-
pressure conditions in vertical tubes. It was carried out at the Chalk River Laboratorics and
covered a wide range of flow conditions. In addition to the CHF data, this experiment was used
to obtain pressure-drop measurements in heated channels. A detailed description of the test loop

and test sections has been provided by Leung (1994).

6.1.1 Test Loop

The experiment was carried out in the MR-1 FLARE Loop of the Fuel Channel
Thermalhydraulics Branch at the Chalk River Laboratories. A schematic diagram of the MR- |

loop is shown in Figure 6.1. The loop consists of the following main components:

® {woboilers - to maintain system pressure,

® acondenser - to condense vapour generated from the test section,

® apre-heater - raises the temperature of the flow at the inlet of the test section to a pre-set
temperature,

® two circulating pumps - to circulate water through the loop, and
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® 350 kW power supply (175 VDC and 2000A) - to heat up the test section.

A control loop, consisting of a catch tank and a heat exchanger, automatically regulates the flow
conditions by controlling the pressure and level of water at the condenser and the two boilers.
The caich tank is used to relieve over-pressure at the boiler. The heat exchanger removes excess
heat from the main loop flow to maintain the same water temperature as at the inlet of the test
section. A make-up pump supplies make-up water to the loop, and a bleed valve purges the

system,

The flow rate to the test section is adjusted through a control valve in the loop. Three orifice
plates with low, medium and high ranges are used to measure the flow rate. A resistance-
temperature device (RTD) measures the temperature of flow at the orifice plates for correction in

flow calculation.

6.1.2 Test Sections

The test sertions were constructed of Inconel-600 tubes having inside diameters of 5.45 and
8.94 mm (wall thicknesses of 1.25 and 1.88 mm, respectively). They were heated over a length
of 2.5 m. Two ungrounded chromel-alumel thermocouples were installed at both the inlet and
the outlet ends to measure the fluid temperature. Both test sections were insulated with

fibreglass to reduce heat loss. The setup of the test section is shown schematically in Figure 6.2.

6.1.3 Data Acquisition System

A Concurrent mini-computer (Model 3212) collected the data during the experiment through

analog/digital convertors. The following parameters were monitored:

®  water flow rate through the test section,
® external power supplied to the test section,
® pressure at the outlet of the test section,
.

fluid temperatures at the inlet and outlet of the test section,



®  ambient temperature, and

®  surface temperatures along the test section.

6.1.4 Experimental Procedure

The loop was stabilized at a pre-set pressure, and the desired flow rate was adjusted. Power was
applied to the test section and increased gradually until a sharp rise in temperature at the outlet of
the test section was detected. This implied that critical heat flux had been reached. Power at this
level was then reduced by approximately 2 kW, and subsequently increased in increments of

I kW until the critical heat flux reoccurred. This confirmed the events of critical heat flux for
each test. All parameters to be monitored were scanned and recorded seven times in 10-sccond
intervals. The flow conditions were adjusted for the subsequent test. A number of tests were

repeated to check the accuracy of the measurements and the repeatability of the experiment.
6.2 EXPERIMENTAL DATA

6.2.1 Descriptions of Data

A number of test parameters were obtained with the data acquisition system. However, oniy
some of them are required for the present study. They include the pressure, mass flow rate, inlet
fluid temperature and power. Appendix II lists the measurements for each run number, These
measurements were used together with the geometry of each test section to calculate the
correlated parameters, which are mass flux, heat flux and exit thermodynamic quality at CHF.

Based on the tube diameter, the flow area is calculated using

4= 2= (6.1)

and the heated area is calculated using the tube diameter and heated length

4, = ndl, (6.2)



The mass flux is determined using the mass flow rate and flow area,

74
G = = (6.3)
'
The exit thermodynamic quality is calculated using
1 Power
X, = H_ ( * HIn T Hf) (64)
I
The critical heat flux is obtained from
PoweratCHF
4. = ‘“—_"—A _ (6.5)

h

The calculated parameters corresponding to the measurements are listed in Tables 6.1 and 6.2 for
the 8.94- and 5.45-mm diameter tubes, respectively. They covers the following range of flow

conditions:

Pressure: 7 and 9.5 MPa

Mass flux: 1,2,3,43,6,7,7.5,8.5 and 10 Mg.m?.¢"
Inlet subcooling: ~0 to 325 kJ-kg!

Critical heat flux: 0.7 to 3.250 MW-m?>

An examination of the data's consistency was carried out based on the relation between critical
heat flux and inlet subcooling. Collier (1972) showed that the critical heat flux is linearly
proportional to inlet subcooling at the same pressure and mass flux for tubes of large ratios of
heated length to diameter (>100) (Figure 2.6). Figures 6.3 and 6.4 show, respectively, the
comparison of critical heat flux and inlet subcooling for data obtained from the 8.94-mm and the
5.45-mm tubes. The data are generally consistent over the present range of flow conditions,
especially for those of the 8.94-mm tubes. They are also repeatable, as shown in the figures

(where multiple points are shown at the same flow conditions). The scatter among data obtained
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at mass fluxes of 4.2 and 6 Mg.m™.s" in the 5.45-mm tube are caused by the variations in mass
flow rate, which is about 5% of the nominal values. A systematic increasing CHF trend with

increasing mass flux is also displayed at all pressures for a constant inlet subcooling.

6.2.2 Error Analysis on Data

A simple analysis to provide estimates of the sizes of error associated with the experiment is
presented in Appendix III. The statistical concepts used for the analysis mostly were well
established and have been previously applied to experiments performed in AECL's MR-1 Loop.
The following is a summary of the errors or uncertainties, valid for the range of flow conditions
of the experiment performed for this thesis:

uncertainty (%)

outlet pressure - 0.4
mass flux 7.
heat flux 43
outlet quality 9.

6.3 ANALYSIS OF EXPERIMENTAL DATA

The present set of experimental data were analyzed using the constant dryout quality approach.
Due to the limitation of the experimental setup, there is only a narrow range of overlapping
conditions for both the 5.45-mm and the 8.94-mm tube data. To extend the ranges, the analysis
of the diameter effect is presented with reference to the preliminary CHF look-up table based on
the 7-mm to 9-mm tube data (see Chapter 4). In addition, several data points of Snoek (1988) are
shown for comparison. Snoek's (1988) data were obtained at the same facility with an Inconel-

600 tube of 11.9-mm inside diameter, and hence are comparable with the present set of data.

6.3.1 Effect of Critical Quality and Mass Flux on Criticai Heat Flux

Figures 6.5 and 6.6 show, respectively, for the 8.94-mm and the 5.45-mm tubes, the variation of

critical heat flux as functions of critical quality and mass fluxes. At pressures of both 9.55 and
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7 MPa for the 8.94-mm tube (Figure 6.5), the critical heat flux generally increases with
decreasing quality, except for the data scatter at low mass-flux conditions. A sharp decrease in
CHF is shown at low mass-flux conditions. At qualities where data are available for several
mass fluxes, the critical heat flux increases with increasing mass flux. Comparing data of

different pressures, a higher CHF value is shown for lower pressure (7 MPa).

A much larger data scatter is observed at a pressure of 9.55 MPa for the data of the 5.45-mm tube
(Figure 6.6). In general, the increasing trend of CHF with decreasing quality and increasing mass
flux is displayed. As indicated in Section 6.2, the data scatter is probably caused by the deviation
in mass flow rate from the nominal conditions. A higher CHF is also indicated for the low

pressure at the same mass flux and quality.

6.3.2 Effect of Tube Diameter on Critical Heat Flux

The effect of tube diameter on critical heat flux is examined by comparing data obtained at the
same flow conditions with various diameter tubes. The CHF values presented in the preliminary

CHF look-up table and those of Snoek (1988) are shown for comparison.

Figure 6.7 shows the CHF data obtained in all three diameter tubes at a pressure of 9.55 MPa and
mass fluxes of 2 and 3 Mg.m™s"'. The effect of tube diameter on critical heat flux cannot be
examined directly, because there are no overlapping conditions; however, it is observed by
comparing the data against values of the CHF look-up table (i.., 8-mm tube data). The data of
8.94 and 11.9-mm tubes are systematically lower than those of the 8-mm tube, and the
differences between data and table values increase with increasing tube diameter. This agrees
with the trends previously described in Chapters 3 and 4. The single data point of the 5.45-mm
tube is also lower than that of the 8-mm tube, which is contrary to the anticipated trend.
However, the variation in CHF is drastic at these conditions (as presented for the data of the
8.94-mm tube), and has not been shown in the CHF look-up table (or the 8-mm tube data). This
high uncertainty, together with the large data scatter, may have a large impact on the trend of the

data at these conditions.



Figure 6.8 compares critical heat flux values at a pressure of 9.55 MPa and mass fluxes of 1 and
4 Mg.m™.s" where the data were obtained in both the 5.45- and | 1.9-mm tubes. The effect of
tube diameter is clearly demonstrated by comparing the 8-mm tube data. Compared against the
8-mm tube data at the same flow conditions, the CHF is larger for the 5.45-mm tube and smaller
for the 11.9-mm tube. One of the 11.9-mm tube data points (marked in the figure) is
questionable: it shows an incorrect trend of a decrease in CHF with a decrease in quality. This
can be confirmed in Figure 6.9, which shows the relation between CHF and inlet subcooling for
the 11.9-mm tube data (Snoek 1988). This data point (at a mass flux of | Mg.m=s! and inlet

subcooling 350 kJ) also shows a drop in CHF with increasing subcooling, contrary to all other

data for higher mass fluxes.

Figure 6.10 shows the CHF data at a pressure of 9.55 MPa and mass fluxes of 4.4 and 6 Mg.m?s™,
The effect of tube diameter cannot be directly recognized, since the quality range is different
between the 5.45-mm and the 8.94-mm tube data. However, the 8-mm tube data values lie
petween the two sets of data. Hence a trend can be visnalized showing that CHF is likely to be

higher for the 5.45-mm than the 8.95-mm tube data.

Figure 6.11 shows the data at a pressure of 9.55 MPa and a mass flux of 7.5 Mg.mZs', Ata
quality of 0.25, CHF for the 5.45-mm is higher.

Figure 6.12 shows the data obtained at two mass fluxes at a pressure of 7 MPa. In general, they

exhibit the same trends as those at a pressure of 9.55 MPa, and hence are not discussed further,

64  VALIDATION OF EQUATION (4.4)

The present set of experimental data are used to validate the correlation derived to predict ihe
exponent in the tube-diameter correction factor (i.e., Equation (4.4)). This validation procedure
is described in Section 4.4. The prediction error, average error and rms error were defined in

Equations (4.5) to (4.7).

The CHF values predicted using Equation (4.4) are listed together with the experimental data in
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Tables 6.1 and 6.2. Overall, these correlations predict with the experimental data quite well. For
the recommended correlation, Equation (4.4), the overall average error is -6.18% and the rms
error is 9.57% when compared to the 39 data points of the 8.95-mm tube; and 6.22% and 9.39%
respectively, for 37 data points of the 5.45-mm tube. Figure 6.13 shows the comparison between
the predicted and measured values of critical heat flux. For both diameters, most data are
overpredicted, but are within the £10% error range. The overall prediction accuracy is about the

same when Equation (4.2) is used.

The predictions based on the recommended correlation are also shown in Figures 6.7 t0 6.12
(except for Figure 6.9), for comparison. In comparison, the agreements between predictions and

experimental data are better for high mass-flux conditions.

6.5 SUMMARY

A set of tube data have been obtained to validate of the correlation with the newly derived tube-
diameter correction factor. Analysis shows that the data are reliable and consistent with trends
exhibited by data from other sources. A diameter effect on critical heat flux has been observed
from the experiment data, based mainly on a comparison against the reference 8-mm tube data of
the CHF look-up table. The critical heat flux is generally higher for the tube of a smaller
diameter. This trend is supported by the 11.8-mm tube data of Snoek (1988).

A comparison of the predicted against measured CHF values showed that the correlation
provides good prediction accuracy for the present set of data. The combined average error and
rms error are 6.2% and 9.54%, respectively, for a total of 76 data points from the 5.45 mm and

the 8.94 mm tubes.
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Figure 6.10: Correlation Equation (4.4) CHF Predictions vs. AECL Experiment
(Pressure= 9.55 MPa, Mass Flux=4.4 and 6 Mg.m™.s™
Diameter=5.45 and 8.94 mm)



CHF Correlation vs. AECL Experimental Data
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Figure 6.11: Correlation Equation (4.4) CHF Predictions vs. AECL Experiment
(Pressure=9.55 MPa, Mass Flux=7.5 Mg.m2.s”
Diameter=>5.45 and 8.94 mm)
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Figure 6.12: Correlation Equation (4.4) CHF Predictions vs. AECL Experiment
(Pressure=7 MPa, Mass Flux=4.4 and 6 Mg.m™.s"'
Diameter= 5.45 and 8.94 mm)
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Table 6.1: AECL CHF Experimental Data and CHE Predicted by Equations (4.4)
(Tube diameter=8.94 mm, Heated length=2.49 m})

Experiment Eq'n. (4 4) Prediction
Run No. p G X Subcooling CHF CHF Error
(MEa) | (kg.m?s™) &ike) | kwmd (kW.m)

52318 9560 1956.3 0.353 145 1086.2 1162.6 0.0703
02418 9520 19797 0.347 201 1186.1 1185.9 -0.0001
92215 9500 1981.3 0.362 75 1000.2 1112.5 0.1§23
92316 9510 1983.5 0.354 137 1091.6 1144.8 0.0487
92418 9510 1984.8 0.346 201 1186.1 1190.8 0.0039
92113 9570 1985.1 0.354 33 904.2 1124.1 0.2432
93117 9570 2972.1 0.286 29 1100.8 1199.8 0.0900
93218 9520 2974.0 0.280 73 1200.7 1246.9 0.0385
93320 9510 2698.1 0.260 134 1303.5 1355.2 0.0397
93422 9550 3035.8 0.228 203 1388.6 1494 .4 0.0762
94424 9560 4339.4 0.147 201 1553.0 1625.2 0.0465
94323 2570 4500.3 0.180 139 1535.4 1586.2 0.0331
94223 9500 4506.9 0.222 70 1491.4 15427 0.0344
94121 9560 4512.5 0.249 16 1415.0 1473.6 0.0414
96428 9560 5928.2 0.111 205 1881.8 1981.2 0.0528
96228 9500 6011.7 0.204 67 1847.0 1896.6 0.0269
96328 9570 6019.5 0.154 140 1867.9 1943.4 0.0404
96228 9510 6021.0 0.204 68 18465 1898.9 0.0284
96127 0580 6041.0 0.233 18 1789.4 1830.0 0.0227
97132 9510 7529.7 0.225 i3 2140.1 21537 0.0064
97234 9500 7442.3 0.199 70 2260.5 2188.2 -0.0320
97335 9500 74663 0.152 139 2299.0 2250.9 -0.0209
97435 9500 7611.9 0.106 198 2328.0 2376.1 0.0207
72422 7030 2006.8 0.403 229 1503.9 1547.1 0.0288
72219 7630 2009.1 0.414 79 1263.2 1468.9 0.1629
72320 7020 20:6.6 0.405 146 1368.0 1528.6 0.1174
72219 7030 2026.2 0.409 73 1250.6 1496.1 0.1963
72219 7030 2030.3 0.405 77 1250.6 1522.3 0.2173
72118 7030 2051.2 0.414 44 1227.1 1449.2 0.1810
73122 7030 2994.4 0.325 61 1479.2 1701.7 0.1504
73223 7030 3001.1 0.325 71 1508.1 1696.2 0.1247
73325 7030 3017.7 0.306 155 1664,9 1916.3 0.1510
73426 7030 3025.2 0.292 216 1780.7 2053.4 0.1532
74330 7030 4494 4 0,227 160 2019.7 1965.8 -0.0267
74228 7030 4505.5 0.257 76 1872.9 1801.0 -0,0384
74431 7030 4531.3 0.199 215 2095.7 2103.0 0.0035
76232 7040 5935.0 0.209 88 2139.7 2106.4 -0.0156
76334 7040 6006.4 0.170 158 22252 2177.1 -0.0216
76434 7040 6033.3 0.127 224 2245.7 2251.6 0.0026
Total number of points: 39 Mean Error 0.0618
RMS Error 0.0957
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Table 6.2: AECL CHF Experimental Data and CHF Predicted by Equation (4.4)

(Tube diameter=5.45 mm, Heated length=2.51 m)

Experiment Eq'n. {4.4) Prediction
Run No. p G X Subcooling CHF CHF Error
(MP2) | (kg.m™.s") Gike!) | GWm?® | GW.m?d)

91506 9550 1091.0 0.672 656 688.5 654.1 -0.0500
94211 9620 4100.6 0.362 71 12343 1229.9 -0.0036
94513 359¢ 42469 0.276 290 1519.6 1493.2 -0.0173
94412 9550 4245.6 0.297 210 1402.8 1595.1 0.1399
94110 9600 4223.7 0.361 33 1183.4 1265.3 0.0726
94311 9560 4291.9 0.317 134 1303.9 1528.8 0.1725
94313 9650 4368.7 0.342 14] 1412.8 1416.0 0.0023
94414 9710 4430.9 0.331 205 1551.0 1477.1 -0.0476
96315 9550 5792.7 0.297 146 1712.2 1955.8 0.1423
96213 9580 5813.7 0.315 78 1578.7 1832.8 0.1609
96415 9580 5901.2 0.284 202 1867.2 1893.3 0.0140
96417 9640 5917.5 0.303 201 1945.4 1943.6 -0.0009
96214 9640 5933 0.334 73 1672.0 1814.8 0.0854
96517 9600 5936.4 (.245 276 1946.8 2214.1 0. 1373
96113 9570 59935 0.340 34 1587.3 1837.9 0.1579
96518 9630 6013.6 0.280 259 2067.7 2057.2 -0.0051
96315 9550 6056.5 0.294 137 1746.4 1941.9 0.1119
97216 9570 6873.2 0.318 78 1882.3 2108.7 0.1203
97115 9570 68955 0.343 19 1792.3 1960.1 0.0936
97317 9570 6917.5 0.302 138 2036.3 2198.7 0.0798
97116 9550 6941.4 0.332 32 1796.9 2080.8 0.1580
97116 9550 69723 0.339 18 1790.9 2045.2 0.1420
97318 9510 6985.8 0.300 137 2044.5 2204.9 0.0785
97217 9560 7001.9 0.318 76 1919.9 2117.4 0.1029
97216 9570 7002.7 0.321 82 1948.2 2]111.2 0.0837
97217 9560 7037.1 0.317 76 1919.1 2126.0 0.1078
97419 9560 7040.5 0.278 202 2197.1 2304.3 0.0488
97318 9550 7043.1 0.297 144 2073.1 2216.6 0.0692
97419 9530 70521 0.276 207 22104 2314.0 0.0469
97319 9580 7421.4 0.305 145 2229.9 2198.8 -0.0140
97521 9580 7461.3 0.235 278 2399.8 2229.9 -0.0708
97117 9580 7517.0 0.352 20 2008.2 1857.1 -0.0254
74515 7030 4212.5 0.314 305 1773.1 1826.1 0.0299
74515 7030 42271 0.314 305 1779.9 1826.0 0.0259
74515 7030 4226.6 0.323 304 1826.5 1761.7 -0.0355
74312 7050 42674 0.321 157 1478.9 1763.2 0.1922
74515 7030 43524 0.312 315 1849.5 1839.5 -0.0034
Total number of points: 37 Mean Error 0.0622
RMS Error 0.0939
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7. CONCLUSIONS AND FINAL REMARKS

An in-depth analysis of the effect of tube diameter on CHF has been performed with the
AECL CHF data bank. This has never been carried out before, since most data sets

covered only a narrow range of flow conditions, or for one tube diameter.

Available correlations and semi-analytical models have been systematically reviewed for
their prediction of the tube-diameter effect on CHF. Most correlations account for the
effect by expressing CHF in terms of the diameter to a power ‘n’ (i.e., CHF = d"), which
ranges from -0.6 to 0.2. Pressure- and quality-dependent coefficients of n have also been
suggested. The methodology to account for the tube-diameter effect is not explicit in
semi-analytical models. 1t is introduced through the closure relationships, which are often
empirically based. In general, the tube-diameter effect on CHF can also be expressed in a

form similar to the correlation (i.e., CHF « d™; the values of ‘n’ are between -0.7 to -0.5.

Based on the recommended form of the diameter correction factor, the coefficient 'n' has

been modified to improve the prediction accuracy. Based on an optimization with a large

~amount of CHF data, pressure, mass flux, and quality effects have been included in this

factor. The prediction accuracy has been improved with the updated expression of 'n', as
compared to those of other correction factors previously suggested to account for the
diameter effect. Furthermore, more data have been predicted with the updated expression

within the +10% error range than with the others.

The prediction of the tube diameter effect on CHF has been examined in detail for two
semi-analytical models: one for the subcooled boiling (near-wall bubbly flow), and the
other for the saturated boiling (annular-film dryout). Based on the Reynolds analogy, the
subcooled-boiling CHF model shows its characteristics with respect to the tube-diameter
effect being similar to those of the updated correction factor. The annular-film dryout

model exhibits a similar trend. However, its CHF predictions differ considerably from
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the experimental data at most conditions. Contrary to the observations made from the
examination of the AECL data base, the tube-diameter effect exhibited in this model

appears to be less dependent on pressure, mass flux and quality.

The updated correction factor for the tube-diameter effect has been validated using
experimentai data obtained in the high-pressure steam-water loop at Chalk River
Laboratories. These data cover a wide range of flow conditions in tubes of two different
inside diameters (5.45 mm aﬂd 8.94 mm). The overall average prediction error is 6.2%

and the rms error is 9.54% for 76 data points.

The updated correction factor can be further improved by introducing non-dimensional
parameters. This has not been incorporated in the present study, which focused mainly on
the high-pressure steam-water flow (for nuclear-reactor applications). By non-
dimensionalizing the correction factor, the tube-diameter effect in tubes cooled by non-

aqueous fluids (such as Freons) can also be accounted for.

The complexity of the tube-diameter effect on CHF has been clearly demonstrated in this
study, through its analysis of experimental data obtained in various test facilities and its
review of correlations and semi-analytical models. While an empirical approach is taken
into account for the diameter effect in this study, it is believed that a well-validated
analytical model is the ideal tool by which io reflect the diameter effect as well as other
separate effects on CHF. The validity of existing models is limited by the lack of relevant
data with which to derive solid closure relationships. Further studies and research are
needed to provide various closure equations (e.g., near-wall void fraction in subcooled

boiling, entrainment rate, deposition rate) from future experimental data.
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APPENDIX 1

Plots of Experimental Data vs. Fitted Function q. = f(x) d"
for Data Set From Same Sources
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APPENDIX II

Measurements From AECL CHF Experiment

For 5.45 mm and 8.94 mm Diameter Tubes



Measured Data from Experiment of the 8.94 mm Diameter Tube

RUN  [PT-108 (TE-103 TE-133 [FT-1/2 JS-100 {PDT-01 (PDT-02 |PDT-03 |PDT-04 |PDT-05 |PDT.06
NAME |PRESS. |TEMP. TEMP [FLOW |POWER |PRESS. |PRESS. [PRESS. |PRESS. |PRESS. {PRESS.
ouT |[IN AMB, T/S DIFF. |DIFF. |DIFF. |DIFF. |DIFF. |DIFF.
MPa °C °C 25 kW kPa kPa kPa kPa kPa kPa

92318 9.56) 281.8) 2833 309.6] 3079 29.5] 122.82] 8094 16.53| 1939 14.89] 12.02 9.65| 71.09
92215 9.500 294.2| 2957 309.0f 307.5| 28.6| 124.39] 74.53] 15721 19.55] 16.05 12.77 9.94] 73.98
92316 9.51} 2829 284.3| 309.1] 307.5| 27.9) 124.53] 8134 16.76] 1993 1543 12.38 8.20f 73.11
92418 9.51] 270.5) 271.9; 309.0f 307.5| 28.6| 12461 8s.38] 17.74] 19.97 14.89| 1147 1] 71.09
92113 9.57) 302.4| 303.8) 3096 307.9] 15.2] 12463 67.38] 15.60] 18.74 15.81] 12.64] 13.63] 73.98
93117 9.57] 303.1} 304.4] 3093 307.8] 289 1es.60] 8203 2484 2840 2439 20.17] 20871 116.68
93218 9.52| 294.7) 295.7| 308.9] 307.5| 287 186.72] =89.47] 2524 2863 2397 20.38] -14.38] 113.51
93320 3.51] 283.3| 284.3| 3089 3074 28.3] 18823] 9713 25.76] 2813 23.20] 18.56f 11.29] 107.45
93422 9.55| 270.3| 271.4] 3094| 307.8] 28.5] 190.60} 103.47] 25530 2674l 221 6] 14.02] 11.81} 99.37
94424 9.56] 270.9] 271.9] 309.3| 307.6] 29.3| 272.44] 115.72] 34.36] 3848 28.63)  17.32] 16.66] 134.58
94323 2.57) 2829 2838 30920 307.5| 31.0] 282.54] t14.41| 3973 4029 37.75| 2425 19.44] 160.55
94223 9.501 295.1] 296.1] 308.4] 307.0{ 289 28296/ 111.13] 4348 4533 39.520 3547 22.77| 187.67
94121 2.56| 305.3) 306.5| 308.9] 3074 287 28331] 105.44] 4435| 4343 41.98) 37.23] 37.65| 207.87
06428 9.56] 270.0] 271.0[ 308.9] 307.3) 287 372.19] 14022 s6.52] s9.2i 35.90] 24901 2503] 200.37
96228 9.50F 295.7] 296.6] 307.9] 306.6] 28.8] 377.43] 137.63] 71.53] 7057 61.56f  54.30| 33.44) 294.73
96328 9.57; 282.8) 283.8| 3087 3072{ 30.] 37792 139.19] 64.14| 64.18] 55.87 32.64] 2838 244.81
96127 3.58] 305.0| 306.1] 308.5| 3069 28.6| 379.27] 13334] 75571 7988 65.80) 60.22| 54.74] 33542
97234 9.50] 295.1] 296.1j 307.5| 305.9] 27.7] 467.25| 168.44] 111.23] 108.04 93.84] 74.42| 4539] 484.89
97335 9.50{ 282.3| 2832| 307.5] 3059 27.0] 468.76] 171.31] 101.02] 9877 80.03] 44.61| 37.52( 358.21
97132 9.511 305.3] 306.5] 307.5| 305.6] 282 472.74] 15047] 115.91| 12485 103.89] 91.05] 49.78] 518.37
97435 2.50] 271.0] 2719] 3079] 306.3| 27.0] 477.90] 17347 ~ 9432| 9023 5L75] 3711 34.64] 303.96
72422 7.03( 2403] 2408 288.2| 286.6] 2820 12599] 112.06] 3061 31.17 22.32] 14.46 8.36] 108.04
72219 7.03] 271.0) 272.4] 2881 286.7) 282 12614 9413 2811 3072 24.56) 17.74] 12.91] 114.27
72320 7.031 2574] 2585 288.2| 286.6| 27.50 126.61] 101.94] 2906/ 3095 23.53| 16.20| 10.46] 111.32
72219 7.03) 2720f 273.1] 288.2] 286.7| 28.1] 127.21] 93.19! 2840 30712 24.50] 17.85| 13.11) 114.85
72219 7.031 2712 2724| 288.1| 286.6 28.1) 127.47] 93.19] 28.69| 3034 24.46| 17.74] 13.01] 11542
72118 7031 277.5] 279.0) 288.1] 286.6] 27.6] 128.78] 9144] 27.76] 3099 25.50] 18.88} 14.70] 119.18
73122 7.03] 274.3] 2753( 288.1] 286.3| 27.6] 188.00] 110.22] 42.65] 4530 37.66f 27.87] 20.83| 176.60
73223 7.03{ 2724] 2733] 288.0] 28630 28.t| 18842 11238 4340 4546] 37.66| 27.58] 19.95] 175.74
73325 7.031 255.7| 256.6] 288.01 286.3] 27.4| 189.46] 124.06] 4486 4478 35.270 2423 1329] 165.12
73426 7031 243.0f 2437 288.11 286.3| 27.7| 189.93] 13269 45.44] 4467 32.67] 20.43] 11.30] 155.65
74330 7.031 254.7) 2556 287.5| 2859 27.6 282.17] 150.50] 69.86 63.44] 52.36] 34.37] 18.51] 241.40
74228 7031 2714 2724] 2874] 2858 27.6] 282.87] 13956 70.53| 70.20 58.59] 45.61] 28.72] 275.87
74431 7.03] 243.2| 2439 287.6] 28590 27.6! 284.49] 156.16] 66.74 60.491 47.13] 24.02] 17.06| 218.27
76232 7.04| 26921 270.1) 286.6] 285.0] 27.7] 372.62] 159.44] 9985 90.44 72.55]  60.31] 33.63] 360.13
76334 1041 2552 255.7) 286.7] 28520 2750 377.10[ 165.81] 9509 76.8s 69.55] 38.68] 25.85] 308.70
76434 7.04) 2415 2422} 287.1f 2855 27.71 378.79| 167.34] 8117 74.65| 46.90] 26.07| 23.92] 254.63

II-1



Measured Data From Experiment of the 5.45 mm Diameter Tube Experiment

RUN |PT-108 [TE-103 TE-133 |FT-172 |15-100 |PDT-01 [PDT-02 [PDT-03 [PDT-04]PDT-05 [PDT-06
NAME |[PRESS. [TEMP. TEMP |FLOW |POWER |PRESS. [PRESS. [PRESS. [PRESS. |PRESS. |PRESS.
ouT |IN AMB. TS DIFF. |DIFF. |DIFF. |DIFF. |DIFF. |DiFF.
MPa [°C °C g/s kW kPa |kPa  |kPa  |xkPa  [kPa  |kpa

21506 9.5 259.0f 262.8] 309.2 307.7]  293] 2544| 2959 1837] 1993 14781 90| 511 7109
42111 9.62] 296.3| 3000] 310.50 308.8] 32.0] 95.60] s3.05 9173 9488 87.53] 67.39] 139.13] 38851
21101 9.61 3032 307.4] 3103] 308.6] 332 9847l 50.86] 93.63] 96.08 93.34) 75.54] si1s| 41881
24513  9.59) 2533| 254.8 309.8] 308.1) 330 9901] 6531] 79.03] 6549 50.87) 27.16] 24.66] 258.68
94311  9.56| 283.8| 285.71 309.4] 30771  296] 100.06] 56.04] 7580 8849 70.18]  50.12] 27.99] 37437
24311 956 2835 285.6] 309.4] 307.7] 296| 100.87] s5.08] 7851 89.45 6972 4895 27.88| 3s4.75
243131 9.71] 28431 2881 3112] 309.3] 319 10185 6072 99.11] 100.19] 81 30| ss5.52|  33.52] 372,07
24414) 9.7t} 2719 2757] 311.2 309.3] 31.5] 10330 66.66] 10051 9230 74.68| 41.80] 32.01] 34257
6315) 9.5 2819| 283.3| 309.5| 307.8] 301} 135.05] 73.59 130.28] 139.51 108.66) 73.02] 43.41] s08.56
362131  9.58 2947 2963| 3099 308.1] 313] 135.54] 67.85] 131.20] 142.01] 12212 94.32| 51.57] 539.72
26415 9.8 271.1] 2729| 309.8] 3083] 280 137.58] 8025 132.24] 122.32] 10254 56.51| 43.60] 471.33
26417} 9.64) 2718| 2752/ 310.8] 308.8] 309] 137.96] 83.61] 15619 14205 11327 60.35]  49.31| s32.22
6214 964 2960 2994 3106{ 308.8] 30.2] 13832 71.86| 158.96] 157.87] 14286 109.69] 59.72| 64158
26517, 958 256.1) 257.6| 309.8] 308.1] 26.8] 138.40] 8357 12578 11131 8034 45.78] 42.82| a17.95
261131 9.57) 3042 306.1 309.8] 308.0] 319 139.65] 6545 135.88] 153.71] 13624 112.63] 76.27] 615.04
6113] 963 3032 307.0] 310.7] 3089] 30.2] 13973 6822 161.101 159.17] 152.09| 123.20]  76.53] 685.16
26318  9.63 250.9| 262.8! 310.6] 308.8] 31.5] 140200 88.87] 150.65] 129.63 94.04 53.78] 49.93] 489.80
6315|  9.52| 2833| 286.5| 309.3] 307.5] 32.8{ 141.20] 75.06| 141.24] 146.48| 119.24 80.32] 46.77] s42.89
J7216]  9.571 294.7) 296.6| 309.8 308.1 30.4] 16024] 20.90] 184.70] 190.95| 16394 126.34] 67.18] 733.92
27115]  9.57 3053| 307.1 309.8] 308.1| 3t2| 160.76] 77.03] 190.42] 19738 17810 148.86] 99.10] 810.63
97317|  9.57) 28321 284.8] 309.9| 308.1 30.9] 16127 87.52] 182971 197.57] 149.48 98.42] 59.00] 683.14
27116)  9.55| 3026 3061 3100] 308.1| 27.7) 161.83] 77.23| 204.04] 196.88] 18584 150.15] 88.37] 839.25
2716l 9.521 3050] 308.4{ 3094| 307.8] 32.3] 162.55] 7697 190.94] 184.88] 182.30] 151.84 101.17] 821.36
97318]  9.51] 2833| 2862] 309.4| 307.6] 29.70 162.86] 87.87] 188.97 188.41] 155.86] 10229 60.50] 706.5
07 9.56] 294.7| 298.0) 309.9] 308.1] 26.9] 163.24] 82.17] 205.54] 20003] 177.91] 133.12 71.20] 801.45
7216]  9.56| 2038 2957} 309.8 308.1| 31.7] 163.26] 83.73] 19220] 196.92] 169.79] 130.31 69.41] 760.18
975191 9.58 25801 259.4 309.8 308.1| 30.4] 163.79] 96.70] 171.14] 148.44] 105.08] 6105 57.18] s58.19
272171 9.52| 2947} 2980 309.3| 307.8] 31.5| 164.06] 8248] 192.61] 192.09] 175300 13447 71.28] 776.92
274191 9531 2710] 2733 309.4| 307.7) 31.0] 164.14] 94.43] 187.70] 177.37] 140.98] 75.05 57.52] 645.05
97318] 9.55| 2823 285.5| 309.8 308.1] 268 164.20] 89.10] 20531] 197.38] 159.67] 9554 64.19] 735.08
07519  9.52 2527 25521 309.3| 307.5| 29.9] 16430 97.85) 168.48] 152.94] 95.88 60.53 55.78] 538.57
974191 __ 9.56| 269.5| 271.01 309.8] 308.1] 32.1] 164.41] 95.00] 18257 159.98] 13524 70.30]  s8.71| 621.38
97319| _ 9.58] 282.4| 283.8] 3103( 308.5] 29.0] 173.02] 9584l 21356 000 000 000l o000 000
97521 9.58] 255.7] 257.1) 3100| 3084] 29.4) 173.95| 103.14] 190.59] o000 0.00 0.00] o0.00] 0.00|
7M7) 9.59| 305.1| 3069 310.3| 3086] 284 175251 8631 22677 000] 000  0.00| 0.00|  0.00
74515 7.03| 224.2] 2263| 2882] 286.6] 252 9821 7623] 125.61] 112.08] 7003 2890 2311 371.49
74515]  7.03| 2242 2262| 288.2| 286.7] 25.1] 98.55] 76.50] 134.74] 111.89] 70.49] 2898] 2300l 367.45
74315] 7.0} 2244 2264 2883 286.8] 253 9947] 7850] 128.08] t1620] 74.01] 3038 2365 403,71
74313)  7.05] 25561 258.1] 2886| 286.9] 233] 99.49] 6356 117.76] 116.66] 94.531 S3.13 25.75] 406.11
745151 7.04] 2219 223.4] 2886 287.0] 28.5] 101.47] 7949] 130.74] 113.70] 70.95| 2931 24.77 372.07
76316)  7.05] 258.1) 2604 2886 2871 24.4] 13564] 79.73] 185.74] 187.68| 14209 8113 41.52 631.48
J6114] 701} 2812 282.9| 2884| 286.9) 29.8] 139.84] 71.80] 198.00] 189.30] 178.14] 137.00| 7526 793.08
76520) 700 2248 225.8] 2882] 286.8] 30.] 140.26] 99.92] 199.53] 1ea.48] 105.12] 4651| 4214 570.02
T7115]  7.04f 283.3| 2852) 288.6] 2872 31.1| 150.15] 78.50] 24698 236.01] 21935| t67.61] 9247 972.57
J752l]  7.04) 2244) 225.8) 288.6| 287.1] 30.5] 162.70] 108.55] 23595 192.30] 111.08] 57.54| 5417 649.66
J7319] 7.03f 2557] 257.6] 288.6| 287.1f 25.8] 164.22] 96.15| 256.27] 243.78] 175.26] 97.30| s7.10 811,26
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APPENDIX III

Uncertainty analysis of AECL CHF Experiment

for 5.45 mm and 8.94 mm Diameter Tubes
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NOMENCLATURE

Definition

area
constant in orifice coefficient
constant in orifice coefficient
constant in flow evaluation
inside diameter

flow orifice thermal expansion factor
fractional uncertainty

mass flux

enthalpy

flow orifice coefficient
length

dimensionless number
electric power

pressure

heat flux

mass flow

vapour quality

difference in inlet subcooling or pressure drop

viscosity
density

accurate
cross-sectional flow
saturated liquid state

state change from saturated liquid to saturated vapour

saturated vapour
heated

inlet

subcooled liquid state
measured

outlet or local when used with vapour quality

flow orifice pipe

1.1

Mg.mZs!
Jkg!

kg.s!

kg.m™.s
kg.m™



or flow orifice
Po power number
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ANALYSIS OF UNCERTAINTY OF CRL CHF EXPERIMENT

IIL.1 Description of Analysis

This appendix presents a specific application using statistical concepts to estimate the possible
values of errors in the measured and derived quantities for the CRL experiment on CHF as
presented in Chapter 6. The statistical concepts employed are well established and may be
explained in references by Borodin, A.S. and Macdonold, LP.L. (1983), Toping, J. (1966),
Young, H.D. (1962} and Kline, S.J. (1962).

The error of measurement is defined as the difference between the observed value of a quantity
and the "actual" value. There are three classifications of error: (1) accidemal error is random in
frequency and magnitude which may be assessed statistically to repeated measurements, (2)
systematic error arises from "improperly" calibrated instruments which is difficult to assess, (3)
personal error is from the experiment operator which may be assessed by comparing

measurements by others,

The uncertainty of measurement is the possible error thought or expected to have. It is
assumed that the "actual" values exist and lie between the limits of uncertainty, If an
uncertainty cannot be precisely evaluated, a reasonable degree of uncertainty is then

assumed based on experience and partially on relevent information available.

The present analysis is limited to determining the most probable values of uncertainty.
Assuming that the systematic errors have been eliminated through appropriate corrections, the
most probable uncertainty for a quantity of several components is defined as the square root of
the sum of the squares of the individual uncertainties. For a similarly corrected quantity of a
single term, the uncertainty is defined as the square root of the mean of the sum of the squares of
the repeated determinations. This method assumes that the most probable uncertainties are

estimates for standard deviations, and various confidence intervals may then be established by

IIL.3



assuming that the Gaussian normal distribution of errors applies. The present analysis considers
that an estimate is sufficient for one standard deviation that corresponds to a confidence level of

68.3%.

The assessment of the uncertainties on the results of the AECL experiment reported in
this thesis is presented in the following sections. Since detailed calibrations of the
measuring means and evaluation of the uncertainties were performed and reported by
Borodin, A.S. and Macdonold, I.P.L. (1983), on the same loop (the MR-1 Loop), and on
a similar experiment, the present assessment adapts the evaluation methods and includes
some valid data from this report. The present assessment is primarily on the 8.94 inside

diameter tube,

III.2 Measured Quantities

The measured quantities are loosely defined as those of a fundamental nature. For the
experiment, these quantities include geometric dimensions, temperatures, pressures, flows and
the electrical power for the heating of the tubes. The calculated or estimated uncertainty is

expressed as fraction (£,erp) of each quantity.

II1.2.1 Geometric Dimensions

For the tube of nominal inside diameter 8,94 mm:

quantity variation uncertainty
outside tube diameter 11,440 mm (nominal) +/- 0.005 mm
inside tube diameter 8.940 mm (calculated) +/-0.015mm |f;= 0.028*
wall thickness 1.250 mm (nominal) +/-0.010 mm
heated length 2.50 m (nominal) +/-0.018 m f; = 0.0072%
cross-sectional flow area [6.277 x 10° m? (calculated) fa, =0.056
inside heated area 0.007021 m? (calculated) f,, =0.029

* estimated value
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The values of uncertainty for the inside diameter and heated length are adapted from the
estimation of the Borodin report mentioned above which was based on repeated
measurements of the diameter with a similar tube during a previous experiment at AECL
similar to the one presented in this thesis.

The uncertainty of the cross-sectional flow area:

2Ad
f:“F =T=2fd (Illl)
The uncertainty of the inside heated area:
foi =15+ T (111.2)

I11.2.2 Temperatures

The uncertainty of temperature measurements is also taken from the Borodin report which

recorded a maximum systematic discrepancy of 1.4°C from a static calibration between 23 to

307°C and then confirmed by measurements during actual loop operating conditions,

The estimated fractional uncertainty in temperature measurements:

fr=0.004

II1.2.3 Pressures

The uncertainty of outlet pressure measurement is also considered valid from the Borodin
report based on the calibration under actual loop operating conditions. This uncertainty
was reported as ten times the values compared to a static pressure calibration between
pressures of 0 to 9.7 MPa. The reported uncertainty in the test section pressire drop

was determined from calibration over a pressure range from 0 to 1.7 MPa.

The uncertainty of the outlet pressure (under actual loop operating condition);

f, =0004

The uncertainty in the test section pressire drop:
986
S = _A; (where pisin Pa) (DL3)
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Within the range of the CHF experiment reported in this thesis, the uncertainties of pressure

drop ranged from 0.001 to 0.01,

I1.2.4 Flows

Flow measurements of the test section in the MR-1 Loop, over three flow ranges, were
obtained from pressure drop signals across the orifice-plate meters. Flows were

calculated iteratively from the following equations:

w=C. ko, (~a0,)F (.4)

K=a+b|:ij[ W J (IIL.5)
g dapuf

The flow coefficient of the orifice, K, was evaluated with a reference flow: and the

IJI'—'

constants a and b were determined from a weighing tank calibration procedure.

The uncertainty in the flow:
1 . 1.5 1 2
fE=f S tulo t ol (II1.6)

The uncertainties of the flows were evaluated in the Borodin report, as listed below:

Mass Flow (kg.s)
low medium high
0.03t00.18 0.09 t0 0.45 035t01.76

£ 0.04 0.003 0.003
Jr 0.0002 0.0002 0.0002
L 0.0084 0.0084 0.0084
J-8Por 0.0011 0.005 0.005

fw 0.04 0.01 0.01

II1.2.5 Electric Power

The systematic discrepancies of the measurements of the electric power supplied to the

IIm.6



test section were assessed in the Borodin report, and this assessment is still considered
valid to the recent experiment reported in this thesis. The electric energy measured was
compared to heat balances performed for single-phase liquid diabatic flow of light water.
An equation was derived from the heat balance data to obtain the accurate power value,

P,, from measured power value, P,,.

P, =820.77P, +1.34R,> — 0.00261P.> (1I1.7)

The uncertainty in the measured power, in the range encountered during experiment, was
estimated:

£, =0032

III.3 Referenced Quantities

Referenced quantities are defined as values taken from other sources such as a reference.

The quantities here referred to are the thermodynamic properties of water.

I11.3.1 Thermodynamic Properties

The thermodynamic properties include density and enthalpy of water, The effect of
uncertainties to these properties is considered primarily due to the uncertainties in the
measurements of pressure and temperature, especially because of pressure fluctuation
under actual loop operating conditions. The estimated uncertainties of these properties

are as the following.

£, =00084
f,, =0.0084
£, =00084
f,, =0003
f,, =0002
/5, =0002

1.7



I11.4 Derived Quantities

The derived quantities are defined as those obtained from a combination of the measured and the

referenced quantities.

HI.4.1 Mass Flux

The uncertainty in the mass flux was evaluated by the following equations.

w
G=m— (111.8)
ol
ot =1 +f,4f ’ (I11.9)

The uncertainties were evaluated from tests in Borodin's report and taken as the following for the

three ranges of mass flux.

Mass Flux (Mg.m2.s)
low medium high
0.48 to 2.87 1.43to 7.2 5.6 t0 28
Jw 0.04 0.010 0.010
Ja, 0.056 0.056 0.056
fa 0.069 0.057 0.057

I11.4.2 Heat Flux

The uncertainty in heat flux was calculated from the following.

P
q=— (IIL.10)
H
P A (UL11)

Here, f =0043
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IM.4.3 Inlet Subcooling

The inlet subcooling;
An, =h, —h, (I11.12)

The fractional uncertainty:

(h) +(F )
S, = 3
(hf —h,.)

The uncertainty f, s, depends on the inlet condition, for the experiment the range was typically

1] —

(LIL13)

from 0.002 up to 0.3.

I11.4.4 Inlet Thermodynamic Equilibrium Quality

X, = P (111 14)
hfs

The fractional uncertainty:

Fow =Fu, + 5, (IL15)

The value of this uncertainty depends on the inlet condition and is almost the same magnitude as

S, -

n

II1.4.5 Local Thermodynamic Equilibrium Quality

The local thermodynamic quality at the outlet:
X,,= ]\f‘m+xeﬂ.’l (I11.16)

its fractional uncertainty:

]
2 277
(pr, Npo) + Q:'f-f" xe,r’n)
- 2
xe,a

(11L.17)

Xe0
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where the power number:

ng, Ld
N, == I11.18

and its uncertainty :
VR AR AR AES S (IIL.19)
Over the range of experimental conditions of interest, the range of fNﬂ was between 0.05

to 0.065; while f, was typically between 0.08 to 0.09.

[IL.S The Uncertainties of the Quantities for the Tube of Smaller Diameter

The uncertainties evaluated above are primarily for the tube of 8,94 mm inside diameter.
However, for the tube with the inside diameter of 5.45 mm, the magnitudes of the
uncertainties for the corresponding quantities were estimated to be quite similar to the 8.94
mm diameter tube. Hence, the analysis was not repeated here for this smaller diameter
tube, and the uncertainties are assumed to be the same values as determined in the above

sections.
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