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ABSTRACT 

Ln the present investigation, a Four-Stream Mode1 was denved for predicting the 

phase-distribution of two-phase stratified 80w at horizontal T-junctions. This model was 

based on the ideas initially developed by Hart et al. (1991), with new correlations for the 

imbalance terms in the energy equations that are based on two-phase flow rather than the 

single-phase correlations proposed by Hart et al. ( 199 1 ). 

The present model was based on integrating the energy equation over four control 

volumes: gas iniet-to-run, gas inlet-to-branch, liquid inlet-to-run, and liquid inlet-to- 

branch. These four energy equations were combined algebraically to obtain a single 

equation which predicts the mass fraction of liquid that exits through the branch tube 

given the mass fkaction of gas that exits the branch tube. 

Several simplifying assurnptions were made to obtain the final model equation. For 

instance, al1 fluid velocity profiles were assumed to be uniform. Also, the mn and branch 

liquid holdups were assumed to be equal to that of the inlet. Finally, the inlet-to-run and 

the inlet-to-branch pressure drops were assumed to be equal for both the gas and the 

liquid control volumes. 

A single-phase format was used for the gas and liquid energy equation imbalance 

terms, with the addition of two-phase multipliers to account for the differences between 

single-phase flow and two-phase fiow. These two-phase multipliers were obtained by 

empirically correlating the phase-distribution database. Correlations are presented from 

the data for diameter ratios of 1 .O and 0.5. 



The phase-distribution database was compiled from experimental flow-split data from 

several sources: Buell (1992), Reimam et al. (1988), Shoham et al. (1989), h o p a r d i  et 

al. (1988), and Waiters (1994). These data combined foxm a substantiai amount of 

stratified- and wavy- flow data at diameter ratios of 1 .O and 0.5. 

The predictions of the present model were studied at several sets of inlet conditions. 

It was found that for the diarneter ratio of 1 .O, while the phase-distribution predictions at 

the higher extraction rates appear to be relatively unaffected by the inlet conditions, the 

predicted liquid takeoff points did Vary with the inlet superficial gas and liquid velocities. 

For the diameter ratio of 0.5, similar trends were observed except at the lower inlet 

superficial gas velocities. There, several of the trends of the model observed in other 

conditions reversed to match the trends seen in the data. 

The predictions of the present model were compared with the phase-distribution 

database, as well as with the predictions of the phase-distribution models of Hwang et al. 

(1988) and of Hart et al. (1991). The mode1 of Hart et al. (1991) has a restriction 

imposed upon its use by its authors, aating that it is only to be used when the liquid 

holdup is less thaa6%. When used within this restnction, the model of Hart et al. (199 1) 

performs quite well for both diameter ratios of 1.0 and 0.5. However, it has the 

disadvantage of greatly reducing the amount of data with which the model can be used. 

For the diameter ratio of 1.0, it was found that the model of Hart et al. (1991) performed 

well against the data even when used outside the range of applicability imposed by its 

authors. As well, it was seen that while the present model and the model of Hart et al. 

(1991) offer qualitatively similar predictions when compared with the data at a diameter 

m.. 

Il1 



ratio of 1.0, the present model gives supenor predictions when used against the data of 

the diameter ratio of 0.5, especially with the data of Walters (1 994) and of Shoharn et al. 

(1989). For the diameter ratio of O S ,  the present model predicts the Iiquid takeoff points 

much better than the mode1 of Hart et al. (199 1). The data of h o p a r d i  et al (1988) at a 

system pressure of 300 v a ]  was, overall, not predicted satisfactorily by either the Four- 

Stream Model or the model of Hart et al. (1991). In genera1, the model of Hwang et al. 

(1988) was not seen to predict the data of either diameter ratio nearly as well as the other 

two models. 



ACKNOWLEDGMENTS 

1 would like to express my sincere gratitude to Dr. H. M. Soliman and Dr. G. E. Sims 

for their continuous encouragement, guidance, and support throughout the course o f  this 

midy. 

The financial support provided by the Natural Sciences and Engineering Research 

Council of Canada for the first two years of  this study is gratefully acknowledged. 

Special thanks are offered to my fellow graduate students: Mr. A. G. Johnston, Mr. 

M. R. Maier, Mr. R. M. Marko, Mr. D. M. Roberge, Mr. D. T. Shimizu, Dr. M. 

Sujumnong, Mr. P. D. Tataryn, and finally, my officemate, Mr. C. Van Gorp. Their 

advice, and at times, consolation, was invaluable. 

Deep appreciation is expressed t o  my family and fnends for their encouragement and 

support throughout the duration of  my studies; during the tinal intense months, they must 

have wondered if 1 still existed. 



TABLE OF CONTENTS 

............................................................................................. ACKNO WLEDGEMENT S v 

............................................................................................... TABLE OF CONTENTS " 
... 

LIST OF FIGURES ......................................................................................................w~ 

LIST OF TABLES ....................................................................................................... xix 

NOMENCLATURE ...................................................................................................... xx 

....................................................................................................... 1 INTRODUCTION 1 

......................................................................................... 1.1 Preliminary Remarks 1 
............................................................................ 1 -2 Relevant Parameters of Study - 2  

........................................................................................................... 1 -3 Objectives 7 

............................................................................ 2 REVIEW OF EXISTNG MODELS 9 

............................................................................... 2.1 Two-Phase Flow Variables 10 
.................................................................. 2.2 Hwang, Soliman, and Lahey Mode1 12 
................................................................. 2.3 Hart, Hamersrna, and Forniin Mode1 17 

................................................................................... 2.3.1 Regular T-junction 19 
................................................................................. 2.3 -2 Reduced T-junction -20 

............................................................................... 3 REVIEW OF EXISTING DATA 22 
. . .  ............................................................................. 3.1 Phase Distribution Database 2 2  

3.2 Closing Remarks ............................................................................................... 47 

4 DEVELOPMENT OF THE FOUR-STREAM MODEL ............................................ 49 

............................................................................. 4.1 Derivation of the Full Mode1 49 
.............................................. 4.2 Cornparison with the Mode1 of Hart et al . (199 1) 63 

4.3 Final Formulation of the Present Mode1 ............................................................ 65 
.......................................................... 4.3.1 Kinetic-Energy Correction Factors 6 5  

......................................................................................... 4.3 -2 Liquid Holdup 6 6  
.............................................................. 4.3 -3 Other SimpliQing Assumptions -70 

...................................................................................... 4.3 -4 Proposed Mode1 -71 
......................................................... 4.4 Correlating the Energy Imbalance Terms 7 1  

...................................................... 4.4.1 Two-Phase Pressure Drop Modelling 7 2  
4.4.2 Single-Phase Loss Coefficients and Momentum Correction Factors ........ -74 



. .  . . 
.......................................................................... 4.4.3 Preliminary Denvations 7 6  

4.4.4 Empirical Correlations of the Two-Phase Multipliers ............................ ... 79 
......................................................................... Correlations for D3/Dl=1 .O 8 6  

Correlations for DdDi=0.5 ............~......~.......~.............................................. -95 
........................................................................................................ 4.5 Summary 104 

.............................................................................. 5 RESLJLTS AND DISCUSSION 105 

5.1 Parametric Study of the Four-Stream Mode1 ..................... ...... ................... 105 
.................... 5 -2 Cornparisons Between Models and Data .... .. .. .................... 112 

5.3 Discussion ofthe Results ................................................................................ 169 
............................................................. 5.3.1 The Diameter Ratio Dmi= 1 .O. .  170 

............................................................... 5.3 -2 The Diameter Ratio D3/Di=0.5 172 

.................................................... 6 CONCLUSIONS AND RECOMMENDATIONS 174 

.................................................................................................... 6.1 Conclusions 174 
................................................................ 6.2 Recommendations for Future Work 176 

............................................................................................................ REFERENCES 179 

APPENDICES 

A . FOUR-STREAM MODEL SOLUTION PROCEDURE .................... ... ............ 181 

.............................................................................. B . COMPUTER CODE LISTING 191 

vii 



LIST OF FIGURES 

Figure 1.1 

Figure 1.2 

Figure 1.3 

Figure 2.1 

Figure 2.2 

Figure 3.1 

Figure 3.2 

Figure 3.3 

Figure 3.4 

Figure 3.5 

Figure 3 -6 

Figure 3 -7 

Figure 3 -8 

Figure 3.9 

Relevant parameters for two-phase flow in a T-junction .......................... - 3  

Methods of presenting phase-distribution data ..................................... 5 

Schematic diagram of pertinent flow regimes ........................................... 6 

Dividing streamlines in a horizontal T-junction for the phase-distribution 
................................................................. mode1 of Hwang et al . (1 988) 13 

Inlet flow geometry for stratified flow in the model of Hwang et al . 
(1988) ......................... .. ....................................................................... 16 

Data of Bueil (1992): JGl = 2.7 [ds]. 4 /DI = 1. P, = 150 [kPa] .... 24 

Data of Buell (1 992): JGl = 4.3 [m/s]. D3 /Dl = 1 .O. P, = 150 [ P a ]  .... 25 

Data of Buell(1992): JGl = 10.8 [ds]. D3 /Dl  = 1 .O. P, = 1 50 [ P a ]  .. 26 

Data of Waiters (1994): JGl = 2.7 [m/s]. D, /D. = 0.5, P. = 150 
...................................................................................................... [kPa] 28 

Data ofwaiters (1994): JGl = 4.3 [m/s]. D3/D.  =O.S. P. = 150 
..................................................................................................... [ F a ]  -29 

Data of Waiters (1 994): J,. = 10.8 [ds]. D3 ID. = 0.5, P, = 150 

[fi] ...................................................................................................... 30 

Data of Reirnann et al . (1988): J,. = 4.9 [mis]. D3 /Dl  = 1.0, P, = 

686 [kPa] ............................................................................................ 3 2  

Data of Reimann et al . (1 988): JG1 = 10.4 [mis], D3 /Dl = 0.52, P, = 

686 [kPa] .......................................................................................... 34 

... 
Vlll 





Figure 4.6 

Figure 4.7 

Figure 4.8 

Figure 4.9 

Figure 4.1 O 

Figure 4.1 1 

Figure 4.12 

Figure 4.13 

Figure 5.1 

Figure 5.2 

Figure 5.3 

Figure 5.4 

Figure 5.5 

. ......................*...-*- . Correlation plot of vs Re,. for D3 /Dl = 1 0 -92 

Correlation plot of 9... vs . Re, for D3 ID. = 1 . 0 ............................... 94 

Correlation plot of q& vs . Re,. for D3 /Dl = 0.5 ............................. 96 

.................. . . Correlation plot of q$G,. vs Re,. ~ e a r  for D3/DI  = 0.5 98 

Correlation plot of )La.0 vs . Re,. for D3 ID. = 0.5 ......................... ... . 99 

. .......... Plot of parameter c (fkom figure 4.10) vs J,. for D3 /Dl  = 0.5 100 

Correlation plot of q5... ..S. Re.. (Rexl 1 1000 ) for D3 /DI = 0.5 .. 102 

.... ... Correlation plot of ) .,.. Re,. ( Re,. > 1000 ) for 0. /LI, = 0.5 103 

Predictions of the present model for air-water: JGl = 2.7 [ds].  Dl  = 

............................................................. 0.038 [ml. and f: = 150 [kPa] 106 

Predictions of the present model for air-water: JGl = 6.1 [m/s]. D. = 

............................ .......................... 0.038 [ml. and 4 = 150[kPa] ... 107 

Predictions of the present model for air-water: JGl = 6.1 [mk]. Dl = 

0.038 [ml. and 4 = 300 [Wa] ..................... ... ................................ 108 

Predictions of the present model for air-water: J,. = 10.8 [rnfs]. 

Dl = 0.038 [ml. and 4 = 150 v a ]  ................................................... 109 

Cornparison of predictions between models of Hart et al . (1 99 1) 
(8.. < 0.06), Hwang et al . (1988). and the Four-Stream Mode1 with 
dataset BI-1.0: JG,=2.7 [mk]. J,, = 0.0021 [m/s]. Dl = 0.038 [ml. 

P, = 150 Ma].  414 = 1.0 ................................................................ 113 



Figure 5.6 Cornparison of predictions between models of Hart et al. (1 99 1) 
( E L ,  2 0.06 ), Hwang et al. (1988), and the Four-Stream Model with 

dataset B2-1.0: J,,=2.7 [mls], J,, =0.0095 [ds], Dl =0.038 [ml, 

4 = 150 [kPa], D,/D, =1.0 ................................................................ 114 

Figure 5.7 Comparison of predictions between models of Hart et ai. (1 99 1) 
( E ~ ,  2 0.06 ), Hwang et al. (1988), and the Four-Stream Model with 

dataset B3-1 .O: JG, =2.7 [ds], JLl = 0.0397 [ds], Dl = 0.038 [ml, 

P, = 150 P a ] ,  0,/4 =1.0 .............................................................. 115 

Figure 5.8 Cornparison of predictions between models of Hart et ai. (1991) 
( E ~ ,  2 0.06), Hwang et al. (1988), and the Four-Stream Model with 

dataset B4- 1 .O: J,, = 4.3 [mls], J,, = 0.0095 [rnk], D, = 0.03 8 [ml, 
Pl = 150 [kPa], 414 =l.O ................................................................ 116 

Figure 5.9 Comparison of predictions between models of Hart et al. (1991) 
( E ~ ,  < 0.06 ), Hwang et al. (1 988), and the Four-Stream Model with 
dataset B5-1 .O: J,, = 10.8 [ds] ,  JLl = 0.0021 [m/s], Dl = 0.038 [ml, 

P, = 150[Wa], 4 / D i  =l.O ................................................................ 117 

Figure 5.10 Cornparison of predictions between models of Hart et ai. (1 99 1) 
( E ~ ,  < 0.06 ), Hwang et al. (1 988), and the Four-Stream Model with 
dataset B6- 1 .O: J,, = 10.8 [m/s], J,, = 0.0095 [mls], Dl = 0.038 [ml, 

P, = 150 [kPa], DJD, = 1.0 ......................................................... 118 

Figure 5.1 1 Comparison of predictions between models of Hart et al. (199 1) 
( E ~ ,  2 0.06 ), Hwang et ai. (1 988), and the Four-Stream Model with 
dataset B7-1 .O: J,, = 10.8 [mls], J,, = 0.0397 [m/s], Dl = 0.038 [ml, 

P, = 15O[kPa], 4/4 =i.O ..................................... .. ......................... 119 

Figure 5.12 Cornparison of predictions between models of Hart et al. (199 1) 
( E ~ ,  2 0.06 ), Hwang et al. (1988), and the Four-Stream Model with 
dataset RI- 1 .O: J,, = 4.9 [rn/s], J,, = 0.0490 [ds], Dl = 0.05 [ml, 

P, = 686 P a ] ,  4 / D l  = 1.0 ................................................................ 120 



Figure 5.13 

Figure 5.14 

Figure 5.1 5 

Figure 5.16 

Figure 5.1 7 

Figure 5.18 

Figure 5.19 

Comparison of predictions between models of Hart et al. (199 1) 
(E,,  < 0.06 ), Hwang et al. (1 988), and the Four-Stream Model with 
dataset R2-1.0: J,, = lO.O[m/s], J,, = 0.0490 [ds], Dl = 0.05 [ml, 

P, = 686 [kPa], 4 / D ,  = 1.0 ..................... .... ................................. 121 

Comparison of predictions between models of Hart et al. (199 1) 
( E ~ ,  < 0.06), Hwang et ai. (1988), and the Four-Stream Model with 
dataset S 1-1.0: J,, = 6.1 [m/s], JLl = 0.0029 [ds], Dl = 0.05 1 [ml, 

P, = 295 [Wa], 414 = 1 .O ................................................................ 122 

Comparison of predictions between models of Hart et al. (1991) 
( E ~ ,  < 0.06), Hwang et al. (1988), and the Four-Stream Model with 
dataset S2-1 .O: J,, = 6.1 [mls], J,, = 0.005 1 [ds], Dl = 0.05 1 [ml, 
4 = 295 @Pa], 4 /Dl  = 1 .O ..................... ... ................................... 123 

Cornparison of predictions between models of Hart et ai. (199 1) 

( < 0.06 ), Hwang et al. (1988), and the Four-Stream Model with 
dataset S3- 1.0: J,, = 6.1 [ds], J,, = 0.0092 [ m l s ] ,  Dl = 0.05 1 [ml, 

P, = 295 [kPa], 4 /Dl = 1 .O ............................................................... 1 24 

Comparison of predictions between models of Hart et al. (1991) 
( E , ,  < 0.06 ), Hwang et al. (1988), and the Four-Stream Model with 
dataset S4- 1 .O: JGl = 6.1 [m/s], J,, = 0.01 70 [mk], Dl = 0.05 1 [ml, 

P, = 295 [Pa], D3/Dl = 1.0 ................... .... .............................. 125 

Comparison of predictions between models of Hart et al. (1 99 1) 
(gLi 2 0.06 ), Hwang et al. (1988), and the Four-Stream Model with 
dataset S5-1 .O: J,, = 6.1 [mls], J,, = 0.0300 [mis], Dl = 0.05 1 [ml, 

P, = 295 [Wa], 4 1 4  = 1.0 ................................................................ 126 

Comparison of predictions between models of Hart et al. (199 1) 
(E,,  1 0.06), Hwang et al. (1988), and the Four-Stream Model with 
dataset S6-1 .O: JGl = 6.1 [mk], J,, = 0.0590 [ds], Dl = 0.05 1 [ml, 

P, = 295 [Wa], D3/D, = 1.0 ................................................................ 127 



Figure 5.20 

Figure 5.2 1 

Figure 5 -22 

Figure 5 -23 

Figure 5.24 

Figure 5.25 

Figure 5.26 

Comparison of predictions between models of Hart et al. (199 1) 
(gL ,  < 0.06 ), Hwang et al. (1988), and the Four-Stream Model with 
dataset AlH-1 .O: J,, = 25.0 [mk], J,, = 0.0109 [ds], Dl = 

0.038 [ml, P, = 300 v a ] ,  D,/D, = 1.0 ...................... .. ............ 128 

Comparison of predictions between models of Hart et ai. (1 99 1) 
( E ~ ,  < 0.06 ), Hwang et al. (1988), and the Four-Stream Mode1 with 
dataset A2H-1.0: J,, = 5.8 [ds], J,, = 0.0087 [mh], Dl = 

0.038 [ml, P, = 300 P a ] ,  D 3 / 4  = 1.0 .......................................... 

Comparison of predictions between models of Hart et ai. (199 1 )  
( E ~ ,  < 0.06 ), Hwang et al. ( 1  988), and the Four-Stream Model with 
dataset MH-1 .O: JGl = 5.9 [ds], J,, = 0.0 1 17 [mk], Dl = 

0.038 [ml, P, = 300 [kPa], Q / D ,  = 1.0 ................... ... ............. 

Comparison of predictions between models of Hart et al. ( 1  99 1 )  
( E ~ ,  < 0.06 ), Hwang et al. (1988), and the Four-Stream Mode1 with 
dataset A4H-1.0: JGI = 5.9 [mk], J,, = 0.0165 [ds],  D, = 

0.038 [ml, P, = 300 [kPa], D , / Q  = 1.0 ....................... .. .............. 

Comparison of predictions between models of Hart et ai. (199 1 )  
( E ~ ,  1 0.06 ), Hwang et al. (1988), and the Four-Stream Model with 
dataset A5H-1.0: J,, = 5.9 [ d s ] ,  JL, = 0.0280 [ds],  D, = 

Comparison of predictions between models of Hart et al. ( 1  99 1 )  
( E,! 2 0.06 ), Hwang et al. (1 988), and the Four-Stream Model with 
dataset A6H- 1 .O: JG, = 5.9 [mls], J,, = 0.0547 [m/s], Dl = 

0.038 [ml, Pl = 300 [kPa], D3/D1 = 1.0 ........................................ 133 

Comparison of predictions between rnodels of Hart et ai. (1991) 
(E,,  2 0.06 ), Hwang et al. (1988), and the Four-Stream Model with 
dataset A7H-1.0: J,, = 3.1 [m/s], J,, = 0.0552 [m/s], D, = 

0.038 [ml, 4 = 300 P a ] ,  D3/D,  = 1.0 .................................... .... . 134 



Figure 5.27 Comparison of predictions between models of Hart et al. (1991) 
( E ~ ,  2 0.06 ), Hwang et al. (1988), and the Four-Stream Model with 
damet A8H-1-01 JGl = 3.1 [d~], JL1 =o.oz76 [mh], Dl = 

0.038 [ml, Pl = 300 [kPa], D 3 / 4  = 1.0 ........................................... 135 

Figure 5.28 Comparison of predictions between models of Hart et al. (1991) 
( E ~ ,  ç 0.06), Hwang et al. (1988), and the Four-Stream Model with 

dataset A9H-1 .O: J,, = 10.9 [mls], J,, = 0.01 16 [m/s], Dl = 

0.038 [ml, P, = 300 v a ] ,  410, = 1.0 ............................................. 136 

Figure 5.29 Comparison of predictions between models of Hart et al. (199 1) 
( E ~ ,  < 0.06 ), Hwang et a(. (1988), and the Four-Stream Model with 
dataset A 1 L- 1 .O: J,, = 1 1 -8 [m/s], JLl = 0.0084 [mis], Dl = 

0.038 [ml, P, = 150 [ma], 4 1 4  = 1.0 ...................... .... ........... 137 

Figure 5 -30 Cornparison of predictions between models of Hart et ai. (1 99 1) 
(q1 < 0.06 ), Hwang et ai. (1988), and the Four-Stream Mode1 with 

dataset A.2L-1-01 JG1 = 11.8 [ds], JLl = 0.01 10 [ds],  Dl = 

0.038 [ml, Pl = 150 [Pa],  D3/Dl = 1.0 ........................ .... . . . . . .  138 

Figure 5 -3 1 Comparison of predictions between models of Hart et al. (1 99 1) 
( g L 1  < 0.06 ), Hwang et ai. (1988), and the Four-Stream Model with 

dataset ML-1.0: J,, = 11.8 [mls], JL, = 0.0167 [mis], D, = 

0.038 [ml, P, = 150 [Pa], D,/D, = 1.0 ......................................... 139 

Fipure 5.32 Comparison of predictions between models of Hart et ai. (1 99 1) 
( g L i  c 0.06 ), Hwang et al. (1 988), and the Four-Stream Mode1 with 

dataset ML- 1 .O: J,, = 1 1.8 [m/s], J,, = 0.0273 [mk], D, = 

0.038 [ml, P, = 150 v a ] ,  D,/Dl = 1.0 .......................................... 140 

Figure 5.33 Comparison of predictions between models of Hart et al. (1 99 1) 
2 0.06 ), Hwang et al. (1988), and the Four-Stream Model with 

dataset ASL- 1 .O: J,, = 1 1.8 [mls], JLl = 0.0554 [mk], Dl = 

0.038 [ml, P, = 150 P a ] ,  D,/D, = 1.0 ...................... .. .............. 141 



Figure 5.34 Comparison of predictions between models of Hart et ai. (1991) 
(E,, 2 0.06), Hwang et ai. (1988), and the Four-Stream Model with 

dataset A6L-1 .O: J,, = 8.3 [mls] ,  J,, = 0.0554 [ds], Dl = 

0.038 [ml, P, = 150 v a ] ,  D,/D, = 1.0 ............................................ 142 

Figure 5.3 5 Comparison of predictions between models of Hart et al. (1 99 1) 
( E ~ ,  2 0.06), Hwang et ai. (1988), and the Four-Stream Model with 
dataset A7LA.O: J,, = 6.4 [m/s], J,, = 0.0563 [ds], Dl = 

0.038 [ml, P, = 150 [kPa], D,/D, = 1.0 ....................... ... ......... 143 

Figure 5.36 Comparison of predictions between rnodels of Hart et al. (1 99 1) 
(E,, c 0.06 ), Hwang et al. (1988), and the Four-Stream Model with 

dataset Wl-0.5: J,, = 2.7 [ds], JL, = 0.0021 [ds],  DI = 

0.038 [ml, P, = 150 [kPa], 414 = 0.5 .................... .... ............ 145 

Figure 5.37 Cornparison of predictions between models of Hart et al. (1 99 1) 
(cL, 2 0.06 ), Hwang et al. (1988), and the Four-Stream Model with 
dataset W2-0.5: J,, = 2.7 [mls], J,, = 0.0095 [mis], Dl = 

0.038 [ml, 4 = 150 [Ha], 414 = 0.5 .......................................... 146 

Figure 5.38 Cornparison of predictions between models of Hart et ai. (1991) 
( E ~ ,  2 0.06), Hwang et al. (1988), and the Four-Stream Model with 
dataset W3-0.5: JG, = 2.7 [rnls], JLl = 0.0397 [ds] ,  Dl = 

0.038 [ml, P, = 150 [Wa], 410, = 0.5 ........................ .. ................ 147 

Figure 5.39 Comparison of predictions between models of Hart et al. (1 99 1) 
2 0.06), Hwang et ai. (1988), and the Four-Stream Model with 

dataset W4-0.5: JG, = 4.3 [ds], JL, = 0.0095 [ds], Dl = 

0.038 [ml, P, = 150 [Pa], = 0.5 ............................................ 148 

Figure 5.40 Comparison of predictions between models of Hart et ai. (1991) 
(E, < 0.06 ), Hwang et al. (1988), and the Four-Stream Model with 
dataset W5-0.5: JGl = 10.8 [m/s], JL, =0.0021 [mk], Dl = 

0.038 [ml, P, = 150 P a ] ,  Q / D ,  = O S  ........................................... 149 





Figure 5.48 

Figure 5.49 

Figure 5.50 

Figure 5.5 1 

Figure 5.52 

Figure 5.53 

Figure 5.54 

Figure 5.5 5 

Figure 5.56 

Figure 5.57 

Comparison of predictions between models of Hart et al. (199 1) 
( E ~ ,  c 0.06), Hwang et ai. (1988), and the Four-Stream Model with 
dataset S4-0.5: 4, = 6.1 [ds],  J,, = 0.0 170 [m/d, DI = 0.05 1 [ml, 

P, = 300 P a ] ,  414 = 0.5 ................................................................ 157 

Comparkon of predictions between models of Hart et ai. (199 1) 
( E ~ ,  Z- 0.06), Hwang et ai. (1988), and the Four-Stream Model with 
dataset S5-0.5: JGl = 6.1 [m/s], JLl = 0.0300 [ds], Dl = 0.051 [ml, 

Pl = 300 Fpa], Q / D l  = 0.5 ................................................................ 158 

Comparison of predictions between models of Hart et ai. ( 1  99 1) 
(zL1 2 0.06 ), Hwang et al. (1988), and the Four-Stream Model with 
dataset S6-0.5: J,, = 6.1 [m/s], JLl = 0.0590 [m/s], Dl = 0.05 1 [ml, 
PI = 300 [kPa], 4 / D l  = O S  ................................................................ 159 

Comparison between the present Four-Stream Mode1 and the data 
........ of Bue11 (1 992), Dl = 0.03 8 [ml, 4 = 150 [kPa], D, /Dl = 1 .O... 160 

Comparison between the present Four-Stream Model and the data of 
Reimann et al. (1988), Dl = 0.05 [ml, Pl = 686 [Wa], D,/Dl = 1.0 ... 161 

Comparison between the present Four-Stream Model and the data of 
Shoham et al. (l989), D, = 0.051 [ml, P, = 295 [kPa], DJD, = 1.0 .. 162 

Comparison between the present Four-Stream Model and the data of 
Aaopardi et ai. (1988), Dl = 0.038 [ml, P, = 300 [kPa], 

D3/D1 = 1.0 ........................................................................................ 163 

Comparkon between the present Four-Stream Model and the data of 
Auopardi et al. (1988), D, = 0.038 [ml, 4 = 150 P a ] ,  
D 3 / D l  = 1.0 ........................................................................................ 164 

Comparison between the present Four-Stream Model and the data o f  
........... Walters (1994), D, = 0.038 [ml, P, = 150 P a ] ,  D, /Dl  = 0.5 165 

Comparison between the present Four-Stream Model and the data of 
Reimann et al. (1988), D, = 0.05 [ml, P, = 686 F a ] ,  
D,/D,  =OS2 ...................................................................................... 166 



Figure 5.58 Cornparison between the present Four-Stream Mode1 and the data of 
Shoham et al. (1989), D, = 0.05 1 [ml, Pl = 300 v a ] ,  
D,/D, = O S  ............................................................................ 167 



LIST OF TABLES 

Table 3.1 

Table 4.1 

Table 4.2 

Table 4.3 

Table 4.4 

Table 4.5 

Table 4.6 

Table 5.1 

Table 5.2 

Phase Distribution Database .................................................................. -46 

.................... Database of Take-off Points and End Points. D3 /Dl = 1 .... 82 

..................... Daïabase of Take-off Points and End Points. 0, /Dl = 0.5 83 

Database of @GB and (.. at the Take-off Points and End Points. 

.............................................................................................. D3 /DI = 1 84 

Database of #GD and 4.. at the Take-off Points and End Points. 

.......................................................................................... D3 /DI  = 0.5 85 

.................. Database of Correlated q5Gz and Values. D 3 / Q  = 1.0 87 

= .................. Database of Correlated and q5Ln Values D3 /D,  0.5 88 

Summary of the Performance of the Phase-Distribution Models. 
D 3 / D .  = 1.0 .................................................................................... 168 

Sumrnary of the Performance of the Phase-Distribution Models. 
D 3 / D 1  = O S  ....................................................................................... 169 

xix 



NOMENCLATURE 

English 

Ratio of inlet-to-branch inner tube diameters 

Cross-sectional pipe area occupied by a particular phase [m2] 

Pipe inner diameter [ml 

Energy equation loss term [Jk]  

Fraction of gas mass flow exiting the branch tube 

Fraction of liquid mass flow exiting the branch tube 

Froude number, equation (2.19) 

Acceleration due to gravity [m/s2] 

Mass flux rate [kglmz-s] 

Height of gas-liquid interface for stratified or wavy flow [ml 

Superficial velocity [m/s] 

Frictional loss coefficients 

Separated-flow momentum correction factor for pressure drop, in equation 
(4.74) 

Empirical parameter in equation (2.9) 



Unit normal vector 

Radius of curvature dong dividing streamline [ml in equations (2.8) and 
(2.9) 

Reynolds number 

Pressure fN/m2] 

Slip ratio, defined in equation (4.7 1) 

Rate of energy transfer across a control volume surface due to a temperature 
gradient [J/s] in equation (4.1 ) 

Fluid specific intemal energy [J/kg] in equation (4.1) 

Fluid velocity (scaiar) relative to a frxed reference frame [ d s ]  in equation 
(4- 1) 

Fluid velocity (vector) relative to a reference frame attached to the control 
volume [mk] in equation (4.1 ) 

Mean velocity [m/s] 

Volume [m3] in equation (4.1) 

Mass flow rate [kg/s] in equation (4.1 ) 

Work rate resulting fiom rotating sh&s [Us] in equation (4.1) 

Work rate due to a moving boundary [Jfs] in equation (4.1) 

Work rate that occurs when a control volume moves relative to a fixed 
reference b e  [Jls] in equation (4.1) 

Quaiity 

Vertical distance upwards f?om an arbitrary fixed datum [ml 



Greek 

Q Void fiaction 

Kinetic-energy veiocity correction factors 

Width of zone of influence [ml in equation (2.9) 

Holdup 

Two-phase energy equation loss term multiplier 

Separated flow two-phase pressure drop multiplier in equat ion (4.66) 

Extraction rate, W, / W, 

Ratio o f  gas-to-liquid kinetic energies in the inlet tube, defined in equation 
(4.38) 

Parameter in equation (2.3 0) 

Dynamic viscosity m=s/m2] 

Charactenstic angle [rad], defined in equation (2.1 5) 

Parameter in equation (2.20) 

Inlet wetted wall fraction, defined in equation (2.20) 

Density [kg/m3] 

Surface tension @/ml 



Subscripts 

1 

2 

3 

CS 

cv 

E 

EP 

F 

G 

H 

L 

M 

REL 

S 

TO 

Side 1 of T-junction (idet) 

Side 2 of  T-junction (run) 

Side 3 of T-junction @ranch) 

Control surface 

ControI volume 

Energy-weighted 

End point 

Liquid film 

Gas phase 

Womogeneous 

Liquid phase 

Momentum-weighted 

Relative 

Superficial 

Take-off point 



( )MO Mode1 value 

Expenmental value 



Chapter 1 

Introduction 

1.1 Preliminary Remarks 

Branching T-junctions are common features in piping systems carrying two-phase 

(gas and liquid) fluids. These systems are essential elements in the oil and gas, process, 

and power industries. Examples include boiling-water and pressurized-water nuclear 

reactors, conventional steam power plants, evaporators and condensers of refngeration 

systems, and many other applications in the 

heat-transfer rate and temperature at various 

petroleum industry. In order to predict the 

locations in such systems, it is necessary to 

know the phase distribution of the two fluids. Maldistribution of phases in critical 

locations of nich piping networks can have a significant effect on the operation and 

efficiency of downstream components. 
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1.2 Relevant Parameters of Study 

When a two-phase mixture flowing in a pipe encounters a T-junction, the flow 

situation is very complicated and an exact analysis is difficult, if not impossible. The 

purpose of the junction is to split the flow into two streams, one tuniing the corner into 

the branch and the other continuing into the run. What is not known yet is how to predict 

the mass flow rate ratio of the two phases in the branch and run. Certain inlet conditions 

c m  lead to single-phase gas flowing in the branch, while in other cases, single-phase 

liquid may result in the branch. Since the flow split at the junction is complicated, it is 

very dificult to predict the vapour quality in the branch pipe. This is the problem upon 

which the study was focussed. Figure 1.1 illustrates a dividing T-junction. The relevant 

flow parameters are as follows: the inlet, mn, and branch mass flow rates (4,  W,, and 

W, . respectively), the inlet, mn, and branch qualities (x,, x,, and x3, respectively), and 

the inlet-to-mn and the inlet-to-branch pressure drops (A& = 4 - P, and WI3 = PI - P3 , 

respective1 y). The terni "'extraction rate" refers to the ratio of the branch-to-inlet mass 

flow rates ( W, /W, ). The relevant geometric parameters include the inlet, run, and branch 

tube inner diameters (D, , D, , and D3 , respectively). As well, the two fluid phases may 

be of the same fluid (Le., steam and water), or of different fluids (i.e., air and water). 

Along with these parameters, the properties of the two fluids are important to the phase 

separation at the junction, as well as the orientation of the inlet and branch pipes of the T- 

junction. The problern is also complicated by the existence of different flow regimes in 

the inlet pipe, as discussed later. 
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Figure 1 . 1  Relevant parameters for twephase flow in a T-junction 
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Figure 1.2 (a) shows one method that can be used to present the phase-distribution 

data. The ordinate in this figure is the ratio of branch-to-inlet quality (x, lx, ), and the 

abscissa is the extraction rate W3 /W, . Line AB represents the limiting case where only 

gas is diverted into the branch (x, = 1) and al1 of the liquid and some gas flows into the 

mn. Curve BC shows another limiting case where only single-phase liquid flows into the 

mn (x, = 0 )  and al1 of the gas and some liquid is diverted into the branch. A mass 

balance on the gaseous phase yields the following equation for this curve: 

x, /x, = W, /W, . At point B, single-phase liquid is flowing in the run and single-phase 

gas is flowing in the branch. Thus, at point B the T-junction is acting as a perfect phase 

separator. No data can exia above curve ABC. Line CD is the even-phase distribution 

line where the branch quality is equal to the inlet quality (x, lx, = 1 ). 

Another method that has been used to present the phase-distribution data is s h o w  in 

figure 1.2 (b) In this figure, the ordinate is the fraction of inlet liquid taken off into the 

branch ( F a  ), and the abscissa is the fraction of inlet gas taken off into the branch (Fm ). 

The points labeled A, B, C, and D correspond to the same points given in figure 1.2 (a). 

For horizontal two-phase flow, the two phases will distribute themselves into various 

flow regimes, depending on such variables as the fluid properties and velocities. Figure 

1.3 illustrates some flow regimes that are possible. Stratified flow occun when the liquid 

flows along the bottom of the tube, and the gas above it with a smooth interface. Wavy 

flow is similar to stratified flow, but with a wavy interface resulting f?om a higher gas 
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velocity. At higher liquid flow rates, the height of the waves increases and eventually 

they may block the flow of gas through the pipe. These blockages are known as slugs, 

and they travel downstream at high velocity. At much higher gas velocities, the liquid 

tends to be swept up around the circumference of the pipe to form an annulus, with the 

gas flowing inside it, possibly containing entrained droplets of liquid. This forms the 

annular flow regime. 

In order to predict the flow regimes where visual observation of the fluids is not 

possible, several flow regime maps are available. One such rnap is that of Mandhane et 

al. (1974), who constructed a map to predict the flow regimes using the superficial gas 

and liquid velocities as coordinates, with some corrections for fluid property variations. 

The present thesis is focussed entirely on the data and the flow split predictions giving 

conditions of stratified flow in the inlet pipe. For the remainder of this thesis, the term 

"stratified" shall in general also include 'îvavy" flow conditions. Since the two flow 

regimes are quite similar, both stratified and wavy data were grouped together for 

analysis as though a single flow regime. 

1.3 Objectives 

The objectives of this study were to: 

1. Develop a semi-empirical mode1 which offers an advance in prediction accuracy 

over existing models for predicting the flow split of stratified flow at horizontal 

T-junctions. 
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2. Present the predictions of the new model and discuss the trends of the model with 

varying inlet flow parameters and geometry. 

3. Compare the predictions of the new model against the existing database of 

stratified two-phase flow data, and againa the predictions of other models with 

the same data. 



Chapter 2 

Review of Existing Models 

Much attention has been directed towards attempting to model mathematically the 

phase distribution at branching junctions. While some models are claimed to be general 

(not specific to certain flow regimes), others are limited to use with particuiar flow 

regimes. A tmly generalized model would have many factors to take into account, such 

as inlet mass flow rate, inlet flow regime, inlet vapour quality, fluid properties, extraction 

rate, and the junction geometry. Walters (1994) and Bue11 (1992) both contain excellent 

reviews of many of these models. As can been seen in these reviews, none of the existing 

models have provèn satisfactory for al1 conditions. An additional problem is that not al1 

of the phenornena associated with the problem of phase distribution at branching T- 

junctions are completely understood. Therefore, there is disagreement between 

researchers as to which parameters are to be included in the models. 

In this study, two of the most recently available models were selected for comparison 

with experimental data and with the mode1 developed in the present study. These models 
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are those by Hwang et al. (1 988), and Hart et al. (1 99 1). It should be noted that these 

models were selected as they are applicable to equal-sided and reduced T-junctions for 

the stratified flow regime. In this chapter, these models are described, with dl of the 

relevant equations summarized. Some parts of this surnmary have been borrowed h m  

Timmeman (1994), while other parts may have been taken fiom the original articles in 

which the models fira appeared. 

2.1 Two-Phase Flow Variables 

Several commonly-used variables are defined in terms of the basic parameters listed 

in section 1.2 Here, they will be briefly defined in the interest of clarity. 

The inlet, mn, or branch mass flux, G, ( i  = 1, 2, or 3, respectively), is simply the ratio 

of the given mass flow rate to the respective pipe cross-sectional area: 

The inlet, nin, or branch flow may be composed of two mass flow rates, one for the 

gas phase and one for the liquid phase: 

The gas holdup E, ,  which is equivalent to the cornrnonly-known void fiaction, is 

defined as the cross-sectional area occupied by the gas phase in the tube (above the 

stratified gas-liquid interface), A, divided by the total cross-sectional area of the pipe. 
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A similar t e m  is the liquid holdup, EL, defined as the cross-sectional area occupied 

by the liquid phase, A, , divided by the total cross-sectional area of the pipe: 

The liquid and gas holdups have a direct geometric relationship to the liquid height, 

h,, which is defined as the vertical distance fkom the bottom of the pipe to the stratified 

gas-liquid interface. 

The velocity of a particular phase, which in actuality varies over the phase cross- 

section, can be described in several different ways. The niperfiial velocities of the gas 

and liquid phases are defined as the velocities of the phases averaged over the entire 

cross-sectional area of the pipe, Le., as though each phase was flowing in the pipe 

without the presence of the other: 

The mean velocities of the gas and liquid phases are averaged over the cross-sectional 

ara of the relevant phase: 
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To describe the mass fiaction of gas taken off from the inlet flow into the branch, 

F B ~ ,  and similarly for the liquid, FM, one can define: 

WG, Fm =- W., ; FE=-  
WG, W.', 

The above tems will appear quite frequently in the following sections. With those 

basic definitions explained, the existing models can now be reviewed. 

Hwang, Soliman, and Lahey Model 

This model, presented in Hwang et al. (1988), is based on a dividing streamline 

concept. It is assumed that there is a "zone of influence" for each of the two phases 

which is bounded by the tube wall near the branch and the respective dividing streamline. 

As s h o w  in figure 2.1, incoming gas and liquid must follow curved paths in order to exit 

the T-junction through the branch. The model traces the dividing streamlines' paths 

based on a balance between the dominant forces acting on each phase. This phase- 

distribution model is valid for any inlet flow regirne, provided that the lateral distribution 

of the phases in the inlet pipe is known. For separated flow (stratified, wavy, or annular), 

the mode1 reduces to a balance of centrihgal forces: 

where RG and RL are the radii of curvature of the gas and liquid dividing streamlines, 

respectively, and V& and VL1 are the mean velocities of the gas and the liquid phases in 
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Gas 
dividing 

Liquid 
Dividing 
S treamline 

' 7 Gas "zone of influence" 

- Liquid "zone of influence" 

Figure 2.1 Dividing streamlines in a horizontal T-junction for the phase-distribution 
mode1 of Hwang et al. (1988) 
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the inlet of the junction, respectively. These radii were obtained using the following 

relation: 

where it is assumed that &/DI is known. The empirical parameter mt must satisQ 

m, = l a t 6 ,  = O  (2.1 O) 

and 

At present, the only correlation for mk that can be used with data for reduced T- 

junctions is that given by Timmerman (1 994): 

This equation was correlated based on a similar equation developed by Hwang et al. 

(1 988) fiom their own air-water data (D3/DI = 1 .O). Although this equation was based on 

equal sided T-junction data, it will also be used for reduced T-junctions since no other 

correlation is available. 

In the following material, the calculation procedure used in executing this mode1 is 

descnbed. As input, the inlet conditions (Wl, x,, and fluid properties), junction 
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geometry (D, and D,) and the value of F,, are given. The purpose of the mode1 is to 

predict Fm at these conditions, which is denoted as (F,), . 

In the case of stratified or wavy tlow, the liquid level, hr, and the inlet void fraction, 

E,, , were obtained fiom the inlet conditions using the rnodel of Taitel and hikler (1976). 

As seen in figure 2.2, FBL can be expressed as: 

AL3 - - AL, 
FBL = 

A,, + AL, (1 - EGI 1: D: 

Therefore, having caiculated An, the inlet cross-sectional area representing the branch 

liquid mass flow, one can determine 9 by iteratively solving the equation: 

where, 

Equations (2.14) and (2.1 5) were derived by integral calculus. The parameter RL was 

determined f?om equation (2.9), and & was easily found using equation (2.8). The value 

of & was obtained by iteratively solving equation (2.9). A value for ( A G ~ ) M ~  can be 
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Inlet tube -1 

Branch tube Gas-liquid interface 
hiniettube 

Figure 2.2 Inlet flow geometry for stratified flow in the mode1 of Hwang et al. (1988) 
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found using equation (2.14), but replacing & with di;, and hr with (1 - hL). Again 

referring to figure 2.2, ( F B G ) ~ ~ ~  may be calculated using: 

For the sake of consistency between models during cornparison, in the execution of 

this model, the value of the input F,, was altered until the resulting (FK)nro was equal to 

the expenrnental value of FBG. This essentially produced a value of (Fm ) ,  from the 

model of Hwang et al. (1988) for a given experimental value of Fm. 

2.3 Hart, Hamersrna, and Fortuin Mode1 

In the original article in which this model was presented, Hart et al. (1991), it was 

specifically stated that the model was applicable only where the inlet liquid holdup, &LI, 

was less than 0.06. This, of course, also corresponds to an inlet gas holdup, E,, , p t e r  

than 0.94. As well, it was stated that this mode1 is applicable to annular, wavy, and 

stratified inlet flow. regimes. 

The model was derived by applying a "mechanical energy balance" on both the gas 

and the liquid phases for inlet-to-run and inlet-to-branch streamlines. It then used the 

critenon that the run-to-branch pressure difference, A&, is the same for both phases in 

developing the necessary relations for predicting the phase distribution. The resulting 

model, assuming a "regular" T-junction (&/Di = l), is quite simple. However, for 
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reduced branch-to-inlet diameter ratios (DdD1 < 1)- the mode1 becomes more 

complicated. In this anal ysis, the T-junctions were taken to be "s harp-edged", meaning 

that the radius of cuwature of the junction is zero. 

The superficial inlet liquid Reynolds number, ReEi, was defined as: 

Re,, = Dl LPL 
PL 

Next, the horizontal inlet liquid holdup, &ri, was determined from: 

Using the inlet liquid holdup to calculate the mean velocities, as in equation (2.6), the 

foilowing modified Froude numbers were then obtained: 

v,: PL FrLl = - ; Fr,,, = VLt 

gD, PL -P ,  g@, - 4 

Next, the value of the inlet wetted wall fraction, 8, was calculated fiom: 

wit h 

e, = 0 . 5 2 ~ ; 7  (2.2 1) 

If & > 1, then the authors imposed 4 = 1. The idet liquid film Reynolds number, Reni, 

was calculated fiom: 



CHAPTER 2 REViEW OF EXISTING MODELS 

Hart et al. (1991) defined & and & as the gas and liquid inlet velocity profile 

constants, respectively. If the value of Renl was less than 2000, the constant was 

taken to be /3" = 1.54 (lamina liquid flow), while if the value ofRe=, was greater than or 

equal to 2000, the constant PL was taken to be = 1.0 (turbulent liquid flow). In a11 

cases, the gas flow was assumed to be turbulent, with & = 1.0. 

The ratio K of kinetic energies of the gas and liquid in the inlet was obtained fiom: 

The model requires an expenmental value of the gas branch fraction FBG as an input 

and the corresponding Fm was determined from the model. 

2.3.1 Regular T-junctiun 

If the T-junction was "regular" (D3/Di = l), then the predicted liquid branch fraction 

(FBL).\io was calculated fiom: 

(F,), = 0.07 + K(F, - 0.07) (2.24) 

Of course, as for dl models, if (FBL)MO was less than zero, it was adjusted to ( F B L ) , ~ ~  = 0, 

and if was greater than one, it was adjusted to (FBL)MO = 1. 
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2.3.2 Reduced T-junction 

If the T-junction was "reduced" (DdDi < 1), then the frictional loss coefficients k12 

and k13 were calculated fiom the following single-phase correlations of Gardel (1957): 

k,,= 0.03(1- F,)' + 0.35FjG - 0 . 2 ~ ~  (1 - F, ) (2.25) 

k,,=0.95(1-~,)~+~~[1+(0.4a~-0.l)a~]+0.4~,(1-~,)(1+a') (2.26) 

where, a was defined as: 

The value of a parameter /b was calculated frorn: 

Finally, to obtain the predicted liquid branch fraction, the following quadratic 

equation was solved: 

If both roots of this equation were imaginary, then the required predicted liquid branch 

fiaction was selected to be (FBL)MO = O. Note that if both roots of this equation were real, 

then one of the roots was always negative and was disregarded. The second root may be 

positive or negative. If the second root was positive, its value was taken as the required 
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predicted liquid branch fiaction. However, if the second rwt was less than zero, then the 

predicted liquid branch fiaction was set to (Fsr)Mo = O. If this root was greater than one, 

then the predicted liquid branch fraction was adjusted to (F'L)hio = 1 - 



Chapter 3 

Review of Existing Data 

Many sources of two-phase flow phase-distribution data of al1 flow regime types are 

available in the existing literature. For a thorough review of many of these sources, the 

reader is encouraged to refer to Bue11 (1 WZ), and Walters (1 994). As mentioned in the 

previous chapter, the inlet fiow regime can drasticaily affect the geometnc distribution of 

the phases in the inlet pipe. It is therefore little surprise that the flow regime can have a 

significant effect on how the phases separate at a T-junction. For the purposes of 

analytical modelling, it seems logical to examine each particular flow regime as a 

separate problem. ' 

3.1 Phase Distribution Database 

Since this study is focussed on the stratified flow regime, it was decided to select only 

data h m  experimental studies where visual confirmation, or confident prediction, of 

stratified flow in the inlet tube was possible. This eliminated several of the possible 
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sources of data. For the purposes of ensuring diversity of data sources for each diameter 

ratio, data fiom a diameter ratio where only a single source of data existed was not used; 

for example, the data of Azzopardi et al. (1 988) of D, /LI, = 0.67 and those of Azzopardi 

et al. (1990) with D,/D, = 0.33 . This was to ensure that data fiom a single source could 

not overly influence the empûical portion of the modelling. Therefore, only data with 

diameter ratios of D3 ID, = 1 .O and D3 /Dl = 0.5 were selected for use with this study, as 

there were several sources of data available for each. The following paragraphs outline 

the data chosen for use in developing the present model. 

Buell (1992) reported stratified and wavy phase-separation data for air-water flow 

through a horizontal equal-sided (37.6-mm I.D.) T-junction, in addition to other visually- 

identified flow regimes. For these data, there were three nominal inlet superficial gas 

velocities ( J , , )  of 2.7, 4.3, and 10.8 [ds],  with possible nominal inlet superficial liquid 

velocities ( JL,) of 0.OG21, 0.0095, or 0.0397 [ds]. These data are illustrated in figures 

3 .1 ,3  -2, and 3.3. While an increase in J,, at the J,, values of 0.00% and 0.0397 [mk] 

appears to have little effect on the phase split, an increase in J,, at JL, = 0.0021 [mis] 

shows an increase in preference of the liquid to enter the branch . The data of the 

transition between stratified flow and wavy flow was found to preferentially enter the 

branch. 

Walters (1994) obtained data for a wide variety of inlet conditions for reduced T- 

junctions (including 0, /Dl = 0.5 ). Much of the data, including the stratified and wavy 
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Figure 3.2 Data of Buell (1992): J,, = 4.3 [mk], D, ID, = 1 .O, P, = 150 [kPa] 



C W T E R  3 REVIEW OF EXISTTNG DATA 26 

Figure 3.3 Data of Buell (1992): J ,  = 10.8 [mis], D, /Dl  = 1 .O, Pl = 150 [kPa 
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flow data, were taken at the same nominal inlet superficial velocities as for Buell (1992). 

These data are shown in figures 3.4, 3.5, and 3 -6. In generai, it was found that decreasing 

the diameter ratio fiom 1.0 to 0.5 led to a decrease in the tendency of the liquid to exit 

through the branch tube. It was suggested that this might be due to the fact that for a 

diameter ratio of 0.5, in order to exit through the branch tube, the liquid has to climb up 

the main pipe wall. This extra effort required by the liquid to fight against gravity can 

only be overcome by the suctioning tendencies on the liquid of the gas flow exiting 

through the branch at higher inlet gas velocities, sometimes known as the "Bernoulli" or 

"entrainment" effect. This idea originated partly with Shoham et al. (1989) and still 

remains a theoretical hypothesis. While the data at J,, = 10.8 [ d s ]  shown in figure 3.6 

have similar trends with respect to the effect of increasing JL, as the data of the diameter 

ratio D3 /Dl  = 1 .O shown in figure 3.3, it was found that for the data of D3 /Dl = 0.5 the 

opposite trend occurred for J,, = 2.7 [mk] shown in figure 3.4 when compared with the 

data of DJD, = 1.0 shown in figure 3.1. Azzopardi et al. (1988) suggested that for 

stratified flow, the decrease in the preference for the liquid phase to exit through the 

branch as JLl incrhses can be attnbuted to the effects of the average axial momentum of 

the liquid. At small values of J,,, the average axial momentum of the liquid is small and 

the liquid is easily diverted into the branch. Increasing J,,  also increases the average 

axial momentum of the liquid and thus decreases the preference for the liquid phase to 

exit through the branch. However, this explanation is clearly contrary to what was 
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Figure 3 -4 Data of Walters (1 994): JG, = 2.7 [m/s], D, ID, = 0.5 , P, = 1 50 [kPa] 
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Figure 3 -5 Data of Walters (1 994): J,, = 4.3 [m/s], D, ID, = 0.5, P, = 150 [kPa] 



CHAPTER 3 REVIEW OF EXISTTNG DATA 

Figure 3 
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observed for the data of JL, = 2.7 [ d s ]  for the data of D, ID, = 0.5. The behaviour of 

these particular data could not be explained by the mornentum principal alone. Possibly, 

there are other phenornena that play a significant role on these data. 

Reimann et al. (1988) presented phase-distribution data of air-water flow through 

equal-sided and reduced T-junctions (including 0, /LI, = 0.52 ) where the branch tubes 

were oriented honzontally, in addition to vertîcally upward and vertically downward. 

The horizontal main tube was 50 [mm] I D .  These data are ploned in figures 3.7, 3.8, 

3.9, and 3.10. Since the experimental equipment did not allow for visual observation of 

the inlet flow regime, a flow regime map, that of Mandhane et al. (1 974), had to be used 

to attempt to segregate the stratified and wavy flow data from the other flow regime data. 

This resulted in only two sets of inlet conditions each for the diameter ratios of 1.0 and 

0.52. 

Shoham et al. (1989) reported air-water stratified data for a horizontal 5 1 [mm] inlet 

diameter T-junction, with diameter ratios of 1.0 and 0.5. For these experiments, the inlet 

gas superficial velocity was fixed at 6.1 [ d s ]  and the inlet liquid superficial velocities 

were varied fiom 8.0029 to 0.0590 [mls], as s h o w  in figures 3.1 1 and 3.12. At this fixed 

J G l ,  the preference of the liquid to enter the branch increased with decreasing J L l .  The 

effect of reducing the branch pipe diameter was to decrease the preference of the liquid to 

enter the branch. 

h o p a r d i  et al. (1 988) presented air-water phase-distribution data for stratified and 

wavy fiows in a horizontal T-junction with a main tube diameter of 38 [mm] I.D. Branch 
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Figure 3.7 Data of Reimann et al. (1988): JGl = 4.9 [ d s ] ,  4 /Dl  = 1 -0, 4 = 686 

[ k W  
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Figure 3.8 Data of Reimann et al. (1988): JG, = 10.0 [ d s ] ,  D, ID, = 1 .O, P, = 686 

[WaI 
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Figure 3.9 Data of Reimann et al. (1988): J,, = 10.4 [ d s ] ,  D, /LI, = 0.52, Pl = 686 

CkPal 
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Figure 3.10 Data of Reirnann et al. (1 988): J,, = 5.1 [m/s], D, ID, = 0.52, P, = 686 

@@al 
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Figure 3.12 Data of Shoham et al. (1989): J,, = 6.1 [m/s], D, /Dl = 0.5, P, = 300 

WaI 
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tubes of 38 and 25 [mm] LD. were useci, but for reasons explained earlier in this chapter, 

only the quai-sided T-junction data were used. Results from a wide variety of inlet 

superficial gas and liquid velocities were obtained, with meanirements taken at two 

system inlet pressures of 300 and 150 [Pa]. These data are plotted in figures 3.13, to 

3.19. In generai, increasing JGl at a fixed JLI and F, led to an increase in F, . Also, 

increasing JLl  at a fixed J,, resulted in an increase in the preference in the gas phase to 

exit through the branch. 

One interesting discrepancy anses when one takes note of the fact that the nominal 

inlet conditions of the Azzopardi et al. (1988) data s h o w  in figure 3.14 are nearly 

identical to those of Shoham et al. (1 989) shown in figure 3.1 1. However, it is evident 

that the nvo data sets do not agree in this case. The data of Shoham et al. (1989) appear 

to suggest that the liquid has significantly less preference to exit through the branch tube 

at the higher JL, values than does the data of Azzopardi et al. (1988). In recent 

discussion with one of the authors of Azzopardi et al. (1 988), it was proposed that the 

existence of a hydraulic jump phenomenon downstrearn of the junction could be the 

source of the discrepancy. This phenornenon was visually identified at certain conditions 

in the experiments of Azzopardi et al. (1988), and it is possible that it did not exia in the 

experiments of Shoham et al. (1989) for some reason. The sudden increase of FBL at 

higher FBG values at the inlet conditions in question in the expenmental results of 

Azzopardi et al. (1 988) would require the presence of some as-yet unexplained 
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Figure 3.13 Data of h o p a r d i  et al. (1988): J,, = 25.0 [ d s ] ,  D, /D, = 1.0, f: = 300 

P a l  
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Figure 3.14 Data of h o p a r d i  et al. (1 988): JGl = 5.9 [mls], D, ID, = 1 .O, P, = 300 

[W 
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Figure 3.15 Data of Azzopardi et al. (1 988): JG, = 3.1 [ds], D, ID, = 1 .O, P, = 300 

P a l  
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Figure 3.16 Data of h o p a r d i  et al. (1 988): J,, = 10.9 [m/s], D, ID, = 1.0, 4 = 300 

[ k W  
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Figure 3.17 Data of Azzopardi et al. (1988): J,, = 11.8 [ds], D, ID, = 1 .O, 4 = 150 
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Figure 3.18 Data of Azzopardi et al. (1988): J,, = 8.3 [ d s ] ,  D, ID, = 1 .O,  f: = 150 

P a l  
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Figure 3.19 Data of Auopardi et al. (1988): JG, = 6.4 [m/s], D, ID, = 1.0, 4 = 150 

[Pal  
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phenornenon, such as, for example, a hydraulic jump, as discussed above. However, this 

hypothesis remains unverified at the present time. 

Table 3.1 nimmarizes the data collected to form the phase separation database used in 

the development of the present model. Since the data will be compared with the model of 

Hart et al. (1991), a column is provided showing the calculated E,, by equation (2.18). 

Recall that the mode1 of Hart et al. (1 99 1 ) is applicable only for E,, < 0.06 . 

Table 3.1 
Phase Distribution Database 

AIL-1.0 
A2L-1.0 
A3L-1.0 

A z z o ~  et al. (1988) 
Azzopardietal.(I988) 
Azzomrdietal.~1988\ 

0.038 
0.038 
0.038 

1.0 
1.0 
1.0 

150 
150 
150 

11.8 
11.8 
11.8 

0.0084 
0.0110 
0.0167 

13 
16 
12 

0.022 
0.026 
0.034 
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Since the inlet flow regime of the data of Reimann et al. (1988) was not visually 
identified in the experiments, the flow regime map of Mandhane et al. (1974) was 
used to segregate the stratified and the wavy flow data. This resulted in a very small 
fiaction of the total data. 

3.2 Closing Remarks 

In this chapter; the database of phase-distribution data chosen for the development of 

the new mode1 are presented. From the plots s h o w  in the previous section, it should be 

clear to the reader that the problem of predicting the phase-distribution of stratified flow 

encountered a T-junction is a diEcult one, as a change in the inlet conditions can result 

in a wide variety of data trends. A reduced branch diameter also greatly complicates the 

problem, sornetimes resulting in radically different trends as compared with data of the 

PI 
[Na]  

150 
150 
150 
150 
150 
150 

J 

No. 
EL, Data 

14 
12 
12 0.098 
10 O. 127 
5 0.040 
4 0.096 

JGI 

[mis1 

1 8  
11.8 
8.3 
6.4 
2.7 
2.7 

Set Na 

A4L-1.0 
ML-1.0 
A6L-1.0 
An-1.0 
Wl-O.5 
W2-0.5 

JLI 

[ d s l  

0.0273 
0.0554 
0.0554 
0.0563 
0.0021 
0.0095 

Di 
[ml 

0.038 
0.038 
0.038 
0.038 
0.038 
0.038 

Source 

hopardi et al. (1988) 
Azzopardi et al. (1988) 
hopardietal.(1988) 
Azzopardi et al. (1988) 
Walters(1994) 
Walters (1994) 

WDi 

1.0 
1.0 
1.0 
1.0 
0.5 
0.5 
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same inlet conditions for an equal-sided T-junction. Furthemore, on occasion, data of 

the same diameter ratio but fiom different research facilities present different results at 

similar inlet conditions. As previously mentioned in chapter 2, none of the available 

models for predicting phase-distribution models have proven entirely satisfactory. 

Therefore, there is demand for improvements in theoretical modelling. This can take the 

fonn of an entirely new method of modelling the phase-distribution, or of a modification 

to an existing theory which removes a previous assumption and expands the mode1 to 

allow the theory to more closely approach the "tnie" physics of the problem. The 

following chapter out lines the developrnent of an improvement in theoretical modelling. 



Chapter 4 

Development of the Four-Stream 
Model 

4.1 Derivation of the Full Model 

In this chapter, the derivation of the Four-Stream Model is presented. Although the 

basis of the mode1 is similar to that of Hart et al. ( 199 1 ), the new mode1 is presented as an 

advance as it is an attempt to remove at least one critical assumption made by Hart et al. 

(1991). The goal was to bring the new mode1 closer to the tme physics of the problem of 

predicting phase distribution of stratified flow at horizontal T-junctions. 

Let us first start with a general f o m  of the integral energy equation for fluid flow, 

such as that provided in Potter and Wiggert (1991): 
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In the above equation, the terms represented are: 

the rate of heat transfer across the control surface due to a temperature 

gradient, 

W,, the work rate resulting frorn rotating shafts, 

W the work rate due to a moving boundary, 

W, the work rate that occun when the control volume rnoves relative to a 

fixed reference frame, 

LII the fluid velocity relative to a fixed reference frame, a scalar quantity, 

O the fluid velocity relative to the a reference frame attached to the control 

volume, a vector quantity, 

g the gravitational constant, 

z the vertical distance upward frorn an arbitrary fixed datum, 

II - the fluid specific intemal energy, 

P the volume over which the equation is integrated, 
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4 

II a unit normal vector, always directed outwards perpendicular to the 

control surface. 

For our purposes, we are interested in two fluids flowing in a pipe and encountering a 

T-junction. The reference zero datum for r was arbitrarily chosen to be located at the 

bonom of the inlet pipe. Since we are concerned only with steady-state conditions, al1 

derivatives with respect to tirne are equal to zero. Also, the shafi work rate and the 

work rate occumng when the control volume moves relative to a fixed reference frame 

are both zero. 

Let us now define the energy equation imbalance term E to be: 

For our purposes, this imbalance term encompasses such physical quantities as frictional 

contact between the fluid and the pipe wall, as well as interaction with fluid in another 

control volume across the control surface. Note that in the latter case, the two fluids may 

not necessarily be the same. 

Therefore, we can now write the integral form of the energy equation (4.1) simplifieci 

for our purposes as: 
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where, "I" refers to the kinetic energy tem, 'TI" refen to the gravitational potential 

energy terni, and 'Wi" refers to the flow-work tenn. 

Let us define the control volumes as shown in figure 4.1. Note that for the Four- 

Stream Mode1 there are four separate and exclusive control volumes each beginning at 

the inlet. Two of the control volumes end at the run; one for the gas and one for the 

liquid. Similarly, the other two control volumes end at the branch; one for the gas and 

one for the liquid. The gas at the inlet is divided into the portion which will flow into the 

run, represented in figure 4.1 as cross-sectional area A;, , and that portion which will 

flow into the branch, A:, . Note that the sum of A;, and Ag, is the total inlet gas cross- 

sectional are% A,, . Similarly, the liquid is divided into its two parts, A;, and A;, , the 

sum of which is A L , .  

Integrating over the control surfaces, one assumes that any energy crossing a pipe 

wall, or the gas-liquid stratified interface is included in the imbalance term E .  The 

energy equation (4.3) becomes, for the gas 1-3 control volume: 

where, E,,, is the "loss" term for the gas 1-3 control volume. For the gas 1-2 control 

volume, we have: 
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A m 7  

MODEL 

Figure 4.1 Schematic diagram of the T-junction control volumes for the Four-Stream 
Mode1 
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Similarly, we can write integral energy equations for the liquid 1-3 and the liquid 1-2 

control volumes: 

and 

At this point, let us explicitly define the mean velocity as mentioned in section 2.1 as 

a function of the integral of the fluid velocity profile averaged over the cross-sectional 

area of the fluid: 

In order to properly integrate the kinetic energy terms in equations (4.4) to (4.7), one 

m u a  now define a kinetic energy correction factor p :  

Note that for the case of a uniform velocity profile, U = constant, the parameter fl  is 

equal to unity. Now, we can integrate the kinetic energy term ('T')as: 
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To integrate the gravitational potential energy terms (''II") in equations (4.4) to (4.7), let 

us examice the analogy with the "centres of mass". 

For a flat plate, as shown in figure 4.2, of density function p(x, z), the mass per unit 

thickness, M , is given by: 

The coordinates of the "density-weighted centroid", (F, z), are given by: 

The gravitational potential energy term in Our equations (''II'') is of the fom: 

Since density p and the gravitational acceleration rate g are constant with respect to 

area in our case, we have: 

Here, the velocity U is analogous to the density fùnction p(x, z) in equation (4.12). 

Also, making use of the similarities between equations (4.8) and (4.15), we c m  integrate 

equation (4.14) as: 
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Figure 4.2 Illustration of the location of the density-weighted centroid in a fiat plate 
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where, F would be analogous to a 'telocity-weighted centroid": 

Note that for the case of a uniform velocity profile, CI = constant, the 'telocity-weighted 

centroids become equal to the 'geometnc centroids" of the areas. 

A similar analogy applies to the flow energy terms ('?II") in equations (4.4) to (4.7). 

Let us assume that the pressure is constant within the gas cross-sectional areas, A , ,  but 

increases linearly with depth within the liquid cross-sectional area, A, : 

P,, = constant 

and 

The flow energy term in our equations ("XII") is of the form: 

Therefore, for the gas phase, equation (4.19) becomes: 

The liquid terni, liowever, is different. Substituting equation 

and integrating over the liquid cross-sectional area, we obtain: 

(4.20) 

(4.1 8) into equation (4.19) 
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Now, to integrate equations (4.4) and ( 4 3 ,  we make use of equations (4. IO), (4.15), 

and (4.20): 

where, MG,, and MG,, are defined by: 

and 

MG,, = PGI -Pm (4.25) 

Note that in equations (4.22) and (4.23), we have assumed that the velocity-weighted 

centroids of areas A;, and A:, are both equal to that of the combined inlet gas cross- 

sectional area, A,, , for simplicity . 

Similarly, to integrate the liquid energy equations (4.6) and (4.7), we make use of 

equations (4. IO), (4.15), and (4.2 1)  to obtain: 
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and 

where, PL,, and hP,,, are defined by: 

and 

Similar to the gas control volumes, we have assumed that the velocity-weighted 

centroids of areas A;, and A;, are equal to that of the combined inlet liquid cross- 

sectional area, A,, . 

Another form of the Four-Stream Mode1 is based on an algebraic manipulation of 

equations (4.22), (4.23), (4.26), and (4.27). Dividing both sides of these four equations 

by the respective mass flow rate, and multiplying both sides of these equations by the 

respective density, we get: 



CHAPTER 4 DEVELOPMENT OF THE FOUR-STREAM MODEL 60 

1 
4 PL 

-PL d O L K l  - P L ~ V L ~  )+ PL&Ll - 2 L 2  )+ G 1 2  - - - E L 1 2  (4.33) 
2 4 2  

Next, subtract equation (4.3 1 )  fiom (4.30), and (4.33) fiom (4.32), leaving us with 

two equations: 

and 

Subtracting equation (4.35) from (4.34) we obtain a single equation: 

Next, divide both sides of equation (4.36) by tp,~,,V'' : 
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Let us define K to be: 

As well, we cm write the following formulations for the squares 

(4.38) 

of the velocity ratios: 

Therefore, using equations (4.39) to (4.42), dong with equation (4.38), we &te 

equation (4.37) as: 
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Mer  expanding equation (4.43), grouping similar terms and rearranging, we obtain the 

final equation of the Four-Stream Mode1 used for predicting FBL given a value of F, : 

2 E G l 3  EG12 -- - --- EL,, EL12 
[ ' fWG3 ~ ~ 2 ~ - ~ ~ - ~ 1 1 = 0  PLIVU Pr 

This equation requires an iterative solution. With known expressions for the parameter 

p and the E terms, as well as the inlet conditions, junction geometry, and a given value 
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for FBG, equation (4.44) can be iteratively solved for a value of (F,), . By guessing a 

value for FBL, one cm obtain values for the liquid holdups, the gas holdups, as well as 

the liquid heights and i values. This leaves equation (4.44) as a quadratic equation in 

(F,),, but the coefficients of the quadratic equation are subject to change with each 

subsequent change in guessed FBL . When one finds a value of guessed FBL between the 

bounds of O and 1 which yields a solution of (F,,),, equal to the guessed FBL, then 

equation (4.44) is said to be satisfied. 

4.2 Cornparison with the Model of Hart et al. (1991) 

Equation (4.44) is similar in form to equation (2.30) of the model of Hart et ai. 

(1991). This is not surprising, since the models are based on similar principles in 

derivation. However, the model of Hart et al. (1991) contains several simpliQing 

assumptions that are not present in equation (4.44). Some of these assumptions are as 

follows: 

1. The branch and run liquid holdups are equal to that of the idet, which is said to be 

accurate for E,, < 0.06 . This results in: 

E L , = & , ,  =EL,  ; E,, =E,, =&,, (4.45) 

2. The liquid heights are very small. The low liquid height assumption allows the 

following simplifications: 
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3. The velocity profiles are similar arnong the inlet, the branch, and t 

= PGZ = j ~ 3  PLI = PLL = P L 3  

he run: 

4. The E-terms were defined by single-phase forrnulae, in which the single-phase 

loss coefficients were functions only of geometry and F, , and not FBL : 

L& 

Here, kG13 and k,,, refer to the single-phase loss coeficients kI3 and k,,, 

calculated with FBG used in place of W3/Wl as would be done in the tme single- 

phase case. This is as though al1 loss coefficients (gas and liquid) are calculated 

assuming single-phase gas is flowing through the junction. 
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Introducing the simplifications given by equations (4.45) to (4.53) into equation 

(4.44), the present model reduces to the rnodel of Hart et al. (1991) given by equation 

(2.30). 

4.3 Final Formulation of the Present Mode1 

In the formulation of the new model, it was desired to have as few as possible 

assumptions like those above, in order to keep the model closer to the true physics of the 

problem. As well, one of the initial goals in deriving the new mode1 was for it to be 

applicable to al2 stratified and wavy data. The following sections descnbe the success or 

failure of the removal of these various assurnptions, leading to the final formulation of 

the present model. 

4.3.1 Kinetic-Energy Correction Factors 

In Hart et al. (1991), the kinetic energy correction factors proposed for laminar liquid 

flow are based on those derived fiom the fluid velocity profile of single-phase fiow in an 

open chamel, while for turbulent liquid and gas flow, a uniform velocity profile is 

assurned ( p  = 1 ). The gas flow was always assumed to be turbulent due to its higher 

velocity. For an accurate kinetic energy correction factor, one would have to integrate 

equation (4.9) over the tme two-dimensional velocity profile of the fluid. While Grolman 

(1994) does provide a method of predicting the two-dimensional velocity profile of 

stratified flow, it is much too complex to be integrated into equation (4.44). As well, 
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since it is not apparent that the open-channel method would be valid for calculating the 

kinetic energy correction factors for stratified flow in a pipe at moderate liquid holdups, it 

was decided to assume uniform velocity profiles for both gas and liquid phases in al1 

sides of the T-junction. Thus, the kinetic energy correction factors dl reduce to unity: 

P G I  = Bo2 = 8 ~ 3  = 1 ; PLI = PLZ = B L 3  = 1 (4.54) 

Future improvernents in the model might be possible with the development of suitable 

expressions for the kinetic energy correction factors based on a more accurate assumption 

of the fluid velocity profiles. 

4.3.2 Liquid Huidup 

For conditions of E,, 2 0.06, a model for predicting liquid holdup is required. The 

model of Taitel and Dukler (1976) was initially selected, but eventually rejected since it 

did not provide a smooth prediction given a continuously changing FBL (during the 

iterations) at a fixed value of FE.  Since the mode1 of Taitel and Dukler (1976) has 

exponents in the- equations which undergo stepchanges at the laminar-to-turbulent 

transitions, the model is prone to predicting sornewhat severe discontinuities at these 

transition points. The effect of that on equation (4.44) is that multiple mots may be 

possible in the iteration process. 

A rather recently published model for predicting liquid holdup, that of Grolman and 

Fortuin (1997) was then selected. This model is superficially similar to the model of 
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Taitel and Dukler (1976) in some aspects. It also has values which change suddenly at 

the larninar-toiurbulent transition; however, the effect on equation (4.44) was found to 

be negligible. This mode1 is appropriate for low to moderate liquid holdup values, and a 

specific equation is provided to determine the limit of the model applicability-the 

stratified to slug flow transition. As well, this model has been extensively teaed against 

a very substantial database of 2410 data points at various pipe inclinations, 610 of those 

for horizontal pipes, with excellent prediction. 

For conditions of E,, 2 0.06, it was hypothesized that the run and branch liquid 

holdups could be quite different from that of the idet. For example, in an extreme case, 

such as where al1 the gas has been extracted into the branch, the liquid in the run would 

fil1 the entire pipe cross-section. The model of Hart et al. (1991) would naturally not be 

able to capture this behavior with the assumption of equal liquid holdups. 

Unfortunately, several problems resulted frorn the predictions of equation (4.44) 

when liquid holdups were allowed to Vary f'ieely in the iteration process. Certain inlet 

conditions, namely those of the highest superficial inlet liquid velocity, were sometimes 

seen to give unlikely predictions of (F,),, versus F, . For example, while one wouid 

expect (F,),, to increase monotonicdly with increasing FBG to its maximum value 

from its takeoff point, a decreasing and then increasing trend was occasionaily obsewed. 

Closer examination of equation (4.44) indicated that the squares of the ratios of liquid 

holdups might Vary drastically during the iteration process as the guessed value of Fm is 

altered. This behaviour, coupled with independently-derived correlations for the E 
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terms, yielded a mode1 which was strongly implicit, and thereby inherently unstable. It is 

therefore hypothesiled that any expressions derived for terrns of equation (4.44) must be 

obtained in conjzmction with one mother. Equations derived for the E terms must be 

linked though equation (4.44) to the varying ratios of liquid holdups in order to achieve 

stability in the predictions. 

Since an analysis of this sort was deemed to be outside the scope of this project, the 

assumption of equal liquid holdups was inserted into the mode1 in order to allow 

concentration on deriving appropriate expressions for the energy equation imbalance 

t e m  of equation (4.44). This simplifies equation (4.44) greatly, by reducing every 

holdup ratio to unity. 

- 
As well, al1 z terms can now be calculated from the inlet liquid holdup and 

geometry. A simple geometnc relationship allows one to solve iteratively for h, given 

D, 2-h ,  
-cos-1( 4 ) - ( $ -hh) (D) , -h t )  

&LI = 
0, 2 ; i = 1,2,3 (4.55) 

?r 
- Q2 
4 

Using the liquid heights calculated from equation (4.55), each 5 terni will now be 

evaluated as a function of E,, and the relevant pipe diameter. The height from the 

bottorn of the idet pipe to the centroid of the liquid cross-sectional area is given by: 
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and since D, = Dl : 

A similar pair of  equations can be used to solve 
- for r,, and TG, : 

and 

- - 
IGZ = LGI 

- 
Since D3 rnay be smaller than D,, a specid formula is required for zL, : 

while Z,, is given by: 
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4.3.3 Other SimpCfLifig Assumptions 

1 
Finally, the term 2g b,, -hL3 +?,, --(Dl -4)-F,,] in equation (4.44) was 

PLI YU 2 

dropped. This term resulted from the variation in static liquid pressure across the liquid 

cross-sectional area, and since the prediction of liquid height in the branch and mn is not 

accurate under the assumption of equal liquid holdups, it was deemed inappropriate to 

leave this term in the equation. Essentially, we are now assuming, as did Hart et al. 

(1 99 1 ), that the inlet-to-branch pressure differences are equal between the gas and the 

liquid control volumes, and similarly for the inlet-to-mn pressure difference, as shown in 

the following equations: 

and 
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4.3.4 Proposed Model 

With the substitution of equations (4.49, (4.54), (4.57), and (4.59) to (4.61) into 

equation (4.44) and dropping the term 
1 

2g P L  - hL3 + - -  - D, 1- F~,] the w,: 2 

mode1 reduces to: 

With this new simplified f o m  of the model, we now only require appropriate 

formulations for the energy equation imbalance terms in order to be able to predict 

(F,,),, given a value of Fm. Al1 other terms are known fiom inlet conditions and the 

T-junction geometry. 

4.4 ~ o r r e l à t i n ~  the Energy Imbalanee Terrns 

As discussed in section 4.2, the model of Hart et al. (1991) assumed single-phase 

formulation for the energy imbalance ternis appearing in equation (4.64). At low liquid 

holdups, the gas phase occupies a large portion of the pipe cross-section, so it is a 

plausible assumption that the energy imbalance terms of the gas phase might follow a 
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single-phase form. However, this is not bound to be the case at moderate liquid holdups. 

Also, it is not apparent to the author that the energy imbalance tems of the liquid phase 

should ever assume a single-phase form, since for stratified or wavy flow, the liquid will 

almost always occupy less than half of the total pipe cross-sectional area, often much 

less. Therefore, it was decided to attempt to create more realistic formulations for the 

energy imbalance terms in equation (4.64). This was the main area of concentration in 

the development of the new model. 

To formulate expressions for the energy imbalances, it was decided to use a similar 

form to the one used by Hart et al. (1991), but with the addition of two-phase multipliers 

which will account for the differences between the single-phase energy losses and those 

of the two-phase case. Let us first review the different components that will be needed in 

correlating the energy i rnbalance terms. 

4.4.1 Two-Phase Pressure Drop Modelling 

Bue11 (1992) and later, Walters (1994) studied the performance of various two-phase 

pressure-drop mode!s against their own data. The model that was shown to perform best 

with the data of stratified flow for MIP,, was that of Saba and Lahey (1984). This model 

is summarized below: 
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where k,, is the single-phase loss coefficient, p, is the separated flow two-phase loss 

multiplier for the branch, pH, is the branch homogeneous density, and p, and p, are 

the inlet and branch energy-weighted densities, respectively. The homogeneous densities 

are given by: 

The energy-weighted densities are defined as follows: 

For the two-phase multiplier, Saba and Lahey (1 984) recommended: 

where the mornentum-weighted density p,, , is defined with: 

In equations (4.67) and (4.69), the gas holdup E,, was calculated using the correlation of 

Zuber and Findlay (1965) which is as follows: 
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where the slip ratio S, is given by the model of Rouhani (1969): 

In the above equation, the relative velocity is defined as: 

For PI2, the model that was shown by Buell (1992) and Walters (1994) to work 

best with the data was that of Fouda and Rhodes (1 974): 

where (k;), is the separated-flow momentum correction factor. 

In order to use equations (4.65) and (4.73), we require formulations for the single- 

phase loss coefficients, and for (k,;), . 

4.4.2 Single-Phase Loss Coencients and Momentum Correction 
Factors 

Buell (1 992) published single-phase loss coeflicients for equal-sided T-junctions as 

follows: 
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k,, = -0.375~ + 0.95977' - 0.3 1077' - -= 0 3  1.0 
' 4 

In the above equations, 17 refers to the extraction rate, W3/4 . As well, Bue11 (1992) 

also published an equation for the separated-flow momentum correction factor: 

Walters (1994) sirnilady published single-phase loss coefficients for certain reduced 

T-junctions. The followiny equations are for D, /Dl = 0.5 : 

k,, = 1 -032 + 0.06317 + 10.00317' - 3 -9537' - - 4 = 0.5 
' 4 

k,, =-0.034-0.201q+0.925q2 -0.3627) . - 0 3  = 0.5 
' Dl 

Walters (1994) also published equations for the separated-flow momentum correction 

factor for certain diameter ratios of reduced T-junctions. For the diameter ratio of OS: 

Now that these equations have been reviewed, the correlation procedure can be 

examined- 
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4.4.3 PreIimimnas, Derivations 

In order to develop the appropriate formulation of the energy imbalance terms, it was 

decided to make use of equations from earlier stages in the mode1 derivation. Using 

equations (4.30) to (4.33), one can obtain expressions for E,,, /wG3 , E,,, /WG, , 

EL,, IW,, , and EL,, IVLY,, . Making use of equations (4.54), (4.57), and equations (4.59) 

to (4.63) with the definition of rnean velocity, we can simpliQ equations (4.30) to (4.33) 

to get: 

--- Ml? 

PG 

Let us subtract'(4.81) fiom (4.80), and (4.83) from (4.82). Thus, we obtain: 

and 
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In these equations, the Z terms can be calculateci solely from the inlet holdups and the 

pipe diameters, which are known. Since we can use equations (4.65) and (4.73) to obtain 

values of UI3 and API2, al1 that is remaining is knowledge of Fm and Fa= to be able to 

calculate J,,, J G 3 ,  J,, , and 4,. With these terms, one c m  use equations (4.84) and 

EG13 EGE (4.85) to determine the combined imbalances for the gas control volumes -- -, 
WG, wG2 

EL,, 4 1 2  and for the liquid control volumes, - - - . 
WA WL2 

Now, let us assume a form for these imbalance tenns similar to that of Hart et al. 

(1991), but with the addition of two-phase multipliers, & and (,, , to account for the 

differences between single-phase and two-phase flow: 

and 

In equations (4.86) and (4.87), we shall use the single-phase loss correlations of Buell 

(1992) for D3 ID, = 1.0 given by equations (4.74) and (4.79, and those of Walten 

(1994) for D3/D, = 0.5 given by equations (4.77) and (4.78). Note that for equation 
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(4.86), the single-phase loss coefficients k,,, and k,,, are calculated with FBG replacing 

q ,  while for equation (4.87), k,,, and k,,, are calculated with F,, replacing 7. With 

the proper formulations for #G, and #L, , one can use equations (4.86) and (4.87) with 

equation (4.64) to predict (FBL),  given a value of FBG and a guessed value of Fm. 

The guessed Fm that is equal to the resulting ( F m ) ,  is the solution for that particular 

Various methods for obtaining suitable expressions for &, and were examined. 

Theoreticall y derived expressions would be ideal, but this was not possible since equation 

(4.87) requires knowledge of Fm, the very quantity we are trying to predict, in order to 

solve for (,, . Therefore, it was decided that &, and wodd be empirically 

correlated based on inlet conditions. 

For single-phase flow through a T-junction, the energy imbalance for each separate 

control volume is always positive except possibly at low extraction rates for the inlet-to- 

run control volume where k,, is negative. In this case, the negative value (an energy 

gain for the single-phase inlet-to-run control volume) is assumed to be due to energy 

transfer fiom the single-phase inlet-to-branch control volume. Of course, an overall 

energy equation balance for the entire T-junction would indicate a net energy [oss due to 

inevitable irreversible effects such as wall fiction. Moving fiom the single-phase 

analogy to the two-phase, we now have four control volumes (inlet-to-branch and inlet- 

to-run gas, inlet-to-branch and inlet-to-run liquid) instead of only two. Therefore, it was 
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proposed that the energy equation imbalance for each control volume may be either 

positive or negative to reflet either a net loss or gain, respectively, of energy fiom or to 

the control volume being examined. A net loss of energy from a control volume could be 

to the surroundings (Le., pipe wall fiction), or to another control volume (Le., liquid-te 

gas energy transfer by shear stress across the interface). Therefore, the two-phase 

multipliers attached to the wmbined gas and liquid imbalance terms may be positive or 

negative as well. The following section describes in detail the process used to obtain 

empirical correlations for +G, and #L, . 

4.4.4 Empirical Correlations of the Two- Phase Multipliers 

It was proposed that the two-phase multipliers @G, and 4,, should be functions of 

T-junction geometry and inlet conditions, as well as Fm and F,, . After much 

experimentation, it was concluded that the best method for developing expressions for the 

rnultipliers was to fit simple equations to the data of &, and 4,,. These equations are 

linear functions of F,, and F,, with coefficients that are dependent on inlet conditions 

and junction geometry. 

By examination of the experimental data plots of F,, versus F,, one c m  visually 

join the discrete data points to generate a curve with a "take-off point" and an "end 

point", as indicated in the sample plot shown in figure 4.3 (a). Using this visual 

extrapolation method with the database of stratified and wavy flow, one can create 
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Figure 4.3 Sarnple plots illustrating the take-off and end points 
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another database of cwrdinate pairs ( Fm, , Fm, ) for the take-off points, and ( Fm, , 

F,, ) for the end points. Note that at times, sparse data in certain regions of plots may 

introduce an error into this process. Also, this extrapolation procedure assumes that the 

data will continue in the pattern that is visible, until an axis is intersected, as shown in 

figure 4.3 (a). However, it is entirely possible that the data might in reality deviate nom 

this pattern, and actually appear as shown figure 4.3 @). For simplicity, the extrapolation 

procedure show in figure 4.3 (a) was used for al1 data. 

With knowledge of the flow split at the '3ake-off points" and the "end points", one 

can use equations (4.86) and (4.87) to calculate the respective and q&, values at 

these points. This is accomplished by using the (Fm,, Fm, ) and (Fm,, Fm,) 

values to caiculate at each point JG2,  J,, , J L 2 ,  JL, from equations (2.5) and (2-7), and 

M13 and AF12 from equations (4.65) and (4.73). Thus, values of and (,,, ), 

and (4GB.m and 4L,, ) were generated. Coordinates of the take-off and end points for 

ail data sets are listed in table 4.1 for D, ID, = 1 .O and in table 4.2 for D, ID, = 0.5. 

Note that in tàble 4.1, h o p a r d i  et al. (1 988) dataset nurnbers A2H- 1 .O, A3H- 1 .O, 

A4H-1.0, Am-1.0, and A8H-1.0 have no take-off points or end points listed. As 

indicated in chapter 3, some of the data of Azzopardi et ai. (1988) do not agree with those 

of Shoham et al. (1989) at sirnilar iniet conditions. Since the correlations being 

developed cannot predict two different sets of results for the same inlet conditions, those 
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Table 4.1 
Database o f  Take-off Points and End Points, 0, /D, = 1 

Dataset No. 1 Take-off point 1 End point 

A7H- 1 .O 1 NIA 1 N/A 1 NIA 1 NIA 

AlH-1 .O 
A2H- 1 .O 
A3H- 1 .O 
A4H- I ,O 
ASH- 1 .O 
A6H- 1 .O 

ASH- 1 .O 1 N/A 1 NIA 1 NIA 1 NIA 

0.00 
NIA 
NIA 
NIA 
O. 13 
0.13 

0.10 
NIA 
NIA 
NIA 
0.00 
0.00 

0.70 
NIA 
N/A 
N/A 
1-00 
1.00 

1-00 
N/A 
N/A 
N/A 
0.71 
0.60 
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Table 4.2 
Database of Take-off Points and End Points, D, /Dl = 0.5 

Dataset 1 Tske-off point 1 End point - 
No. 

FBGJo I Fl3L.m Fm.m 1 FBLn 

of Azzopardi et al. (1988) were omitted from these correlation procedures to avoid 

conflicts. 

Using equations (4.86) and (4.87), one can calculate &, , 4 ~ 2 ~ 0 .  a d  

@LB.EP from the values of (F,, , FBLm ) and (FBG*, , FBL,,) given in tables 4- 1 and 

4.2. Tables 4.3 and 4.4 list the values of 4G,, , /,,, , and &B., 

corresponding to the data of tables 4.1 and 4.2. 

Let us then assume linear correlations for &, and 4L, between the respective take- 

off points and end points, as shown in the following equations: 
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Table 4.3 
Database of &, and 4,, at the Take-off Points and End Points, 0, /Dl = 1 

A2H- I .O NIA NIA NIA NIA 
A3H-l .O NIA N/A NIA NIA 
A4H- i . O NIA N/ A NIA NIA 
ASH- 1 .O 1.648 1.574 1.216 1.213 
A6H-1 .O 1.918 1.473 1.501 0.964 
A7H- 1.0 NIA N/ A NIA NIA 
ASH- 1 .O NIA N/A N/A NIA 
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Table 4.4 
Database of q5G, and g+L, at the Take-off Points and End Points = 0.5 

1 Dataset 1 Takcoff point 1 End point 1 

SI-OS 1 0.9950 1 -0.0157 1 1.058 1 2.601 1 

#GU = 4 ~ ~ l . o  + @GB.I -4c11.o )Fm (4.88) 

  LU = 4 ~ ~ 3 . 0  + ( 4 ~ 2 3 . 1  - 4 ~ u . 0  )FBL (4.89) 

With known values of $bGZm,  $bG ,.,, 4, ,,,, and one can then &tain the 

linear correlation coefficient parameters ~ o u , a ,  4Gu,i. +ru,o . and +ru,i fiom equations 

(4.88) and (4.89) for that particuiar set of idet conditions. These linear relations are valid 

ody between the take-off point and the end point of each set of inlet conditions. 

However, these limiting points would not be known in the process of solving (F'), 

given only Fm. Since the solution procedure of equation (4.64) is iterative, one requires 



CHAPTER 4 DEVELOPMENT OF THE FOUR-STREAM MODEL 86 

continuous correlations for and 4 from OsF, 5 1  and O <  Fm a 1, 

respectively. Therefore, it was decided to extend the range of applicability of equation 

(4.88) to O 5 F, 5 1, and of equation (4.89) to O I FBL 5 1 . Tables 4.5 and 4.6 give the 

Let us now proceed with correlating the data listed in Tables 4.5 and 4.6. Due to the 

variations shown in the data, separate correlations will be attempted for al1 parameten of 

each diameter ratio (1 .O, and 0.5). 

Correlations for 0fl1=1.0 

To capture best the variations present in the inlet conditions for the data of the 

diameter ratio of 1 .O, it was felt that the inlet superficial gas and liquid Reynolds numbers 

should be used in the correlation procedure. The liquid superficial Reynolds nurnber was 

defined by equation (2.17), while the gas superficial Reynolds number was defined as 

follows: 

Re,, = WGIPG 
PG 

The data of =ch panuneter (#Ga,o7 $G,,I, 4L.z.o 9 and were plotted against 

product combinations of the gas and liquid Reynolds numbers, Rek1 Re&, , where 

exponents m and n were parameters to be developed in the correlation procedure. Ln al1 

cases, the data were plotted on base-1 0 log-log plots. 
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Bue11 (1992) BI-1 .O 1.305 2.347 0.8648 6.1 17 
Bue11 (1992) B2-1 .O - 198.6 -290 -9 1.078 45.78 
Buell(1992) B3-1 .O -56.42 -29.90 1.927 14.00 
Buell (1992) B4- 1 .O 1.552 1.775 1.027 1.932 
Bue11 (1992) B5- 1 .O 1.159 1.695 0.0580 0.5697 
Bue11 (1992) B6-1 .O 1 -341 1.523 0.8533 1.193 
Buell( 1992) B7- i .O -191.0 -1 15.6 1.32 I 58.44 
Reimam et al. (1 988) 
Reimann et al. (1988) 
Shoharn et ai. (1991) 
Shoham et al. (1991) 
Shoham et al. (1991) 

RI-2 .O 
R2-1 .O 

Shoham et al. (1991) 
Shoham et al. (1991) 

- -  - . 

SI-1.0 
S2-1 .O 
S3- 1 .O 

Shoham et al. (1991) 
Anopardi et al. (1988) 
Azzopardi et al. (1 988) 
Azzopardi et al. (1988) 
Azzo~ardietd.(1988) 

-57.97 
1 -42 1 

S4- 1 .O 
S5- 1 .O 

Azzopardi et al. (1988) 
h o p a r d i  et ai. (1 988) 
Azzopardi et al. (1988) 
Azzopardi et al. (1988) 
Azzo~ardietdAI988) 

1.215 
1.264 
1.398 

s 6- 1:0 
AIH-1 .O 
A2H- 1 .O 
A3H- 1 .O 
A4H-1.0 

Azzopardi et al. (1 988) 
h o p a r d i  et al. (1988) 

-25.19 1 1.305 
1.216 1 1.025 

1.569 
1.736 

A5H-1 .O 
A6H- 1. O 
A m -  1 .O 
A8H- 1 .O 
A9H-1.0 

Azzopardi et al. (1988) 
Azzopardi et al. (1988) 
Azzopardi et al. (1988) 
Azzopardi et al. (1 988) 
Azzo~ardietal.11988) 

8.895 
-0.1781 

2.139 
1 -890 
1.754 

1 -943 
-249.0 

NIA 
NIA 
N/A 

AIL-I .O 
A2L- 1 .O 

, 

1.712 
1.98 1 
NIA 
NIA 

1.253 

A3L-1 .O 
A4L-1 .O 
ASL- 1 .O 
A6L- 1 .O 
A7L-1.0 

0.7142 
0.921 1 

1.019 
1.582 
1.454 
f -341 

-367.9 
NIA 
NIA 
NIA 

1.305 
1.380 

1.979 
2.164 
1.663 

1.574 
1.473 
NIA 
NIA 

1.494 

1 -484 
1.630 
1.838 
2.076 
2.070 

1.142 
1.310 
1.631 
108.1 
N/A 
NIA 
NIA 

1.584 
1.527 

1.183 
0.8389 
0.5001 
0.6290 

NIA 
NIA 
NIA 

1.216 
1.501 
NIA 
NIA 

1.009 

1 .O65 
0.6246 

NIA 
NIA 

1 -905 
0.8913 

1.030 
1.393 
1.374 
1.040 

0.7581 
0.6325 

1.491 1 1.131 

1.579 
1 .527 

1.493 
1.397 
1.506 
1.465 

1.252 
1.516 
1.584 
1.662 
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Table 4.6 
Database of Correlated and Values, D, /Dl = 0.5 

I I I I 

Walters (1 994) 1 W1-0.5 1 0.6583 1 -20.8600 1 0.6229 1 178.0880 
Wal t ers ( 1 994) W2-0.5 0.7528 -7.5 155 0.3807 28.971 7 
Walters ( 1994) W3-0.5 1.6700 -1.1747 0.3609 1.8682 
Walters (1 994) W4-0.5 0.5604 0.3874 0.8497 4.4302 
Walters (1 994) WS-0.5 0.9205 3.2148 1.2976 1.4689 

-- 

Walter~ (1 994) W6-0.5 1 .O390 1.8156 1.0962 1 1.9554 
Walters ( 19941 W7-0.5 1-353 1 1 -4890 0.5766 6.982 1 
Reimann et al. (1988) R1-0.5 11.3237 1.0747 1.1200 -0.9203 
Reimann et al. (1988) R2-0.5 1 1.8235 1.0448 0.5932 1. 1978 

I 
. - I 1 I I 

Shoharn et al. (1991) 1 S1-0.5 1 0.9720 1 -0.0157 1 1.0868 1 2.6007 
Shoham et al. (1991) 1 S2-0.5 ( 1 -0295 ( 0.0796 ( 1 -0094 ( 3.9423 
Shoham et al. (1991) 1 S3-0.5 1 1.1347 1 0.1938 1 0.9302 1 4.9644 

I 1 I I 1 

Shoham et al. (1991) 1 S4-0.5 1 1.3009 1 0.4724 1 0.7591 1 7.5380 
Shoham et al. (1991) S5-0.5 1 -4909 0.6796 0.6547 5.2789 
Shoham et al. (1991) S6-0.5 1.7940 0.8371 0.4804 4.7196 

Of course, with this method, negative values of ( cannot be plotted. Since there 

were so few of these points in table 4.5, and the magnitudes of the negative values were 

so large as to make proper correlation very dificult, it was decided to neglect negative 

values in the correlation procedure entirely. 

ui order to collapse the data to the point of minimum scatter, exponents m and n were 

altered until the sum of the squares of the residuals between the data points and the 

relevant correlation equation was minimized. 

Figure 4.4 shows the correlation plot for &,, , where the abscissa is  es; Rea, It 

is clear that there is excellent collapse of the data ont0 the comelation line of 
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Figure 4.4 Correlation plot of vs. EteZ Re,, for D, /D l  = 1 .O 
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0412 
@ G D , 0 = ~ . 4 9 ~ ( ~ e s : ~ ~ , , )  + 1  (4.9 1 )  

Also, it was desirable to have correlations which correctly reduce to unity as the 

correlations approach single-phase conditions. This condition is satisfied with this 

relation. To approach single-phase gas flow, we would either have Re,, = O ,  or Re,, 

would have to be very large with respect to Re,, . In both of these cases, ~ e z :  Re,, 

will approach zero. 

Figure 4.5 shows the plot of &,., vs. ~ e g :  Re,, . Again, there is seen to be 

excellent collapse of the data ont0 the correlation line of 

It was desired to capture as much as possible of the data with the correlation, and in this 

case, the data quite clearly indicate that values of &,,, which are less than unity are 

possible as ~ e g :  Re,, decreases below 0.3. However, since any correlation must 

approach unity as one approaches single-phase conditions (Le., as ~ei:: Re,, 

approaches zero),. a limitation was put on the above equation corresponding to the 

minimum value of ~ e g ;  Re,, in the data. 

Figure 4.6 shows a plot of 4L,,o vs. Re,, , with the correlation o f  
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~ e ~ - ~  Re 
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4 7  Figure 4.5 Correlation plot of / ,,, vs. Re, Re,, for D, ID, = 1.0 



C M T E R  4 DEVELOPMENT OF THE FOUR-STREAM MODEL 

1 

+,,,O 

0.1 

Figure 4.6 Correlation plot of IL,, vs. Re,, for D, ID, = 1 .O 
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This correlation was somewhat unique in that the abscissa formulation that provided the 

best data wllapse was actually Re, Re,, . However, the produa Re,, Re,, has no 

clear paths to approach single-phase liquid flow, as opposed to a product of Re& Re;, 

where m and n where opposite in sign. Therefore, for aesthetic reasons, a slight sacrifice 

in correlation agreement was made in order to choose the abscissa of Re,, which clearly 

approaches single-phase liquid flow as Re,, approaches infinity. The correlation given 

by equation (4.93) will approach the correct lirnit of unity at this limit. Agreement 

between the data and the correlation is quite satisfactory. 

Finally, figure 4.7 illustrates a plot of 4L,1 vs. Re,, . The bea correlation for these 

data is: 

= 40.76 ~ e g "  ; Re,, 54000 

The few data points well above the correlation line were left out of the correlation 

procedure to avoid unnecessarily biasing the results. Closer examination of these points 

shows that the corresponding +L,, values were negative, and thus these values were 

neglected in the #L,,, correlation pmcedure. Sorne experimentation revealed that these 

particular datasets (82- 1 .O, B3- 1 .O, B7- 1 .O, and RI- 1 .O) would be satisfactorily predicted 

by the Four-Stream Mode1 if their values of q&, , were predicted by equation (4.94). 

As for the case of &,, , the data of @L, , clearly indicate a trend to decrease below 

unity as Re,, increases beyond 1000. However, that trend obviously cannot continue 
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Figure 4.7 Correlation plot of ),,, vs. Re, for D, ID, = 1 -0 
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indefinitely, as q$,,, must approach unity as Re,, approaches infinity. Therefore, an 

upper bound of Re,, = 4000 was imposed on the correlation for &,., . 

Correlations for D3/D1=û.5 

Similarly, the correlations for the # parameters of the diameter ratio of 0.5 were 

developed as hnctions of Re", Re:, . In most cases, the same procedure for obtaining 

the optimal values of exponents m and n was used. 

Figure 4.8 shows the plot of against Re,, . The correlation equation was 

found to be: 

It was known that as the condition of single-phase gas flow is approached (Le., as Re,, 

approaches zero), &,., must approach unity. Similar to several cases for the diameter 

ratio of 1.0, the data seem to suggest that $bGBv0 values of less than unity are possible, 

here, in the lower ranges of Re,, . As Re,, decreases even further, must 

therefore reverse the trend and increase to meet the single-phase flow limit of unity. As 

before, a limitation on the use of equation (4.95) was imposed. Here, the lower bound of 

Re,, = 60 was set on the correlation. 
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Figure 4.8 Correlation plot of &,, vs. Re,, for D, ID, = 0.5 
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The plot of +G,,, against Re,, ~e9;63 is shown in figure 4.9. Here? the data are seen 

to collapse quite well ont0 the equation of 

#G23,1 =0.052(~e,  ~ e z y *  ; Re,, ~ e "  53000 

As Re,, ~ e a ; ~  increases beyond 3000, & l  should begin to decrease in order to 

approach unity. 

On the Iiquid side, figure 4.10 illustrates a plot of #,,., against Re,, . In contrast to 

the plot of the same parameter for the diameter ratio of 1 .O shown in figure 4.6, the data 

quite clearly indicate a dependence on superficial gas velocity. The following equation 

was chosen to fit the data, with a different coefficient c for each superficial gas velocity: 

In this equation, the exponent 4 . 5  was somewhat arbitras, given the small amount of 

available data. A best fit of equation (4.97) through the data of each superficial gas 

velocity yielded a separate value for c in each case. Since only the datasets with 

superficial gas verocities of 2.7 [ d s ] ,  6.1 [m/s], and 10.8 [mis] had more than a single 

point, these three groupings of data were the only ones used to generate the relation for c, 

as shown in figure 4.1 1. A simple exponential fom was fitted through the three points in 

this figure, to give the following equation for c: 



CHAPTER 4 DEVELOPMENT OF THE FOUR-STREAM MODEL 

Re,, 
SL1 

Figure 4.9 Correlation plot of @G,,, vs. Re,, ~ e "  for D, ID, = 0.5 
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Figure 4.10 Correlation plot of 4 ,,,, vs. Re,, for D, /Dl = O. 5 
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Figure 4.1 1 Plot of parameter c (fiom figure 4.10) vs. J,, for D, /LI, = 0.5 
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This equation is substituted into equation (4.97) to give the complete correlation for 

hno 

The final correlation for the diameter ratio of 0.5 is shown in figures 4.12 and 4.13. 

These graphs shows 4L,, plotted against Re,, . Due to the nature of the trends 

observed, it was necessary to divide the data into two portions: that of Re,, 5 1000 and 

J,, 2 3 [mls], and that of Re,, > 1000 or J,, G [rn/s]. It was proposed that for the 

diameter ratio of 0.5, that between JG, = 2.7 [ d s ]  and J,, = 6.1 [mis], there is a trend 

where the data are linear against Re,, and the dope of the linear function tends to 

decrease fiom negative to positive as J,, increases. This trend appears to hold with the 

data of J,, = 10.8 [m/s], which seem to be somewhat lower in magnitude of /,,,, than 

that of J,, = 6.1 [mls]. Due to a lack of data of appropriate J,, with which to test this 

hypothesis, it remains a theory. However, in the interests of simplicity, the following 

equations and conditions were used to correlate (,,., : 

where Re,, r 1000 : 

(,,,, = 28507 ~ e g i ' ~  ; Re,, < 12000 

and, where Re,, > 1000 : 
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Figure 4.12 Correlation plot of q5 ,,,, vs. Re,, (Re,, 1 1000 ) for D, ID, = 0.5 
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Figure 4.13 Correlation plot of #,,,, vs. Re,, (Re,, > 1000 ) for 4 /Dl = 0.5 
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Although this may seem a somewhat arduous and highly empirical method of correlating 

+L,,,, the reader is to be assured that quite good prediction of ( F B L ) ,  vs. FBG will 

result f?om these correlations. These predictions are outlined in the following chapter. 

4.5 Summary 

To summarize the format of the new Four-Stream Mode1 equation (4.64) is used to 

(2: 2;) and predict (Fa ), given a value of F, . The energy imbalances, - - - 

multipliers formulated by equations (4.88) and (4.89). The two-phase multipliers are 

defined by equations (4.9 1) to (4.94) for D, ID, = 1 .O, and by equations (4.95) to (4.10 1 ) 

for D, ID, = 0.5. A detailed sep-by-step summary of the model sohtion method is 

given in Appendix A. As well, a copy of a cornputer code used to calculate the 

predictions of the present model is included in Appendix B. 



Chapter 5 

Results and Discussion 

In this chapter, a bief parametric study of the Four-Stream Mode1 is presented, 

ihstrating the efTects of JG, ,  J,, and D, ID, on the mode1 predictions. M e r  this study, 

the predictions of the Four-Stream Model are compared with the database of phase- 

distribution data. Also provided for cornparison are the predictions by the models of Hart 

et al. (1 99 1) and of Hwang et al. (1 988). 

5.1 Parametric Study of the Four-Stream Model 

A bnef parametric study of the Four-Stream Model will now be presented, illustrating 

the effects of JG, , JLl , D, ID, , and 4 on the predictions. Figures 5.1 to 5 -4 show plots 

of (Fm ), vs. Fm, for the diameter ratios of O S  and 1 .O. 

The conditions selected were JG, = 2.7, 6.1, and 10.8 [rn/s], and JL ,  = 0.0029, 

0.005 1,0.0092,0.0 1 70,O. 0300, 0.0590 [m/s], respectively, for each of these J,, values. 
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- JLI = 0.0029 [ds] --- J,, = 0.oOSi [mls] 

--..a J,, = O. f d ~ ]  

- J,, = 0.0170 [mlsl 

- JL1 = 0 . m  [ml%] - J,, = 0.0590 [mlsl 

Figure 5.1 Predictions of the present mode1 for air-water: JGl = 2.7 [mjs], D, = 

0.038 [ml, and P, = 150 v a ]  
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- JLI = 0.0029 [WS] --- JLI = O-OOSt [mis] 

---.- JL1 =O ûûû2 [ml~] - JL1 = 0.0170 [ds]  
- J,, = 0.û300 [Ws] 

- J,, = 0.05Qû [mis] 

Figure 5.2 Predictions of the present mode1 for air-water: J,, = 6.1 [ d s ] ,  D, = 

0.038 [ml, and f: = 150 [kPa] 
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Figure 5.3 Predictions of the present mode1 for air-water: JGl = 6.1 [mk], D, = 

0.038 [ml, and P, = 300 P a ]  
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Figure 5.4 Predictions of the present mode1 for air-water: JGl = 10.8 [m/s], D, = 

0.038 [ml, and P, = 150 [kPa] 
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For al1 conditions, the system was defined to be air-water with Dl = 0.038 [ml. Figures 

5.1, 5.2, and 5.4 illustrate plots of the present model predictions at these JGI  values, with 

the inlet pressure selected to be P, = 150 P a ] .  Figure 5.3 illustrates the predictions of 

the present model for J,, = 6.1 [mis] at P, = 300 [Wa] to demonstrate the effect of 

increased pressure. These particular conditions were selected as they allow cornparison 

of the trends of varying J,,  and D,/D, as predicted by the present model with the 

trends of the data of Buell (1 992), Walters (1 994), and Shoham et ai. (1 989). 

Referring to figure 5.1, one sees that the model predictions at J,, = 2.7 [m/s] for 

D,/D, = 1.0 appear to capture properly the trend of increasing JLl  seen in the data of 

Buell (1992) illustrated in figure 3.1. Here, the model trend is for the decreasing liquid 

preference to exit through the branch tube as JL ,  increases. As the diameter ratio is 

decreased to D, /D, = 0.5, the model also appears to capture correctly the trend reversal 

in the data of Walters (1994) shown in figure 3.4, where the tendency for liquid to exit 

the branch tube now iricrea~es with increasing J,, . However, the data at J,, = 0.0397 

[mk] in figure 3.4 appear to suggest that the model may overpredict the take-off points 

along the F,, axis at high J,, values at J,, = 2.7 [ d s ] .  

Figures 5.2 and 5.3 illustrate the trend of the model with increasing pressure at J,, = 

6.1 [mk]. For D, ID, = 1 .O, the predicted take-uff points at JL, = 0.0 170, 0.0300, and 

0.0590 [m/s] move to positions of less preference for liquid to exit through the branch 

tube with increasing pressure. The other JL, values do not appear to be significantly 
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affected by the pressure increase. For D, /Dl = 0.5, the effect of increasing pressure is 

also to shift the take-off points to the lefi slightly dong the Fm axis, meaning a decrease 

in tendency for liquid to exit through the branch at the lower F,, values. ahenvise, 

there is little visible effect on the model predictions at these conditions for D, ID, = 0.5. 

The effect of increasing pressure on the model predictions cannot be directly compared 

with data, since the database does not contain data at two inlet pressures with comparable 

JG, and JLI  values. 

The mode1 predictions at J,, = 6.1 [m/s] shown in figure 5.3 for D, ID, = 1 .O can be 

compared with the data of Shoham et al. (1989) shown in figure 3.1 1. Again, the model 

appears to match correctly the data trend of reduced liquid preference to exit through the 

branch tube as J,,  is increased. These predictions can also be compared with the data of 

h o p a r d i  et al. (1 988) s h o w  in figure 3.14. Clearly, the data at the higher J,, values 

are not adequately predicted by the model, but this is to be expected as these data do not 

agree with those of Shoham et al. (1989). The model predictions for D, ID, = 0.5 can be 

compared with the data of Shoham et al. (1989) for the same diameter ratio, as shown in 

figure 3.12. At al1 J,, values except 0.0029 [rnls], the model correctly follows the trend 

of the data as the diameter ratio is decreased, where the overall tendency of the liquid to 

exit through the branch tube is reduced as the diameter ratio decreases fiom 4 ID, = 1.0 

to 0.5. As well, the model continues to appropriately predict the trend of the data with 

respect to increasing J L , .  
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Figure 5.4 shows the predictions of  the model at JG, = 10.8 [ d s ] .  These predictions 

can be compared with the data of Bueil (1992) for D, ID, = 1 .O as shown in figure 3.3. 

The model again accurately predicts the trend of the data for a reduced tendency for the 

liquid to exit through the branch tube as JL,  is increased, although this trend predicted by 

the model appears to reverse for J,, = 0.0170, 0.0300, and 0.0590 [ d s ]  at the lowest 

Fm values. The model predictions for D,/D, = 0.5 can be compared with the data of 

Walters (1992) s h o w  in figure 3.6. The data trend with respect to increasing J,, is 

again properly captured by the mode1 predictions. As well, the take-off' points appear to 

be modelled correctly when compared with the data, shifting to higher values along the 

Fm axis as D, ID, is reduced from 1 .O to 0.5. 

In general, it appears that the present model accurately captures the trends of the data 

with respect to increasing J L l ,  and decreasing diameter ratio at these conditions The 

next section illustrates the comparisons of the Four-Stream Model with the database of 

phase-distribution database in detail. 

5.2 Cornparisons Between Models and Data 

Figures 5.5 to 5.35 illustrate the comparisons between the predictions of the models 

of Hart et al. (1991), Hwang et al. (1 988) and the Four-Stream Model with the phase- 

distribution database for the diameter ratio of 1.0. Figures 5.36 to 5.50 illustrate the 
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Figure 5.5 Cornparison of predictions between models of Hart et al. (199 1) 
( E ~ ,  < 0.06 ), Hwang et al. (1988), and the Four-Stream Mode1 with 
dataset B 1-1 .O: JG, =2.7 [mls], JL, = 0.002 1 [mk], D, = 0.038 [ml, P, = 

1 50 [kPa], 4 ID, = 1 .O 
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Figure 5.6 Cornparison of predictions between models of Hart et al. (1991) 
( E ~ ,  2 0.06 ), Hwang et al. (1 988), and the Four-Stream Mode1 with 
dataset B2-1 .O: JG, =2.7 [ds], J,, = 0.0095 [m/s], D, = 0.038 [ml, P, = 

150 [kPa], D3/D, = 1.0 
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Figure 5.7 Cornparison of predictions between models of Hart et al. (1991) 
( E ~ ,  >0.06), Hwang et al. (1988), and the Four-Stream Mode1 with 
dataset B3-1.0: JGl=2.7 [mls], J,, = 0.0397 [ d s ] ,  D, = 0.038 [ml, P, = 

150 [kPa], 4 /Dl = 1 .O 
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Figure 5.8 Cornparison of predictions between models of Hart et al. (1991) 
( E ~ ,  2 0.06), Hwang et al. (1988), and the Four-Stream Mode1 with 

dataset B4-1.0: JGl = 4 . 3  [m/s], JL, = 0.0095 [mis], D, = 0.038 [ml, P, 
= 150 [Wa], 414 = 1 .O 
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Figure 5.9 Cornparison of predictions between models of Hart et al. (1991) 
( E ~ ,  c 0.06 ), Hwang et al. (1988), and the Four-Stream Mode1 with 
dataset B5-1 .O: JG, = 10.8 [mk], J,, = 0.0021 [mls], Dl = 0.038 [ml, P, 
= 150 [kPa], D,/D, = 1 .O 
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Figure S. 10 Cornparison o f  predictions between models of Hart et al. (1991) 
(E, ,  < 0.06 ), Hwang et al. (1988), and the Four-Stream Mode1 with 
dataset B6-1 .O: JG, = 10.8 [ d s ] ,  J,, = 0.0095 [ds], D, = 0.038 [ml, P, 
= 150 M a ] ,  4/4 = 1 .O 
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Figure 5.1 1 Cornparison of predictions between models of Hart et al. (1 99 1) 
( E ~ ,  5 0.06 ), Hwang et al. (1 988), and the Four-Stream Model with 
dataset B7-1 .O: J,, = 10.8 [ds],  JLl = 0.0397 [ds], D, = 0.038 [ml, P, 
= 150 [Wa], D,/D, = 1.0 
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Figure 5.12 Cornpanson of predictions between models of Hart et al. (1991) 
( 1 0.06 ), Hwang et al. (1 988), and the Four-Stream Mode1 with 
dataset R1-1 .O: J,, = 4.9 [mk], JLl = 0.0490 [m/s], DI = 0.05 [ml, 4 = 

686 P a ] ,  D3/0,  = 1 .O 
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Figure 5.13 Cornparison of predictions between models of Hart et al. (1 99 1) 
( E ~ ,  < 0.06), Hwang et al. (1988), and the Four-Stream Mode1 with 
dataset R2-1.0: JG, = lO.O[m/s], JL, = 0.0490 [mk], D, = 0.05 [ml, P, = 

686 [Pa], 4 /Dl = 1 .O 
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Figure 5.14 Cornparison of predictions between models of Hart et al. (1 99 1) 
( E ~ ,  c0.06), Hwang et al. (1988), and the Four-Stream Mode1 with 
dataset S 1 - 1 .O: J,, = 6.1 [rnk], J,, = 0.0029 [mk], D, = 0.05 1 [ml, P, = 

295 [kPa], D, ID, = 1 .O 
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Figure 5.1 5 Cornparison of predictions between rnodels of Hart et al. (1991) 
( E ~ ,  < 0.06), Hwang et al. (1988), and the Four-Stream Mode1 with 
dataset S2-1.0: JG, =6.1 [mfs], J,, = 0.0051 [m/s], D, = 0.051[m], 4 = 

295 P a ] ,  Q/4 = 1.0 
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Figure 5.16 Cornparison of predictions between models of Hart et al. (1 99 1) 
( E ,  < 0.06), Hwang et al. (1988), and the Four-Stream Model with 
dataset S3-1.0: JG, = 6.1 [mis], J,, = 0.0092 [mls], DI = 0.05 1 [ml, P, = 

295 [kPa], 4 / D I  = 1.0 
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Figure 5.17 Cornparison of predictions between models of Hast et al. (1991) 
(q, ~0.06)~ Hwang et al. (1988), and the Four-Stream Mode1 with 
dataset S4- 1 .O: J,, = 6.1 [mls], J,, = 0.0 170 [mh], D, = 0.05 1 [ml, P, = 

295 [kPa], Q/D, = 1 .O 
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Figure 5.18 Cornparison of predictions between models of Hart et al. (1991) 
(E , ,  5 0.06 ), Hwang et al. (1988), and the Four-Stream Mode1 with 
dataset S5- 1 .O: JGl = 6.1 [m/s], J,, = 0 .O3 00 [mls], D, = 0.05 1 [ml, P, = 

295 [kPa], 410, = 1.0 
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Figure 5.19 Cornparison of predictions between models of Hart et ai. (1 99 1) 
( E ~ ,  2 0.06), Hwang et al. (1988), and the Four-Stream Mode1 with 
dataset S6- 1 .O: JG, = 6. l [mk], JL, = 0.0590 [ d s ] ,  D, = 0.05 1 [ml, 4 = 

295 [kPa], D3/D, = 1 .O 
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Figure 5.20 Cornparison of predictions between models of Hart et al. (1 99 1) 
( E ~ ,  <0.06), Hwang et al. (19881, and the Four-Stream Mode1 with 

dataset AIH-1 .O: J,, = 25.0 [m/s], JLl = 0.0109 [ds], D, = 0.038 [ml, 
PI = 300 P a ] ,  D,/D, = 1.0 
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Figure 5.21 Cornparison of predictions between models of Hart et al. (1991) 
(E, ,  < 0.06 ), Hwang et al. (1988), and the Four-Stream Mode1 with 
dataset A2H-1.0: JG, = 5.8 [ds], J,, = 0.0087 [mls], D, = 0.038 [ml, 
P, = 300 [Wa], D, ID, = 1 .O 
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Figure 5.22 Cornparison of predictions between models of Hart et al. (1991) 
( E ~ ,  < 0.06 ), Hwang et al. (1  988), and the Four-Stream Mode1 with 
dataset A3H-1.0: JGl = 5.9 [m/s], J,, = 0.0117 [ds], D, = 0.038 [ml, 
P, = 300 [kPa], D3/D1 = 1 .O 
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Figure 5.23 Cornparison o f  predictions between models of Hart et al. (1991) 
( E ~ ,  <0.06), Hwang et al. (1988), and the Four-Stream Mode1 with 
dataset A4H-1.0: JG, = 5.9 [ds], J,, = 0.0165 [ds], D, = 0.038 [ml, 
P, =300 [Ha], D,/D, =1.0 
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Figure 5.24 Cornparison of predictions between models of Hart et al. (1991) 
( E ~ ,  2 0.06 ), Hwang et al. (1988), and the Four-Stream Mode1 with 
dataset A5H-1.0: JGl = 5.9 [ds], J,, = 0.0280 [rn/s], D, = 0.038 [ml, 

P, = 300 [Wa], D,/D, = 1.0 
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Figure 5.25 Cornparison of predictions between models of Hart et al. (1 99 1)  
(E,, 2 0.06), Hwang et al. (1988), and the Four-Stream Mode1 with 
dataset A6H-1 .O: JGl = 5.9 [mls], J,, = 0.0547 [ds], Dl = 0.038 [ml, 
4 = 300 [Wa], D, /Dl = 1 .O 
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Figure 5.26 Comparison of predictions between models of Hart et al. (1991) 
( E ~ ,  2 0.06), Hwang et al. (1988), and the Four-Stream Mode1 with 
dataset A7H-1 .O: JG1 = 3.1 [m/s], J,, = 0.0552 [rnls], Dl = 0.038 [ml, 
4 = 300 [kPa], 4 / D I  = 1 .O 



CHAPTER 5 RESULTS AND DISCUSSION 135 

Figure 5.27 Cornparison of predictions between rnodels of Hart et al. (1991) 
( E ~ ,  2 0.06 ), Hwang et al. (1988), and the Four-Stream Mode1 with 
dataset A8H-1.0: JGl = 3.1 [ds], J,, = 0.0276 [rnfs], D, = 0.038 [ml, 
4 = 300 v a ] ,  D,/D, = 1.0 
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Figure 5.28 Cornparison of predictions between models of Hart et al. (1991) 
( E , ,  t0.06), Hwang et al. (1988), and the Four-Stream Mode1 with 
dataset A9H-1.0: J,, = 10.9 [ds], J,, = 0.0116 [ds], D, = 0.038 [ml, 

4 = 300 [Wa], D,/D, = 1.0 
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Figure 5.29 Cornparison of predictions between models of Hart et al. (1 991) 
( E ~ ,  < 0.06), Hwang et al. (1988), and the Four-Stream Mode1 with 
dataset AIL-1 .O: JGl = 1 1.8 [mls], J,, = 0.0084 [ d s ] ,  D, = 0.038 [ml, 
4 = 150 [kPa], D3/D, = 1 .O 
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Figure 5.30 Cornparison o f  predictions between models of  Hart et al. (1991) 
( E ~ ,  < 0.06 ), Hwmg et al. (1 988), and the Four-Stream Model with 
dataset ML-1.0: JGl = 11.8 [mls], J,, = 0.0110 [m/s], D, = 0.038 [ml, 

4 = 150 [kPa], D,/D, = 1.0 
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Figure 5.31 Cornparison of predictions between models of Hart et al. (1991) 
(E,,  c 0.06 ), Hwang et al. (1988), and the Four-Stream Mode1 with 
dataset ML-1.0: JG, = 11.8 [ds], JL, = 0.0167 [m/s], D, = 0.038 [ml, 

4 = 150 [kPa], D,/D, = 1.0 
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Figure 5.32 Cornparison of predictions between models of Hart et al. (1991) 
( E ~ ,  < 0.06 ), Hwang et al. (1988), and the Four-Stream Mode1 with 
dataset A4L-1 .O: JG, = 1 1.8 [ds], JLi = 0.0273 [ds], D, = 0.038 [ml, 
P, = 150 [Wa], D,/D, =1.0 
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Figure 5.33 Cornparison of predictions between models of Hart et al. (1991) 
( E ~ ,  20.06), Hwang et al. (1988), and the Four-Stream Mode1 with 
dataset A5L-1 .O: J,, = 1 1.8 [m/s], J,, = 0.0554 [rn/s], Dl = 0.038 [ml, 
Pl = 150 [kPa], 414 = 1.0 
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Figure 5.34 Cornparison of predictions between models of Hart et al. (1991) 
( E ,  t 0.06), Hwang et al. (1988), and the Four-Stream Mode1 with 
dataset A6L-1.0: JGl = 8.3 [ds], J,, = 0.0554 [mls], D, = 0.038 [ml, 

4 = 150 [Wa], D,/D, = 1.0 
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Figure 5.35 Cornpuison of predictions between models of Hart et al. (1991) 
(E,,  r 0.06 ), Hwang et al. (1 SM), and the Four-Stream Mode1 with 
dataset An-1.0:  JG, = 6.4 [ds], J,, = 0.0563 [mk], D, = 0.038 [ml, 

= 150 [Wa], D,/D, = 1.0 
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same cornparisons for the data of the diameter ratio of 0.5. Note that in the caption each 

of these figures, it is indicated as to whether or not the inlet liquid holdup, as predicted by 

the equation suggested by Hart et al. (1 991), is less than the maximum allowable value of 

0.06. Even though the model may not technically be applicable in cases where this value 

of E ~ ,  is greater than 0.06, the predictions of Hart et al. (1991) are shown for interest. 

The overall predictions of the Four-Stream model with the data of each source and 

diarneter ratio are shown in figures 5.5 1 to 5.58. The ordinate in these plots is FBL as 

predicted by the Four-Stream model, ( F B L ) ,  , while the abscissa is the experimental 

value of Fm, (FBL ), . Both values of FBL correspond to the same F, at a single point. 

Lines defining accuracy of prediction of 530% are included, as this is oflen considered 

acceptable prediction in this type of analysis. 

Table 5.1 contains a surnmary of al1 the prediction statistics for each model with the 

al1 datasets in the database with D, ID, = I .O. Table 5.2 contains the same information 

for the datasets with D, /D, = 0.5 . In these tables, the deviation e is defined as: 

The arithrnetic mean of the deviation, ë , is given by: 

while the root-mean square of the deviation, RMS, , is calculated using: 
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Figure 5.36 Cornparison of predictions between models of Hart et ai. (1991) 
(E, ,  <0.06), Hwang et al. (1988), and the Four-Stream Mode1 with 
dataset W1-0.5: JG, = 2.7 [mls], J,, = 0.0021 [rn/s], D, = 0.038 [ml, P, 
= i 50 [kPa], 4 ID, = O S  



CHAPTER 5 mSULTS AND DISCUSSION 

1.0 , . , y .  1 . I . i . l . i s l . - - ~ l ~  

Met al. (1981) 

œ 

a wa 

Figure 5.37 Cornparison of predictions between models of Hart et al. (1 99 1 )  
( E ~ ,  10.06), Hwang et al. (1988), and the Four-Stream Mode1 with 
dataset W2-0.5: JGl = 2.7 [mls], JLl = 0.0095 [mls], D, = 0.038 [ml, 4 
= 150 [kPa], 4 14 = 0.5 
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Figure 5.38 Cornparison of predictions between models of Hart et al. (1 99 1) 
(E,, r 0.06), Hwang et al. (1988), and the Four-Stream Mode1 with 
dataset W3-0.5: JGl = 2.7 [mls], JL, = 0.0397 [mis], D, = 0.038 [ml, P, 
= 150 [Wa], 410, = O S  
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Figure 5.39 Cornparison of predictions between rnodels of Hart et al. (1991) 
( E , ,  2 0.06 ), Hwang et al. (1988), and the Four-Stream Mode1 with 

dataset W4-0.5: J,, = 4.3 [rnls], JLl = 0.0095 [ d s ] ,  D, = 0.038 [ml, P, 
= 150 P a ] ,  414 = 0.5 
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Figure 5.40 Cornparison of predictions between models of Hart et al. (1 991) 
(E,, < 0.06 ), Hwang et al. (1988), and the Four-Stream Mode1 with 
dataset W5-0.5: J,, = 10.8 [mls], J,, = 0.0021 [ds], D, = 0.038 [ml, 

P, = 150 v a ] ,  D,/D, = 0.5 
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Figure 5.41 Cornparison of predictions between models of Hart et al. (1991) 
(E,,  c0.06),  Hwang et al. (1988), and the Four-Stream Mode1 with 
dataset W6-0.5: J,, = 10.8 [rn/s], JL, = 0.0095 [m/s], D, = 0.038 [ml, 

Pl = 150 [kPa], 410, = 0.5 
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Figure 5.42 Comparison of predictions between modeis of Hart et al. (1991) 
(4, 2 0.06 ), Hwang et al. (1  988), and the Four-Stream Mode1 with 
dataset W7-0.5: J,, = 10.8 [m/s], J,, = 0.0397 [rn/s], D, = 0.038 [ml, 

P, = 150 [kPa], Q / D l  = 0.5 
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Figure 5.43 Cornparison of predictions between models of Hart et al. (1991) 
( E ~ ,  c0.06), Hwang et al. (1988), and the Four-Stream Model with 
dataset RI-0.5: JGI = 10.4 [mis], J,, = 0.0497 [mk], Dl = 0.05 [ml, P, 
= 686 v a ] ,  Q / D ,  = 0.5 



CHAPTER 5 ESULTS AND DISCUSSION 

Figure 5.44 Cornparison of predictions between models of Hart et ai. (1991) 
( E ~ ,  > 0.06), Hwang et al. (1988), and the Four-Stream Mode1 with 
dataset R2-0.5: J,, = 5.1 [m/s], J,, = 0.0994 [ds], D, = 0.05 [ml, P, = 

686 [kPa], 410, = 0.5 
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Figure 5.45 Cornparison o f  predictions between models of Hart et ai. (1991) 
( E ~ ,  < 0.06 ), Hwang et al. (1988), and the Four-Stream Mode1 with 
dataset S 1-0.5: JG, = 6.1 [ds], J,, = 0.0029 [ds], D, = 0.05 1 [ml, 4 
= 300 [Wa], D,/D, = 0.5 
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Figure 5.46 Cornparison of predictions between models of Hart et al. (1991) 
(E, ,  <0.06), Hwang et al. (1988), and the Four-Stream Mode1 with 
dataset S2-O. 5 : J,, = 6.1 [rn/s], J,, = 0.005 1 [ds], D, = 0.05 1 [ml, P, 
= 300 [kPa], 4/4 = 0.5 
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Figure 5.47 Cornparison of predictions between models of Hart et al. (1 991) 
(E , ,  c 0.06 ), Hwang et al. (1 SM), and the Four-Stream Mode1 with 
dataset S3-0.5: JGl = 6.1 [ds], J,, = 0.0092 [mls], D, = 0.051 [ml, P, 
= 300 [Wa], 410, = 0.5 
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Figure 5.48 Cornparison of predictions between models of Hart et al. (199 1) 
( E ~ ,  <0.06), Hwang et al. (1988), and the Four-Stream Mode1 with 
dataset S4-0.5: JGl = 6.1 [ d s ] ,  J,, = 0.0170 [m/s], D, = 0.05 1 [ml, P, 
= 300 [Wa], 0, /LI, = 0.5 
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Figure 5.49 Comparison of predictions between models of Hart et al. (1991) 
(gLl 2 0.06 ), Hwang et al. (1  988), and the Four-Stream Mode1 with 
dataset S5-0.5: J,, = 6.1 [m/s], JLl = 0.0300 [m/s], D, = 0.05 1 [ml, P, 
= 300 [kPa], D,/D, = 0.5 
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Figure 5.50 Cornparison of predictions between models of Hart et al. ( 1  99 1 )  
( E ~ ,  1 0.06 ), Hwang et al. (1 988), and the Four-Stream Mode1 with 
dataset S6-0.5: J,, = 6.1 [ds], JL, = 0.0590 [mls], D, = 0.05 1 [ml, P, 
= 300 [@a], 414 = 0.5 
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Figure 5.5 1 Cornparison between the present Four-Stream Mode1 and the data of Bue11 
(1992), D, =0.038 [ml, P, = 150 [kPa], D,/D, = 1.0 
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Figure 5.52 Cornparison between the present Four-Stream Mode1 and the data of 
Reimann et al. (1988), D, = 0.05 [ml, P, = 686 [kPa], D,/D, = 1.0 
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Figure 5.53 Cornparison between the present Four-Stream Mode1 and the data of 
Shoham et al. (1989), D, = 0.05 1 [ml, i?, = 295 v a ] ,  D, ID, = 1.0 
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Figure 5.54 Cornparison between the present Four-Stream Mode1 and the data of 
h o p a r d i  et al. (1988), D, = 0.038 [ml, 4 = 300 v a ] ,  D,/D, = 1 .O 
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Figure 5.55 Cornparison between the present Four-Stream Mode1 and the data of 
Azzopardi et al. (19881, D, =0.038 [ml, P, = 150 P a ] ,  D,/D, = 1.0 
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Figure 5.56 Cornparison between the present Four-Stream Mode1 and the data of 
Waiters (1994), D, = 0.038 [ml, P, = 150 [Pa], O, /D,  = 0.5 
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Figure 5.57 Cornparison between the present Four-Stream Mode1 and the data of 
Reirnann et al. (l988), D, = 0.05 [ml, P, = 686 P a ] ,  D, ID, = 0.52 
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Figure 5.58 Cornparison between the present Four-Stream Mode1 and the data of 
Shoham et ai. (1 989), Dl = 0.05 1 [ml, P, = 300 [kPa], D, /Dl = 0.5 
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Also included in these tables are the total numben of data points correctly predicted 

within *O%, GO%, and G O %  accuracy by the different models for each data source. 

Table 5.1 
Surnrnary of the Performance of the Phase-Distribution Models, D, ID, = 1 .O 

Interval 

eO% 
*30% 
*20% 

i50% 
130% 
120% 

G O %  
*30% 
&20% 

G O %  
G O %  
k20% 

Model 

- 

Hwang et 
al. (1988) 

Hart et al. 
(1991) 
(&LI < 0.06) 

Hart et al. 
(1 99 1) 
(Al1 Data) 

Four- 
Stream 
Mode1 

Deviation 

- - - - - 

- 
e 

RMS, 

- 
e 

Rm 

- - 
e 

RMS 

- e 
R M s  

Percentages 
Shoham 

etd.  
(1 989) 

55.2 
41.4 
24.1 
O. 12 
0.28 

78.95 
73.68 
68.42 
0.05 
0.09 

79.3 
75.9 
69.0 
0.03 
0.08 

96.6 
79.3 
79.3 

Devistions 
Buell 
(1992) 

62.2 
56.8 
48.6 
0.04 
0.20 

75.00 
68.75 
56.25 
0.07 
O. 17 
81.1 
67.6 
54.1 
0.02 
O. 14 
83.8 
62.2 
43.2 

of Data 
Azzopardi 

et al. 
(1 988), 
P1=300 
[kPa] 
68.8 
50.5 
37.6 
-0.05 
0.17 

78.18 
50.91 
38.18 
4.10 
0.18 

69.9 
38.7 
28.0 
-0.13 
0.23 

59.1 
28.0 
22.6 

and 
Reimann 

etal. 
(1 988) 

50.0 
20.0 
20.0 
0.25 
0.30 

100,OO 
100.00 
83.33 
-0.05 
0.08 

90.0 
80.0 
60.0 
4-13 
0.2 1 
70 .O 
50.0 
10.0 

-0.04 
0.15 

Predicted 
Azzopardi 

et al. 
(1988), 
P1=150 
[kPa] 
46.1 
31.5 
23 -6 
O. 14 
0.23 

87.27 
76.36 
60.00 
0.02 
O. 10 
77.5 
64.0 
50.6 
-0.0 1 
0.15 
79.8 
58.4 
32.6 

-0.16 
0.2 1 

Correctly 
Overall 

57.8 
42.6 
32.2 
0.06 
0.2 1 

82.12 
66.89 
53.64 
-0.02 
O. 14 

76.0 
57.4 
45 -3 
4.05 
0.18 

74.4 
50.0 
34.9 

-0.05 
O. 12 

-0.03 
0.14 

4-19  
0.28 

4.10 
O .20 
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Summary of the Performance of the Phase-Distribution Models, D, ID, = 0.5 

Hwang et al. 
(1 988) 

Hart et al. (199 1) 
< 0.06) 

 art et al. (199 1) 

- . .  

Deviations 

Deviations and Percentages of Data 

5.3 Discussion of the Results 

From the above plots, several observations can be made. The discussion will be 

divided to examine the predictions with the data of the two diameter ratios (1 .O and 0.5) 

separately. 
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5.3.1 The Diameter Ratio D3/D1=1.0 

For the diameter ratio of 1.0, it is clear that the model of Hart et al. (1991), when used 

without the inlet liquid holdup restriction, and the Four-Stream Model were equivalent in 

the accuracy of their predictions. However, the Four-Stream Model has more fieedom 

with the prediction of the takeoff point, whereas the predictions of the mode1 of Hart et 

al. ( 1  991) are pinned about the point F, = 0.07, and (FBL ), = 0.07 

The predictions of the Four-Stream Model and those of Hart et al. (1991) compared 

with datasets A3 H- 1.0, A4H- 1 .O, A6H- 1.0, and A7H- 1 .  O are quite poor. In the case of 

the FourStream Model this is no surprise, since in chapter 4, it was mentioned that these 

datasets were removed from the correlation procedure due to confiicts with the data of 

Shoham et al. (19891, with similar inlet conditions. As described in chapter 3, it has been 

proposed that the differences between these data sources could be the existence of a 

hydraulic jump phenomena for the data of Azzopardi et al. (1988)- which may for some 

reason not have been present for the data of Shoharn et al. ( 1  989). This would lead to the 

results observed by h o p a r d i  et al. (1988), of higher FBL values at F,, conditions 

where the hydraulic jump is thought to occur. Of course, neither the Four-Stream Model 

nor the model of Hart et al. (1991) can correctly predict such a trend, which would 

require accurate modelling of high liquid holdup values in the mn. This is not possible, 

given the assumption in both models that E,, = E,, = E,, . Note however, that the model 

of Hwang et al. (1 988) appears to predict these particular datasets acceptably. 
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Over the entire collection of datasets however, the mode1 of Hwang et ai. (1988) 

does not appear to offer as good prediction as the Four-Stream Model and the model of 

Hart et al. (1 99 1). It should be noted that the model of Hart et al. (1 99 1) does appear to 

work quite well even for idet conditions outside its range of applicability of E,, < 0.06. 

Figure 5.5 1 shows excellent qualitative prediction of the Four-Stream Model with the 

data of Buell (1 992), and Figure 5.53 illustrates especially agreeable prediction between 

the model and the data of Shoham et al. (1989). Figure 5.54 shows that the Four-Stream 

Model has a tendency to underpredict the data of Anopardi et ai. (1988) at P, = 300 

[kPa], for reasons described above. However, figure 5.5 5 demonstrates qualitative1 y 

good prediction between the data of h o p a r d i  et al. ( 1988) at P, = 1 50 [kPa] and the 

Four-Stream Model, except at the lowest FBL values, which are typically very difficult 

for any model to predict. 

In table 5.1, one c m  see that for the diameter ratio of 1 .O, the ë values suggest that 

the Four-Stream Model has a higher tendency to underpredict the value of FBL than the 

mode1 of Hart et al. (1991) when applied without the restriction on E,, . It must be noted 

that the statistical predictions for the model of Hart et al. (1991) for E,, < 0.06 

correspond to a greatly reduced portion of the data (58.5% of the total number of points 

for the diameter ratio of 1 .O). 
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5.3.2 The Diameter Ratio DJID1=0.5 

For the data of the diameter ratio of 0.5, the above results clearly show that the Four- 

Stream Model does very well in predicting the data of Walters (1 994) and of Shoham et 

al. (1 989). The takeofT points for these datasets are seen to be predicted especially well 

by the Four-Stream Model, noticeably better than the model of Hart et al. (1991) when 

used without the liquid holdup restriction. 

Since for the diameter ratio of 0.5, the correlations for the two-phase multipliers on 

the energy equation imbalance terms, (,, and /,, , were correlated very empirically to 

the data in several cases, we can draw the following conclusions: First, purely single- 

phase energy equation imbalance terms, as proposed in the model of Hart et al. (1991), 

are inadequate to capture properly the trends of the data at a diameter ratio of 0.5. 

Secondly, as shouid be obvious, proper modelling of &, and (,, leads to greatly 

improved prediction of Due to the fact that other empirical models for two- 

phase pressure drop and liquid holdup were used to generate values for the $,, and (,, 

correlation proce+res, it was understandably dificult in some cases to achieve the 

expected trends at different inlet conditions. It is little wonder that these correlations for 

the diameter ratio of 0.5 had to be very empirical in certain instances. 

The model of Hart et al. (1991) used within E,, < 0.06 is seen in table 5.2 to present 

excellent accuracies of prediction, although again, for a greatly reduced amount of data 

(5 1.3% of the total number of data points for the diameter ratio of 0.5). 
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The model of Hwang et ai. (1988) does not appear to predict the data for the reduced 

diameter ratio satisfactorily. In general, the tendency of this model was to overpredict the 

data. However, it should be noted that this model was used for D, ID, = 0.5 with the 

parameter m, , as defined in equation (2.12) although this equation was developed from 

data for D, /Dl = 1 .O. 



Chapter 6 

Conclusions and Recommendations 

6.1 Conclusions 

In this investigation, a Four-Stream model was derked into a form suitable for use in 

predicting the phase-distribution of stratified flow at horizontal T-junctions. This model 

was based on the ideas initially developed by Hart et al. (1991), and is presented as an 

advance in modelling the energy imbalance terms with a two-phase form rather than a 

single-phase form. 

The predictions of the mode1 were presented in a brief parametric study, following 

which the mode1 predictions were compared with the phase-distribution database. 

Comparative predictions of the models of Hwang et al. (1 988) and Hart et al. (1 99 1) were 

also illustrated. 

The following conclusions have been drawn: 
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1. For the diameter ratio of 1.0, the mode1 of Hart et al. (1991) and the Four-Stream 

model offer similar predictions. 

2. There is a discrepancy between the data of Shoham et al. (1989) and data of similar 

nominal inlet conditions of h o p a r d i  et al. (1988) for the diameter ratio of 1 .O. This 

discrepancy was partially respowible for the exclusion of several datasets of 

Azzopardi et al. (1988) from the correlation procedure of the two-phase multipliers of 

the energy imbalance tenns. 

3. The exclusion of several datasets of the diameter ratio of 1.0 of Azzopardi et al. 

(1988) from the correlation process of the two-phase multipliers of the energy 

imbalance terms resulted in poor prediction of these particular datasets by the Four- 

Stream model. The tendency of the mode1 was to underpredict the data values of 

F B L  - 

4. The model of Hart et al. (1991) gives quite good prediction of the database of phase- 

distribution data for the diameter ratio of 1.0, even where the limitation of 

applicability of low-liquid holdup is exceeded. 

5 .  The agreement between the Four-Stream model and the data of Buell (1992) and of 

Shoham et al. (1989) for the diameter ratio of 1 .O was excellent. 

6. The model of Hwang et ai. (1988) did not predict the data of the diameter ratio of 1 .O 

to nearly the same accuracy as the Four-Stream model and the model of Hart et ai. 

(1 99 1). 
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7. For the diameter ratio of O S ,  the Four-Stream model predicts the takeoff points of the 

data much better than the model of Hart et al. (1991) used without the restriction on 

inlet liquid holdup. The Four-Stream model was seen to predict the data of Walters 

(1994) and Shoham et al. (1989) very satisfactorily. 

8. Accurate correlation of the two-phase multipliers for the diameter ratio of 0.5 was 

dificult in some cases, requiring highly empirical correlations to properly capture the 

data. 

9. The model of Hart et al. (1991), when used within the limits of applicability defined 

by the authors, was seen to predict the data of the diameter ratio of 0.5 very well. 

However, the restriction eliminated from the cornparison a substantial portion of the 

available data. 

10. The model of Hwang et al. (1988) was seen to predict the data of the diarneter ratio of 

0.5 poorly. However, this could be due to the fact that one empirical parameter in the 

model, rn, , was developed From data for the diameter ratio of 1 .O. 

6.2 ~ecommendations for Future Work 

Aithough a detailed analysis of  the curent modelling strategy was presented, several 

simplifications and compromises had to be made in order to obtain consistent predictions 

at al1 inlet conditions of the database. From the experience gained over the course of this 

investigation, the following recommendations are presented: 
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1. Further analysis needs to be made to model properly the two-phase energy equation 

imbalances. Purely, anal ytical modelling is preferable, though it is not apparent how 

to accomplish this at the current time. 

2. The method of modelling phase-distribution presented in this thesis c m  also be 

extended to the annu!ar flow regime, as the oniy requirement for application of the 

theory is that the phases be sepanited. 

3. A next step in improving the application of the general theoretical model presented in 

this thesis to actual data could be to attempt to find a way to model properly the run 

and branch liquid holdups in such a way that they could be different fiom that of the 

inlet. Care needs to be taken so as not to allow the final equation to be solved to 

become too complicated. 

4. In developing a theoretical model for predicting phase-distribution, it is 

recommended that equations requiring iterative solutions be kept as simple as 

possible. Highly implicit equations containing several parameters which Vary greatly 

with each iteration are dificult to solve. Obtaining consistent realiçtic solutions at al1 

times c m  be troublesome, and multiple solutions can easily result. 

5. A wider spectmm of data is required for analysis of the type performed in this thesis; 

data where one parameter is fixed and another varied to provide at least 5 or 6 sets of 

data for each value of the fixed parameter. A perfect example is the data of Shoham 

et al. (1989)-here, in the collection of the data, J,, was held fixed and data were 

obtained at 6 different values of J,, . If al1 data were provided with this level of 
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thoroughness, it would permit proper analysis of the data trends with respect to the 

effects of inlet conditions. Lf, for example, there data sets collectecl at only 3 JL, 

values for a fixed value of J,, , a single data set could easily bias the interpretation of 

the effect of J,, . 
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Appendix A 

Four-Stream Mode1 Solution 
Procedure 

This appendix outlines the solution procedure for using the Four-Stream mode1 for 

calculating the liquid mass fraction exiting the branch tube, F,, . 

First, the following parameters and physical quantities must be known: 

The superficial velocities of gas and liquid in the inlet ( J G , ,  and JL,  ) 
The densities and viscosities of gas and liquid ( p, , p, , pG , p, ) 
The diameters of the inlet, nin, and branch (D, , D, , 4) 

1. Calculate the superficial gas Reynolds number in the inlet: 

Re,, = DIJGIPG 
PG 

2. Calculate the superficial liquid Reynolds number in the inlet: 
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Re,, = Dl J L l A  

PL 

3. Calculate the value of the liquid holdup in the inlet tube, E,, , using the mode1 of 

Grolman and Fortuin (1997). The following parameters are required for this 

calculation: D, , J,, , JL,, p, , p, , p,, p, , and o. The following puameters for 

water are also required: p, , oW . 

4. Calculate the mean gas and liquid velocities in the inlet: 

- VGI - 
JGl  J L l  ; VL1 =- 

1 - &LI &LI 

5 .  Calculate the ratio of gas-to-liquid kinetic energies in the inlet tube: 

6.  Calculate the inlet and branch liquid heights From the inlet liquid holdup E,, by 

iteratively solving the following equation: 

4 

7. Calculate the height of the geometric centroid of the liquid cross-sectional area in the 

inlet tube fiom the bottom of the tube: 
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8. Calculate the height of the geometric centroid of the gas cross-sectional area in the 

inlet tube from the bottom of the tube: 

9. Calculate the height of the geometnc centroid of the liquid cross-sectional area in the 

branch tube fiorn the bottom of the inlet tube: 

10. Calculate the height of the geornetric centroid of the gas cross-sectional area in the 

branch tube fiom the bottom of the inlet tube: 
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1 1 .  Calculate the gas-phase energy equation imbalance terni two-phase multiplier: 

where, 

For D,/D, =1.0: 

( GU,O = 1.495(~e$: Re,, rs2 +1 

#Gu,r = 1 . 4 1 0 ( ~ e g : R e , , r ~  ; ~ e a : R e , ,  20.06 

For D3/D,  = O . S I  

&u,o = 0.286 ~ e g , "  ; Re,, 2 60 

(A. 1 1) 

(A. 12) 

(A. 13) 

4bm = 0.052(~e,, R e ~ r ' ~  ; Re,, ~ e "  13000 (A. 14) 

12. Calculate the liquid-phase energy equation imbalance term two-phase multiplier- 

here, F, is a guessed value for the iteration procedure: 
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ILU = 4m.o + @LU.I - 4 ~ ~ 3 . 0  )FBL (A. 15) 

(LU., = 40.76 ~ e g f "  ; Re,, 5 4000 

For D,/D, = O S :  

(ru.o = [- 8 12.3 exp(- 0.5 16J,,)+ 20.821Re2; + 1 

where Re ,, 1 1 O00 : 

#Lz,I  = 28507 ~ e & ' ~  ; Re,, c 12000 

where Re,, > 1000 : 

(A. 1 6) 

(A. 1 7) 

(A. 1 8) 

(A. 19) 

(A. 20) 

13. Calculate the loss coefficients for each phase. In the following equations, substitute 

FBG in place of 7 to obtain k,,, and k,,, , and substitute the guessed value of FBL 

for q to obtain k,,, and k,,, : 
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For D 3 / 4  =1.0: 

k,, = 1 .O00 - 0.9827 + 1 .843q2 - 0.7 17q3 

k,, = -0.3757 + 0.9597' - 0.3 loV3 

For D, ID, = 0.5 : 

k,, = -0.034 - 0.20177 + 0 .925~ '  - 0.3627' 

14. Calculate the gas-phase energy imbalance term: 

15. Calculate the liquid-phase energy imbalance term: 

16. Determine whether the Fm value is within the prediction range of the model. First, 

attempt to find a solution for the takeoff FBG, FBGm, with the following special 

model equation at FBL = O .  This equation must be iteratively solved by altering FBG 

until the predicted value of (FBL), is equal to the input value of F,, = O .  The value 
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of FBG at this point is the required Fm, . In the iterative procedure, repeat steps 1 1 

to 1 5 as required. 

17. Secondly, attempt to find a solution for the endpoint F, , FBGn, with the following 

special model equation at Fm = 1. This equation rnust be iteratively solved by 

altenng FBG until the predicted value of (FBL),{, is equal to the input value of 

Fm = 1 . The value of Fm at this point is the required FBG., . In the iterative 

procedure, repeat steps 1 1 to 15 as required. 

(A. 29) 

18. If there is no solution found in step 16., and the experimentd Fm, (F'), , is equal 

to zero, then the following equation can be solved to obtain the Four-Stream model 
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value of (F,,), . This equation mua be solved iteratively, with Fm fixed at the 

experimental value of (FBG ), , and by inserting guessed values for Fm to obtain the 

predicted values of (Fm),  . Repeat steps 1 1 to 15 until the predicted value of 

(FBL ), is equal to the guessed FBL . 

2 PG EG,, EG,, -- - --- EL,, EL12 = O  
V ; ; [ P L ( W G ,  w J k - 4 1  

19. If there is no solution found in step 17., and the expenmental F,, , (FBG ), , is equal 

to unity, then the following equation can be solved to obtain the Four-Stream mode1 

value of (FBL),,o. This equation must be solved iteratively, with Fm fixed at the 

experimental value of (F,, ), , and by inserting guessed values for FBL to obtain the 

predicted values of (Fm ), . Repeat steps 1 1 to  15 until the predicted value of 

(FEL ), is equal to the guessed F,, . 
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20. If there is a solution to step 16. and if (Fm ), < FBGm then: 

( F B L  )MO = 0 

2 1. If there is a solution to step 1 7. and if (FBG ), > FBG,, then: 

(FBL )Mo = 1 (A.33) 

22. If steps 18 to 2 1 do not apply, then the general Four-Stream mode1 equation, which is 

quadratic in (F,),, , can be used to calculate the predicted value of (Fm),,  for the 

fixed expenmental value of FBG . This is an iterative procedure where (FE ), is the 

input value, along with a guessed value of FBL, resulting in a predicted value of 

( F )  . The solution is reached when the resulting ( F m ) ,  is equal t o  the guessed 

value F, . Steps 11 to 15 are repeated as required in the iteration process. 
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Appendix B 

Cornputer Code Listing 

This appendix provides a listing of the FORTRAN computer code used to calculate 

the Four-Stream Mode1 prediction of  (Fm ), given Fm and the inlet conditions, along 

with instructions on how to run the program. The listing consists of the program 

mainline, and the required subroutines. A sample input file, and the corresponding output 

file is also supplied. 

The mainline FORTRAN prograrn is called MAM3.FOR. Al1 subroutines listed 

must be compiled as well during the execution of the prograrn. Once the program is run, 

the user is prornpted for the input filename (including the path). Although the input 

filename must be of the form FTLENAMEDAT, the extension .DAT must be ornitted 

when the filename is supplied to the computer. For example, if the input filename was 

FILEDAT, stored in the directory C:\DAT& when the program prornpted the user to 

enter the input filename, the following would be entered: 
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During execution, the program will create an output file with the following name: 

C: \DATA\FILE. FBL 

B.l Sample Input and Output Files 

The input data file is structwed so that each row describes a single set of 

experimental conditions. Each row contains the following variables for the computer 

code: 

RLINE - a real number used to reference each line of data 

GI - inlet mass flux G, [kg/m2-s] 

D 1 - inlet pipe diameter D, [ml 

D 3OVD 1 - diameter ratio D, / D, 

T 1 c - two-phase mixture inlet temperature [OC] 

P 1 KPA - inlet pressure 4 P a ]  

FBG - experimental FBG 

FBLDAT - experimental FBL 
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Unformatted data is acceptable, as long as al1 adjacent numbers are separated by at least 

one space. The last row must be al1 zeroes. Below is a sample input file, containing the 

data of Shoham et al. (1989): 
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The output file consists of a row of values corresponding to each row in the input file. 

The following variables are contained in each row of the output file: 

RLINE 

FBG 

FBLMO - the predicted value of (FM ),, as calculated by the Four-Stream 

Model. 

Below is a sample output file generated fiom the above input file: 
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Coniputer Code 

The mainline program and required subroutines are listed below: 

C 
c --Using MARS Correlation for l iquid holdups!!! 
C --Uses the solver algorithm to iterative solve for FBL given a 
specific 
C --value of FBG. 
C --The E's are calculated using the MEAN velocities, and new 
correlations . 
C --FOR AIR-WATER DATA ONLY! 

INTEGER IUNIT,OUNIT1,OUNIT2,OLJNIT3,OIT4 

C 
REAL ' 8 
REAL* 8 
RE?!&* 8 
REAL*a 
REAL* 8 
REAL* 8 
REALC8 
REAL* 8 
REAL * 8 

C 

G1, X1, Dl, D3, PI, RHOL, RHOG,MüL,KUG, FBG, SAMPLE, FBLMO 
LPT,RPT,ALPT,ARPT,COMLPT,COMFlPT,FBL 
D30VD1, TIC, PlKPA, TIK, SIGMA, HL1, HL2, HL3, EL1 
Wl,WGl,WLl,WG2,WL2,WG3,WL3,AL2,EL2,EL2, JG2,JL2, JG3, JL3 
EL3,AL3,F(4) , G ( 4 )  ,ELl2,EL13,EGIZtEGI3,FB 
W3, W3MO, X3MO, X3X1M0, W3WlM0, W3WlEX, WL3EX 
MSJW, SIGMAW, PlMPA, RHOFG, ELSWI 1, FBLTO, FBLEP, RLINE 
PHIL1, PHIL, PHIG, EL13 2W, EG13 - 2W, FBGTO, FBGEP, FBLEX 
FBGEQO , FBGEQ~ , F B - O ; F B M  - 1 

INTEGER 1, J, K, LINE 
INTEGER*2 NSFLG 
CHARACTER* 10 COMIND, ROOTTP, REALPC , FBLEQl(4 ) , ROOTTP2, MODEL 
CHARACTER* 10 TOPT, ENDPT 
CHARACTER*~ O PRNTFL 
CHARACTER*40 IFILE, OFILEl,OFILE2,OFILE3,0Ff LE4 

C 
* * * * * * * * * * * * * * * * * *+** * * * * * * *+** * * * * * * * f *+*~*** * * * * * * *  

PI=4. *ATAN (1. ) 
LINE=10 

C 
OPEN (9O,FILE='tstldbg.dat') 

c OPEN (IUNIT,FILE='testlb.datf) 
C OPEN (OUNIT, FILE='tstcorr.dat' ) 
C 

PRINT*, ' ENTER INPUT FILENAME (WITHOUT EXTENSION) . ' 
PRINT*, 'THE FILENAME SHOULD BE OF THE FORM: ' 
PRINT*, ' \PATH\FILENAME( .DAT) ' 
PRINT*, 'THE OUTPUT FILE CONTAINING FBG, FBLMû WILL BE: ' 
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PRINT*, ' \ PATH\ FILENAME. FBG' 
PRINT*, 'AND THE OUTPUT FILE CONTAINING ( W 3 / W l )  MO VS . (x~/xI 1 MO 

& WILL BE:' 
PRINT*, ' \PATH\FILENAME.X31' 
PRINT* 
PRINT*, 'DATA SHALL BE AIR-WATER ONLY!' 
PRINT* 
READ(*, 1 5 )  I F I L E  
FORMAT (A) 

CALL FILEN ( I F I L E ,  OFILE1, OFILES, OFILE3,OFILE4 

OPEN (IUNIT,  FILE=IFILE)  
OPEN (OüNIT1, FILE=OFILElI  
OPEN (OUNIT2, FILE=OFILE2 1 
OPEN (OüNIT3, FILE=OFILE3 ) 
OPEN (OUNIT4, FILE=OFILE4 ) 

PRINT*, 'OPENED DATAFILES' 

CALL INPUT4 (RLINE,Gl ,Xl ,  D l ,  D30VDl,TlC, PlKPA, FBG, FBLEX, 
& IUNIT) 

T lK=TlC+273 .15  
P ~ M P A = P ~ K P A / ~ O O O .  
w l = g l * O 1 2 5 * p i * d l * d l  
w g l = x l * w l  
w l l = w l - w g l  
WG3=WGl+FBG 
WL3EX=WLlf FBLEX 
w ~ W I E X = ( W L ~ E X + W G ~ ) / W ~  
PRINT*, 'XI=  ' , XI,  ' W3/W3ex=', W3WlEX 

CALL PROPAW (TIK,  PlKPA, M O L ,  RHOG,MUL,MUG, SIGMA) 

C-- Water p r o p e r t i e s  same as l i q u i d  for a i r - w a t e r  o r  steam w a t e r  
systems ! 

C 
C- TEST FOR TAKEOFF POINT ALONG BOTTOM FBG AXIS 

CALL TOSVS (ALPT,ARPT, G I ,  X I ,  D l ,  D 3 ,  P I ,  RHOL, RHOG,MUL,m,MUG, 
& SIGMAW, SIGMA, FBGTO, E'BLTO, COMIND, R O O T T F , S p L E t  
& EL1, EL2, EL3, PHIL1, PBIL, PHIG, EG13EL1,EL2,EL3,PHfL1,PBIL,PHIG,EG13_2W,TOPT2W, TOPT) 
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PRINT*, ' FIRST TAKEOFF POINT SOL-D' 
PRINT*, ' TAKEOFF POINT= ' , TOPT 

C 
C- TEST FOR ENDPOINT ALONG TOP FBG AXIS 
C 

WRITE (90, * )  
WRITE(90, * )  

WRITE(90, * )  
WRITE(90,') 'START SECOND POINT HERE! ! ! '  
WRITE(90,*) 
PRINT* , ' -PT= ' ,&PT, ' ARPT= ' , ARPT 
FBLEP=1. 
CALL TOSV2 (ALPT,ARPT, Gl,Xl, Dl, D3, PI, RHOL, RHOG, MUL,MUW,MUG, 

& SIGMAW, SIGMA, FBGEP, FBLEP, COMIND, ROOTTP, SAMPLE, 
& EL1, EL2, EL3, PHIL1, PHIL, PHIG, EG13 - 2W, ENDPT) 
PRINT*, 'SECOND ENDPOINT SOLVED' 
PRINT*, ' END POINT= ' , ENDPT 

m 
L 

C- ROUTE PROGRAM TO MAINLINE SOLVER IF I N S I D E  BOUNDS OF MODEL CURVE. 
C- OTHERWISE, USE USE SIMPLE LOGIC OR RELATIONS TO EASILY OBTAIN FBL. 
C 

MODEL='NOf 
C 

IF (FBG.EQ.O.AND.TOPT.EQ. 'NO' 1 THEN 
FBGEQO=O . 
CALL MODSLV(Gl,Xl, Dl, 03, PI, RHOL, RHOG,MUL,m,MUG, FBGEQO, 

& 

F B - O ,  SIGMAW, SIGMA, sAMPLE,ALPT,ARPT, EL13 - ZW, PHIL, PHIG, 
& EG13-2W) 

PRINT* , 'AT FBG=O, FBLMO= ' , FBLM - O 
1 F ( FBLEX . LT . FBLM-O } THEN 
FBLMO=W3WlEX* (1. / ( 1. -XII ) 

ELSE 
FBLMO=FBLM-O 

ENDIF 
ELSEIF (FBG.EQ.l.AND.ENDPT.EQ.'NO') THEN 
FBGEQ1=1. 
CALL MODSLV(G~,X~, Dl, D3, PI, RHOL, RHOG,MUL,MUGJ,MUG, FBGEQ1, 

& FBLM 1, SIGMAW, SIGMA, SAMPLE,ALPT,ARPT, EL13-2W, 
& PHIL~PHIG, ~ ~ 1 3  îw) 

PRINT*, 'AT FBG=I, FBLM~=',FBLM - 1 
1 F ( FBLEX . GT . FBLM-1) THEN 
FBLMO=(l./ (1.-Xi) ) * (W3WlEX-XI) 

ELSE 
FBLMO=FBLM - 1 

ENDIF 
ELSEIF (TOPT. EQ. ' YES ' ) THEN 
IF (ENDPT.EQ,'YES') THEN 

1 F ( FBG. LT . FBGTO) THEN 
FBLMO=O . 

ELSEI F ( FBG. GT . FBGEP) THEN 
FBLMO=l. 

ELSE 
MODEL= ' YES 
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END1 F 
ELSE 

1 F ( FBG. LT . FBGTO) TNEN 
FBLMO=O . 

ELSE 
MODEL='YES' 

ENDIF 
ENDIF 

ELS E 
IF (ENDPT.EQ.'YES1) THEN 
1 F ( FBG. GT . FBGEP) THEN 
FBLMO=I - 

ELSE 
MODEL='YES1 

ENDIF 
ELSE 
MODEL='YES1 

ENDIF 
ENDIF 

C 
IF (MODEL.EQ.'YES1) THEN 
CALL MODSLV(G~,X~, Dl, 03, PI, RHOL, RHOG,MUL,MUW,MUG, FBG, 

& FBLMO, SIGMAW, SIGMA, SAMPLE,ALPT,T E L  - 2W, PHIL, PHIG, 
& EG13-2W 

C 
ENDIF 

C 

WG3=FBG*WGl 
WL3MO=WL1* FBLMO 
W3MO=WG3+WL3MO 
IF (W3MO.GT.O.) THEN 
X3MO=WG3/W3MO 
W~W~MO=W~MO/WI 
X3XlMO=X3MO/XI 

ELSE 
W3WlMO=O. 
X3XlMO=O. 

END1 F 
C 
**++*+*+++*++*+++*+~f********** i**t***********************  

WRITE (OUNITl, 10 ) RLINE, FBG, FBLMO 
WRITE(*,18) FBG,FBLMO 

18 FORMAT(1X, F6.3, lx, F7.4,1X,F10.4) 
C WRITE (OUNIT2,19 ) RLINE, W3WlM0, X3XlMO 
C 19 FORMAT(1XfF6-3,1X,F10.S,1X,F100S) 
C 
C --Print results 
C 

PRINT* , ' FBG= ' , FBG, ' FBLEX= ' , FBLEX 
PRINT*, lFBLMO=',FBLMO 
PRINT* 
GOTO 33 
ENDIF 

C 
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CLOSE (OUNIT1) 
CLOSE (OUNIT2) 

* 4 * * * * * * * * * * * * * + * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

DOUBLE PRECISION FUNCTION CENTRD(HL,D) 
C 

DOUBLE PRECISION HL, R, D 

R=D/2, 
CENTRD=R-2. * (2. *R*HL-KL*KL) fC1.5/ (3 .C ( R t O S  ( (R-HL) /RI 

SUBROUTINE COMTST (GI,XI, Dl, D3, PI, RHOL, RHOG,MUL,MUW,MUG, FBG, 
& SIGMAW, SIGMA, SAMPLE, ALPT,ARPT, COMLPTI COMRPTf 
& COMIND, REALPC, EL12, EL13 , EG12 , EG13 ) 

C 
C-- This subrout ine  salves for the left and r i g h t  endpoints of 
C-- a complex sub-range w i t h i n  t h e  complete range of poss ible  
C-- so lu t ions  f o r  FBLMO. 
C 

REAL'8 Gl,Xl, Dl, D3, PI, RHOL, RHOG,MUL,MUG, FBG, SAMPLE,ALPT, AFIPT 
REAL'8 TOLER. DELTA, LPT , RPT , MIDX, COMLPT COMRPT, ERR, EL1 EL2 , EL3 
REALf8 FBLMO, EL12, ELl3, EG12, EGl3 
REAL*B MUW, SIGMAW, SIGMA 
CHARACTER* 10 COMIND, ROOTTP, REALPC 

C 
C 

DELTA=O .O00 1 
TOLER=O- 00001 
ERR=100. 
REALPC='NONE' 

C 
C --Solve for l e f t  endpoint  of complex-root interval i n  FBLguess 
C 

LPT=ALPT 
RPT=SAMPLE 

C 
5 IF (ERR. GT-TOLER) THEN 

MIDX=(LPT+RPT)/2. 
CALL FOUR - S(G1,X1,D1,D3,PI,RHOL,RHOG,MUL,MUW,MIIGf 

& SIGMAW, SIGMA, FBG, MIDX? FBLMOI ELIf EL2 f EL3 
& ROOTTP, ELIS, EL13, EG12 , EG13 ) 
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IF(ROOTTP.EQ. 'COMPLEX') TREN 
RPT=MI DX 

ELSE 
LPT=MIDX 

ENDIF 
ERR=DABS ( RPT-LPT ) 
GOTO 5 

ENDIF 
IF(DABS(MIDX-ALPT) .LT.DELTA) THEN 
COMLPT=ALPT 
REALPC='RIGHT' 

ELSE 
COMLPT=MIDX-DELTA 

ENDIF 
C 
C 
C --Solve for right endpoint of cornplex-root interval on FBLguess. 
C --If character variable COMIND indicates the the SAMPLE point passed 
C --is the absolute right endpoint of the FBLguess interval, then no 
C --need to solve, just set COMRPT=ARPT. Otherwise, solve n o m a l l y .  
C 

LPT=SAMPLE 
RPT=ARPT 
ERR=100. 

C 
IF (COMIND.EQ.'RPT1) THEN 
COMRPT=ARPT 
REALPC= ' LEFT ' 

ELSE 
10 IF ( ERR. GT . TOLER) THEN 

MIDX= (LPT+RPT) /2. 
W L  FOUR-S (G1,X1, Dl, D3, PI, MOL, RHOG,MUL,MLTW,MUG, 

là SIGMAW, SIGMA, FBG,MIDX, FBLMO, ELl,EL2,EL3, 
& ROOTTP, EL12, EL13, EG12, EGl3) 

IF(ROOTTP.EQ.'COMPLEX') THEN 
LPT=MI DX 

ELSE 
RPT=MI DX 

END1 F 
ERR=DABS(RPT-LPT) 
GOTO 10 

ENDIF 
COMRPT=MIDX+DELTA 
IF (REALPC.EQ.'NONE1) THEN 
RE?GPC='BOTH1 

ENDIF 
ENDIF 

C 
RETURN 
END 

c--------------------------------------------------------------------- C 

SUBROUTINE COMTS2 (GI,Xl, Dl, D3, PI, N O L ,  RHOG,MUL,MLlW,MuG, FBL, 
& SIGMAW, SIGMA, SAMPLE,ALPT,ARPT,COmPT,COmPT, 
& COMIND,REALPC, EL12, EL13, EG12,EG13) 
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C 
C-- FOR FBG ENDPOINT SOLVER ONLY! Solves for left and right endpoints 
c-- of 

RU\L*8 Gl,Xl, Dl, D3, PI, RHOL, RHOG, MUL, MüG, FBL, SAMPLE,ALPT,ARPT 
REAL* 8 TOLER, DELTA, LPT, RPT, MIDX, COMLPT, COMRPT, ERR, EL1, EL2, EL3 
REAL*8 FBLMO, EL12, ELl3, EG12, EGl3 
REAL*8 MUW, SIGMAW, SIGMA 
CHARACTER* 10 COMIND, ROOTTP, W P C  

WRITE(90,') 
WRITE (90, * ) ' ENTERING COMTST ' 

C --Solve for left endpoint of cornplex-root interval in FBGguess 
C 

LPT=ALPT 
RPT=SAMPLE 

C 
5 IF (ERR.GT.TOLER) THEN 

MIDX= (LPT+RPT) /2. 
CALL FOUR - S (Gl,Xl, Dl, D3, PI,RHOL,RHOG,MUL,MUW,MUG, 

d SIGMAW, SIGMA,MIDX, FBL, FBLMO, EL1, EL2, EL3, 
& ROOTTP, EL12, EL13, EG12, EG13) 

IF(ROOTTP.EQ.'COMPLEX') THEN 
RPT=MI DX 

ELSE 
LPT=MIDX 

ENDIF 
ERRzDABS (RPT-LPT) 
GOTO 5 

ENDIF 
1 F ( DAsS (MIDX-ALPT) . LT . DELTA) THEN 
COMLPT=ALPT 
REALPC?' RIGHT ' 

ELSE 
COMLPT=MI DX- DELTA 

ZNDI F 
C 
C 
C --Solve for right endpoint of cornplex-root interval on FBGguess. 
C --If character variable COMIND indicates the the SAMPLE point passed 
C --is the absolute right endpoint of the FBGguess interval, then no 
C --need to solve, just set COMRPT=ARPT. Otherwise, solve normally. 
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COMRPT=ARPT 
REALPC= ' LEEY' ' 

ELSE 
10 IF (ERR.GT.TOLER) THEN 

MIDX= (LPT+RPT) /2. 
CALL FOUR S (Gl,Xl, Dl,D3, PI,RHOL, RHOG,MIJL,MUW,MUG, 

& SI-&AW~ SIGMAfMIDXf FBLI FBLMOf ELlf E L  3 ,  
& ROOTTP,ELlS. EL13,EG12,EG13) 

IF(ROOTTP.EQ.'COMPLEX') THEN 
LPT=MIDX 

ELSE 
RPT=MI DX 

ENDIF 
ERR=DABS ( RPT-LPT ) 
GOTO 10 

END1 F 
COMRPT=MI DX+DELTA 
IF (REALPC.EQ.'NONEf) THEN 
REALPC='BOTH' 

ENDIF 
ENDIF 

C 
c WRITE (90, ) ' SOLVED FOR LEFT ENDPOINT OF COMPLEX-INTERVAL: ' 
c WRITE f 90, * ) ' COMLPT= ' , COMLPT 
C WRITE (90, * ) ' SOLVED FOR RIGHT ENDPOINT OF COMPLEX-INTERVAL: ' 
c WRITE ( 90, * ) ' COMRPT= ' , COMRPT 
c WRITE (90, * ) ' RE?U,PC=' , W P C  
C 

RETURN 
END 

c--------------------------------------------------------------------- C 
SUBROUTINE ECORR (D3OVD1, Dl, WG1 , WL1 , WG3 , WL3 , FBL, FBG, JGl y JLl y 

& RHOG, RHOL,MUG,MUL, Kl3G, K12Gf Kl3L, K12L, 
& EG13 2Wf ELi3-2W, PHIG, PHIL, PBILL, PI, EL1, SIGMA, 
& ZLI, Z G ~ ,  Z L ~ ,  Z G ~ ,  G) 

C 
C-- Subroutine to calculate the (EGI~/WG~ - EG12/WG2) and the 
C-- (EL13/WL3 - EL12/WL2) tems by the empirical correlations for 

C 
REALf8 
REAL * 8 
REAL* 8 
REALt 8 
REALf8 
REAL* 8 
REAL* 8 
RETU* 8 
REAL* 8 
REAL * 8 
REAL* 8 
REAL* 8 
REAL* 8 

C-- the Four-St-ream Model. 

D30VDlf WGI , WL1, WG3 , WL3, FBGf FBL, JGII JLI,JJLf JLOVJG 
K13G, K13L, K12G, K12LI PHIG, PHIL, WG2,WL2 
EG13 2W,EL13 2W,EG12W 
Dl, 03, RHOG,MÜG, RESG, RHOL,MUL, RESL 
N,PI,W3W1,EL1,EG1,A1,AOf BI, BOfVL1,VG1 
RtlOHl, VRELl, SI, GRAVI G1, XI, ALPHAI, RHOM1, RHOEl 
PHIGL, PHIGU, PHILL, PHILU, SIGMAf ZL1, 2GIr ZL3f ZG3rG 
K12G L,K13G L,KISG U, K13G U 
~12~-L, K~~L-L, ~12~-U, ~ 1 3 ~ - u  
~ 1 2 ~ 5  1, W ~ W T  O, W ~ W Y  1, EXEN, EXPON2, W3W1-L, W3W1-U 
FBG L~FBG U,FBL L,FEL U,P12 L, Pl3 L,P12 U.Pl3 U 
V G ~ L ,  VL~-L, V G ~ L , V L ~ L ,  V G ~ I U , V L ~ ~ U , V G ~ ~ .  VLZ~U 
W G ~ L ,  - W L ~ L ,  - ~ ~ 2 1 ,  WLZL, - WG3-Ur WL3-U, WG2-U, WL2-U 
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EG1=1. -EL1 
D3=D30VDl*DI 
JGOVJL=JG~/JL~ 
JLOVJG=JL~/JG~ 
W3Wl= (WG3+WL3) / (WGl+WLl) 
Xl=WGl/ (WGI+WLl) 
~ l =  (wGl+WLl) / (O. 25*PIf Dl*Dl) 

CALL SFLOSS (FBG, D30VD1, KlSG, Kl3G) 
CALL SPLOSS (FBL, D30VD1, K12L, Kl3L) 

IF(RESG.GT.12000.AND.RESL.LT.1000) THEN 
PHILU.=0.13259*(RESL**O05942) 

ELS E 
PHILU=28506.6*(RESL**(-1.17159)) 

END1 F 
END1 F 

BI= f PHILU-PHILL) / 1. 
BO=PHILL 
AI= (PHIGU-PHIGL) / 1. 
AO=PHIGL 



COMPUTER CODE LISTTNG 

SUBROUTINE FILEN ( IFILE, OFILE1,OFI:LE2,OFILE3,OFILE4 ) 

INTEGER TLEN, 1 
CHARACTER*40 IFILE,OFILEl,OFILE2,OFILE3,OFILE4,DUMMY 

IF(IFILE(1:I) .NE.' '.AND.I.LT.TLEN) THEN 
I=I+1 
GOTO 5 

ENDIF 

PRINT*, 'I=',I 
DUMMY=IFILE(l:I-1) / /  '.datt 
PRINT* , ' DITMMY= ' , DUMMY 
1 FILE=DUMMY 

PRINT*, 'INPUT FILE: ',IFILE 
PR1 NT*, 'PUTPUT FILE 1 : ' , OFILE1 
PRINT*, 'OUTPUT FILE 2 : ' , OFILES 
PRINT*, 'OUTPUT FILE 3 : ' , OFILE3 
PRINT*, 'OUTPUT FILE 4 :  ' ,OFILE4 

ETUFW 
END 

- 

c--------------------------------------------------------------------- C 

SUBROUTINE FISOLV (FG, G, D, EL, JG, SIGMA, RHOL,MUL, DLSI, REG, FI ) 
C 
C-- Subroutine t o  s o l v e  F I  ( i n t e r f a c i a l  f r i c t i o n  factor) f o r  holdup 
C-- mode1 of Grolman et a l .  (1994)  
C 

REAL*8 RXFAC,CRIT 
PARAMETER(RXFAC=I. O, CRIT=O. 01) 
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REAL* 8 RELCHG, F I ,  FG 
REAL*8 FIOLD, G, D, EL, JG, SIGMA, RHOL,MUL, DLSI, REG, FINEW, DELFI 

5 I F  ( A M  (RELCHG) . GT . CRIT) THEN 
CALL FICALC (FIOLD, G, D, EL, JG, SIGMA, RHOL,MUL, DLSI, REG, FINEW) 
RELCHC+lGO. * ( FINEW-FIOLD) /FINEW 
DELFI=Ff NEM- FIOLD 
FIOLD=FIOLD+RXFAC* DELFT 
GOTO 5 

ENDIF 

RETURN 
END 

L 

REAL*8 FIOLD, G, D, EL, JG, SIGMA, RHOL, MUL, KOVD, FN, DLSI, REG, FINEW 

C 
KOVD=O.S145*EL* (DLSI** ( - 1 . 5 )  ) * (DTANH(O. O576Z* (FN-33.74) 1 +O-9450) 

C 
I F  (KOVD.LT.O.0) THEN 

KOW=O 
ENDIF 

C 
F I N E ~ ~ = O . O ~ ~ ~ / ( L O G ~ O ( ~ ~ . / R E G + K O V D / ~ . ~ ~ ~ ) * * ~ )  

C 
RETURN 
END 

C 

C-- S u b r o u t i n e  of t h e  main c a l c u l a t i o n s  of t h e  F o u r - S t r e a m  m o d e l .  T h e  
C-- quadratic s o l u t i o n  of FBLMO i s  g e n e r a t e d  h e r e  for use i n  o t h e r  
C-- s o l v e r s .  
C 

REAL* 8 
REAL* 8 
REAL* 8 
REAL + 8 
REAL* 8 
REAL* 8 

ELl ,EL2,  EL3,EG1,EG2,EG3,A,X1,DIf D3 
PI, RHOL, RHOG, M L ,  MUG, G1, FBGI FBL, FBLMO 
THETAO,THETAl, BETAL, BETAG, FRL1, RESL1 
RELFl,VLl,VGl,  VL2 ,VG2, VL3 ,VG3, HL1, HL2, HL3 
J L 1 ,  J G l , J L Z ,  JG2,  J L 3  , J G 3  , LAMDAO 
TERM1, TERM2, TERM3, KAPPAf QUADA, QUADB? QUADC 



REAL* 8 
REAL * 8 
REAL* 8 
REAL* 8 
REAL*8 
REAL* 8 
REAL* 8 
REAL*8 
REAL* 8 

C 
REA.L+8 

C 

COMPüTER CODE LISTING 

G, B24AC, FBLMOP, FBLMOQ 
W1,WG1,WL1,WG2fWL2,WG3fWL3f ZGl,ZG2,ZG3,ZLl,ZL2,ZL3 
ALI, AL2, -3, CENTRD 
KL13, KG13, D30VD1, PHILl, EL13 - 2 W f  EG12W, EG13 - 2W 
YL1, YL2, YL3 
W3,N, SIGMA 
K13G, K13Lf K12G, K12L 
SIGMAW,MUW, ELSWIl 
PHIL, PHIG 

CHARACTER*20 EPSIND 
CHABACTER* 10 ROOTTP 

IF (DABS (D3/Dl-1. O) .LT. O. 0001) THEN 
D30VD1=1.0 

ELSE 
D3OWl=O 5 

ENDIF 
* * * * * * * * * * * * * * * * * * * C * i r * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

C 

cal1 MCHECK (RHOG, M O L ,  M G ,  JG1, G, Dl, ELSwI1) 
w r i t e  (90, * )  ' ELSWIl=' , ELSWIl 
WRITE(90, * )  

C 
Wl=G1+0.25*PI*Dl+Dl 
WGl=Wl*Xl 
WLl=WI-WG1 
WG3=FBG*WGl 
WL3=FBLCWL1 
WG2=WGl-WG3 
WL2=WL1-WL3 
W ~ = W G ~ + W L ~  
N=W3/W1 
JG3=WG3/ (RHOG*O. 25*PI*D33) 
JL3=WL3/ (MOL*@. 25*PI*D33) 
JG2=WG2/(RHOG+O.2S*PI*Dl*Dl) 
JL2=WL2/ (RHOL*O. 25*PI*Dl*DI) 

C 

C-- Calculate the liquid heights and gas & liquid holdups. 
C 

CALL HLDUPS (FBG, FBL, Dl, D3, JL1, JG1, JL2, JG2, JL3, JG3, MUL, MUW, 
d M G ,  RHOL, RHOG, SIGMA, SIGMAW, PI, EL1, EL2, EL3, 
& AL1,ALSfAL3,HL1, HL2, HL31 

C 
EG1=1.-EL1 
EG2=1. -EL2 
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CALL VSFRMJS(JL1, JGI, JL2, JG2, JL3, JG3,EL1,EGl8EL2,EG2,EL3, 
& EG3,FBL,FBG8VL1,VG1,VL2,VG2,VL3,VG3] 

CALL ZYCALC(FBGfFBL,D1,D3,HL1,HL2,HL3,ZG1,ZG2,ZG3,ZL1,ZL2, 
h ZL~,YL~,YL~,YL~) 

Cal1 subrou t ine  to g e t  energy equation imbalances 

CALL ECORR (D30VD1, Dl, WG1, WL1, WG3, WL3, FBL, FBG, JG1, JL1, 
& RHOG, RHOL, MUG, MUL, K13G, KlZG, K13L, K12L, 
& EG13 2W, EL13-2Wf PHIG, PHIL, PHILI, PI, EL18 SIGMAf 
& ZL~,ZGI,ZL~, 2 ~ 3 , ~ )  

IF (FBG-EQ.1.) THEN 
IF (FBL.EQ.1) THEN 

QUADC= (-1. O) *KAPPA* ( ( ( ~ * * 4 )  * ( (EG~/EG~) +*2)  ) 
FBG* FBG) 

+ (2. O*G/ (VLl*VLl) ) * ( (2~2-ZG3) *RHOG/RHOL 
- (ZL2-ZL3) 
-2. 'G* (HL~-HL~+YL~-ZL~ ) / (VLl*VLl) 

- (2. / (VLl*VLl) ) ( (RHOG/RHOL) +(Ecl3_2W) 
- (EL13-2W) ) 

ELSEIF (FBL.EQ.O.0) THEN 
QUADC=(-1. O) *KAPPA* ( ( (A* * 4) * ( (EG~/EG~) **2) ) 

+ FBG* FBG 1 
+ (Z.O*G/ (VLl*VLl) ) * ( (ZG2-ZG3) *RHOG/RHOL 
- (ZL2-ZL3) ) 
- (ELl/EL2) **2 
- 2. *G* (HL2-HL3+YL3-ZL2) / (VLl*VLI) 

- (2. / (VLl*VLl) ) ( (RHoG/RHOL) (EG13-2W) 
- (EL13 2W) ) - 

ELSE 
QUADC=(-1. O )  *KAPPA* ( ( (~**4) * ( (EGl/EG3) **2) ) 

* FBG* FBG 1 
+ (2.0*G/ (VLl*VLl) ) * ( (2~2-ZG3) *WOG/RHOL 
- (ZL2-ZL3) ) 
- (ELl/ELZ) ""2 
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c & - ~.*G*(HL~-HL~+YL~-ZL~)/(VI,~*VLI) 
& - (2. / (VLl'VLl) ) ( (RHOG/RHOL) * (EG13 - 2W) 
& - (EL13-2W) ) 

ENDIF 
ELSEIF (FBG.EQ.O.0) THEN 
IF (FBL.EQ.l.) THEN 
QUADC=(-1. O) *KAPPA* (-1. * (EG~/EG~) **2) 

+ (Z.O*G/ (VLl*VLl) ) * ( (zGS-ZG~) *RHOG/RHOL 
- (ZLZ-ZL3) ) 

- 2. *G* (HL2-HL3+YL3-ZL2) / (VLl*VLl) 
- (2. / (VLl*VLl) ) ( (RHOG/RHOL) * (EG13-2W) 
- (EL13-2W) 

ELSEIF (FBL.EQ.O.0) THEN 
QUADC=(-~.O)*WPA*(-~.*(EGS)++~)**~) 

+ (2.0*G/ (VLl*VLl) ) ( (ZGZ-ZG~) *WOG/RHOL 
- (ZL2-ZL3) ) 

- (ELI/EL2) * *2  
- 2. *G* (HL~-HL3+YL3-ZL2) / (VLl*VLl) 

- (2. / (VLl*VLI) ) * ( (RHOG/RHOL) * (EGI3 - 2W) 
-(EL13 2W) ) - 

ELSE 
QUADC=(-1.0) *KAPPA* (-1. * (EGlIEG2) **2) 
+(2.0*G/ (VLl*vLl) ) * ( (ZG2-ZG3) +RHOG/RHOL 

- (ZL2-ZL3) ) 
- (EL~/EL~) **2 
- 2. *G* (HL~-HL~+YL~-ZL~) / (VLl*VLl) 

- (2. / (VLl*VLl) ) * ( (RHOG/RHOL) * (EG13-2W) 
- (EL13-2W) 

END1 F 
ELSE 

IF (FBL.EQ.l.) THEN 
QUADC=(-I. O) 'KAPPA* ( ( (A**4)  * ( (EG-2)- 

*E'BG+FBG+~.O*((EG~/EG~)**~)*E'BG-(EGl/EG2)**2) 
+ (2.0*G/ (VLltVLl) ) * ( (zG~-ZG~) * RHOGIRKOL 

- (ZL2-ZL3) 1 
- 2 . *G* (HLS-HL~+YL~-ZL~) / (VLl*VLl) 

- (2. / (VLl*VLl) ) * ( (RHoG/RHOL) (EG13_2W) 
- (EL13-2W) ) 

ELSEIF (FBL. EQ. O. O) THEN 
QUADC=(-~.O)*KAPPA*(((A**~)*((EG~/EG~)**~)- 
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IF (B24AC.GT.0.0.AND.QUADAANEEOOO) THEN 
FBLMOP=(-QUADB+DSQRT(QUADB*QUADB-4.0*QUmA*QUmC) ) /  

(Z.O*QUADA) 
FBLMOQ=(-QUADB-DsQRT(QUADB*QUADB-4.0*QUmA*QUADC) ) /  

(2.0*QUADA) 
ROOTTP= ' REAL ' 
FBLMG=FBLMOP 

ELSEIF(QUADA-EQ.O.0) THEN 
FBLMO=-1. O*QUADC/QUADB 
ROOTTP= ' REAL ' 

C 
RETURN 
END 

DOUBLE PRECISION mTNCTION AL(HL,D) 
C 
C-- Function to calculate the Liquid cross-sectional area given the 
C-- liquid height. 
C 

DOUBLE PRECISION HL, D, R 
C 

R=D/2. 
AL=R*R*D&COS ( (R-HL) /R) - (R-HL) *DSQRT (2. *R*HL-HL*HL) 

C-- iteration 
m 
L 

REAL*8 G1,X1,D1,D3,PI,RHOL,RHOG,~L,~G,FBG,FBLMOfEL1,EL2,EL3 
REAL*8 LPT, RPT , ALPT, ARPT, FBLRPT , FBLMID, ERR, TOLER, FMIDX, F'RPT 
REAL*8 SAMPLE,MIDX, PHILI, EL13, EG12, EG13 - 2 W  
REA.L*8 MUW, SIGMAW, SIGMA, FBL, PHIL, PHIG 
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INTEGER ITER, M I T  
CHARACTER* 10 COMIND, ROOTT P 

CALL FOUR - S (Gl,XI,Dl,D3, PI,RHOL, RHOG,MLJL,MUW,MUG, 
& SIGMAW, SIGMA, FBG, RPT, FBLRPT, EL1, EL2, EL3, 
& ROOTTP, PHIL1, PHIL, PHIG, EG13 - 2W) 

IF (ROOTTP.EQ.'COMPLEX') THEN 
SAMPLE=RPT 
FBLMû=O . 
COMIND= ' RPT ' 
GOTO 10 

END1 F 

IF(ERR.GT.TOLER.AND.ITER.LT.MAXIT) THEN 
MIDX= (LPT+RPT) /2. 
CALL FOUR - S (Gl, XI, Dl, D3, PI, RHOL, RHOG,MUL,MCIW,MUG, 

& SIGMAW, SIGMA, FBG,MIDX, FBLMID, EL1, E L  3 ,  
& ROOTTP, PHILI, PHI L, PHIG, EG13-2W) 

1 F ( ROOTTP . EQ . ' COMPLEX ' ) THEN 
SAMPLE=MIDX 
FBLMO=O . 
COMIND='MIDXt 
GOTO 10 

ENDIF 

FMIDX=FBLMI D-MI DX 

ERR=DABS (E'MIDX) 
ITER=ITER+l 

WTO 5 
ENDI F 
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FBLMO=MI DX 
10 CONTINUE 

RETURN 
END 

SUBROUTINE HLSOLV (ALHL, D, HL 1 

W * 8  HL,AL, R, LPT, RPT,MIDX, ERR,ALHL, FLPT, E'MIDX, D 

AL(R,HL)=R*R*DAcos ( (R-HL) /R) - (R-HL) *DSQRT (2.*R*HL-HL*HL) 

FLPT=AL ( R, LPT ) 

IF(ABS (ERR) .GT.l,Od-010) THEN 
MIDX= (LPT+RPT) /2. 
FMI DX=AL ( R, MI DX ) 
IF ((FMIDX-ALHL)*(FLPT-ALHL).LE.O.O) THEN 
RPT=MI DX 

ELSE 
LPT=MIDX 
FLPT=FMIDX 

END1 F 
ERR=FMI DX-ALHL 
GOTO 10 

ENDIF 
HL=MIDX 

RETURN 
END 

SUBROUTINE HOLDUP(D, JL, JG,MUL,RHOL,RHOG,EL) 
C 
C-- Holdup c a l c u l a t i o n  by c o r r e l a t i o n  of Hart e t  a l .  (1991) 
C 

REAL* 8 RESL, JL, JG, MOL, RHOG, MUL, EL, QUANT, D 
C 

RESL= JL*RHOL* D/MUL 
* PRINT*, ' RESL= ' , RESL 

C WRITE (go,*) 'RESL= ',RESL 
QUANT=(JL/JG)' (l.O+lo. 4* (RESL** (-0.363) ) *DSQRT (FUIOL/RHOG) 1 
EL=QUANT/ ( 1. O+QUANT 

C 
RETURN 
END 

c----------------------.----.------------------------------------------- C 

SUBROUTINE INPUT4 (RLINE, G1, XI, Dl, D3OVD1, TIC, PlKPA, FBG, FBLDAT, 
& IUNIT) 
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C 
C-- Subroutine to read the input file (non-formated input) 
C 

REAL*8 Gl,Xl,Dl,D3OVDl,TlC,P1KPA,FBG,FBLDAT,RLINE 
INTEGER IUNIT 

C 
READ (IUNIT, * )  RLINE, G1, X1, Dl, D30VD1, TIC, PIKPA, FBG, FBLDAT 

C 
WRITE(*, 15) RLINErG1,X1, Dl, D30VDlr TIC, PlKPA, FBG, FBLDAT 

15 FORMAT(1X,F6.3,1X,F4.1,1X,2(F4.3,1X),FS.3,lX,F4.I,IX, 
& F4.0,1Xr2(F3.2,1X)) 

C 
RETURN 
END 

C 
c--------------------------------------------------------------------- C 
c--------------------------------------------------------------------- C 

SUBROUTINE MAREA(PI,D,EL,ATOT,&AG) 
C 
C-- Subroutine required by Grolman (1994) holdup model solver to 
C-- calculate the gas and liquid cross-sectional areas. 
C 

REALf8 PI,D,EL,ATOT,AL,AG 
C 

ATOT=PIfD*D/4. 
C 

AL=EL+ATOT 
C 

AG=(l-EL) +ATOT 
C 

RETURN 
END 

c--------------------------------------------------------------------- C 
c---------------------------------------------------------------------- 
C SUBROUTINE MARS (RELS, EL, PI, D, G I  SIGMA, SIGMAW, 

& RHOL, RHOG, BETA, JL, JG, MUL, MüW,MUG, RES ) 
C 
C-- Subroutine used in solution of holdup by model of Grolman ( 1 9 9 4 )  . 
C-- Calculates the parameters necessary for iteration. 
C 

REAL* 8 RELS, EL 
REAL*8 PI, D,ATOT,AL,AG, G, SIGMA, SIGMAW, MOL, RHOG, BETA, JL, JG 
REAL* 8 THETAO, THETA, SI, SL, SG, REG, REL, FG, FI, FL, MUL, MUW, MUG, UI 
REXL*8 TAUGW,TAULW,TAUI,RES,DLSI 

C 
C 

CALL MAREA(PI,D, EL,ATOT,AL,AG) 
CALL MTHETA(D, G, SIGMA, SIGMAW, MOL, RHOG, BETA, JL, JG, EL, 

& THETAO, THETA) 
CALL MSES (D, PI, EL, THETAO, THETA, DLSI , SI, SL, SG) 

C 
REG=RHOG*JG*PI*D*D/(MUG*(SG+SI) 1 
REL=RELS /THETA 

C 
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FC=O.O7725/(LOGlO(REG/7.)**2) 
C 

CALL FISOLV(FG, G, D, EL, JG, SIGMA, RHOL,MüL, DLSI, REG, FI 
C 

IF (REL.LT.2100) THEN 
F L = F I * ~ O ~ . * ( ( ~ / ~ L ) * * O . ~ ~ ~ ) * T H E T A O * ( R E G * * O . ~ ~ ) / W L S  

ELSE 
FL=FIC108. *RELS** (-O. 726) 

ENDIF 
C 

IF (REL.LT.2100) THEN 
UI=1.8*JL/EL 

ELSE 
UI=JL/EL 

ENDIF 
C 

CALL TAUS(JG, JL,RHOG,RHOL,EL,FG,FL,FI,UI,TAUGW,TAULW,TAUI) 

RETURN 
END 

SUBROUTINE HLDUPS (FBG, FBL, Dl, D3, JL1, JG1, JL2, JG2, JL3, JG3,MULIMUW, 
& MüG, RHOL, WOG, SIGMA, SIGMAW, PI, EL1, EL2, EL3, 
& ALI,AL2,AL3,HLl,HLS,HL3) 

C 
C-- Subroutine to calculate the 3 l i q u i d  holdups by the  model of 
C-- Grolrnan (1994). 
C 

REAL*8 Dl,D3, JL1, JGl,JL2, JG2, JL3, JG3,MüL,RHOL,RHOG, PI 
REALf8 ELl,ELS,EL3,PLLl,AL2,AL3,HLl,HL2,HL3,FBG~ EBL 
REAL+8 MUW,MüG, SIGMA, SIGMAW 

C 
C 
c --Using the MARS model for el's 
C --Uses equal l i q u i d  holdup assumption! 
C 

CALL MARSSV(P1, Dl, SIGMA, SIGMAW, RHOL, RHOG, JL1, JG1, 
6 MUL, MUW, MUG, EL1 ) 
ALl=EL1*0.2S*PI*Dl*D1 
CALL HLSOLV(ALl,Dl,HLl) 

EL3=EL1 
AL3=EL3*0.2SfPI*D3*D3 
C U L  HLSOLV (AL3,33, HL3 ) 
EL2=EL1 
HL2=HL1 

C 
C 

RETURN 
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END 
C 
=-----------------------'------------------------------------------------ C 

c--------------------------------------------------------------------- C 

SUBROUTINE MARSSV(P1, D, SIGMA, SIGMAW, MOL, RHOG, JL,JG, 
& MUL, MUW,MüG, EL) 

C 
C-- Solver subroutine for the holdup mode1 of Grolman (1994) 
C 

REAL* 8 RELS, EL, ELNEW, ELOLD 
REAL"8 PI, D, G, SIGMA, SIGMAW 
REAL*8 RHOL, RHOG, BETA, JL, JG,MUL, MUW, MUG, RES 
REAL* 0 LPT, RPT, STFP, RELSTP, CRIT 

C 
C --For horizontal pipes, BETA = O 
C 

BETA=O , O 
E-9.81  

C 
CRIT=O - 1  

C 
RELSTP=l. 0 
ELOLD=O . O 
LPT=O. 000001 
RPT=O. 999999 

C 
RELS=RHOL* JL*D/MüL 
CALL HOLDUP (D, JL, JG, MUL, RHOL, RHOG, ELNEW) 

C 
5 IF (AES(RELSTP).GT.CRIT) THEN 

CALL MARS (RELS,ELNEW, PI, D,G, SIGMA, SIGMAW, 
6 RHOL, RHOG, BETA, JL, JG, MüL, MUW, MUG, RES)  

C 
IF(RES.GT.O.0) THEN 
LPT=ELNEW 

ELSE 
RPT=EL.NEW 

END1 F 
C 

STEP=ELNEW-ELOLD 
RELSTP=~OO.*STEP/ELNEW 

C 
ELOLD=ELNEW 
ELNEW=(LPT+RPT)/S. 

C 
GOTO 5 

ENDIF 
C 

EL=ELOLD 
C 

RETURN 
END 

C 
c--------------------------------------------------------------------- C 
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C 
REALCB RHOG, RHOL, MUGI JG, Gr Dr REGS FRC-SM, REGÇFR, ELSWI 

C 
C-Stratified-to-Intermittent EL value as calculated by Grolman (1994) 
C 

REGS=RHOG* JG*D/MUG 
FRGSM=RHOG* JG* JG/ (G* D* (RHOL-RHOG) ) 
REGSFR=REGS+ (FRGSM** 1.5) 

C 
IF(REGSFR. LE. 2762.0) THEN 
ELSWI=0.486-0.0525*LOG(REGSFR) 

ELSE 
ELSWI=O .O7 

END1 F 
C 

RETURN 

SUBROUTINE MODÇLV(Gl,Xl, Dl, D3, PI, RHOL, RHOG,MUL,MUW,MUG, FBG, 
& FBLMO, SIGMAW, SIGMA, SAMPLE, ALPT, ARPT, EL132W. PHIL, PHIG, 

Solver for the Four-Stream Model. Eirst attempts to solve each 
normally. If a cornplex root is detected, the so lver  is exited 
and the width and location of the cornplex subrange is determined. 
Then, the non-complex portion(s) is(are) checked for solutions. 
Where a solution it is detected, the solver is applied to the 
shortened non-complex range. 

W * 8  SIGMAW,SIGMA,FBG,FBLMO,SAMPLE 
REAL*8 EL1, EL2, EL3, EL13 - 2W, PHIL, PHIG, EG13 - 2W, COMLPT, COMRPT 

CHARACTER* 10 COMIND, ROOTTP, REALPC, ROOTTP2 

CALL FOURSV(ALPT,ARPT,G1,X1,D1,D3,PI,RHOL,RHOGfMUL,EIINU,MUG, 
& SIGMAW, SIGMA, FBG, FBLMO, COMIND, ROOTTP, SAMPLE, 
& EL1, EL2, EL3, EL13 - 2W. PHIL, PHIG, EG13 - 2W) 

CALL MUR-S (Gl, XI, Dl, D3, PI, RHOL, RHOG,MUL,MüW,MüG, 
& SIGMAW, SIGMA, FBG, FBL, FBLMO, EL1, EL2, EL3, 
& ROOTTP, EL13 - SW, PHIL, PHIG, EG13 - 2W) 

IF (ROOTTP.EQ.'COMPLmt) THEN 
CALL COMTST (Gl, XI, Dl, D3, PI, RHOL, RHOG,KUL,MUW,MUG, FBG, 

& SIGMAW, SIGMA, SAMPLE,ALPTrARPTf COMLPT, COMRPTr 
6 COMIND,REALPC,EL13-2W,PHIL,PHIG,EG13-2W) 

ROOTTP= ' NOROOT ' 
IF (REALPC.EQ.'LEFT'.OR.REALPC.EQ.'BOTHt) THEN 
CALL WRT(G1,Xlf Dl,D3. PI,RHOLf RHOG,MUL,MUW,MUG, 

& FBG, SIGMA, SIGMAW,ALPT, COMLPT, ROOTTPp 
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& EL13 2W, PHIL, PHIG, EG13 - 2W) 
IF (ROOTTP.ËQ. 'RZJUI THEN 
CALL FOURSV(ALPT, COMLPT, G1, XI, Dl, 03, PI, RHOL, RHOG,MUL,MUW, 

& MUG, SI-, SIGMA, FBG, FBLMO, COMIND, ROOTTP2, SAMPLE, 
& EL1, EL2, EL3, EL13 - 2W, PHIL, PHIG, EG13 - 2W) 

ENDIF 
ENDIF 

IF (REALPC.EQ. 'RIGHT' .OR.REALPC.EQ. 'BOTH'. 
& AND. ROOTTP . EQ . ' NOROOT ' ) THEN 

CALL REALRT (Gl,XI, Dl, D3, PI, RHOL, RHOG,MUL,MUW,MUG, 
& FBG, SIGMA, SIGMAW, COMRPT,ARPT, ROOTTP, 
& EL13 2W, PHIL, PHIG, EG13 - 2W) 

IF (ROOTTP.ÊQ. 'REAL') THEN 
CALL FOURSV(COMRPT,ARPT,G1,X1,D1,D3,PI,RHOL,RHOG,MUL,MUW, 

& M G ,  SIGMAW, SIGMA, FBG, FBLMO, COMIND, ROOTTP2, SAMPLE, 
& EL1, EL2, EL3, EL13_2W, PHIL, PHIG, EG13 - 2W) 

ENDIF 
ENDIF 

c 
E N D I F  

C 
RETURN 
END 

C 

C-- Subrou t ine  t o  c a l c u l a t e  t h e  d imens ionless  S i  pa rame te r  for u s e  w i t h  
C-- t h e  holdup of Grolman (1994) 

RETURN 

C 
C-- Subrou t ine  t a  c a l c u l a t e  THETA parameter  f o r  the holdup mode1 of  
C-- Grolman (1994) 
C 

REAL*8 D, G, SIGMA, SIGMAW, RHOL, RHCG, BETA, JL, JG, EL, THETA0,THETA 
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SUBROUTINE PRELIM(Gl,Xl, Dl, D3, PI , RHOG, RHOL, J G W  JG3, 
& JL1, JLS, 3L3,Wlf WGi, WLl,WG2, WL2, WG3, WL3) 

C 
C-- Preliminary calculations: mass flow rates, superficial velocities. 
C 

REALf8 Gl,Xl, Dl, D3, PI, RHOG, RHOL, JG1, JG2, JG3 
REAL*8 JLI, J L ~ ,  J L ~ , W I , W G ~ , W L ~ , W G ~ , W L ~ , W G ~ , W L ~  

C 
JGI=GP XURHOG 
WRITE (90, * )  '3G1= ', JG1 
JLlz~l* (1.0-~1) /RHOL 
WRITE (go,*) 'JL1= ',JL1 

C 
WI=G1*0.25*PI*Dl*Dl 
WG1=WlçX1 
WLl=Wl-WG1 
WG3=FBG*WGl 
WL3=FBL*WLl 
WG2=WG1-WG3 
WL2=WL1-WL3 
J G ~ = W G ~ / ( R H O G * O . ~ ~ * P I * D ~ * D )  
JL3=WL3/ (RHoL*~. 25*PI*D33) 
JG2=WG2/ (RHOGf 0.25*PI*Di*DI) 
JL2=WL2/ CRHOL*O. 25*PI*Dl*Dl) 

C 
RETURN 
END 

c-------------.-------------------------------------------------------- C 

* This subroutine calculates the various required fluid properties of 
* AIR AND WATER given the TEMPERATURE IN KELVIN AND PRESSURE IN KPA. 

SUBROUTINE PROPAW (TK, PRESlK, MOL, RHOG, M L ,  MUG, 
& SIGMA) 
IMPLICIT DOUBLE PRECISION (A-H,M, O-Z) 

* 
RHOG = PREs~K/ (O1287*TK) 
MUG = (3.7751D-020) *TK*TK + (5.OD-008) *TK + 3.4425D-006 
RHOL = -O.SS*TK + 1070.4875 
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MUL = (3.61667D-007)+TK'TK + (-2.37395D-004)'TK + 3.95302D-002 
SIGMA = (-6.66667D-007)*TK*TK + (2.40866713-004)*TK+6.0047885D-002 
PRINT* , ' RHOG= ' , EWOG 
PRINT* , ' RHOL= ' , M O L  
PRINT*, 'MüG= ' , MüG 
PRINT*, 'MUL=',MUL 
PRINT*, 'SIGMA=', SIGMA 

* WRITE ( 9 0, * ) ' RHOG= ' , RHOG 
* WRITE (90,") 'RHOL=',RHOL 
f WRITE (go,*) 'MUG=',MUG 
* WRITE (90,") 'MUL=' ,MUL 

WRITE (90, " )  'SIGMA=', SIGMA 
FETUFUI 
END 

+,,,,,----------------------------------------------------------------* 
SUBROUTINE REALRT(G1,X1,D1,D3,PI,RHOLf R H O G , M U L , ~ G ,  

& FBG, SIGMA, SIGMAW, LPT, RPT, ROOTTP, 
& EL12, EL13, EG12, EG13) 

C 
C-- Subrout ine  to d e t e c t  t h e  presence  of an  FBL s o l u t i o n  between the 
C-- endpoints of a range of p o s s i b l e  s o l u t i o n s  f o r  t h e  
C-- Four-Stream mode1 

REAL+8 G1, XI, Dl, D3, PI, RHOL, RHOG, M L ,  MUG, FBG. LPT, RPT 
REAL*8 FBLMLP, FBLMRP, HLl,HL2, HL3, FLPT, FRPT, EL12 , ELl3, EG12 , EGl3 
REAL*8 MUW, SIGMA, SIGMAW 
C-CTER* 10 ROOTTP 

C 
CALL FOUR - S (GI,Xl, Dl, D3, PI, RHOL, RHOG,MUL,MUW, MUG, 

& SIGMAW, SIGMA, FBG, LPTf FBLMLP, HLlf HL2, HL3, 
& ROOTTP, EL12, EL13, EG12 ,EGl3 ) 
CALL FOUR - S (Gl,Xl, Dl, D3, PI, RKOL, RHOG,MUL,MUW,MUG, 

& SIGMAW,SIGMA,FBG,RPT, FBLMRP, HLl,HL2, HL3* 
& ROOTTP, EL12,EL13,EG1SfEG13) 

C 
FLPT=FBLMLP-LPT 
FRPTzFBLMRP- RPT 

C 
IF ((FLPT-"FRPT) .LE.O.O) THEN 
ROOTTP= ' REAL ' 

ELSE 
ROOTTP= ' NOROOT ' 

ENDIF 
C 

WRITE (90, *)  ' IN REALRT : ROOTTP=' , ROOTTP 

SUBROUTINE REAL= (G1, XI, Dl, D3 , PI RHOL, RHoGrmLr m, N G t  
& FBL, SIGMA, SIGMAW, LPT, RPT, ROOTTP, 
& ~ ~ 1 2 ,  EL13, EG12, EG13) 

C 
C-- Subrout ine  t o  d e t e c t  t h e  presence of an FBG s o l u t i o n  between t h e  
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C-- endpoints of a range of possible solutions for the 
C-- Four-Stream mode1 

REAL*8 GlfX1,D1,D3, PI, RHOL,RHOG,MUL,MUG, FBL,LPT,RPT 
RF,AL*8 FBLMLP,FBLMRPrHL1,HL2,HL3,FLPT,FRPTrEL12,EL13,EG12,EG13 
REAL*8 MUW,SIGMA,SfGMAW 
CHARACTER* 10 ROOTP 1 , ROOTP2 , ROOTTP 

CALL FOUR-S(G1,Xl. D1,D3,PI,RHOLf RHOG.~L,HLIW,MüG, 
& SIGMAW, SIGMA, LPT, FBLf FBLMLP, HLIf HL2, HL3, 
& ROOTP1, EL12. EL13, EG12, EG13) 

CALL FOUR-S (G1,X1, Dl, D3, PI, RHOL, RHOG. MüL,MüW,MUG, 
& SIGMAW, SIGMA, RPT, FBLf FBLMRPf HLlf HL2, HL3, 
6t ROOTPS, EL12, EL13, EGIS, EG13) 

FLPT=FBLMLP-FBL 
FRPT=FBLMRP- FBL 

IF (ROOTPl.EQ.'COMPLEX'.AND.ROOTP2.EQC tCOMPLEX') THEN 
ROOTTP=~COMPLEX' 

ELSEIF ((FLPT*FRPT) .LECO.O) THEN 
ROOTTP= ' REAL ' 

ELS E 
ROOTTP=~NOROOT' 

ENDIF 

WRITE (90, * )  ' IN REALRT: ROOTTP=' , ROOTTP 

RETURN 
END 

c------------------'"'--------------------------------------------------- C 
c--------------------------------------------------------------------- C 

SUBROUTINE TAUS ( JG , JL, RHOG, RHOL,EL, FG,FL, FI , UI , TA-1 ) 
ri 

.- Calculation of the shear stresses for the holdup mode1 of Grolman 

.- (1994) 

C 
RETURN 
END 

c--------------------'--------------------------------------------------- C 

SUBROUTINE TOSV2 (ALPT,ARPT, G1, XI, Dl, D3, PI, RHOL, RHOG,MUL,MUW, MUG, 
& SIGMAW, SIGMA, FBGMO, FBLf COMINDI ROOTTPf SAMPLE, 
& EL1, EL2, EL3, PHIL1, PHIL, PHIGf EG13 - 2 W f  FBGPT) 

L 

C-- Solver for either the takeoff point (at FBL=O), or the endpoint 
C-- (at FBL=I) for the Four-Stream Model. 
C 

REAZi*8 G1, XI, Dl, D3, PI. MOL, RHOG, MUL,MUG, FBG, FBLMO, EL1, EL2, EL3 
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REAL*8 LPT, RPT, ALPT, ARPT, FBLRPT, FBLMID, ERR, TOLER, FMIDX, FRPT 
REAL*8 SAMPLE,MIDX,PHILl,EL13,EGl2 
REAL*8 MUW, SIGMAW, SIGMA, FBL, PHIL, PHIG, COMLPT, COMRPT 
R E A L * B  EL13 2W,EG13 - 2W,FBGMO 
INTEGER ITER, MIT 
CHARACTER"10 COMIND, ROOTTP, REALPC, FBGPT 

CALL FOUR - S (Gl, XI, Dl, D3, PI, MOL, RHOG, M L ,  MUW, MUG, 
& SIGMAW, SIGMA, RPT, FBL, FBLRPT, EL1, EL2, EL3, 
6 ROOTTP, PHILl, PHIL, PHIG, EG13 - 2W) 

IF (ROOTTP.EQ.'COMPLEX') THEN 
SAMPLE=RPT 
FBLMO=O . 
COMIND= ' RPT ' 
GOTO 10 

ENDIF 

FRPT=FBLRPT- FBL 

IF(ERR.GT.TOLER.AND.1TER.LT.MAXIT) THEN 
MIDX= (LPT+RPT) /2. 
CALL FOUR - S (Gl, XI, Dl, D3, P 1, RHOL, RHOG,MUL,MUW,MUG, 

& SIGMAW, SIGMA,MIDX, FBL, FBLMID, ELI, E-3, 
& ROOTTP, PHIL1, PHIL, PHIG, EGI.3-2W) 

IF (ROOTTP.EQ.'COMPLEX1) THEN 
SAMPLE=MIDX 
FBLMO=O . 
COMIND='MIDX' 
GOTO 10 

END1 F 

FMIDX=FBLMI D- FBL 

ERR=DABS (FMIDX) 
ITER=ITER+I 
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C 
GOTO 5 

ENDI F 
C 

FBGMO=MI DX 
FBGPT='YESf 
IF (ERR.GT.TOLER.AND.ITER.GE.MAXIT) THEN 

FBGPT='NO1 
FBGMO=O . 

ENDIF 
C 

10 IF (ROOTTP.EQ.'COMPLEXt) THEN 
CALL COMTS2 (Gl,Xl, Dl, D3, PI, RHOL, RHOG,MUL,MUW,MüG, FBL, 

SIGMAW, SIGMA, SAMPLE, ALPT,ARPT, COMLPT, COMRPT, 
COMIND, REALPC, EL13-2W, PHIL, PHIG, EGI3 - 2W) 

ROOTTP= ' NOROOT ' 
FBGPT='YES' 
IF (REALPC.EQ.'LEFT'.OR.RGALPC.EQ.'BOTH') THEN 
CALL REALR2(GlrX1,D1,D3,PI,RHOL,RHOG,MUL,MUW,MUG, 

FBL, SIGMA, SIGMAW,ALPT, COMLPT, ROOTTP, 
EL13 2W, PHIL, PHIG, EG13-2W) 

IF (ROOTTP.ËQ. 'REAL*) THEN 
RPT=COMLPT 
GOTO 15 

ELSEI F ( ROOTTP . EQ . ' COMPLEX' ) THEN 
FBGPT='NO1 
FBGMO=O . 

ENDIF 
END1 F 

IF (REALPC.EQ.tRIGHT'.OR.REALPC.EQ.'BOTH't 
AND. ROOTTP . EQ . ' NOROOT ' ) THEN 
CALL RE?&R2 (Gl,X1, Dl, D3, PI, RHOL, RHOG,MUL,MUW,MUG, 

FBL, SIGMA, SIGMAW, COMRPT,ARPT, ROOTTP, 
EL13 2W, PHIL, PHIG, EG13 - 2W) 

IF (ROOTTP-ËQ. 'REAL') THEN 
LPT=COMRPT 
WT.0 15 

ELSEIF (ROOTTP.EQ.'COMPLEXf) THEN 
FBGPT= ' NO ' 
FBGMO=O . 

ENDIF 
ENDIF 

1 F (ROOTTP . EQ . ' NOROOT ' ) THEN 
FBGPT='NOf 
FBGMO=O . 

ENDIF 

ENDIF 
C 

RETURN 
END 
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c--------------------------------------------------------------------- C 

C 
C-- Subroutine to calculate the single-phase loss coefficients based 
C-- on U of M correlations. 
C-- D3/D1=1: Buell (1992) 
C-- D3/D1=0.5: Walters (1994) 
C 

SUBROUTINE SPLOSS (W3W1, D30VD1, K12, Kl3) 
C 

REAL*8 W3Wl, D30VD1, K12, K13 
C INTEGER 
C 

IF (D30VDl.EQ.1.0) THEN 
K12= -0.375*W3W1+0.959*W3W1*W3W1-0.31O*W3W1**3 
K13= 1.-01982*W3W1+1.843*W3W1*W3W1-0.717*W3W1**3 
WRITE(90, * )  'USING K12, K13 D3/Dl=l. 0' 

ELSEIF(D30VDl.EQ.O.5) THEN 
K12= -0.034-0.201*W3Wl+0.925CW3W1*W3W1-0.362*W3W~**3 
K13= 1.032+0.063*W3W1+10.003*W3W1*W3W1-3.953*W3Wl*~3 
WRITE(90,*) 'USING K12, K13 D3/D1=0.S1 

ELSE 
K12= 0.017-0.541*W3W1+1.357*W3W1*W3W1-O.S5O*W3Wl**3 
K13= 0.972-7.118*W3W1+233.679*W3Wl*W3Wl-4.686*W3Wl**3 
WRITE(90, * )  'USING K12, K13 D3/DI=0.206' 

END1 F 
C 

RETURN 
END 

C 
c--------------------------------------------------------------------- C 
c--------------------------------------------------------------------- C 

C 
SUBROUTINE VSFRMJS (JLI, JG1 JL2 JG2, JL3, JG3 EL1 EGI, EL2 EG2, EL3 f 

& EG3, FBL, FBG, V L l ,  VGI VL2 VG2 VL3, VG3 ) 
C 
C-- Subroutine to calculate mean velocities from the superficial 
C-- velocities.. For the Four-Stream mode1 
C 

REAL* 8 JL1, JG1 , JL2, JG2 , JL3 ,JG3, EL1, EG1, EL2 EG2 EL3 EG3, FBLr E'BG 
REAL*8 VL1,VG1,VLSrVG2,VL3,VG3 

C 
VLl=JLl/ELl 
VGI=JGl/EGl 

C 
IF(FBG.EQ. 1.0) THEN 
VG2=0. 
VG3=JG3/EG3 

ELSEIF(FBG.EQ.O.0) THEN 
VG3=0. 
VG2= JG2/ EG2 

ELSE 
VG3=JG3/ EG3 
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SUBROUTINE ZYCALC (FBG, FBL, Dl, D3f HL1, HL2, HL3,ZG1, ZG2, ZG3, ZLI , ZL2, 
& ZL3,YLlf YLS, YL3! 

C 
C-- Subroutine to calculate the z and y values from the liquid heights 
C-- (involving geometric centroids), for the Four-Stream model. 
C 

REAL*8 FBG, FBL, Dl, D3,HLlfHL2,HL3, z G ~ ,  ZGS,ZG3,ZLI,ZLS, ZL3 
REAL*8 YLl,YL2,YL3 

C 
W * 8  CENTRD 

C 
C --Calculate vertical coordinate for Energy equations 
c --Using new "True" centroid equation! 

ZLl=CENTRD (HU, Dl) 
ZGl=Dl-CENTRD ( Dl-HL1 , Dl) 

C 
YLl=CENTRD (HL1, Dl 

C 
IF (FBL.EQ.l.) THEN 
YL2=0. . 
ZL2=0. 

ELSE 
YL2=CENTRD (HLS, Dl 
ZL2=CENTRD (HLS, Dl 

ENDIF 
C 

IF (FBG.EQ.1) THEN 
ZG2=0. 

ELSE 
ZG2=D1-CENTRD ( Dl-HL2, DI) 

ENDIF 
C 

IF (FBL.EQ.0) THEN 
YL3=0. 
ZL3=0.5*(Dl-D3) 
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ELSE 
YL3=CENTRD ( H L 3 ,  D 3  ) 
ZL3=O. 5* ( D l - D 3 )  +CENTRD ( H L 3 ,  D l  1 

RETURN 
END 
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