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ABSTRACT 

The present investigation presents a summary of the state of the art in our 

understanding of the phase distribution in horizontal impacting tee junctions during two- 

phase flow. The currently existing data base was reviewed and the effects of different 

parameters on the phase distribution were investigated. These parameters include JLI, 

JGf , Pl, XI,  inlet flow regime, and inlet momentum-flux ratio. It was found that there is 

a serious lack of pressure-drop data and high-inletquality phase-distribution data 

The effect of JLI was such that as JLI increases with JG1 fixed, the line, or curve that 

represents the data rotates in a clockwise direction around the point of (0.5,0.5) on 

coordinates of FBG VS. FBL. The effect of J G ~  was such that as IG1 increases with J L ~  fixed, 

the line, or curve that represents the data rotates in an anticlockwise direction around 

the point of (0.5,O.S) on coordinates of FBG VS. FBL. The effect of Pl was found to be 

similar to the effect of JGI. The effect of xi  at constant W1 was also found to be similar 

to the effect of JGi. The effect of the inlet flow regime was investigated among data of 

the same xl and Pl, which limited this investigation to very few data sets. It was found 

that the inlet flow regime has no effect on phase-distribution data as long as x l  and Pl 

are fixed. The effect of the inlet momentum-flux ratio (gas to liquid) was such that as it 

increases, the line, or curve that represents the data rotates in an anti-clockwise direction 

around the point of (0.5,0.5) on coordinates of FBG YS. FBL. Also, for the same inlet 

momentum-flux ratio and inlet flow regirne, the data points nearly collapsed on 

coordinates of FBG vs. FBL. 

The available analytical models and correlations were examined qualitatively and 

quantitatively against the data base. It is demonstrated that none of the available modeld 
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correlations can provide accurate predictions of magnitude and trend for dl inlet 

conditions. 

It was found that the Hong and Griston (1995) correlation does not satisfy mass 

balance and does not work for small values of FB~. AIso, it is not capable of good 

predictions for the bubbly, plug, and slug flow regimes. The Chien and Rubel (1992) 

correlation was found to be insensitive to xi. The correlation is also limited in the 

applicable range of Pl, namely from 28.6 to 42.4 bar, given by the authors of the 

correlation. However, the correlation was found to give the best available predictions for 

high-inlet-pressure stearn-water data. The Ottens et al. (1995) model is applicable to aiî 

the flow regimes and it was found to give reasonable agreement with the data of air and 

water, and it was recornrnended as the best available prediction tool for air-water data 

with annula., plug, and slug flow regimes. The Hwang (1986) model was not applied to 

the slug flow regime because of lack of accurate information on the void fraction for this 

flow regime. However, it was recomrnended as the best available prediction tool for air- 

water data with bubbly and wavy flow regimes. 

The design of a test facility that is capable of generating phase-distribution and 

pressure-drop data for low-pressure, air-water two-phase flow through an impacting tee 

junction is given. The test facility incorporates a horizontal impacting tee junction with 

the three sides having equal diameters ( 37.6-mm I.D. ), and was designed for the 

following operating conditions : pressure of about 150 kPa (abs) at the junction. near 

arnbient temperature, inlet superficiai gas velocities, Ici, ranging between 2.7 and 40 

rn/sec, inlet superficial Iiquid velocities, JLi,  ranging between 0.002 and 0.2 m/sec, and 

extraction ratios, W3/Wi, between O and 1. These operating conditions were selected to 

cover previously untested conditions. 
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Chapter 1 

INTRODUCTION 

Two-phase flow commonly occurs in many systems in the power and process 

industries, such as conventionai s t e m  power plants, evaporators and condensers, 

boiling-water and pressurized-water nuclear reactors, and a wide variety of chernical 

and petroleum applications. Quite often, the complex piping networks in these systems 

require the two-phase flow to pass through impacting tees. When two-phase flow 

passes through an impacting tee, maldistribution of the phases may occur; i.e., the 

qualities of the mixtures in both outlets downstream from the junction are not equal to 

the inlet quality. Certain inlet conditions can lead to single-phase gas flowing in one of 

the outlets, while other conditions can lead to single-phase liquid flowing in one of the 

outlets. This severe maldistribution of the phases can have a significant effect on the 

operation and efficiency of cornponents downstream from the junction. Therefore, it is 

very important to be able to predict the manner by which the two phases distnbute 

themselves at impacting tees for different operating conditions. Another consideration 

is the pressure drop that occurs at the junction. Experimental evidence has shown that 

the pressure drop during two-phase flow can be much p a t e r  than that dunng a 

comparable single-phase flow. 

Figure 1.1 shows a schematic diagram of an impacting tee junction. The relevant 

flow parameters are as follows: the inlet, and the two outlet mass flow rates ( Wi, W2, 

and W3, respectively ); the inlet, and the two outlet average pressures ( PI, Pt,  and Pj, 

respectively ); and the inlet, and the two outlet qualities ( X I ,  xr,  and XJ, respectively ). 
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Relevant geometric pararneters are the inlet, and the two outlets diameters ( DI, Dz, and 

DI. respectively ). Other important parameters are the thermophysical and transport 

properties of the two-phase mixture. The two phases may belong to the same fluid 

component, such as stearn and water, or  two distinct components, such as air and water. 

The extraction ratio, given by W m l ,  is the fraction of the total inlet flow that is 

withdrawn through outlet 3. in  a typical application, the geometncal parameters ( Di, 

Dz, and D3 ), the inlet conditions ( W1, Pl, and xi  ), one outlet flow rate ( e.g., Wj ), and 

the fluid properties will be known. For these given pararneters, it will be required to 

determine W2 , x2, x3 , P2 , and P3 . 

Figure 1.2(a) illustrates one method that has been used to present the phase- 

distribution data  The ordinate in this figure is the ratio of one of the outlet qualities to 

the inlet quality ( xJxl ), and the abscissa is the extraction ratio W m I .  Line AB 

represents the limiting case where only gas is diverted into outlet 3 ( x3 = I ) and al1 of 

the liquid and some gas flow into outlet 2. Curve BC represents another limiting case 

where only single-phase liquid flows into outlet 2 ( xz = O ) and al1 of the gas and some 

liquid are diverted into outlet 3. A mass balance on the gaseous phase yields the 

following equation for this curve: x3/xi = W1/W3. At point B, single-phase liquid is 

flowing in outlet 2 and single-phase gas is flowing in outlet 3. Thus, at point B the 

junction acts as a perfect separator. No data can exist above curve ABC. Curve ABC 

will be referred to as the total-phase-separation curve. Line CD is the even-phase- 

distribution Iine where the outlet quaiities are equal to the inlet quality (x3 = xz = XI). 

Point E has a quality ratio of 1 and an extraction ratio of 0.5. Because of the geometric 

symmetry of the outlets of an impacting tee, al1 the curves representing the data should 

pass through point E. 



Another method used to present the phase-distribution data is shown in 

Figurel.Z(b). In this figure. the ordinate Fer is the fraction of inlet liquid flowing in 

outlet 3 (Fer = WU/WLi) and the abscissa FBo is the fraction of inlet gas fiowing in the 

sarne outlet ( h ~  = &3/WG1). The points labeled A, B, C, D, and E correspond to the 

same points given in Figure 1.2(a). Again, due to geometric symmetry, d l  the curves 

representing the phase-distribution data should pass through point E that has an FBG of 

0.5 and an Fa' of 0.5. Also, in order to satisfy mass balance, the two parts of the curve 

before and after point E should be the inverted mirror image of each other. Therefore, 

FBL at a given value of FBG should be equal to 1- Fa' at ( 1 -FBG ). An example of data 

that satisfy mass balance is shown in Figure I.Z(c) with two selected values of F B ~  and 

FBL illustrated. For simplicity, the term "point of 0.5" will k used throughout this snidy 

to refer to point E in the three parts of Figure 1.2. Also, the term "symmetry of the 

data" (or "syrnmetry of prediction" in case of mode1 and correlation predictions) will be 

used to refer to a data curve of two parts that are the inverted rnirror image of each 

other and pass through the "point of 0.5". or in other words to indicate that the data 

satisfy mass balance. In the present study, phase-distribution data, or prediction, will be 

presented on coordinates of FBG VS. FBL. 

A review of the currently existing data ( Chapter 2 ) indicates that limited work 

has been done on horizontal impacting tee junctions. Few phase-distribution data sets 

and even fewer pressure-drop data sets have been published. The phase-distribution 

data cover small ranges of the inlet mass Flow rates and qualities. Some models have 

been developed to predict the phase-distribution and pressure-drop data. Some of these 

models are claimed to be general , i.e. flow-regime independent, while others are not. 
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A general model should be able to predict the phase-distribution and pressure-drop data 

for any combination of inlet mass flow rate, inlet quality, fluid properties, junction 

geometry, and extraction ratio. The literature review indicates that such a mode1 does 

not exist yet. Also, the physics on which these models were based are extremely 

different. This is probably because of lack of understanding of the associated 

phenomena. 

A fundamentai prerequisite to the development of a mathematical model capable of 

predicting the phase distribution and pressure drop, is a hl1 understanding of the 

physicai phenomena associated with the existing data. Also, the availability of a wide 

range of experimental data against which any proposed model c m  be tested will help 

significantly in the development of a successful model. The purpose of this study, 

therefore, is to enhance the cument state of knowledge on two-phase flow in impacting 

tee junctions. 

The following is a list of the specific objectives of the present study : 

To examine the available data in order to identify the most important factors that 

affect the phenornenon of phase distribution for two-phase flows through horizontal 

impacting tee junctions. 

To test al1 the available models and correlations against the existing data in order to 

determine the most promising one(s) and, if possible, to modify it to improve its 

performance. 

To design and construct a two-phase flow experimentai apparatus capabte of 

generating phase-distribution and pressure-&op data for air-water mixtures through 

a horizontal impacting tee junction, with equal outlet diameters ( 37.6-mm LD. ). 
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Figure 1.1 Relevant parameters for two-phase flow in an 
impacting tee junction. 
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Figure 1.2 Schematic representation of two different ways to present 

the phase-distribution data. 



Chapter 2 

CRITICAL REVEW OF EXISTING DATA 

2.1 Overview 

Table 2.1 gives a summary of al1 the previously published work on two-phase fiow 

through impacting junctions. Most of the previous work has been done for air-water 

flows at Iow pressure; however. some work has k e n  done for wet-stem and R- 1 1 two- 

phase flows. Table 2.1 includes the previous work for al1 the inlet orientations and 

junction geometrîes. This table indicates a serious lack in pressure-drop data for two- 

phase flow in impacting junctions with only one reference ( HwangJ986 ) reporting 

such data for bubbly and bubbIy-stratified iniet flow regimes. Both the phase 

distribution and pressure drop are expected to be dependent on the inlet flow regime 

and therefore, it is mandatory to cover as  wide a region as possible of the fiow regime 

rnap. The rest of this chapter focuses on two-phase flow through horizontal impacting 

tee junctions. 

2.2 Phase-Distribution and Pressure-Drop Data for Horizontal 
Impacting Tee Junctions 

Hong (1978) presented data for phase distribution through a horizontal impacting 

tee junction. The expriment was conducted with air-water flow in a 9.5-mm LD. tee 

with an inlet mass flux of 73.5 ( kg/m2.s ) and a quality of 0.68. The data indicated that 

over a wide range of W f l l  ( 0.15 to 0.85 ), even phase split was obtained; i.e. the 

outlet flows had the same quality as the inlet flow. Data were obtained for one set of 

inlet conditions only. The trend of Hong's data is quite different from that obtained by 

Iater researchers. It was suggested by other researchers that Hong's data may have k e n  
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affected by strong surface tension forces due to the small tube diarneter and the 

hydrostatic head of the fluid in the pipes leading to the phase separators ( Hwang et al., 

1989 ). 

Hwang (1986) presented data for phase distribution and pressure drop through 

horizontal impacting tees. Measurements were taken for air-water flow through a 38- 

mm LD. tee at various inlet conditions. The system pressure ranged between 0.13 and 

0.19 MPa Three inlet mars fluxes ( 1350,2050, and 2700 kg/m2.s) with three different 

qualities ( 0.2, 0.3, and 0.4 % ) were considered. These inlet conditions resulted in 

bubbIy and bubbly-stratified inlet flow regimes. The extraction ratio was varied over a 

range of 0.02 to 0.96. The data indicated that over the whole range of the extraction 

ratio, there were three distinct zones. The first one started from W3/WI = 0.02 up to a 

value between 0.3 and 0.4 in which only liquid was diverted into outlet 3. The second 

went up to a value of W f l l  between 0.6 and 0.7 in which both gas and liquid were 

diverted into outlet 3. The last one went to the end of the extraction-ratio range in 

which al1 the gas was diverted into outlet 3. 

Lightstone et al. (1991) reported data for the average void fraction and pressure 

drop for horizontal air-water two-phase flow through impacting junctions. The 

experiments were conducted using 20-mm I.D. Nbes. Observations of the flow-regime 

transitions were aiso reported. Flow regime maps were developed at four different 

locations dong the test tubes. Two of these locations were upstream of the junction at 

37 and 14 pipe diameters. The other two were downstream at 2 and 25 pipe diameters. 

The maps were drawn in tenns of the superficial gas velocity and the superficial liquid 

velocity. A method for predicting the time-averaged pressure drop and the void fraction 
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based on a two-fluid separated flow mode1 was proposed. Results of this method were 

compared against the experimental results. Comparisons based on their own data 

revealed that the method was reliable. Numerical and experimental results indicated 

that a large increase in void fraction occurs just downstream of the junction due to the 

splitting of the fluid mass flow rate. It was also reported that an impacting tee junction 

aiways produces pressure loss contrary ta impacting wyes which may produce pressure 

recovery. 

Chien and Rubel (1992) investigated the phase distribution of wet stearn through 

horizontal impacting tee junctions. The tee junction diarneter was 49.3 mm. The inlet 

pressure range was 28.6 to 42.4 bars, inlet stearn quality range was 0.2 to 0.8, and the 

vapor extraction ratio ranged from 0.2 to 0.8. The inlet supeficial vapor velocity 

ranged from 12 to 40 rn/s which gave annuiar and annukir-mist inlet flow regimes. The 

data showed that the outlet steam qualities were always different from the inlet quality 

if the vapor extraction ratio was not 0.5. The difference between the inlet and outlet-3 

qualities increased as the vapor extraction ratio deviated from 0.5. The difference was 

reduced as the inlet quality increased. For a given inlet qudity, outlet-3 quality 

decreased slightly with increasing inlet vapor velocity. Inlet steam pressure was not 

found to have a signifiant effect on the data 

Ottens et al. (1995) reported an experimental and analytical investigation for two- 

phase flow through impacting junctions. Phase distribution data of air-water flow for 

four sets of inlet conditions were reported. A superficial gas velocity of 15.8 rn/s with 

four superficial liquid velocities of 0.00063 , 0.00302 , 0.012 , and 0.3 m/s represent 

the four sets. The inlet quality range was approximately 0.38 to 0.97. The data indicated 
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that at high qualities, no liquid was diverted into outlet 3 up to a certain gas extraction 

ratio ( F ; B ~  of amund 0.4 ). At FBG = 0.5 the qudities at the inlet and both outlets were 

equal, as expected . For gas extraction ratios above a certain value ( around 0.6 ), al1 the 

liquid was diverted into outlet 3. At low qualities, no gas was diverted into outlet 3 up 

to a certain liquid extraction ratio ( FOL of amund 0.2 ). Again, the three qualities were 

equal at the point of Fer = 0.5. For liquid extraction ratios above a certain value 

( around 0.8 ). a11 the gas was diverted into outlet 3. This trend of data at low qualities 

agrees with the trend obtained by Hwang et al. (1989). 

Hong and Griston (1995) reported phase-distribution data for laboratory air-water 

and field wet-steam flows through horizontal impacting junctions. They also developed 

an empincal method for predicting phase splitting. They also tested different types of 

insert devices in order to determine the one that increases the extraction-ratio range 

over which even phase splitting can be obtained. Laboratory experiments were 

conducted using 19.-mm I.D. tee with superficial gas velocities between 4.6 and 22.86 

mis and liquid volume fractions of 0.01, 0.02. 0.04. and 0.06. The pressure at the 

junction was atrnospheric. The four liquid volume fractions tested correspond to inlet 

qualities of 0.1, 0.05. 0.027, and 0.01 8, respectively. These are low qualities and one 

would expect the trend of the data to be sirnilar to that obtained by Hwang (1986) and 

Ottens et al. ( 1 995). Indeed, this was the case and the only differences were the values 

of FBL up to which Feu was equal to zero and the value of FBL beyond which FBG 

reaches 1. The data showed that. at low gas superficial velocity ( e.g.. 4.6 rn/s ) and low 

liquid volume fraction ( e.g., 0.01 ), equal phase splitting occumd over the entire range 

of the extraction ratio. Also, as the liquid volume fraction increased ( or the quality 
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decreased ) the data points approach a horizontal line passing through the "point of 

0.5". A horizontal line would mean a constant FBL over the whole range of FBC It may 

be noted that the data obtained by Ottens et al. (1995) showed that as the quality 

increased the data points approached a vertical line passing through the "point of 0.5". 

A vertical line would mean a constant FBG over the whole range of FBL- Data for tees 

modified with insert devices showed that the mixer stratifier does not improve phase 

splitting, the preseparator vane slightiy improves phase splitting, and the nozzle reducer 

greatly improves phase splitting so that liquid and gas phases split evenly over the 

entire range of extraction ratio. 

Fujii et al. (1995) investigated the effect of the inlet flow regime on phase 

splitting of nitrogen-water fiow through horizontal irnpacting junctions. The possibility 

of using the junction as a separator was the main objective. A 10-mm T.D. tee was used 

with liquid superficial velocities of 0.05 to 0.5 m/s and gas superficial velocities of 0.03 

to 12 m/s. These inlet flow conditions correspond to plug, slug, annular, stratified, and 

wavy flow regimes. For plug, slug, and annular flows, the data followed the same trend 

obtained by Hwang (1986) , Ottens et al. (1995) , and Hong and Griston (1995). No gas 

was diverted into outlet 3 up to a certain value of the extraction ratio W3/Wi. This value 

was called the "gas take-off point". On increasing the extraction ratio, gas started to 

divert into outlet 3 and data points passed through the "point of 0.5" up to a certain 

value where al1 the gas was diverted into outkt  3. The only exception to the above- 

mentioned trend was for liquid superficial velocities less than 0.15 rn/s with annular 

flow, where gas and liquid always appeared in outlet 3 no matter what was the value of 

the extraction ratio. For stratified and wavy flows, the data did not follow the same 
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trend. Instead, gas and Iiquid were divened into the two outlets for al1 values of the 

extraction ratio. The conclusion was that the phase separation is strongly affected by 

the inlet flow regime and somewhat affected by the liquid superficial velocity. 

Experiments were dso conducted under microgravity in order to investigate the 

reliability of an impacting tee junction as a phase separator for two-phase flow thermal 

control systems in space application. These two-phase systems have k e n  proposed to 

replace the single-phase systerns used already in space ships because of their 

compactness and reduced weight . 

Fujii et al. (1996) reported phase distribution and pressure drop data for air-water 

flow through horizontal impacting tees. Experimenü were conducted using a 10.5-mm 

LD. tee with liquid superficial velocities of 0.05 to 0.5 m l s  and gas superficial 

velocities of 0.1 to 7.0 d s .  It was reported that these flow conditions correspond to 

annular and plug fiow regirnes. The data obtained follow the same trend obtained by 

Hwang (1986) , Ottens et al. (1995) , Hong and Gnston (1995). and Fujii et al. (1995). 

No gas was diverted into outlet 3 up to a certain extraction ratio ( below 0.5 ) . 

Increasing the extraction ratio. the data points passed through the "point of 0.5". For 

extraction ratios above a certain value ( higher than 0.5 ) , dl the gas was diverted into 

outIet 3. 

Asano et al. (1997) reported phase distribution data for two-phase one-component 

fiow through horizontal impacting tee junction. The inlet mass flux ranged from 63.7 to 

828 kg/m2.s and the quality ranged from 0.001 <O 0.3. Refrigerant R-l 1 was used as 

the working fluid through a IO-mm I.D. tee. At low qualities, the results followed the 

same trend obtained by Hwang (1986). Ottens et al. (1995). Hong and Griston (1995). 
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and Fujii et al. (1995). This was the case with differences in values of the "gas take-off 

point" which is the value of W3/WI at which gas starts to be divened into outlet 3. For 

the same inlet conditions, the value of the "gas take-off point" for R-11 was lower than 

that for air-water. 

2.3 Effect of JLI on the Phase Distribution 

2.3.1 Within Data Sets of the Same Researcher 

The effect of varying JLI, with constant JGi, on the phase distribution within data 

sets of the same researcher was investigated in this study. Figure 2.1 shows the data of 

Ottens et al. (1995) using JG1 = 15.8 mis and JrI from 0.00063 to 0.03 m/s. It cm be 

seen that in the range of FBG from O to 0.5, increasing JLI resulted in increasing the 

preference of the liquid to flow into out!et 3, while in the range of FBG from 0.5 to 1.0, 

increasing Jtl resulted in increasing the preference of the gas to flow into the same 

outlet. This trend cm aiso be observed in Figures 2.2 to 2.6, which show the data of 

Hong and Griston (1995). Each figure corresponds to a fixed value of JGi with variable 

JLi .  Values of JG1 tested were 4.57, 9.14, 13.7, 18.3 and 22.9 m/s, respectively. This 

trend is also followed by the data of Fujii et al. (1995) using Jcr = 12.0 m/s and JLI 

from 0.05 to 0.5 m/s. This is shown in Figure 2.7. Figures 2.8 to 2.12 show the data of 

Chien and Rubel (1992) following the sarne trend except for Figures 2.10 and 2.12, 

where the data are somewhat scattered rather than having a trend. Values of JGi tested 

were 12.2, 15.2, 18.3, 24.4, and 33.5 m/s, respectively. It shouId be noted that, for the 

case of Hong and Griston (1995), as the value of JG1 increased, the effect of varying ILI 

was reduced. From al1 the above-mentioned figures the effect of varying JLl, with 

constant JGi,  on the phase-separation data can be summarized as follows: 



CHAPTER 2 CMICAL REVIEW OF W S T N G  DATA 

increasing JL1 results in tuming the line, or curve that connects the data points in a 

clockwise direction around the "point of OS" on an FE= vs- FBL graph. 

As the value of JGl increases, the effect of varying JLI becornes smaller. 

2.3.2 Arnong Data Sets of Different Researchers 

The effect of varying JLI, with constant JGi, on the phase distribution among data 

sets of different researchers was dso investigated in this study. Figure 2.13 shows the 

data of Ottens et al. (1995) and the data of Hong and Griston (1995). The value of JG1 

for the former data set was 15.8 m/s with ILI varied from 0.00063 co 0.03 m/s while for 

the latter data set the value of JG1 was 13.7 mis with JL1 varied from 0.139 to 0.876 mis. 

Both data sets follow a similar trend. That is, increasing JLI rotated the data line, on an 

FBG VS. FBL graph, in a clockwise direction around the "point of 0.5". Also, the data of 

Hong and Griston (1995) appear to continue the trend in the data of Ottens et al. (1995) 

in terms of the JLi effect. In Figures 2.14 and 2.15, different data sets taken at 

approximately the same value of Jci over a range of JLI were compared against each 

other. In Figure 2.14, the effect of varying JLI on the data of Hong and Griston (1995) is 

similar to the trend that was seen in Figure 2.13, while for the Hwang (1986) data the 

effect of varying JLI is not clear because of the small range of J L ~  tested. In Figure 2.15, 

the effect of JL! on the data c m  be seen as we move from Fujii et al. (1995) data set to 

Hwang (1986) first data set, while within the data sets of Hwang (1986) the effect of JLI 

is not clear because of the srnall range of JL1 tested. Figure 2.16 is very similar to 

Figure 2.13 except that the data of Chien and Rubel (1 992) using Jc;i= 15.2 m/s and JLI 

values of O. 1 and 1.60 m/s are added to the data sets that were already plotted in Figure 

2.1 3. It can be seen that, the data of Chien and Rubel (1 992) follow the expected trend 
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within themselves; however. they are slightly shifted from the region corresponding to 

their value of JLI with respect to the other data sets. This might be attributed to the fact 

that the data of Chien and Rubel (1992) were taken for different fluids, steam and 

water, and at very high pressures compared with the other data sets. That observation 

from Figure 2.16 can also be seen in Figures 2.17 to 2.19, where data sets of Chien and 

Rubel (1992) were compared against the data of Fujii et al. (1995), and Hong and 

Griston (1995). 

2.4 Effect of JG1 on the Phase Distribution 

2.4.1 With Constant JL1 

Figure 2.20 shows the data of Hong and Griston (1995) with JLl = 0.19 m/s and 

.JGI varied from 4.57 to 18.3 d s .  It can be seen that in the range of FeG from O to 0.5, 

increasing JG1 resulted in decreasing the preference of the Iiquid to flow into outlet 3, 

while in the range of FBG from 0.5 to 1.0, increasing JG1 resulted in decreasing the 

preference of the gas to flow into the sarne outlet. It can be noted that this trend is 

exactly the same as that obtained for decreasing JL1 at a constant Jci. It can also be seen 

that the change in the data in Figure 2.20 is not significant. This may be attributed to 

the smail range of JG1 tested. In Figure 2.21 another value for JIJ was used to 

investigate the effect of varying JGI within the Hong and Griston (1995) data. The value 

of JL1 was 0.5 d s  on average while JGi varied from 9.14 to 22.9 mis. The trend 

observed in Figure 2.20 applies even though it is not as clear as in Figure 2.20, but it 

may be concluded that varying JGl at a constant JLI has an effect on the phase 

separation. Figures 2.22 to 2.24 show the data of Hwang (1986). Each figure 

corresponds to a constant value for JLl and variable JGi .  The three values of JL1 
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examined were 1.35, 2.04 and 2.5 m/s, respectively. For each figure, increasing Jçl has 

almost no effect on the data. This may be attributed to the small ranges of JGl tested in 

each figure. The same observation can be made regarding Figures 2.25 and 2.26 for the 

Fujii et al. (1995) data using ILi = 0.2 and 0.5 m/s, respectively. The fact that JGl has 

almost no effect on the phase distribution in the data of Fujii et al. (1995) may be 

attributed to the scattering of the data which makes it difficult to discern any trends in 

their data. From al1 the above-mentioned figures the effect of varying JGI, with constant 

JLl, on the phase-separation data can be summarized as follows: 

In principle, increasing JGI with constant Jti results in tuming the line, or curve that 

connects the data points in an anticlockwise direction around the "point of 0.5" on 

an FBG vs. FBL graph. 

The observed effect of Jol on the phase distribution is not as significant as that of 

JLt and this may be attributed to the small ranges of JGI tested. 

2.4.2 With Constant xl 

Figure 2.27 shows the data of Hong and Griston (1995) for a quality x l  = 0.105 

and JGI range of 4.57 to 22.9 mls .  Similar graphs are shown in Figures 2.28 to 2.30 with 

x = 0.055,0.028, and 0.0 18, respectively . In these data, JLI increases as IG1 increases in 

order to keep the quality XI  constant. The figures show that as JGl increases at constant 

X I .  the preference of the liquid to flow into outlet 3 increases in the range of FeG of O to 

0.5, while the preference of the gas to flow into the same outlet increases in the range 

of FBG of 0.5 to 1. This trend is similar to the trend observed for increasing Jrl at 

constant Jol while it is opposite to the trend observed for increasing JGI at constant ILI 

which means that the effect of increasing JLi overcarne the effect of increasing JGJ. This 
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is consistent with the fact that JLI has a more significant effect on the phase distribution 

than .ici, which was observed in Section 2.4.1. From the sarne figures, it can also be 

seen that as the quality xi decreases, the data points were getting closer. For the sarne 

range of gas velocities, the lower the quality, the less significant is the effect of Jci. 

Figures 2.3 1 to 2.34 show the data of Chien and Rubel (1992) for xi = 0.2,0.4, 0.6, and 

0.8, respectively. In Figures 2.3 1 and 2.34, the trend observed in the data is sirnilar to 

the trend observed in the data of Hong and Griston (1995) even though it is not as clear 

as in Figures 2.27 and 2.28. In Figures 2.32 and 2.33 the data show a small effect for 

JGl. It should be observed that the range of JGi covered by Hong and Griston (1995) is 

wider than the range of JG1 covered by Chien and Rubel (1992). Therefore, it might be 

concluded that the effect of varying JGI, with constant quality xi, is as follows: 

Increasing JG1 with constant xi results in turning the line, or curve that connects the 

data points in a clockwise direction around the "point of 0.5" on an FBG VS. FBL 

graph- 

2.5 Effect of Inlet Pressure on the Phase Distribution 

Most of the work on phase distribution in horizontal impacting tee junctions was 

done at or  near atmospheric pressure with only one exception: the work of Chien and 

Rubel (1992), which was done at pressures of 28.6 and 42.4 bar. The data of Chien and 

Rubel (1992) were compared against other data that were obtained at the atmospheric 

pressure to investigate the effect of inlet pressure on the phase distribution. Figure 2.35 

shows the data of Chien and Rubel (1992) at a pressure of 28.6 bar, JGI of 18.3 d s ,  

and JLl of 1.18 m/s against the data of Hong and Gnston (1995) at atmospheric 

pressure. JGt of 18.3 m/s, and JLi of 1.17 m/s. It was taken into consideration that the 
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data sets would have the same, or as close as possible, JG1 and JLI in order to eliminate 

their effects. The flow regime for both data sets was annular. It c m  be seen that 

increasing the pressure results in decreasing the preference of the liquid to flow into 

outlet 3 in the range of FeG from O to 0.5. The data of Chien and Rubel (1992) did not 

go beyond the value of 0.5 for FBG. However, it is very probable that the trend in the 

range of FsG from 0.5 to 1 wouId be consistent with the trend observed in the range of 

FsG from O to 0.5. in other words, increasing the pressure would probably result in 

decreasing the preference of the gas to flow into outlet 3 in the range of FBG from 0.5 to 

1. This trend observed in Figure 2.35 can also be seen in Figure 2.36, where the data of 

Chien and Rubel (1992) at a pressure of 28.6 bar, Jc;r of 12.2 mk, and JL1 0C0.158 mis 

are plotted with the data of Fujii et al. (1995) at atrnospheric pressure, JGI of 12.0 d s ,  

and JL1 of O. 15 m/s. The same trend can also be seen in Figure 2.37 where data of Chien 

and Rubel (1992) at a pressure of 28.6 bar, JG1 of 12.2 ITiS, and JLI of 0.328 rn/s are 

plotted with the data of Fujii et al. (1995) at the atmospheric pressure, Jcl of 12.0 m/s, 

and JLI of 0.3 m/s. It can be noted that the effect of increasing the inlet pressure is 

similar to the effect of increasing JG1 at a constant JLi. When J G ~  increases at a constant 

JLl, the gas momentum increases while the liquid momentum would probably remain 

the same. Aiso, when the inlet pressure increases, the gas density increases and 

consequently the gas momentum increases while the liquid density and momentum 

would be almost unchanged. In the case of Chien and Rubel (1992) data at a pressure of 

28.6 bar, the gas density was 14.2 kg/m3 while the liquid density was 825 kg/m3. For 

the atmospheric-pressure data, the gas density was 1.2 kg/m3 while the liquid density 

was 1000 kg/m3. That is, for Chien and Rubel (1992) data, the gas density increases by 
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a factor of 1 1.8 while the liquid density decreases by a factor of 1.2 1. So. increasing 

the inlet pressure and increasing .JGl at constant JLl have the same effect on the gas 

momentum and this might be a reason that both have the sarne effect on the phase 

distribution. It should be mentioned that Chien and Rubel (1992) used stearn and water, 

Hong and Griston (1995) used air and water, and Fujii et al. (1995) used nitrogen and 

water. So, the effect that appears in Figures 2.35 to 2.37 is not solely the effect of the 

inlet pressure as the difference in the fluid properties might have pIayed a roll in giving 

that effect. However, the huge difference in the inlet pressure from 1 to 28.6 bar must 

have had an effect in these figures. That effect of the inlet pressure on the phase 

distribution can be summarized as follows: 

Increasing the inlet pressure at constant JG1 and JLl results in turning the line, or 

cuxve that connects the data points in an anti-ctockwise direction around the "point 

of 0.5" on an FBG VS. FBt graph. 

2.6 Effect of Idet Quality on the Phase Distribution 

The effect of inlet quality on the phase distribution was invescigated using data 

sets with the sarne inlet mass flow rate, WI, and different inlet qualities. Figure 2.38 

shows the data of Ottens et al. (1995) using WI = 0.013 kgh and xi  = 0.968 against the 

data of Fujii et al. (1995) using WI = 0.013 kg/s and x i  = 0.085. It is very clear that 

increasing the quality decreases the preference of the liquid to Row into outlet 3 in the 

range of Fe= from O to 0.5 and decreases the preference of the gas to fiow into the 

same outlet in the range of FBG from 0.5 to 1. This is the expected effect because 

increasing x l  at the sarne WI results in increasing JGI and decreasing LI. As shown 

earlier, increasing JGI or decreasing Jri produced trends in the phase-distribution data 
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sirnilar to those shown in Figure 2.38. Figures 2.39 to 2.42 show different data sets 

taken at approximately the same inlet rnass flow rate, WI,  and different inlet qualities, 

xl.  The same trend that was observed in Figure 2.38 still applies. So, it may be 

concluded that the effect of inlet quality, X I ,  on the phase distribution can summarized 

as foIlows: 

* Increasing the inlet quality, xi, at constant Wi results in turning the line, or curve 

that connects the data points in an anti-clockwise direction around the "point of 0.5" 

on an FBG VS. FBL graph. 

2.7 Effect of Inlet Fiow Regime on the Phase Distribution 

To investigate the effect of the inlet flow regirne on the phase distribution, 

different data sets with different inlet fYow regimes and similar xl (as close as possible) 

were compared against each other. It was also taken into consideration that the inlet 

pressure would be the same. Figure 2.43 shows the data of Fujii et al. (1995) at XI  of 

0.003, JGI of 1.25 m/s, and JLI of 0.5 rn/s against the data of Hwang (1986) at xi of 

0.003, JGI of 2.27 m/s, and JL1 of 1.35 m/s. The flow regime changed frorn slug to 

bubbly as we go from the former data set to the latter. The figure indicates that 

changing the flow regime with the sarne inlet quality has no effect on the phase 

distribution. Similar results are shown in Figure 2.44. It can be concluded that, within 

the present test range, the inlet flow regime had no effect on the phase distribution as 

long as x l  remained the sarne. The data in Figures 2.43 and 2.44 correspond to the sarne 

X I  but di fferent WI. This can be achieved by increasing (or decreasing) both JGi and JL1. 

Since IGI and ILI have opposite effects on the phase distribution, the net effect seen in 

Figures 2.43 and 2.44 is not surprising. 
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2.8 Effect of Inlet Momentum-Flux Ratio on the Phase Distribution 

The inlet momentum-flux ratio is given by 

M R  = Pci V%I / ( PLI V'LI ) (2.1) 

where, p ~ 1  is the inlet gas density, is the inlet liquid density, and VGi and VL1 are 

the average velocities of gas and liquid, respectively, in the inlet pipe. In order to 

calculate the average velocity of each phase, the void fraction a or the slip ratio S must 

be known. The void fraction is defined as 

al=AG1 / A l  (2-2) 

where, hl is the area occupied by the gas in the inlet pipe. and 

Al is the whole cross-sectional area of the inlet pipe. 

After calculating the void fraction, a, the average velocities of the gas and liquid in the 

inlet cari be calculated from the inlet superficial velocities using the following relations: 

VGI = WGI ( PGI AGI ) = WGI ( PGI AI ai = J G I ~  (2.3) 

and 

VLI = WLI ( PLI ALI ) = WLI 1 ( PLI Ai (1-ai) ) = J~iK1-ai) (2.4) 

The slip ratio is defined as follows: 

SI = VGI / VLI = JCil (1-al) ( JLI al ) (2.5) 

Therefore, knowledge of S i  and the inlet superficial velocities is sufficient for 

determining a,, VGl, and VLl. The procedure by which the void fraction or the slip ratio 

were calculated was dependent on the inlet flow regime. For bubbly and plug flow 

regimes, the drift-flux mode1 given in Hwang (1986) was used to calculate the slip ratio 

in the inlet. For wavy and annular flow regimes, the geometrical and physical models 
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given in Shoham et  al. (1987) were used to calculate the void fraction in the inlet for 

each individual flow regime. The previously mentioned models are given in details in 

Appendix A. It should be mentioned that for the annula-mist flow regime, the inlet 

void fraction was calculated in the same way as for the annular flow regime. Also, for 

the bubbly-stratified flow regirne, the inlet void fraction was calculated in the same way 

as for the bubbly flow regime. There are no available physical or geometricai models 

for calculating the slip ratio or  the void fraction for the slug flow regime. Therefore, the 

effect of the inlet momentum-flux ratio was not investigated for this flow regime. 

It was found that, for data sets that correspond to the bubbly and plug flow 

regimes, the value of the inlet momentum-flux ratio does not change significantly with 

the change of Jcl or ILI. This rnight be attributed to the fact that the drift-flux model 

that was used to calculate the slip ratio for these flow regimes is dependent only on two 

parameters. These parameters are the gas-liquid density ratio, p~ / pl, and the inlet 

quality, xi. The density ratio is almost constant and the inlet quality, XI. for bubbly and 

plug flow regimes is usually very small. This causes the slip ratio calculated by the 

drift-flux model to be almost unchanged for bubbly and plug flow regimes. So. the 

effect of the inlet momentum-flux ratio on the phase distribution was only investigated 

among data sets that correspond to wavy, annular, and annular-mist flow regimes. 

Figure 2.45 shows the data of Ottens et al. (1995) with JGI = 15.8 m/s and JLl 

varied from 0.00063 to 0.03 m/s. Values of the inlet momentum-flux ratio are given in 

the figure with the flow regimes based on which they were calculated. These flow 

regimes were detennined from the Mandhane et al. ( 1974) flow-regime map. It can be 

seen that, within the same flow regime, decreasing the inlet momenturn-flux ratio 
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results in increasing the preference of the liquid to flow into outlet 3 in the range of Fec 

from O to 0.5 and decreasing the preference of the liquid to flow into the sarne outlet in 

the range of FeG from 0.5 to 1.0. This effect is sirnilar to the effect of decreasing Jrl 

which was discussed in Section 2.3. This is not surprising because decreasing Jtl would 

result in increasing the inlet momentum-flux ratio as long as the flow regime is the 

sarne. Figures 2.46 to 2.50 show the data of Hong and Griston (1995) with values of the 

inlet momentum-flux ratio indicated. The flow regimes based on which the momentum- 

flux ratios were calculated were determined from the Mandhane et al. (1974) flow- 

regime map. Each figure corresponds to a constant value of JGi and variable ILI. It can 

be seen that, as the inlet momentum-flux ratio decreases, the preference of the liquid to 

flow into outlet 3 increases in the range of Fe= from O to 0.5 and decreases in the range 

of FeG from 0.5 to 1. These trends in the Hong and Griston (1995) data are sirnilar to 

the trends observed in the Ottens et al. (1995) data in Figure 2.45. Similar trends were 

observed in the data of Chien and Rubel (1992) and Fujii et al. (1995). 

in order to get a better understanding of the effect of the inlet momentum-flux ratio 

on the phase distribution, the data sets that have the same inlet momentum-flux ratio 

and inlet flow regime with different values for JGt and JL1 were compared against each 

other. This was done using data sets of the sarne researchers and different researchers. 

Figure 2.5 1 shows the data of Hong and Griston (1995) for a value of 0.155 for the inlet 

rnomentum-flux ratio, annular flow regime, atmospheric inlet pressure, and an inlet 

quality of 0.105. Values of JGI varied from 13.7 to 22.9 m/s and in order to keep the 

sarne inlet quality, ILI varied as well. It cm be seen that, for the sarne inlet flow regime 

and inlet momentum-flux ratio, the data points are very dose even with different values 
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for JGl and JLl. Similar graphs are shown in Figures 2.52 to 2.54 for the data of Hong 

and Griston (1995) and Figures 2.55 to 2.58 for the data of Chien and Rubel (1992). 

The same trend that was observed in Figure 2.51 can be noted in Figures 2.52 to 2.58. 

Figure 2.59 shows the data of Fujii et al. (1996) for inlet momentum-flux ratio = 0.036. 

annular flow regime, atmospheric inlet pressure, and JGl = 7.0 m/s against the data of 

Hong and Griston (1995) for inlet momentum-flux ratio = 0.039, annular flow regime, 

atmosphenc inlet pressure, and an inlet quality of 0.018. The same trend that was 

observed in Figures 2.5 1 CO 2.58 when comparing data of the same researchers c m  be 

observed in Figure 2.59. That is, for the same inlet Flow regime and inlet momentum- 

flux, the data points are more or less collapsed. Figure 2.60 shows the data of Fujii et al. 

(1995) against the data of Hong and Griston (1995). The same trend observed in 

Figures 2.51 to 2.59 is applicable. Figure 2.61 shows the data of Ottens et al. (1995), 

who tested air and water at atmospheric inlet pressure, against the data of Chien and 

Rubel (1992) who tested wet s t em at an inlet pressure = 28.6 bar. The flow regime was 

annular for both data sets and the values of the inlet momentum-flux ratios were close. 

It c m  be noted that the lines, or the curves, that connect the data points for both data 

sets have slightly different dopes. However, the data points are still reasonably close 

even with different fluids tested and the huge difference in the inlet pressure. Figure 

2.62 shows the data of Hong and Griston (1995) for air and water and atmospheric inlet 

pressure against the data of Chien and Rubel (1992) for wet steam and an inlet pressure 

= 28.6 bar. Figure 2.63 shows the data of Fujii et al. (1995) for air and water and 

atmospheric inlet pressure against the data of Chien and Rubel (1992) for wet s t e m  
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and an inlet pressure = 42.4 bar. The same trend observed in Figure 2.61 can be 

observed in Figures 2.62 and 2.63. 

The trends observed in Figures 2.45 to 2.63 imply that the effect of the inlet 

momentum-fiux ratio on the phase distribution can be summarized as follows: 

lncreasing the inlet momentum-flux ratio results in turning the line, or curve that 

connects the data points in an anti-clockwise direction around the "point of 0.5" on 

an FBG VS. FBL graph. 

For the sanie inlet mornentum-flux ratio and inlet flow regime, the data points on an 

FBG VS. FBL graph are reasonably close at any fixed FBG even if the values of Je*, 

JLI, and Pi are substantially different. 
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Figure 2.1 Effect of JL1 on the phase distribution in the 
data of Ottens et al. (1995) for JG1 =15.8 m/s, 
(W:Wavy, An:Anndar). 
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Figure 2.2 Effect of JLl on the phase distribution in the data 
of Hong and Griston (1995) for J G ~  = 4.57 m/s. 
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Figure 2.3 Effect of JLl on the phase distribution in the data 
of Hong and Griston (1995) for J G ~  = 9.14 d s .  
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J~1=0 .139  m/s x 
J L ~  = 0.280 m/s + 
J L ~  = 0.572 mls * 
J L ~  = 0.876 mls 0 

Figure 2.4 Effect of JLl on the phase distribution in the data 
of Hong and Griston (1995) for JGI = 13.7 m/s. 
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Figure 2.5 Effect of JLi on the phase distribution in the data 
of Hong and Griston (1995) for J G ~  = 18.3 m/s. 



CHAPTER 2 CRITICAL REVIEW OF EZSTING DATA 

Figure 2.6 Effect of JLl on the phase distribution in the data 
of Hong and Griston (1995) for J G ~  = 22.9 m/s. 
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J L ~  =0.3 mls * 
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Figure 2.7 Effect of JLL on the phase distribution in the data 
of Fujii et al. (1995) for J G ~  = 12.0 m/s and annular 
flow. 
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Figure 2.8 Effect of JL1 on the phase distribution in 
the data of Chien and Rubel (1992) for 
Jcr = 12.2 m l s  and annular flow. 
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Figure 2.9 Effect of JL1 on the phase distribution 
in the data of Chien and Rubel (1992) for 
J G ~  = 15.2 m/s and annular flow. 
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Figure 2.10 Effect of JLl on the phase distribution 
in the data of Chien and Rubel (1992) for 
Jci = 18.3 m/s and annular flow. 
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Figure 2.11 Effect of JLl on the phase distribution 
in the data of Chien and Rubel (1992) for 
J G ~  = 24.4 m/s and annular flow. 
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Figure 2.12 Effect of JLl on the phase distribution 
in the data of Chien and Rubel (1992) for 
J G ~  = 33.5 m/s and annular flow. 
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Figure 2.13 Effect of JL1 on the phase distribution in the 
data of Ottens et al. (1995) for J G ~  =15.8 m/s 
and the data of Hong and Griston (1995) 
for Jol = 13.7 m/s. 
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Figure 2.14 Effect of JLl on the phase distribution in the data 
of Hong and Griston (1995) for J G ~  = 4.57 m/s, 
and the data of Hwang (1986) for a nominal 
JG1=4.75 X ~ S .  
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Figure 2.15 Effect of JLL on the phase distribution in the data 
of Hwang (1986) for anominal JGl = 2.42 m/s, 

and the data of Fujii et al. (1995) for Jci=2.34 m/s. 
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Figure 2.16 Effect of JLL on the phase distribution in the 
data of Ottens et al. (1995) for J G ~  =15.8 mis, 
Hong and Griston (1995) for J G ~  = 13.7 m/s, 
and Chien and Rubel (1992) for Je1 =l5.2 mis. 
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Chien and Rubel (1992) 

Fujii et al. (1995) 

J L ~  = 0.05 I I i s  X 
J L ~ =  0.5 m/s + 

Figure 2.17 Effect of JLi on the phase distribution in the 
data of Fujii et al. (1995) for JGl =12.0 m/s, 
and the data of Chien and Rubel (1992) for 
Je1 = 12.2 &S. 
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Chien and Rubel (1992) 

J L ~  = 0.089 m/s O 

J ~ 1 = 1 . 1 8 m / s  

Hong and Griston (1995) 

Figure 2.18 Effect of JLl on the phase distribution in the data 
of Hong and Griston (1995) for Jci = 18.3 m/s, 
and the data of Chien and Rubel ( 1992 ) for 
J G ~  = 18.3 m/s. 
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Figure 2.19 Effect of JL1 on the phase distribution in the data of 
Hong and Griston (1995) for Jc1 =22.9 mls, and the 
data of Chien and Rubel (1992) for JGl = 24.4 m/s. 
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Figure 2.20 Effect of JGl on the phase distribution in the data of 
Hong and Griston (1995) for a nominal J ~ ~ = 0 . 1 9  d s .  
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Figure 2.21 Effect of JG1 on the phase distribution in the data of 
Hong and Griston (1995) for a nominal J L ~  =0.5 m/s. 
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Figure 2.22 Effect of Jcl on the phase distribution in the data 
of Hwang (1986) for a nominal J L ~  = 1.35 mls and 
bubbly flow. 
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Figure 2.23 Effect of Jcl on the phase distribution in the data 
of Hwang (1986) for a nominal J L ~  = 2.04 m/s and 
bubbly flow. 
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Figure 2.24 EEect of Jcl on the phase distribution in the data 
of Hwang (1986) for a nominal J L ~  = 2.5 mis and 
bubbly flow. 
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Plug 

Figure 2.25 Effect of Jci on the phase distribution in the 
data of Fujii et al. (1995) for J L ~  = 0.2 &S. 
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Figure 2.26 Effect of JG1 on the phase distribution in the 
data of Fujii et al. (1995) for J L ~  = 0.5 m/s. 
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J G ~  = 22.9 mls  

Figure 2.27 Effect of JG1 on the phase distribution in the data 
of Hong and Griston (1995) for xi= 0.105. 
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Figure 2.28 Effect of JGl on the phase distribution in the data 
of Hong and Griston (1995) for xi= 0.055. 
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Figure 2.29 Effect of JG1 on the phase distribution in the data 
of Hong and Griston (1995) for xi= 0.028. 
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Figure 2.30 Effect of Jcl on the phase distribution in the data 
of Hong and Griston (1995) for xi= 0.018. 
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Figure 2.31 Effect of JG1 on the phase distribution 
in the data of Chien and Rubel (1992) for 
a nominal x1=0.2. 
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Figure 2.32 Effect of JGl on the phase distribution 
in the data of Chien and Rubel (1992) for 
a nominal x1=0.4. 
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Figure 2.33 Effect of JGl on the phase distribution 
in the data of Chien and Rubel (1992) for 
a nominal xl=0.6. 
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Figure 2.34 Effect of JGl on the phase distribution 
in the data of Chien and Rubel (1992) for 
a nominal x1=0.8. 
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Figure 2.35 Effect of inlet pressure on the phase distribution 
in the data of Hong and Griston (1995) and the 
data of Chien and Rubel (1992) at Pl = 28.6 bar. 
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Figure 2.36 Effect of inlet pressure on the phase distribution 
in the data of Fujii et al. (1995) and the data 
of Chien and Rubel (1992) at PL=28.6 bar. 
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Figure 2.37 Effect of inlet pressure on the phase distribution 
in the data of Fujii et al. (1995) and the data 
of Chien and Rubel (1992) at P1=28.6 bar. 
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Figure 2.38 Effect of inlet quality (xi) on the phase distribution 
in the data of Ottens et al. (1995) and the data of 
Fujii et al. (1995). at W1 = 0.013 kg/s. 
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 HO^^ and Griston (1995) + 

X 
Ottens et al. (1995) 

Figure 2.39 Effect of inlet quality (xi) on the phase distribution 
in the data of Ottens et al. (1995) and the data of 
Hong and Griston (1995), at W1 = 0.015 kg/s. 
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Figure 2.40 Effect of inlet quality (xi) on the phase distribution 
in the data of Ottens et al. (1995) and the data of 
Fujii et al. (1995). at W1 G 0.023 kg/s. 
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1 Hong and Griston (1995) 

Ottens et al. (1995) x 

Figure 2.41 Effect of inlet quality (xi) on the phase distribution 
in the data of Ottens et al. (1995) and the data of 
Hong and Griston (1995), at Wl n 0.058 kg/s. 
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1 Fujü e t  al. (1995) Fujii et al. (1996) 

Hong and Griston (1995) 

Figure 2.42 Effect of inlet quality (xi) on the phase distribution 
in the data of Fujii et al. (1995) and the data of 
Hong and Griston (1995), at W1 E 0.042 kg/s. 
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Figure 2.43 Effect of inlet flow regime on the phase distribution 
in the data of Fujü et al. (1995) for slug flow 
and the data of Hwang (1986) for bubbly flow. 
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Figure 2.44 Effect of inlet flow regime on the phase distribution 
in the data of Fujii et al. (1995) for plug flow and 
the data of Hwang (1986) for bubbly flow. 
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Figure 2.45 Effect of inlet momentum-flux ratio on the phase 
distribution in the data of Ottens et  al. (1995) for 
JG1=15.8 d s ,  (W:Wavy, An:AMular). 
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Figure 2.46 Effect of inlet momentum-flux ratio on the phase 
distribution in the data of Hong and Griston (1995) 
for Je1 = 4.57 mls,  (W:Wavy). 
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Figure 2.47 Effect of inlet momentum-flux ratio on the phase 
distribution in the data of Hong and Griston (19%) 
for Jei = 9.14 m/s, (W:Wavy, An:Annular). 
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Figure 2.48 Effect of inlet momentum-flux ratio on the phase 
distribution in the data of Hong and Griston (1995) 
for J G ~  = 13.7 d s ,  (An:Annular). 



CHAPTER 2 CRITICAL REVIEW OF EXISTING DATA 

Figure 2.49 Effect of inlet momentum-flux ratio on the phase 
distribution in the data of Hong and Griston (1995) 
for J G ~  = 18.3 m/s, (An:Annular). 
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Figure 2.50 Effect of inlet momentum-flux ratio on the phase 
distribution in the data of Hong and Griston (1995) 
for J G ~  = 22.9 m/s, (Axxhular). 
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Figure 2.51 Effect of inlet momentum-flux ratio on the phase 
distribution in the data of Hong and Griston (1995) 
for xi= 0.105, (An:AMular). 
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Figure 2.52 EfXect of inlet momentum-flux ratio on the phase 
distribution in the data of Hong and Griston (1995) 
for xi= 0.055, (An:Annular). 
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Figure 2.53 Effect of inlet momentum-flux ratio on the phase 
distribution in the data of Hong and Griston (1995) 
for xi= 0.028, (An:Anndar). 
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Figure 2.54 Effect of inlet momentum-flux ratio on the phase 
distribution in the data of Hong and Griston (1995) 
for xi= 0.018, (An:Annular). 
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Figure 2.55 Effect of idet momentum-flux ratio on the phase 
distribution in the data of Chien and Rubel (1992) 
for a nominal x1=0.2 and annular flow. 
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Figure 2.56 Effect of inlet momentum-flux ratio on the phase 
distribution in the data of Chien and Rubel (1992) 
for a nominal x1=0.4 and annular flow. 



CHAPTER 2 CRITICAL REVIEW OF EXISTING DATA 

Figure 2.57 Effect of inlet momentum-flux ratio on the phase 
distribution in the data of Chien and Rubel (1992) 
for a nominal x1=0.6 and annular flow. 
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Figure 2.58 Effect of inlet momentum-flux ratio on the phase 
distribution in the data of Chien and Rubel (1992) 
for a nominal x1=0.8 and annular flow. 
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Figure 2.59 Effect of inlet momentum-flux ratio on the phase 
distribution in the data of Hong and Griston (1995) 
for xi=0.018 and annular flow, and the data of Fujii 
et al. (1996) for JL1=0.5 m / s  and annular flow. 
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Figure 2.60 Effect of inlet momentum-flux ratio on the phase 
distribution in the data of Hong and Griston (1995) 
for x1=0.028 and annular flow, and the data of Fujii 
et al. (1995) for JL1 = 0.5 d s  and annular flow. 
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Chien and Rubel (1992) 
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MR = 0.7, &,1= 0.03 m/s 

Figure 2.61 Effect of inlet momentum-flux ratio on the phase 
distribution in the data of Ottens et al. (1995) for 
JG,=15.8 mls, P1=l bar, and annular flow, and the 
data of Chien and Rubel (1992) for JGl = 33.5 mls, 
P1=28.6 bar, and annular flow. 
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Hong and Griston (1995) I 

Chien and Rubel (1992) 

Figure 2.62 Effect of inlet momentum-flux ratio on the phase 
distribution in the data of Chien and Rubel (1992) 
for a nominal xl = 0.2, Pl = 28.6 bar, and annular 
flow, and the data of Hong and Griston (1995) for 
xl = 0.055, Pl =1 bar, and annular flow. 
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Fujii et al. (1995) 

Chien and Rubel (1992) 

MR = 0.078, J L ~  = 1.6 m/s 3K 

Figure 2.63 Effect of inlet momentum-flux ratio on the phase 
distribution in the data of Chien and Rubel (1992) 
for JG1 = 15.2 m/s, Pl =42.4 bar, and annular flow, 
and the data of Fujii et al. (1995) for Jc1=12.0 m/s, 
Pl = 1 bar, and annular flow. 



Chapter 3 

ASSESSMENT OF EXISTING MODELS AND CORRELATIONS 

3.1 Brief Description of Models and Correlations 

Two empirical correlations and two analyticai models have been developed for 

predicting the phase distribution at impacting tee junctions with horizontal inlet and 

outlet sides. A bief description of these predictive tools is given in the following 

sections. 

3.1.1 Chien and Rubel (1992) Correlation 

Chien and Rubel (1992) used their own experimental data to develop an empirical 

correlation for predicting the phase distribution at horizontal impacting tees. They 

compared the prediction against the data of Azzopardi et al. (1986) and they concluded 

that the agreement was good especially for high-inlet-quality flows. The correlation is 

given by 

x 3 h  = a ( Fsc Ib 

and 

x J / ~ ~ = F ~ ~ / { l - [ ( l - ~ ~ ~ ) ' ~ ~ / a ] )  f 0 r F ~ ~ Z 0 . 5 .  

where, a and b are empiricai coefficients given by 

a = 1.352 "-X1' , and b = 0.435 (1-xi) . 

Values of a and b were lirnited to the ranges 0.2 s xi  s 1 .O and 28.6 5 PI s 42.4 bar. The 

correiation was developed in a way that ensures "symmetry of the prediction" ( see 

Chapter 1 for more details on the special use of the term "symmetry of prediction" 

where Figures 1.2(b) and 1.2(c) are discussed ). For given inlet conditions ( JGI and JLL ), 

for FBG 5 0.5, 
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fluid properties ( p~ and p~ ), and extraction ratio ( W f l I  ). the value of the inlet 

quality ( X I )  can be determined. Using Equations (3.1) and (3.2). values of ( x3/x1 ) can 

be determined over the whole range of FBG. Then, the corresponding values of FsL c m  

be detennined from 

W ~ / W I  = FBG ( ~ 1 1 x 3  1, (3-3) 

X3 = ( ~ 3 h  X l r  (3-4) 

and 

FBL= [ (h) / ( f  -xi)] ( W3 /W)*  (3.5) 

It should be noted that the correlation given by Equations (3.1) to (3.5) is independent of 

the inlet flow regime. Also, the inlet quality (xi) is the only parameter that has to be 

known in order to execute the correlation. In other words, the correlation considers the 

inlet quality (xi) to be the sole factor that affects the phase distribution. 

3.1.2 Hong and Griston (1995) Correlation 

Hong and Griston (1995) used their own experimental data to develop an empirical 

correlation for predicting the phase distribution at horizontal impacting tees. They 

compared the correlation predictions against the data of Chien and Rubel (1992) and 

concluded that the agreement was good except for the cases of low gas extraction ratio 

and low inlet quality. The correlation is given by 

J L ~ I ( J L ~ + J G ~  ) = a [ J ~ i l ( J L l  + J G l  11 ( J G ~ I J G ~ ) ~  (3-6) 

where, a and b are empincaf coefficients given by 

a = ai + a2 ln ( F )  + a3 ( F )O-', 

b = bl  + b2 F + b3 In ( F  ) + b: ( F)'.', 

F = JLI JGI 1 ( JLI + JGI 1. 
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al = 0.2088 ; a2 = -0.2541 ; a3 = 0.3928 , (3.10) 

and 

bl = -3.0662 ; bz = -0.4052 ; b3 = - 1.038 1 ; b4 = 2.7228 . (3.1 1) 

Care must be taken that al1 the superficial velocities in Equations (3.7) to (3.9) are in 

fvsec. For given inlet conditions ( JGI and JLl ), values of F, a, and b can be easily 

detennined. Then, for each JG3, Equation (3.6) can be executed to determine the 

corresponding Ju. Values of FBG and FBL cm then be determined from 

FBG = W G ~  1 WCII = ( J G ~  1 JGI) ( D3 1 DI IZ1 (3.12) 

and 

FBL= Wu / WLI = ( JU I JLI) ( D3 I Dl )2. (3.13) 

It should be noted that the correlation given by Equations (3.6) to (3.1 1) is independent 

of fluid properties and system pressure. As well, Hong and Griston (1995) did not 

specify any particular flow regime for their correlation and therefore, it is understood to 

be flow-regime independent. It should also be noted that the correlation was not 

developed in a way that ensures "symmetry of prediction". "Symmetry of prediction" is 

essential for the mass balance to be satisfied ( again, see Chapter 1 for more details on 

the special use of the term "symrnetry of prediction" where Figures 1.2(b) and t .2(c) are 

discussed ). An examination of the correlating Equations (3.6) to (3.13) would reveal a 

lack of the required "symmetry of prediction". Consider the following specific case for 

JGI = 9.14 d s ,  Jti = 0.03 m/s, and DmI = 1 .  At FeG = 0.1, Equations (3.6) to (3.13) 

predict FBL = 0.08. At FBG = 1 - 0.1 = 0.9, Equations (3.6) to (3.13) predict FBL = 0.822. 

These predicted values of FBL add up to 0.902 whereas, of course, to satisfy mass 

balance, they should add up to 1. Even though the correlation does not satisfy the mass 
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balance, its predictions were compared against the data base to see how well it works 

relative CO the other models and correlations. 

3.1.3 Ottens et ai. (1995) Mode1 

Ottens et al. (1995) developed an analytical model to predict the phase distribution 

at horizontal impacting tees. Their model is based on the double-stream model of Hart et 

al. (1991) which was developed for dividing branching junctions and for liquid hold-up 

less than 0.06 in the inlet. The double-stream rnodel was derived from the steady-state 

macroscopic mechanical energy balance ( extended Bernoulli Equation ) applied to the 

inlet-to-run Stream and the inlet-to-branch Stream of both gas and liquid phases. 

According to the double-stream model, the value of FBL is a function of the value of 

FBG, geometry of the junction, and the ratio K defined as the ratio of the kinetic energies 

of the gas and Iiquid per unit volume in the inlet. Ottens et al. (1995) discarded some of 

the assumptions assumed earlier by Hart et al. (1991) in order to develop their own 

model which was cailed the advanced double-stream model that can work over the 

whole range of liquid hold-up in the inlet, from O to 1. Ottens et al. (1995) compared the 

predictions of the double-stream model and the advanced double-stream model against 

their experimental data Cornparison revealed that there was a satisfactory agreement 

between the experimentd data and the double-stream model predictions. Also, the 

advanced double-stream model did not result in a significant improvement of the 

agreement between the experimental data and the prediction. In the present snidy, we 

shall focus only on the double-stream model. For given inlet conditions ( JGI and JLl ), 

fluid properties ( pc, pt, b, and ), and junction geometry ( Di ), the value of F B ~  at a 

certain value for Fer can be determined using the following set of equations: 
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al = 1- EL,,  

VGI = JGI al. 

V t i  = JLI /€LI, 

0.374 01-1 = 0.52 (ELI ) + 0.26 ( JLI? PL / EL!' g D I  (PL - PG) }OJ8, 

R ~ L I  = R ~ S L I  0~1,  

Recli = PG DI V G I /  PG, 

PG = 1.54 if R e l  < 1500,  

PL = 1.54 if ReLl < 1500. 

Pc; = 1.54-0.54 [ ( R W I -  1500)/ 5001 if 1 5 0 ~  Reû1 < 2 0 0 0 ,  

PL = 1.54- 0.54 [( ReLl - 1500) / 5 0 1  if 1 5 0 <  ReL[ < 2000.  

PG = i .O if Rec;, > 2000, 

PL= 1 -0 if ReLl > 2000, 

K =  P C P C V G ~ ~ / (  PLPLVU'), 

b = 0.5 ( 1 + k ~ z  - kii ) = 0.5 ( on average ) , 

and 

F B L = ~ O + K ( F B G - ~ O ) ,  

where, 

ResL1 is the superficial Reynolds number of  the liquid in the inlet, 

 EL^ is the liquid hold-up in the inlet. 

a, is the void fraction in the inlet, 
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VGl and VLI are the average inlet velocities of the gas and liquid, respectively, 

€ILI is the fraction of the pipe wail wetted by the liquid in the inlet. 

ReGI and ReLI are the inlet Reynolds numbers for the gas and liquid, respectively, 

fiG and PL are constants dependent on the velocity distribution of the corresponding 

phase, 

is the junction energy dissipation factor, and 

klz  and k13 are frictional loss coefficients between the inlet and outlets 2 and 3, 

respectively. 

It should be noted that the Ottens et al. (1995) model is independent of the inlet flow 

regime. Also, with a value of 0.5 for & Equation (3.25) would be a straight-line 

equation. 

3.1.4 Hwang (1986) Mode1 

Hwang (1986) developed an analytical model for predicting the phase distribution at 

horizontal impacting tees (the model is also reported in Hwang et al., 1989). The model 

is claimed to work for al1 the flow regimes and is based on the dividing-streamiine 

approach. That is, a " zone of influence" exists for each phase and that each "zone of 

influence" is bounded by a dividing streamline, as shown in Figure 3.1. In Figure 3.1, al1 

liquid entenng the inlet of the junction on the R.H.S. of the liquid dividing streamline, 

line (b) in Figure 3.1. will exit through ouilet 3 of the junction and the remaining liquid 

will exit through outlet 2. The gas phase behaves in a similar manner with its split 

between outlets 2 and 3 defined by the gas dividing streamline, line (a) in Figure 3.1. 

Figure 3.2 shows the dominant forces acting on the gas and liquid for a typical junction 

with streamlines crossing with an angle B. In Figure 3.2, VG, and VLI are the average 
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velocities of the gas and liquid phases, respectively, Fm and FDL are the drag forces 

generated due to the phasic slip and acting on the gas and liquid, respctively, & and RL 

are the radii of curvature of the gas and liquid streamlines, respectively, pc and p t  are 

the gas and liquid densities, respectively, and 

( p~ vol2/ & ) and ( PL vL12/ RL ) are the centrifugal forces acting on the gas and liquid, 

respectively, in normal directions to their streamlines. The procedure for executing the 

mode1 can be divided up into three distinct parts: 

1- To calculate the value of the slip ratio, S = VGI / VLI. 

2- To solve for &and the comsponding &, with reference to Figure 3.1. 

3- To convert values of &; and & to values of FBG and Fat. 

Hwang (1986) compared the model predictions against his experimental data and the 

data of Azzopardi et al. (1986). Cornparisons revealed that model predictions are quite 

satisfactory. It should be mentioned that, the first and the third parts of the procedure are 

dependent on the flow regime, while the second one is common for al1 the flow regimes. 

In the present study, the drift-flux mode1 was used for the first part of the procedure for 

bubbly and plug flow regimes while the seventh law was used for the third part for the 

same flow regimes. For wavy and annular flow regimes, the physicai and geometrical 

models given in Shoham et al. (1987) were used for the fint and third parts of the 

procedure. The models used for annular and bubbly flow regimes were also used for 

annular-mist and bubbly-stratified flow regimes, respectively. These models are given in 

details in Appendix A. As there are no available geometrical or physical models for the 

slug flow regime, the Hwang (1986) model was not compared against the data that 

correspond to the slug flow regime. The inlet conditions ( J G ~  and J L ~  ), fluid properties 
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( PG, PL, w, and PL 1, junction geometry ( Di and D3 ), and the inlet flow regime, are 

required as input data for the model. The following steps demonstrate how the model 

was executed: 

( I ) Using models given in Appendix A, the value of the slip ratio, S, c m  be determined. 

(2) Initiate a value for ( b a l  ) that may be from O to 1; usually a value of 0.05 is 

recommended as a start. 

(3) Calculate ( RJD3 )- , ( R D 3  ),, , and -3 from 

2 M 
( R a 3  ),n = [ 1+ (2 DlDd 1 1 (2 Dim3) = ( R n 3  )min, 

R d D 3  = ( RdD3)imn 1 ( mi IN, 

where, N is an empirical coefficient and is equal to 5. 

(4) Solve for the value of iteratively from 

2 3R RG/D3=[ l + ( m ~ b ~ / D 3 )  1 l [%(%- l )bc /D3I  (3.28) 

where, r n ~  is a coefficient that has a value between 1 and 2 and is related to the 

shape of the gas dividing strearnline. 

(5) Calculate y,, and y,, from 

y,, = cos-I( 1/s ), 

and 

y- = ~r = 3.14159. 

(6) Assume a value for y between y,, and y-. 

(7) Calculate P, R A ,  R n 3 ,  and br/Dr from 
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and 

b f l i  = [ ( R n 3  )min / ( R n 1  ]lm. (3.34) 

(8) Solve for the value of r n ~  iterativel y from 

' 3n Rr/D3=[1+(m~br /D3) -1  / [m~(m~-l)bL/D31. (3.35) 

where, r n ~  is a coefficient that has a value between 1 and 2 and is related to the 

shape of the liquid dividing streamline. 

(9) Calculate bJD1 from 

b i D ~  = tan [ tan-'( mc b a s  ) - P 1 (( DDi )h 1. (3.36) 

(10) Compare b n i  calcuiated from step (9) with the one caiculated from step (7). if 

agreement within acceptable tolerance is not achieved, the assumed value for y in 

step (6) should be modified and steps (7) to (10) repeated until convergence is 

achieved. 

( 1 1 ) From the converged value of bl/Dl and the initiated value of bJDl,  calculate & and 

&- from 

SL = ( Dd2 ( ( b m l )  +1 1, 

and 

&=[l +(bdDi)-(Gr/Di)lD~- (3.38) 

(12) Using models given in Appendix A, and with the calculated values of & and &. 

values of FBG and the corresponding FeL can be detennined. 

(1 3) The value of b a l  initiated in step (2) was increased and the steps from (3) to (12) 

were repeated. The stopping critenon was that neither nor FBL should exceed 

1 .o. 

It should be mentioned that the Hwang (1986) mode1 as described above generates 
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values of FBG and FBL within the range from 0.5 to 1. "Syrnmetry of prediction" was 

used in order to complete the curve. 

3.2 Qualitative Assessrnent of Predicted Trends 

The effects of JLl* JGl, and P l  on the prediction of each modeVcorreIation were 

investigated in order to compare with the experimental trends seen in Chapter 2. This 

will help in judging whether a mode1 or a correlation obeys the correct physics behind 

the phase distribution at horizontal impacting tees. 

3.2.1 Chien and Rubel (1992) Correlation 

Figure 3.3 shows the prediction of the Chien and Rubel (1992) correlation for air 

and water with constant Jci1 of IO mls, Pi  of 1.0 bar, and JL1 from 0.001 to 1.0 m/s. As 

can be seen from the figure. the comlation predictions rotate around the "point of 0.5" 

in a clockwise direction as JL1 increases. This is consistent with what was found in 

Chapter 2. However, it would be expected that with a very wide range of J L ~  such as the 

one covered in Figure 3.3. the effect of JLl on the prediction would be more significant 

than what it is seen in Figure 3.3, especially as JLi has a strong effect on the phase 

distribution, as seen in Chapter 2. Figure 3.4 shows the prediction of the Chien and 

Rubel (1992) correlation for air and water with constant JLl of 0.05 m/s, P l  of 1 .O bar, 

and JGi from 0.1 to 100 d s .  As Jut increases, the prediction rotates around the "point of 

0.5" in an anti-clockwise direction. This is consistent with the trend seen in Chapter 2. 

tiowever, the predicted effect of  Jul is not significant in spite of the wide range of JGt 

covered. Chien and Rubel (1992) formulated their correlation such that it is sensitive 

only to the inlet quality, xi. However. in Figures 3.3 and 3.4, the predictions barely 

change even with the very high ranges of the inlet quality covered in these two figures. 
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Figure 3.5 shows the prediction of the Chien and Rubel (1992) correlation for air and 

water with constant JGl of 10 mk, constant JL1 of 0.05 m/s, and Pl ranging from 1.0 to 

100 bar. It can be seen that as Pr increases, the predictions rotate around the "point of 

0.5" in an anti-clockwise direction which is consistent with the trend seen in Chapter 2. 

However, the predictions do not change significantly with the inlet pressure. According 

to their experimental data, Chien and Rubel (1992) concluded that, the inlet pressure has 

a minor effect on the phase distribution (keeping in mind that their inlet pressure range 

was very small). That is why the correlation considers the inlet quality to be the only 

factor that effects the phase distribution, as discussed in Section 3.1.1 and therefore, the 

prediction does not change with the inlet pressure. It should be mentioned that, in 

Figures 3.3 to 3.5. values of JLl, JG1, and PI tested correspond to values of the inlet 

quality and inlet pressure, that are outside the ranges recommended by the authon, 

namely 0.2 to 1.0 and 28.6 to 42.4 bar, nspectively. This was done to fix the tested 

values of JG1, JLl, and PI for al1 the models and correlations as will be seen in the 

following sections. 

From Figures 3.3 to 3.5, the following trend can be seen in the prediction of the 

Chien and Rubel (1992) correlation for the tested values of JG t ,  JLI , and Pi: 

The effects of JLlr JG1, and PI on the prediction are consistent with what was found in 

Chapter 2. However. JLI, JGI, and Pi have very small effects on the prediction and 

that is not consistent with the magnitudes seen in Chapter 2. 

3.2.2 Hong and Griston (1995) Correlation 

Figure 3.6 shows the prediction of the Hong and Griston (1995) correlation for air 

and water with constant JG1 of 10 mis, PI of 1 .O bar, and JLI ranging from 0.001 to 1.0 
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m/s. It can be seen that "symmetry of prediction" is not satisfied and thus, mass balance 

is not obeyed. However, in Figure 3.6, as JLI increases, the prediction rotates in a 

clockwise direction, which is the correct direction, as seen in Chapter 2. Figure 3.7 

shows the prediction of the Hong and Griston (1995) correlation for air and water with 

constant JLI of 0.05 m/s, PI of 1.0 bar, and JGi ranging from 0.1 to 100 mis. It can be 

seen that the predicted effect of JGI is very small over the range 1 to 1 0 0  mis, but the 

small change appears to be in the wrong sense. Figure 3.8 shows the prediction of Hong 

and Griston (1995) correlation for air and water with constant JLl of 0.05 m/s, JGI of 10 

m/s, and PI ranging from 1.0 to 100 bar. It can be noted that the prediction does not 

change with the inlet pressure. This is not surprising as the correlation considers JGI and 

JLI to be the only factors that affect the phase distribution, as discussed in Section 3.1.2. 

From Figures 3.6 to 3.8, three trends c m  be seen in the prediction of the Hong and 

Griston ( 1995) correlation: 

The correlation does not satisfy mass balance. 

The effect of JLI on the prediction is consistent with what was found in Chapter 2, 

while the effect of JGl on the prediction is not consistent with the trend seen in 

Chapter 2. 

The prediction does not change with the inlet pressure. 

3.2.3 Ottens et ai. (1995) Mode1 

Figure 3.9 shows the prediction of the Ottens et al. (1995) mode1 for air and water 

with constant JGl of IO mk, Pi of 1 .O bar, and JLl ranging from 0.001 to 1 .O mk. It is 

very clear that, as JLi increases, the pndiction rotates around the "point of 0.5" in 

a clockwise direction. Also, with the highest JL1, the prediction converges to a nearly 
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horizontal line passing through the "point of 0.5", while with the lowest LI. the 

prediction converges to a nearly vertical line passing through the "point of 0.5". This is 

consistent with the trend seen in Chapter 2. Figure 3.10 shows the prediction of Ottens et 

al. (1995) model for air and water with constant JLI of 0.05 WS, Pl of 1.0 bar, and JGi 

ranging from 0.1 to 100 d s .  In the figure, the prediction does not change as JGI 

increases from O. I to 10 m/s. As Jc;[ increases from 10 to 100 m/s, the prediction rotates 

around the "point of 0.5" in a clockwise direction which is not consistent with the trend 

found in Chapter 2. Figures 3.9 and 3.10 imply that the value of Jrl has a much stronger 

effect in the model formulation than the value of JGI. Figure 3.1 1 shows the prediction of 

Ottens et al. (1995) model for air and water with constant J G ~  of IO d s ,  constant J L ~  of 

0.05 mls, and Pl ranging from 1.0 to 100 bar. It cm be seen that. as Pi increases from 

1 .O to 10 bar, the prediction rotates around the "point of 0.5" in a clockwise direction, 

which is not consistent with the trend found in Chapter 2, while, as Pi increases from 10 

to 100 bar, the prediction rotates around the "point of 0.5" in an anti-clockwise 

direction, which is consistent with the trend found in Chapter 2. 

From Figures 3.9 to 3.1 1, two trends c m  be seen in the prediction of the Ottens et 

al. (1995) model: 

The effect of Jrl on the prediction is very significant and consistent with what was 

found in Chapter 2, while the effect of Ici on the prediction is very weak and not 

consistent with the trend seen in Chapter 2. 

At inlet pressures, from 1.0 to 10 bar, the prediction changes with the inlet pressure 

in a trend which is not consistent with the trend seen in Chapter 2, while, at higher 
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inlet pressures, from 10 to 1 0  bar, the prediction changes with the inlet pressure in a 

trend which is consistent with the trend seen in Chapter 2. 

3.2.4 Hwang (1986) Mode1 

Figure 3.12 shows the prediction of Hwang (1986) model for air and water with 

constant IGI of 10 m/s, PI of 1.0 bar, and JL1 ranging from 0.001 to 1.0 d s .  The 

corresponding inlet flow regimes are given in the figure as the model is dependent on 

the inlet flow regime. It is very clear that, as JLi increases, the prediction rotates around 

the "point of 0.5" in a clockwise direction. This is consistent with the trend seen in 

Chapter 2. It should be mentioned that in Figure 3.12, when values of JGI and Irl 

corresponded to the slug flow regime according to the Mandhane et al. (1973) flow- 

regime map, the model was executed assurning a wavy flow regime as the mode1 can not 

be executed for the slug flow regime. Figure 3.13 shows the prediction of Hwang (1986) 

model for air and water with constant JL1 of 0.05 m/s, Pl of 1 .O bar, and JGI ranging from 

0.1 to 100 m/s. The corresponding flow regimes are given in the figure. It can be seen 

that as Joi increases from 0.1 to 10 m/s, the prediction rotates around the "point of 0.5" 

in an anti-cloçkwise direction. This trend is consistent with the trend found in Chapter 2. 

The two flow regimes encountered when JGl increases from 0.1 to 10 mis are stratified 

and wavy, which are close to each other in appearance. When JG1 increases frorn 10 to 

IO0 d s ,  the prediction rotates around the "point of 0.5" in a clockwise direction which 

is not consistent with the trend found in Chapter 2. A possible reason for this 

inconsistency might be that, as JGl increases from 10 to 100 d s ,  the flow regime 

changes from wavy to annular and these two flow regimes are completely different in 

structure from each other. In order to verify that reason, the code was executed with the 
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same value of JGi=lOO d s  without changing the flow regime, i.e. assuming that the flow 

regime is wavy. It c m  be seen from Figure 3.13 that the prediction in this case is in the 

correct position according to the trend found in Chapter 2. Figure 3.14 shows the 

prediction of the Hwang (1986) mode1 for air and water with constant JL1 of 0.05 rnh, 

JGl of 10 m/s, and Pi ranging from 1 .O to 100 bar. The corresponding fiow regime is 

indicated in the figure. It can be seen that as Pl increases, the prediction rotates around 

the "point of 0.5" in an anti-clockwise direction. This is consistent with the trend seen in 

Chapter 2. 

From Figures 3.12 to 3.14, the trend seen in the prediction of the Hwang (1986) 

mode1 can be summarized as follow: 

The effects of JLI, JGI, and Pi on the prediction are significant and consistent with 

what was found in Chapter 2. 

From Figures 3.3 to 3.14, it is clear that, Hwang (1986) mode1 is the oniy mode1 

capable of predicting consistent effects of JLl, JCI, and Pi with the effects seen in 

Chapter 2. 

3.3 Quantitative Assessrnent of Predicted Values 

Predictions from each modeYcorrelation were compared against a data set base 

covering a wide range of operating conditions. Results of these comparisons are 

presented later in graphical and tabulated formats. 

3.3.1 Data Sets 

The work of different researchers was arranged in the forrn of numbered data sets so 

that it would be easy to refer to later on. A data set consists of data points with different 

values of FBL and FBG for the same inlet conditions. These inlet conditions include JcI, 
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JLl i  P I ,  Tl, and Di. Tables 3.1 to 3.6 give al1 the available data sets for horizontal 

impacting tee junctions. Chien and Rubel (1992) tested wet steam through a 49.3-mm 

I.D. junction at PI = 28.6 and 42.4 bar, and TI = saturation temperature. Fujii et al. 

(1995) tested nitrogen and water through a IO-mm I.D. junction at atmospheric pressure 

and room temperature. Fujii et al. (1996) tested air and water through a 10.5-mm I.D. 

junction at atmosphenc pressure and room temperature. Hong and Griston (1995) tested 

air and water through a 19-mm I.D. junction at atmospheric pressure and room 

temperature. Hwang (1986) tested air and water through a 38-mm LD. junction at Pi = 

1.3 to 1.9 bar and r o m  temperature. Ottens et al. (1995) tested air and water through a 

29.5-mm LD. junction at atmospheric pressure and room temperature. It should be 

mentioned that for ail the given data sets, the range of FBt and FBG covered was from O 

to 1 except for Chien and Rubel (1992) who covered a range from 0.2 to 0.8. It should 

also be mentioned that the fiow regimes in Tables 3.1 to 3.6 are based on either visual 

observation or the Mandhane et al. (1974) flow-regime map. 

Data Set 1 Flow Rc 
CR- 1 Annu 
CR-2 Annu 

CR-5 Annu 
CR-6 Annu 
CR-7 Annu 
CR-8 Annu 
CR-9 Annu 
CR- IO Annu 
CR- 1 1 Annu 
CR- 12 Annu 
CR- 13 Annu 
CR-14 Annu 

pime PI (bar) .ICI (mis) JLI WS) 
lar 28.6 12.2 0.788 - 

lar 28.6 12.2 0.328 
lar 28.6 12.2 O. 158 
lar 1 28.6 1 12.2 1 0.082 

"con tinued " 

105 



CHAPTER 3 ASSESSMENT OF EXlSTING MODELS AND CORRELATIONS 

L 

1 CR- 17 Annular 1 42.4 15.2 3.16 1 

Table 3.1 Chien and Rubel ( 1992) data sets for wet stem, 

CR- 15 
CR- 16 

Tl= saturation temperature, and Dl= 49.3 mm. 

Annular 
Annular 

28.6 
28.6 

Dataset / Flow 
F1-1 An 
F1-2 An 
Fl-3 An 
F 1-4 An 
Fi-5 An 
F1-6 An 

33.5 1 0.384 
33 -5 O. 144 

Table 3.2 Fujii et al. (1995) data sets for nitrogen and water, 
Pl= atmospheric pressure, Tl= room temperanire, and DI=10 mm. 

Table 3.3 Fujii et al. (1996) data sets for air and water, 
PI= atmospheric pressure, Tl= m m  temperature, and D1=10.5 mm. 

JLI WS) 
0.5 
0.5 

Data Set 
F2- 1 
F2-2 

Flow Regime 
Annular 

Plug 

Jct ( d s )  
7 .O 
0.1 
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Data Set 
HG- 1 
HG-2 
HG-3 
HG-4 
HG-5 
HG-6 

I HG-7 
HG-8 
HG-9 

Flow Regirne 
Wavy 
Wavy 

Annular 
Annular 
Annular 
Wavy 

Annular 

HG-IO 
HG- 1 1 
HG- 12 
HG- 13 

L 

Annular 
Annular 

I 

Table 3.4 Hong and Griston (1995) data sets for air and water, 
Pi= atmospheric pressure, TI= room temperature, and DI=l 9 mm. 

JGI (WS) 
4.57 
9-14 
13.7 
18.3 
22.9 
4.57 
9.14 

Annular 
Wavy 

Annular 
Annular 

:G- 1 6 
:G- 17 
'G-18 
:G- 19 
:G-20 

J L ~  WS) , 
0.046 
0.092 
O. 139 
O. 185 
0.23 1 
0.093 
O. 187 

- - 

13.7 
18.3 

HG-14 
HG- 15 

0.280 
0.373 

22.9 
4.57 
9.14 
13.7 
18.3 
22.9 

Annular 
Annular 
Wavy 

Annular 
Annular 
Annular 
Annular 

Data Set 

H- 1 
H-2 
H-3 

Table 3.5 Hwang ( 1  986) data sets for air and water, 
Ti= room temperature, and DI=38 mm. 

0-467 
O. 191 
0.38 1 
0.572 
0.762 
0.953 

H-4 
H-5 
H-6 
H-7 
H-8 
H-9 

4.57 1 0.292 
9.14 0.584 
13.7 1 0.875 

Flow 
Regime 
Bubbly 
Bubbly 
Bubbly 

18.3 
22.9 

1.17 
1.46 

Nominal PI 
(bar) 

1.4 
1.4 
1.4 

Bubbly 1 1.5 2.30 
3 -45 
4.60 
2.67 
3.78 
4.95 

BubbIy 
Bubbly 
Bubbly 
Bubbly 
Bubbly 

JGI WS) 
1.51 
2.27 
3 .O3 

2.05 
2-04 
2.04 
2.54 , 

2.54 
2.49 

1.5 
1.5 
1.6 
1.6 
1.6 

JLI WS) 
1.35 
1.35 
1.35 4 
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Table 3.6 Ottens et al. (1995) data sets for air and water, 
PI= atmospheric pressure, Ti= room temperature, and Di=29.5 mm. 

3.3.2 Deviation Parameters 

Data Set 
0- 1 

When cornparing the prediction of a certain mode1 or a comlation against a certain 

J G ~  (rn/s) 
15.8 

Fïow Regirne 
Wavy 

data set, three deviation pararneters were calculated to help in judging the quantitative 

+ 

J L ~  (m/s) 
0.00063 

performance of the mode1 and comparing the different models with each other. These 

0.00302 
0.0 12 
0.03 

0-2 
0 - 3  
0-4 

parameters are: the absolute root mean square. ARMS, the root mean square, RMS, and 

the arithmetic mean difference, AMD. They are defined as follow: 

Wavy 
Annular 
Annular 

and 

15.8 
15.8 
15.8 

where, ypd.,4 = FBL predicted at a certain FeG. 

= FBLmeasured at the same FBG, and 

N = number of data points in the data set. 
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3.3.3 Chien and Rubel (1992) Correlation 

Predictions of the Chien and Rubel (1992) correlation were compared against their 

own data only as the correlation was limited by its authon to the pressure range of 28.6 

to 42.4 bar, and such high pressures were not used in other data sets. Figures 3.15 to 

3.34 show the prediction of Chien and Rubel (1992) correlation against their data It will 

be noticed that in these figures, the predictions of other models and correlations are 

shown as well and will be commented on in later sections. The agreement between the 

predictions and the data is very good which is expected as the correlation was developed 

to fit these data. It should be mentioned that, the experimentd data of Chien and Rubel 

(1992) cover narrow ranges of FsG and FBL, from 0.2 to 0.5 for most of the data sets and 

from 0.2 to 0.8 for only four data sets. 

Table 3.7 shows the deviation parameters for Chien and Rubel (1995) correlation 

predictions against their own data sets. In the table, the small values of ail the 

deviation parameters support the observation of good agreement between the prediction 

and the data which was seen in Figures 3. i5  to 3.34. 

1 Chien and Rubel (1992) correlation 1 

"continued" 

I 

AM0 
+ 0.003 

Data Set 
CR-1 

ARMS 
0.01 3 

RUS % 
3.6 
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Table 3.7 Deviation parameters for Chien and Rubel (1992) 
correlation against their own data sets. 

1 

CR-20 
Overall 

3.3.4 Hong and Griston (1995) Correlation 

Figures 3.15 to 3.34 show the prediction of the Hong and Griston (1995) 

0.031 
0.031 

correlation against the data of Chien and Rubel (1992). It can be seen that for constant 

JGI,  as the value of J L ~  decreases, or in other words as the inlet quality increases, the 

5.8 
8.59 

agreement between the prediction and the data gets better. Also, for low-inlet-quality 

+ 0.017 
+ 0.003 

data sets, the correlation does not work weH for smdl values of Fe=, from O up to a 

variable value that might reach 0.05 in some cases. Actually, in some cases the 

correIation gives unredistic negative values of FeL for small values of Fe=. 

Table 3.8 shows the deviation parameters for the Hong and Gnston (1995) 

correlation prediction against al1 data sets. It should be mentioned that, in the table, the 

overall value of the RMS was calculated without taking the RMS value of data set 0 - 1  

into consideration. This was done as the R M S  value for that data set is very large 

because of the distribution of the data points. 
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1 Hong and Griston (1995) Corretation 1 
1 Data Set 1 ARMS 1 RMS% 1 AMD 1 

"continued " 



CHAPTER 3 ASSESSMENT OF EXlSTING MODELS AND CORRELATZONS 

HG- 1 I 0.089 I 37.7 I - 0.058 I 

H G 4  
HG-5 
HG-6 

* see tex1 

04 , 
Overall 

Table 3.8 Deviation parameters for Hong and Griston (1995) 
correlation against dl data sets. 

0.032 1 7.13 
0.040 I 6.95 
0.070 13.6 

It can be seen from the table that for Chien and Rubel (1992) data with constant JGI, 

- 0.018 
- 0.017 
- 0.030 

0.107 
0.468 

the data set that has the lowest JLI, or the highest inlet quality, has the lowest deviation 

- 0.013 HG-7 

parameters. This is consistent with the observations from Figures 3.15 to 3.34 and it 

I 0.029 1 5.90 

30.0 
1 39.24 

HG-8 
HG-9 
HG-10 
HG- 1 I 

- 0.023 
- 0.088 

0.031 
0 .O37 
0.030 
0.028 

5.50 I - 0.013 

HG- 1 2 

6.22 
6.52 
6.41 
3.33 0.01 8 

- 0.022 
- 0.023 
- 0.012 
- 0.012 
- 0.018 
- 0.021 
- 0.017 
- 0.002 
- 0.015 
- 0.008 
- 0.005 
- 0.019 
- 0.225 
- 0.235 
- 0.226 
- 0.202 
- 0.100 
- 0.1 19 
- 0.235 
- 0.201 
- 0.178 
- 0.320 
- 0.187 
- 0.042 , 

HG- 13 
HG- 14 
HG- 15 
HG- 16 
HG- 17 
HG- 18 
HG- 19 
HG-20 

L 

H-l* 
H-2* 

0.025 I 4.46 
0.028 5.71 
0.033 I 6.04 
0.024 4.75 
0.01 8 
0.01 7 
0.030 

3.37 
3.97 
5.34 

68.4 
69.6 
63.9 
54.8 
77.7 

H-3 * I 0.249 
H-4' 0.284 
H-5* I 0.236 
H-6 * 
H-7 

O .O35 
0.274 

0.205 
0.287 

7.09 
58.4 

76.9 
62.6 

43796 
42.7 
42.5 

H-8 * I 0.284 
H-9* 
0-1 
0-2' 
0-3 I 

0.259 

0.242 
0.454 
0.225 
0.1 42 

57.6 
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occurred for ail the d u e s  of JGl except for JGi = 24.4 d s ,  where the data set that has 

the highest J L ~  has the lowest deviation parameters (CR-9). However, it c m  be seen from 

Figures 3.23 to 3.26 that the correlation works better in case of the lowest JLl (0.1 18 

m/s), while in case of the highest Ju ( 1.49 m/s ) it predicts unrealistic results for small 

values of FBG. 

Figures 3.35 to 3.52 show the correlation prediction against the data of Fujii et al. 

(1995). In Figures 3.35 and 3.41, it is not clear that the correlation works better for 

higher inlet quaiities but it is very clear that the correlation does not work for small 

vaiues of FeG ( from O to 0.05 ), which is consistent with the observation from Figures 

3.15 to 3.34 in the case of Chien and Rubel (1992) data. In Figures 3.42 to 3.52, it is 

very clear that the correlation does not work for the flow regimes encountered. These are 

pIug and slug flow regimes. The slug flow regime is very turbulent in nature and it 

would be expected to be very hard to predict its behaviour. The fact that the correlation 

does not work for the plug flow regime rnight be attributed to the reason that the 

correlation was developed to fit data that conesponded to wavy and annular flow 

regimes. Annular and wavy flow regimes have higher values for J G ~  than the plug flow 

regime. In Section 3.2.2, it was demonstrated that the Hong and Griston (1995) 

correlation is not capable of predicting the effect of Jci correctly in îerms of magnitude 

and trend. 

Figures 3.53 and 3.54 show the comlation prediction against the data of Fujii et al. 

(1 996). Tt can be seen that the correlation does not work for small values of FBG ( from O 

to 0.05 ) and for the plug flow regime which is consistent with the observations from 

Figures 3.42 to 3.49. In Table 3.8, the high values of the deviation parameters for data 
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set FI-1 support the fact that the correlation does not work for small values of Feci. 

From Table 3.8, it is ciear that for plug and slug flow regirnes, the values of the 

deviation parameters are very high compared to the annular ones, which is consistent 

with the fact that the correlation does not work for these flow regimes. In Table 3.8, data 

sets of Fujii et al. (1995) and (1996) marked with asterisks are data sets that encounter 

infinite values for eiiher the three deviation parameters or the RMS only. This occurred 

with some p h g  and slug data sets when the correlation does not work well and with two 

annuIar data sets that have a value of zero for FeL which when divided by gives infinity. 

In order to get a value for the deviation parameten in these cases, the data points that 

encounter the infinite values were ignored. 

Figures 3.55 to 3.74 show the correlation prediction against Hong and Griston 

(1995) data. In these figures, it is clear that there is a very good agreement between the 

prediction and the data. This is expected as the correlation was developed to fit these 

data. However, the fact that the correlation does not work for small values of FBG (from 

O to 0.05) is observed in Figures 3.66 to 3.74. The good agreement between the 

prediction and the data of Hong and Griston (1995) are proved by the very small values 

of the three deviation parameters that are shown in Table 3.8. 

Figures 3.75 to 3.83 show the correlation prediction against the data of Hwang 

(1986) for bubbly flow regime. It can be seen that, the correlation does not work for 

bubbly flow regime. This may be expected as the bubbly flow regime is very similar in 

nature to the plug flow regime for which the correlation does not work as seen in Figures 

3.42 to 3.49. The reason the correlation does not work for the plug flow regime might be 

the same reason it does not work for the bubbly flow regirne. The fact that the 
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correlation does not work for the data of Hwang (1986) is proved by the very high 

values of the deviation parameters shown in Table 3.8. In TabIe 3.8, the data sets of 

Hwang (1986) marked with asterisks are data sets with data points that encounter 

infinite values for the RMS and so these data points were ignored in order to get finite 

values for the RMS. 

Figures 3.84 to 3.87 show the correlation prediction against the data of Ottens et al. 

(1995). It can be seen that, as the value of JLI decreases, or in other words, as the inlet 

quality increases, the agreement between the prediction and the data gets worse. This is 

not consistent with the observation from Figures 3.15 to 3.34 in case of Chien and Rubel 

(1992) data This inconsistency might be atuibuted to the difference in the fiuid 

properties between the data of Chien and Rubel (1992) who tested wet s tem and Onens 

et al. ( 1995) who tested air and water. 

From Table 3.8, it can be seen that, the lowest values for the deviation parameters 

correspond to the highest JLl, lowest quality, which is consistent with the observation 

from Figures 3.84 to 3.87. It should be mentioned that, the huge value for the RMS for 

data set 0 - 1  in Table 3.8 is a result of the data points distribution as for this data set, 

there are many data points with zero or close to zero FBL values. When RMS is 

cakulated, the difference between FBL predicted and F B ~  measured is divided by FBL 

measured. So, with zero or close-to-zero FBL values, the value of the RMS would be 

very high. Also, data set 0-2 is marked with an asterisk as it has a datum point that has a 

value of zero for FsL, which would result in an infinite value for the RMS. So, this 

datum point was ignored in order to get a value for the RMS. 



CHAPTER 3 ASSESSMENT OF EXISTING MODELS AND CORRELATIONS 

From al1 the above-mentioned figures, two conclusions can be drawn regarding the 

Hong and Griston (1995) correlation: 

The correlation does not work for bubbly, plug, and slug inlet flow regimes. 

The correlation does not work for small values of FeG, usually from O to 0.05. 

3.3.5 Ottens et al. (1995) Mode1 

Figures 3.15 to 3.34 show the predictions of the Ottens et al. (1995) mode1 against 

the  data of Chien and Rubel (1992). It is clear that, the agreement between the mode1 

predictions and the data for the case of wet stem with high inlet pressure is not 

satisfactory. It is very likely that the effect of the inlet pressure on the data is through its 

effect on the fluid properties. Even though the Ottens et al. (1995) model t t e s  into 

consideration the fluid properties, the agreement between the model predictions and the 

data in Figures 3.15 to 3.34 is not good. 

Table 3.9 shows the deviation parameters of the Ottens et al. (1995) model 

predictions for al1 data sets. Sirnilar to what was done in Table 3.8, in Table 3.9, the 

overall value of the RMS was calculated without taking the RMS value of data set 0 - 1  

into consideration. Ln case of the Chien and Rubel (1992) data sets, values of the A R M S  

and AMD are quite small. This rnight be attributed to the fact that. there are only four 

data points against which the mode1 prediction is compared for most of the Chien and 

Rubel (1992) data sets. This small number of data points might be a reason for the small 

values of the ARMS and AMD. Values of the RMS are in general quite high and this is 

consistent with the fact that the model does not work for Chien and Rubel ( 1992) data 

sets. 
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1 Ottens et al. (1995) Model 1 

"continued" 

L 

Data Set 
CR-1 
CR-2 

AMD 
+ 0.087 
+ 0.102 

ARMS 
0.1 17 
0.125 

RMS % 
37.2 
41.5 
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HG- l 
HG-2 

HG- 1 1 
HG- 12 

O .O60 
0.069 

HG- 1 3 
HG-14 

I I 1 

- HG-15 
HG- 16 
HG- 17 
HG- 1 8 

see text 

89.0 
27. 3 

0.01 9 
0.01 8 
0.038 
0.052 

- -~ 

0-4 
Overall 

Table 3.9 Deviation parameten for Ottens et al. (1995) 
mode1 against al1 data sets. 

0.0 
+ 0.004 

1 

8.6 1 + 0.005 
11.5 + 0.006 

0.067 
0.021 
0.023 
0.039 

4.5 
4.0 

HG- 19 1 0.078 

0.065 
0.085 

+ 0.001 
+ 0.002 

15.2 1 + 0.004 
4.3 
4.8 
9.0 
17.8 

12.0 
27.7 

+ 0.002 
+ 0.002 
+ 0.012 
+ 0.003 

+ 0.036 I 

+ 0.012 
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Figures 3.35 to 3.52 show the predictions of the Ottens et al. (1995) rnodel against 

the data of Fujii et al. (1995). It can be seen that there is a good agreement between the 

predictions and the data for al1 the data sets. Also. the model is capable of predicting the 

data that corresponds to a slug inlet flow regime. In Table 3.9, data sets of Fujii et al. 

(1  995) have srnall values for ail the deviation parameters except for data sets FI-4, FI - 

13, and F-14 which have quite high values for the RMS. A reason for that might be that 

the data are somewhat scattered for these data sets, as shown in Figures 3.38, 3 -47, and 

3.48. 

Figures 3.53 and 3.54 show the predictions of the Ottens et al. (1995) model against 

the data of Fujii et ai. (1996). In these figures, gcxxi agreement is achieved between the 

data and the prediction. This is supported by the small values of the deviation 

parameters in Table 3.9 for the data sets of Fujii et al. (1996). 

Figures 3.55 to 3.74 show the predictions of the Ottens et al. (1995) model against 

the data of Hong and Griston (1995). In these figures, there is a good agreement between 

the prediction and the data. Also, it can be seen that the rnodel predictions generally take 

some average values of the data. That is why values of the AMD in Table 3.9 for Hong 

and Griston (1995) data sets are very small, zero in some cases. Values of the ARMS 

and RMS are very small as well except for data sets HG-1, HG-2, and HG-6 which have 

high values for the RMS. The fact that there are two groups of data points for these data 

sets, as shown in Figures 3.55, 3.56, and 3.60, might be a reason that these data sets have 

high values for the RMS. 

Figures 3.75 to 3.83 show the predictions of the Ottens et al. (1995) model against 

the data of Hwang (1986). The fact that the number of data points given in some of the 
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Hwang (1986) data sets is srnaIl and that the data points are scattered in other data sets 

does not allow for a reliable cornparison between the predictions and the data. However, 

it seems that the model is capable of predicting very low-inlet-quality data such as the 

data of Hwang (1986). This is supported by the smail values of the deviation parameters 

in Table 3.9 for data sets of Hwang (1986). 

Figures 3.84 to 3.87 show the predictions of the Ottens et al. (1995) model against 

the data of Ottens et al. (1995). In these figures, there is a good agreement between the 

predictions and the data in general. In Table 3.9, the huge value of the RMS for data set 

0- 1 is due to the distribution of the data points. Also, data set 0-2 is marked with an 

asterisk as it has a datum point that has a value of zero for FsL ( see Section 3.3.4 where 

data sets 0- I and 0-2 are discussed). 

From al1 the above-rnentioned figures, two conclusions can be drawn regarding the 

Ottens et ai. (1995) model: 

For low inlet pressures, at or near atmospheric, the model works for ail types of inlet 

flow regimes with good agreement between the predictions and the data. 

The model does not work for high inlet pressures, much higher than atmospheric. 

3.3.6 Hwang (1986) Mode1 

Figures 3.15 to 3.34 show the predictions of the Hwang (1986) model against the 

data of Chien and Rubel (1992). In general, the agreement between the predictions and 

the data could not be termed good. However, the agreement is reasonably satisfactory 

for some data sets, Figures 3.25 and 3.26 as an example. In Figures 3.15 to 3.34, it can 

be seen that, the predictions of the Hwang (1986) model is in a better agreement with the 

data than the predictions of the Ottens et al. (1995) model. It should be mentioned that 
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both models take into consideration the fiuid properties. Thus, both models are expected 

to predict the effect of the inlet pressure on the data comectly. However, both models, 

those of Hwang (1986) and Ottens et al. (1995). do not predict the high-inlet-pressure 

data with a satisfactory agreement. 

TabIe 3.10 shows the deviation parameters of the Hwang (1986) model for al1 data 

sets. Similar to what was done in Tables 3.8 and 3.9, in Table 3.10, the overall value of 

the RIVS was caiculated without taking the RMS value of data set 0 - 1  into 

consideration. 

"continued " 

Hwang (1986) model 
Data Set ARMS RMS % 1 AMD 
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HG- 1 
HG-2 

HG- 1 1 
HG- 12 
HG- 13 

"continued " 

0.049 
0.1 19 

HG- 14 
HG- 15 
HG- 1 6 
HG- 17 
HG- 1 8 
HG-19 
HG-30 

O .O42 
0.01 7 
0.023 

24.3 
39.6 

0.029 
0.043 
0.021 
0.01 4 
0.02 1 
0.054 
0.022 

0.0 
- 0.005 

10.1 
3.8 
5.3 

+ 0.001 
+ 0.002 
+ 0.005 

6.5 
9.8 
4.7 
3.0 
5.1 
12.4 
5.3 

+ 0.005 
+ 0.003 
+ 0.002 

I 

+ 0.002 
+ 0.013 
+ 0.004 
+ 0.010 
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* see text 

0-1 
0-2' 
0-3 
04 

Overall 

Table 3.10 Deviation parameters for Hwang (1986) model 
against al1 data sets. 

In Table 3.10, for Chien and Rubel (1992) data sets, the values of the deviation 

0.270 
O. 1 79 
0.085 
0.032 
0.085 

parameters are quite small except for some data sets for which the value of the RMS was 

around 30 %. 

Figures 3.35 to 3.49 show the predictions of the Hwang (1986) mode1 against the 

data of Fujii et al. (1995). In these figures. very good agreement is achieved between the 

predictions and the data. As discussed in Section 3.1.4, the model was not compared 

against slug-flow-regime data sets. In Table 3.10, values of the deviation parameters for 

Fujii et al. (1995) data sets are small which is consistent with the good agreement shown 

in the figures. Only two data sets, FI-4 and FI-14, have quite high values for the 

deviation parameters, especially for the RMS.  This rnight be attnbuted to the fact that 

2341 05.6 
39.4 
19.1 
9.6 

30.96 

the data points are somewhat scattered in these data sets. 

+ 0.144 
+ 0.108 
+ 0.062 
+ 0.018 
+ 0.017 



CHAPTER 3 ASSESSMENT OF EXfSTING MODELS AND CORRELATIONS 

Figures 3.53 and 3.54 show the predictions of the Hwang (1986) model against the 

data of Fujii et al. (1996). Very good agreement is achieved between the data and the 

predictions which is supported by the small values of the deviation parameters for Fujii 

et aI. (1 996) data sets in Table 3.10. 

Figures 3.55 to 3.74 show the predictions of the Hwang (1986) model against the 

data of Hong and Griston (1995). In these figures, the predictions of the Hwang (1986) 

model are in very good agreement with the data. Also, it can be seen that for most of the 

data sets of Hong and Griston (1995), the predictions of the Hwang (1986) model, the 

Ottens et al. (1995) model, and the Hong and Griston (1995) correlation collapse over 

most of the Fe= range. In Table 3.10, for Hong and Griston (1995) data sets, values of 

the deviation parameters are very smail, which support observations frorn Figures 3.55 

to 3.74. 

Figures 3.75 to 3.83 show the predictions of the Hwang (1986) model against the 

data of Hwang (1986). These figures show a very good agreement between the 

predictions and the data which is supported by the very small values of the deviation 

parameters for Hwang (1986) data sets in Table 3.10. 

Figures 3.84 to 3.87 show the predictions of the Hwang (1986) model against the 

data of Ottens et al. (1 995). It can be seen that good agreement is achieved between the 

predictions and the data. Also, it can be seen that the predictions of the Hwang (1986) 

model and the Ottens et al. (1995) model are very close in Figures 3.84 to 3.86 while in 

Figure 3.87 the prediction of Hwang (1986) model predict the data somewhat more 

e ffectivel y. 
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From al1 the above-mentioned figures, two conclusions can be drawn regarding 

Hwang (1986) model: 

For low inlet pressures, at or near atmospheric, the model works for al1 types of inlet 

flow regimes, excepting the slug flow regime, with very good agreement between 

the predictions and the data. 

The model may work for high inlet pressures, much higher than atmospheric, with 

quite satisfactory agreement between the predictions and the data. 

3.4 Recommended ModeWCorrelations 

Based on the assessrnent of the models and correlations given in Sections 3.2 and 

3.3, it is possible to recornmend a model or a correlation that can best predict the phase 

distribution in horizontal irnpacting tees for certain inlet conditions. The independent 

parameters that affect phase distribution include DI, Dz, D3, Jcl, JLi, and fluid properties. 

The recommendations are given in terms of only two pararneters. They are the fluid 

properties and the inlet flow regime. It should be mentioned that the inlet flow regime is 

dependent on values of JGi and JLI. Values of Dl, Dz, D3, JGI and JLI were not 

considered in giving the recommendations because of iack of the available data that 

cover wide ranges of these parameters. Ai1 the available data sets were classified 

according to the two pararneters mentioned before into different categories. So, 

according to the fluid propenies, the data base was dassified into two categories, steam- 

water and air-water data. It should be mentioned that the data of Fujii et al. (1995) that 

were taken for nitrogen and water were included in the air-water-data category. This was 

done because air and nitrogen have very close propenies. Under these two categories, 

the data were classified according to the inlet flow regime into subcategories. For 
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steam-water data, there is only one available inlet flow regime. which is the annular flow 

regime while for air-water data, there are five inlet flow regirnes available. These are the 

annular, bubbly, plug, slug, and wavy flow regimes. For each sub-category, the 

deviation parameters of al1 the models and correlations were caiculated. The mode1 or 

the correlation that has the lowest values of the deviation parameters is recommended 

for the corresponding sub-category. 

Tables 3.1 1 and 3.12 show the deviation parameters of al1 the models and 

correlations for the sub-categories mentioned above. It should be mentioned that the 

Chien and Rubel (1992) correlation was not compared against the air-water data because 

of the low inlet pressures encountered, which are below the limits given by the authors 

of the correlation. It should also be mentioned that the stratified flow regime does not 

appear in Table 3.1 1 as there is no available data for that flow regime according to either 

Hong and Griston 

Regime 

Bubbly 0.255 65.5 -0.181 

Plug 0.939 282.8 -0.323 

ARMS 

Table 3.1 1 Deviation parameters of al1 the mojels and correlations for air-water 
data tabulated according to the flow regime. 
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1 Hong and Griston Hwang (1986) Ottens et al. 1 Chien and Rubel 1 (1995) correlation 1 mode1 / (1995) mode1 (1992) correlation 

Table 3.12 Deviation parameters of al1 the models and correlations for steam-water data. 

visuai observation or the Mancihane et al. (1974) flow-regime map. 

From Table 3.1 1, it is clear that the Ottens et al. (1995) model has the lowest 

deviation parameten for cases of annular, plug, and slug flow regimes, while the Hwang 

(1 986) rnodel has the lowest deviation parameters in case of bubbly flow regime. In the 

case of the wavy flow regime, it is not clear which model or correlation should be 

recommended as the Hong and Griston (1995) correlation has the lowest RMS, the 

Hwang (1986) model has the lowest AMD, and the Ottens et al. (1995) model has the 

lowest ARMS. However, it should be taken into consideration that the Hong and Griston 

(1995) correlation does not satisfy mass balance and does not work for small values of 

FBG, as shown in Sections 3.1.2, 3.2.2, and 3.3.4. Also, for the wavy flow regime values 

of the ARMS and AMD of Hwang (1986) and Ottens et al. (1995) models are very 

close. while the RMS value of the Hwang (1986) model is considerably lower than that 

of the Ottens et al. (1995) model. Therefore, the Hwang (1986) model may be 

recommended for the wavy flow regime. It should be mentioned that in case of the wavy 

flow regime, values of RMS were calculated without taking the IZMS values of data set 

0 - 1  into consideration. This was done as the RMS values for chat data set are huge due 

to the distribution of the data points and not due to inefficient performance of the models 

AR%fS 

0.077 

RMSYe 

22.3 

AMD 

0.038 

AMD 

0.038 

ARMS 

0.08 

RMS% 

23.9 

AiMD 

0.061 

ARMS 

0.12 

ARMS 

0.03 1 

RMS% 

36.8 

RMS% 

8.6 

AMD 

0.003 
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and correlations. In Table 3.12, it is very clear that the Chien and Rubel (1992) 

correlation has the Iowest deviation parameters which is expected as the correlation was 

developed to fit the data shown in Table 3.12. Also, in Table 3.12, values of the 

deviation parameters for the Hong and Griston (1995) correlation and the Hwang (1986) 

model are very close and considerably lower than those of the Ottens et al. (1995) 

model. 

Based on Tables 3.1 1 and 3.12, Table 3.13 shows the models and correlations 

recommended for different inlet conditions. 

1 Inle t conditions 1 Model(s) / Correlation(s) 1 
-- 

High Pressure 
Stearn and Water 

(28.642.4 bar) 

- -  

Chien and Rubel ( 1992) correlation 

1 1 Annulsr 1 Ottens et al. (1995) mode1 1 
1 Bubbly 1 

- 

Hwang (1986) mode1 1 

I Plug l Ottens et al. (1995) model I 

Air and 
Water 

Hwang (1986) model 

Table 3.13 Recommended models and correlations for the prediction 
of phase distribution in horizontal impacting tees. 

Slug Ottens et al. (1995) mode1 
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Figure 3.1 Zone of influence and the dividing streamline for the Hwang (1986) Model. 



Streamline S treaml ine 

\ Element of Equal Volumes of 
Gas and Liquid 

Figure 3.2 Balance of forces at a streamline crossing for the Hwang (1986) Modçl. 
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Figure 3.3 Effect of JLl on the phase distribution as predicted 
by the Chien and Rubel (1992) correlation for 
JG1=10 d s  and Pl= 1.0 bar. 
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Figure 3.4 EEect of Jm on the phase distribution as predicted 
by the Chien and Rubel (1992) correlation for 
JL1 =0.05 d s  and Pl= 1.0 bar. 
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Figure 3.5 Effect of Pl on the phase distribution as predicted 
by the Chien and Rubel (1992) correlation for 
JL1= 0.05 d s  and JG1=10 d s .  
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Figure 3.6 Effect of JL, on the phase distribution as predicted 
by the Hong and Griston (1995) correlation for 
JG1 =IO d s  m d  Pl= 1.0 bar. 
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Figure 3.7 Effect of JGl on the phase distribution as predicted 
by the Hong and Griston (1995) correlation for 
JL1= 0.05 m/s and Pl= 1.0 bar. 
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bar 

bar 
bar 
bar 

Figure 3.8 Effect of Pl on the phase distribution as predicted 
by the Hong and Griston (1995) correlation for 
JL1=0.05 m/s and Jm=10 m/s. 
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Figure 3.9 Effect of JLl on the phase distribution as predicted 
by the Ottens et al. (1995) mode1 for JG1 = 10 m/s 
and Pl= 1.0 bar. 
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Figure 3.10 EfEect of JGl on the phase distribution as predicted 
by the Ottens et al. (1995) mode1 for JL1= 0.05 m/s 
and Pl= 1.0 bar. 
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Figure 3.11 Effect of Pl on the phase distribution as predicted 
by the Ottens et al. (1995) model for JLl = 0.05 m/s 
and Jol = 10 m/s. 
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Figure 3.12 Effect of JL1 on the phase distribution as predicted 
by the Hwang (1986) mode1 for JGl = 10 mis and 
P1=l.O bar, (W:Wavy). 
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Figure 3.13 Effect of JG1 OP the phase distribution as predicted 
by the Hwang (1986) mode1 for JL1 = 0.05 d s  and 
Pl =1.0 bar, (StStratified, W:Wavy, An:hular).  
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Figure 3.14 Effect of Pl on the phase distribution as predicted 
by the Hwang (1986) mode1 for JL1= 0.05 m/s and 
Jcl=10 m/s, (W:Wavy). 
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Data Set CR-1 
m 

Jci = 12.2 m/s 
JL1 = 0.788 m/s m 

XI = 0.21 
9 Annular flow 

Figure 3.15 Predictions of models and correlations against 
data set CR-1. 
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I 

Data Set CR-2 / 
/ 

JG1 = 12.2 m/s 1 
/ 

/ JL1 = 0.328 m/s 
/ / 

x, = 0.39 / 
/ 

/ 

h u l a r  flow / 
/ 

/ 
/ 

/ 
/ 

-0- 

# */-  __- - - -  
/ - - - - 

- - . - - - - - 
- - - - - -  

, ' X  

Chien and Rubel - - - - 
Hwang ------ 
Hong and Griston - - - - - - - -  

Figure 3.16 Predictions of models and correlations against 
data set CR-2. 
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Chien and Rubel - - - - 
Hwang ------ 
Hong and Griston - - - - - - - -  
Ottens et al. ---- 

Figure 3.17 Predictions of models and correlations against 
data set CR-3. 
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Data Set CR-4 
JGi = 12.2 m/s 
JL1 = 0.082 mis 

Chien and Rubel - - - - 
Hwang ______  
Hong and Griston - - - - - - - - 
Ottens et  al. ___-- 

Figure 3.18 Piedictions of models and correlations against 
data set CR-4. 
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Data Set CR-5 
JG1 = 18.3 m/s 
JL1 = 1.18 m/s 
x, = 0.21 
Annular flow 

Chien and Rubel - - - - 
Hwang ------ 
Hong and Griston - - - - - - - - 
Ottens et al. ---- 

Figure 3.19 Predictions of models and correlations against 
data set CR-5. 
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Chien and Rubel - - - - 
Hwang ------ 

/ 
Y Hong and Griston - - - - - - - - 

/ 
1 Ottens et al. ---- 

/ 
I I 1 m I 1 m I I 

Figure 3.20 Predictions of models and correlations againçt 
data set CR-6. 
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Figure 3.21 Predictions of models and correlations against 
data set CR-7. 
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Data Set CR-8 
JG1 = 18.3 &S 

JL1 = 0.089 mis 

Figure 3.22 Predictions of models and correlations against 
data set CR-8. 
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Data Set CR-9 
JGi = 24.4 m/s 
JL1 = 1.49 m/s 
XI = 0.22 
Annular flow 

Chien and Rubel - - - - 
Hwang ------ 
HongandGriston --------  
Ottens et al. ---- 

Figure 3.23 Predictions of models and correlations against 
data set CR-9. 
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Hong and Griston -------- 
Ottens et  al. ---- 

Figure 3.24 Predictions of models and correlations gainst 
data set CR-10. 
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Data Set CR-11 - 
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Figure 3.25 Predictions of models and correlations against 
data set CR-11. 
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Figure 3.26 Predictions of models and correlations against 
data set CR-12. 
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Figure 3.27 Predictions of models and correlations against 
data set CR-13. 
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Figure 3.28 Predictions of models and correlations against 
data set CR-14. 



CHAPTER 3 ASSESSMENT OF EXISTIhrG MODELS AND CORRELATIONS 

I 
I 0 

/ 
/ 

Chien and Rubel - - - - - 0 

1 Hwang ------ 
/ 

/ 
1 Hong and Griston - - - - - - - - - 

/ Ottens et al. ---- 
/ 

I 

! 1 I t 1 I 1 I 1 I 

Figure 3.29 Predictions of models and correlations against 
data set CR-15. 
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Figure 3.30 Predictions of models and correlations against 
data set CR-16. 
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Figure 3.3 1 Predictions of models and correlations against 
data set CR-17. 
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Figure 3.32 Predictions of models and correlations against 
data set CR-18. 



CHAPTER 3 ASSESSMENT OF EXISTING MODELS AND CORRELATZONS 

t 1 8 1 1 1 t t 1 

/ 

Data Set CR-19 / 
/ 

J G ~  = 15.2 m/s / 

/ 

JL1 = 0.267 m/s / 
/ ' 

x, = 0.6 '5. 
Anndar flow ' 

x ,/ 
I 

0 -0- ' /'- 
X M' ,Mo- ,_,---- _ - 9 -  

/ 
/ , -< : - -O- - -  

/ 4- --  
/ ---------- y&;------ --+;--- - - - - -  * , O : - ,  0 ----- *- Io/  

O -:/ - 
/ ,x' 

/ - O s  - f l  - * 
f' 8 8  

/ - 'x 
8  , 

d A Experiment X 
Chien and Rubel - - - - 
Hwang ------ 
Hong and Griston - - - - - - - -  
Ottens et al. ---- 

Figure 3.33 Predictions of models and correlations against 
data set CR-19. 
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Figure 3.34 Predictions of models and correlations against 
data set CR-20. 
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Figure 3.3 5 Predictions of models and correlations against 
data set FI-1. 
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Figure 3.36 Predictions of models and correlations against 
data set FI-2. 
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Figure 3.37 Predictions of models and comelations against 
data set FI-3. 
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Figure 3.38 Predictions of models and correlations against 
data FI-4. 
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Figure 3.39 Predictions of models and correlations against 
data set FI-5. 
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Figure 3.40 Predictions of models and correlations against 
data set FI-6. 
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Figure 3.41 Predictions of models and correlations against 
data set FI-7. 
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Figure 3.42 Predictions of models and correlations against 
data set FI-8. 
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Figure 3.43 Predictions of models and correlations against 
data set FI-9. 
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Figure 3.44 Predictions of models and correlations against 
data set FI-10. 
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Figure 3.45 Predictions of models and correlations against 
data set FI-11. 
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Figure 3.46 Predictions of models and correlations against 
data set FI-12. 
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Figure 3.47 Predictions of models and correlations against 
data set FI-13. 
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Figure 3.48 Predictions of models and correlations against 
data set FI-14. 
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Figure 3.49 Predictions of models and correlations against 
data set FI-15. 
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Figure 3.50 Predictions of models and correlations against 
data set FI-16. 
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Figure 3.51 Predictions of models and correlations against 
data set FI-17. 
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Figure 3.52 Predictions of models and correlations against 
data set Fl-18. 
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Figure 3.53 Predictions of models and correlations against 
data set F2-1. 
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Figure 3.54 Predictions of models and correlations against 
data set F2-2. 
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Figure 3 -55 Predictions of  models and correlations against 
data set HG-1. 
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Figure 3.56 Predictions of models and correlations against 
data set HG-2. 
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Figure 3.57 Predictions of models and correlations against 
data set HG-3. 
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Figure 3.58 Predictions of models and correlations against 
data set HG-4. 
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Figure 3.59 Predictions of models and correlations against 
data set HG-5. 
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Figure 3.60 Predictions of models and correlations against 
data set HG-6. 
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Figure 3.61 Predictions of models and correlations against 
data set HG-7. 
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Figure 3.62 Predictions of models and correlations against 
data set HG-8. 
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Figure 3.63 Predictions of models and correlations against 
data set HG-9. 
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Figure 3.64 Predictions of models and comelations against 
data set HG-10. 
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Figure 3.65 Predictions of models and correlations agains t 
data set HG-11. 
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Figure 3.66 Predictions of models and correlations against 
data set HG-12. 
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Figure 3.67 Predictions of models and correlations gainst 
data set HG-13. 
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Figure 3.68 Predictions of models and correlations against 
data set HG-14. 
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Figure 3.69 Predictions of models and correlations against 
data set HG-15. 
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Figure 3.70 Predictions of models and correlations against 
data set HG-16. 
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Figure 3.7 1 Predictions of models and correlations against 
data set HG-17. 
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Figure 3.72 Predictions of models and correlations against 
data set HG-18. 
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Figure 3.73 Predictions of models and correlations against 
data set HG-19. 
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Figure 3.74 Predictions of models and correlations against 
data set HG-20. 
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Figure 3.75 Predictions of models and correlations against 
data set H-1. 
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Figure 3.76 Predictions of models and correlations against 
data set H-2. 
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Figure 3.77 Predictions of models and correlations against 
data H-3. 
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Figure 3.78 Ptedictions of models and correlations against 
data set H-4. 
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Figure 3.79 Predictions of models and correlations against 
data set H-5. 
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Figure 3 .$O Predictions of models and correlations against 
data set H-6. 
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Figure 3.81 Predictions of models and correlations against 
data set H-7. 
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Figure 3.82 Predictions of models and correlations agauist 
data set H-8. 
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Figure 3.83 Predictions of models and correlations against 
data set H-9. 
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Figure 3.84 Predictions of models and correlations against 
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Figure 3.85 Predictions of models and correlations against 
data set 0-2.  
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Figure 3.86 Predictions of models and correlations against 
data set 0-3. 
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Chapter 4 

EXPERIMENTAL TEST FACILITY 

One of the objectives of the present study is to design and oversee the 

construction of component parts of an air-water loop to generate phase-distribution 

and pressure-drop data for air-water two-phase flow through horizontal impacting 

tee junctions. The test facility constructed to achieve this objective incorporated a 

horizontal impacting tee junction with the three sides having equal diameters ( 37.6- 

mm I.D. ), and was designed for the following operating conditions : pressure of 

about 150 kPa (abs) at the junction, Pl, near ambient temperature, Tl, inlet 

superficial gas velocities. JGI. ranging between 2.7 and 40 mlsec, inlet superficial 

liquid velocities, ILI, ranging between 0.002 and 0.2 dsec ,  and extraction ratios, 

W P I ,  between O and 1. These conditions were selected for the following reasons: 

1 - To cover ranges of JG1 and JLI that were not covered before. Figure 3.1 shows the 

Mandhane et al. (1974) flow-regime map with the areas covered in previous 

work on phase distribution and the proposed area of study. Figure 3.2 shows the 

sarne map with the areas covered in previous work on pressure drop and the 

proposed area of study. It is very clear from these figures that the proposed area 

of study will allow four inlet flow regimes to be tested. These are: stratified, slug, 

wavy, and annular. 

2- To test relatively high-inletquality flows. as most of the work done earlier on 

phase distribution was for very low-inlet-quality flows. 
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4.2 Air-Water Loop 

The flow loop which was designed for this study is shown in Figure 3-3. The 

following paragraph describes briefiy the flow through the different components of 

the loop. A more detailed description of the design and construction of the main 

components of the loop is given later. 

Distilled water used in the system is to be stored in the water reservoir. Water, 

fed from the reservoir by a centrifuga1 pump, will be metered by one of two turbine 

meters in parallel (WL1) before flowing into the two-phase mixing tee ( mixer ), 

where it witl be mixed with the gas phase ( air ). Heat absorbed by the water due to 

flow through the pump and from frictional losses will be removed by a cooling coi1 

installed inside the reservoir. Air flow from the building supply will pass through an 

air filter and a pressure controller for cleaning and pressure control, respectively. 

The air flow will be metered using one of two turbine meters in parallel WG1) before 

flowing into the mixer. A developing length of 67.5 tube diameters is dlowed before 

the two-phase mixture enters the visual section, and a further 66 tube diameters is 

provided before entering the tee junction which is made from acrylic for 

visualization. Forty-one pressure taps are installed dong the test-section inlet and the 

two outlets in order to determine the pressure distribution around the junction. Each 

of the two outlet two-phase mixtures wili be directed to its respective separation 

tank. The flow rate of liquid from each separation tank will be metered using a 

combination of five rotameters, arranged in parallel, to give individual 

measurements of each outlet liquid flow rate, WU and Wu . The two outlet liquid 

lines are then rejoined before retuming to the water reservoir. The gas phase exiting 
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each of the two separation tanks will flow through its respective throttling valve, 

used to control both the extraction ratio W3/Wi and the test-section pressure, before 

being metered by either a turbine meter ( for high flow rates ), or a combination of 

four rotameters arranged in paraltel ( for low flow rates ). This will give individual 

rneasurements of the two outlet air flow rates, WG2 and WG3 . Both air fiows wiii 

then be discharged into the atmosphere. 

4.2.1 Wa ter-Flow-Rate Measuremen t 

The inlet water flow rate Wrl will be metered using two turbine meters arranged 

in parailel. Both turbine meters were manufactured by Flow Technofogy hc. The 

mode1 numbers and flow ranges are as follows : 

Fr6-8C 1 YW-LED- 1 
FTO-4C 1 YW-LHC- 1 

Capacities 

3.07 - 16.1 Vmin. ( 0.8 1 1- 4.26 USGPM ) 
0.382 - 4.5 Ymin. ( 0.10 1 - 1.19 USGPM ) 

Depending on the inlet fiow conditions, the turbine with the appropriate range 

wiil be selected. Output from each turbine meter will be fed into its respective signd 

converter ( Flow Technology Inc. , RC5 1-1C-0000-6 ) which converts the turbine 

meter output into a O to 10 volt DC signal. These DC signais will be fed into two 

separate channels in the digital acquisition system. 

Both turbine meters will be calibrated using a collection tank, scale, and timer. 

By collecting the water that will pass through a turbine rneter over a measured period 

of time and weighing the collected water, the mass flow rate will be obtained and 

compared against the meter reading. 
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The water flow rates from the two separation tanks will be metered using rotameters. 

Each flow-rneasurernent station consists of a bank of five rotameters arranged in 

parallel to give a wide measurernent range. as shown below. 

For outlet 2-bank of rotameters: 

Mode1 Capacities 

Cole-Pamer, tube number NO82-03ST 2.8547.0 mllmin. 
Cole-Parmer, tube number FM 102-OSST 12-260 rnvmin. 
Cole-Parmer, tube number N043-40C 99- 1903 mlirnin 
Cole-Parmer, tube numkr  NO4440C 85- 1880 d m i n  
Fisher Porter, 10A3555A 1250- 13700 milmin. 

Thus, this flow measurement station is capable of flow-rate measurement over the 

range of 2.85 to 13,700 rnl/min. 

For outlet-3 bank of rotameters: 

Mode1 Capacities 

Cole-Parrner, tube number FMOS2-O3ST 2.2-46.6 rnllmin. 
Cole-Parmer, tube number FM 102-OSST 16-260 mVmin. 
Cole-Parmer, tube number FMû4440C 70-1905 d m i n  
Cole-Parmer, tube number FM04440C 100-1880 Wmin 
Fisher Porter, 10A3555A 1250- 13700 ml/min. 

Thus, this flow measurement station is capable of flow-rate measurement over the 

range of 2.2 to 13,700 &min. 

Depending on the inlet water mass flow rate. WLtr and the extraction ratio. 

W3/Wl, the fiows through the two outlets will be directed to the appropriate 

rotameter or group of rotameten. Al1 rotameten will be calibrated using a collection 

tank, scale, and timer with the sarne method as the inlet water turbine meters. 
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4.2.2 Air-Flow-Rate Measurement 

The inlet air flow rate, WC,, will be metered using two turbine meters 

manufactured by Flow Technology Inc. These turbine meters are arranged in parallel 

with the following flow rate ranges: 

Model Capacities 

FT- 12C 1 YA-PEA- 1 
FT-24C 1 YA-GEA- 1 

0.0528 - 0.638 m3/min ( 1  -87-22.5 ACFM) 
0.196 - 4.5 m3/rnin (6.93- 159 ACFM) 

Depending on the inlet flow conditions, the turbine with the appropriate range 

will be selected. Output from each turbine meter is fed into a signal converter ( Flow 

Technology Inc., RC5 1 - 1C-0000-6 ) which converts the turbine meter output into a O 

to 10 volt DC signal. The DC signals are then fed into individual channels in the 

digital acquisition system. 

These two turbine meters will be calibrated using a combination of three venturi 

tubes of varying sizes and a large wet test meter. The venturi tubes were 

manufactured by Fox Valve Development Corp. and have throat diameten of 0.375, 

0.625, and 1.00 inches. The wet test meter was manufactured by Elster-Handel 

GmbH and has a maximum flow rate of 15 m3/hr. 

The air fiow rates through outlets 2 and 3, WGZ and WG3, will each be measured 

by either two turbine meters ( for high flow rates), or a bank of rotameters ( for low 

flow rates ). The two turbine meten are arranged in parallel, as are the banks of 

rotameters. The four air turbine meters were manufactured by Flow Technology inc. 

The capacities of the turbine meten and the rotameters are given below. 
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For outlet-2 turbine meters: 

FT- 12C 1 YA-PEA- 1 
FT-24C 1 YA-GEA- I 

For outlet-2 bank of rotameters: 

Model 

Cole-Parmer, tube number FMO82-03ST 
Cole-Parmer, tube number FM 1 O2-MST 
Cole-Parmer, tube nurnber FM044-40C 
Cole-Parmer, tube number FM044-40C 
Fisher Porter, 10A3555A 

0.05374.637 m'/min (1.9-22.5 ACFM) 
0.2 144.57 m3/min (7.57- 162 ACFM) 

For outlet-3 turbine meters: 

Model 

m- 12ClYA-PEA-1 
FT-24C 1 YA-GEA- I 

Capaci ties 

Capacities 

Capacities 

0.0534-0.637 m3/min ( 1.88-22.5 ACFM) 
0.195-4.09 m3/min (6.89- 144 ACFM) 

For outlet-3 bank of rotameters: 

Mode1 Capaci ties 

Cole-Parmer, tube number FMO82-03ST 50- 1700 ml/min. 
Cole-Parmer, tube nurnber FM 102-OSST 620-8960 mllmin. 
Cole-Parmer, tube nurnber FM044-4ûC 2.8-61 mVmin 
Cole-Parmer, tube nurnber FM044-40C 2.8-62 d m i n  
Brooks, 1307DlOF3AlA 107-603 mVmin 

The air flows through the two outlets will be directed through the appropnate 

turbine meter, rotameter, or bank of rotameters, depending on the inlet air mas flow 

rate, WGl, and the extraction ratio, W W 1 .  If a turbine meter is selected, its output is 

fed into its signal converter ( Flow Technology Inc., RC5 1-1C-0000-6 ), which 

converts the turbine meter output into a O to 10 volt DC signal. The M3 signals are 

then fed into individual channels in the digital acquisition system. 
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The outlet air turbine meters will be calibrated using the same rnethod as that for 

the inlet air turbine meters. The rotameten will be calibrated using a combination of 

three ventun tubes, the large wet test-meter, and a small wet test-meter, which has a 

maximum flow rate of 0.6 m3/hr. 

4.2.3 Mixer 

A schematic diagram of the two-phase mixer is shown in Figure 3.4. The entire 

mixer was constructed from copper tubing and fittings, which were soldered 

together. Air will be brought in through a 51-mm I.D. tube. Water entering the mixer 

through a 12.7-mm LD. copper tube will be injected into the air flow through a large 

number of 1.6-mm diameter holes. The resulting two-phase mixture will then be 

discharged from the mixer and allowed to become fulIy developed over a length of 

67.5 diameters before entering the visud section. 

4.2.4 Test Section 

A schematic diagram of the test section is shown in Figure 3.5. The piping used 

for the construction of the test section is commercial type K copper tubing with 37.6- 

mm I.D. The entire test section, including the mixer, will be supported by a rigid 

steel frarne. A survey level was used to ensure horizontality of the test section. The 

following is a brief description of the major components in the test section: 

Visual Section 

Two visual sections are incorporated into the test section, one in the inlet and the 

other one in outlet 3. Because of the symrnetry of the two outlets and that the 

extraction ratio, W3/WI, will be tested over the range from O to 1 for both outlets, 

one visual section in outlet 3 was considered to be sufficient to visualize al1 the flow 
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regimes encountered in both outlets. The two visual sections are identical. Each one, 

as shown in Figure 3.6, consists of a 254-mm long glas  tube supported at both ends 

by special stuffing boxes. The design of the glass tube and stuffing boxes is such that 

the inside diameter of the glass tube and stuffing boxes are identicai to the inside 

diameter of the copper tubing entering and exiting each visual section. This 

eliminates any disturbance CO the flow. After assembly, a clear length of about 150 

mm will be availabie in each visud section for the flow regime observation. Since 

the inside diameter of the commercial glass tubing did not match that of the copper 

tubing, costume-manufactured glas  was used. This also allowed for the selection of 

a thick-wail (3.45 mm) glas  tubing. in assembling each visual section, extreme care 

is taken to ensure alignment and coaxiality between the copper tubing, stuffing 

boxes, and the glass tube. The entire assembly is enclosed by a plastic protective 

shield to guard against injury in case of fracture of the glass tube. 

Tee Junction 

In order to ensure consistency with other research laboratones, a square-edged 

tee is used. The tee junction was machined in a 101.6 x 304.8 x 609.6 mm acryiic 

block. Two perpendicular holes of 37.6-mm I.D. were drilled out to constmct the 

junction, as shown in Figure 4.7. The three sides of the tee junction were connected 

to the copper tubing by three copper pieces 10 1.6 x 10 1.6 mm ( Figure 4.8 ). These 

copper pieces wiII be bolted to the acrylic biock and soidered to the copper tubing. 

At the acrylic-copper interfaces, O-rings are used for sealing. Extreme care was 

taken in order to ensure that the inside diameters of the tee junction holes are exactly 

the same as those of the copper pieces and the copper tubing. Care will be also taken 
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in order to ensure that the junction holes, copper pieces holes, and the copper ~ b i n g  

are coaxial. 

Pressure Taps 

Forty-one pressure taps are installed dong the whole test section, as shown in 

Figure 3.9. Twelve of them are drilled in the acrylic block while the others are 

drilled in copper tubing. For those drilled in copper tubing, a 1.6-mm hole is ddled 

through the tube wall. After drilling, any intemal burrs are removed from the inside 

of the tube. Hose nipple fittings are soldered ont0 the outside of the copper tube to 

facilitate connection of the tubes to differential pressure transducers that will be used 

to measure the pressure distribution in the test section. Clear plastic tubing ( Tygon ) 

will be used to connect the pressure taps to the pressure transducers. The pressure 

taps are located dong the bonom side of the test section in order to avoid air 

entrapment in the plastic tubing pressure lines, which are to be filled with distilled 

water. For those taps drilled in the acryIic block, a special arrangement is used in 

order to connect the pressure tap hole to the pressure transducer. The details of this 

arrangement are shown in Figure 3.10. 

4-2.5 Separation Tanks 

The two-phase mixture discharging from both outlets will flow into separation 

tanks Iocated downstrearn of the test section. The two tanks, shown in Figure 4.11, 

are identical in design. They are made of type 304 stainless steel Sch. 40 pipe. A11 

the fittings connecting the stainless steel tanks to copper tubing will be "Dielectric 

Unions". A 7 W m m  long sight glass, used to visually observe the liquid level in the 
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tank, is installed vefiically with a scale. On the tank top blind flange, a pressure 

gauge and a safety valve that opens at 3.45 atm (50 psi) will be installed. 

The two-phase mixture entering from the top of each separation tank will be 

separated using centrifugai action. This will be achieved by forcing the flow in a 

downward spiralling direction. Water exiting from the nozzles will flow along the 

tank wall where it drains downward. Air will flow out through the top of each 

separation tank. Baffle(1) is located above the gas-liquid interface and isolates the 

interface from the flow above it so that it, the interface, remains comparatively 

undisturbed. Baffie(1) is a circular disk made of stainless steel and perforated with 

many small holes (4.8-mm dia.) and has a diameter smaller than that of the inside of 

the separation tank. This leaves a gap of 3.2 mm for the water to flow downward 

through. Baffle(2) is a circula. disk made of stainless steel and located 6.35 mm 

beneath the air intake elbow to protect the air intake from tiny water droplets 

expected to be formed due to the impact of the incoming two-phase flow on 

baffle(1). Baffle(2) diarneter is 239 mm which makes its area aimost half of the tank 

cross-sectional area. Baffle(3) is an annulus made of stainless steel and located 63.5 

mm beneath baffie(2). The inside diameter of baffle(3) is 213 mm and therefore, 

there is an overlap between baffles (2) and (3) of 13 mm on the radius. The outside 

diarneter of baffie(3) is 305 mm, which leaves a gap of 15 mm between baffle(3) and 

the inside wall of the separation tank for the water to flow downward. The function 

of baffle(3) is the same as baffle(S), i.e. to protect the air intake from water droplets. 

The tanks incorporate two abrupt changes in the cross-sectional area. If the 

liquid fiow rate into a particular tank is low. the gas-liquid interface in the tank will 
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be maintained in one of  the smailer diameter sections. This procedure decreases the 

error in measuring the outlet liquid flow rate resulting from smalI changes in the 

height of the interface. 

Provision is made for water to drain back to each separation tank ( entry near the 

bottom) should secondary further downstream separation be necessary. 



CHPATER 4 EXPERIMENTA L TEST FACILITY 

10 Bubbly 

F Stratified 

Hong and Gnston 
(1995) 

y,, I 

Annular 

Proposed Area 
of Study 
/ 

Ottens et al. 
(1 995) 

Figure 4.1 Range of inlet conditions for phase-distribution experiments conducted 
with horizontal impacting tee junctions plotted on the Mandhane et al. 
( 1974) flow-regime map. 
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Figure 4.2 Range of inlet conditions for pressure-distribution expenrnents conducted 
with horizontal impacting tee junctions plotted on the Mandhane et al. 
(1974) flow-regime map. 
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r Teflon ring (2 off) 37.6-mm I.D. x 44.5-mm O.D. r Glass tube 

r 6.4-mm Dia. Tie rod (4 off) r Gland (2 off) 

Steel flange (2 off) 37.6-mni I.D. x 4 1 $3-mm O.D. 1 
Copper iubing 

Figure 4.6 Details of the visual section. 
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Figure 4.7 Tee junction. 

4 tie rods ( 9.5 mm Dia) 

Dia. 

Al1 dimensions in millimetres 

Figure 4.8 Copper piece. 
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Figure 4.9 Pressure ta ?s locations. 
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Figure 4.1 1 Details of a separation tank. 
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CONCLUSIONS AND RECOlMlMENDATIONS 

In the present study, the data base for two-phase flow in horizontal impacting tee 

junctions was carefully examined. The effects of different parameters on the phase 

distribution were investigated. Also, the analytical models and empirical correlations 

previously developed for predicting the phase distribution were exarnined. Qualitative 

and quantitative assessments of these models and correlations are given. The following 

is a list of conclusions that can be drawn from the work done: 

There is lack of pressure-drop data, high-inlet-quality phase-distribution data, and 

high-inlet-pressure phase-distribution data. 

The effect of JLI on the phase distribution is such that as JL1 increases, the data line, 

or curve rotates in a clockwise direction around the "point of 0.5" on an FsG vs. FBL 

graph . 

The effect of JG1 on the phase distribution is such that as JG1 increases, the data line, 

or curve rotates in an anti-clockwise direction around the "point of 0.5"on an FBG VS. 

FBL graph- 

The effects of inlet pressure. inlet quality, and inlet momentum-flux ratio on the 

phase distribution are sirnilar to the effect of Jol, while the inlet flow regime (at the 

same xl and PI)  has an insignificant effect on the phase distribution. 

There is no mode1 or correlation that can produce satisfactory predictions for al1 

inlet conditions. 
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The Hong and Griston (1995) correlation does not satisfy mass balance. 

Funhermore, the correlation does not work for srnall values of FsG- Also, it results in 

high errors for the slug, plug, and bubbly fiow regimes. 

The Chien and Rubel (1992) correlation is the best to predict phase distribution for 

high-inlet-pressure stearn and water. 

The Ottens et al. (1995) model is the best to predict phase distribution for air and 

water with annular, slug, and plug inlet flow regimes. while the Hwang (1986) 

model is the best to predict phase distribution for air and water with bubbly and 

wavy inlet flow regimes. 

Based on the above conclusions, the following is a list of recommendations for 

future work: 

1- To  generate phase-distribution and pressure-drop data with wide ranges of inlet 

conditions in ternis of JGi and JLi for air and water through a horizontal impacting 

tee junction. 

2- To investigate (experimentally) the phase distribution and pressure drop for different 

fluid properties and junction orientation. 

3- To develop modeIs/correlations for predicting pressure drop for ail inlet conditions 

4- To develop models/correlations for predicting phase distribution that can work 

satisfactorily for al1 inlet conditions. 

An experimentai test facility has been designed and the components have been 

constructed to generate pressure-drop and phase-distribution data for low-pressure air- 

water mixtures over a wide range of inlet conditions. 
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APPENDIX A 

GEOMETRICAL AND PHYSICAL MODELS FOR 
DIFFERENT FLOW REGIMES 

The geometrical and physical models that were used in association with the Hwang 

( 1986) model to calcuIate the slip ratio CS), FBC, and FBL are given in this appendix. It 

should be mentioned that the slip ratio (S) is calculated at the inlet side of the tee 

junction and so are the relevant parameters. 

A.1 Bubbly and Plug FIow Regimes 

The drift flux model was used to calculate the slip ratio (S) for bubbly and plug flow 

regimes. For given inlet quality (xi) and fluid properties (pG and pL), the drift flux 

model, as given in Hwang (1986). calculates the slip ratio (S) using the following 

be executed to solve for & and the corresponding &, see Section 3.1.4 for more details 

on the Hwang (1986) model. Then, values of &, and & are convened to values of Fsû 

and FBL, respectively using the seventh law. The seventh law can be stated in the form of 

the following equations: 

FBL = 1.104 * [ ( mi )**(8/7) ] if 5 0.5, 

F B ~ =  1.0- (1.104 * [ ( 1.0-&)DI)**(8/7)] } if &/DI > O S .  



and 

FBG = 1.2 19 * [ ( )**(9/7) ] if &/DI 10.5, 

FBG= 1.0- (1.219 * [ (  1-0-6Gn,1)**(9/7)] ) if 6&1 > O S -  (A-4) 

It should be mentioned that if the value of &, andor & is equal to 1 .O. the value of Fsû 

andor FeL is set to 1 .O, respectively. 

A.2 AnnuIar, Stratified, and Wavy Fiow Regimes 

In order to calculate the slip ratio (S) in case of the annular flow regime, the liquid- 

film thickness (6) must be known. Also. for stratified and wavy flow regimes, the liquid 

level (h) must be known. The following is a physical model, given in Shoham et al. 

(1987). that applies a momentum balance on the two phases in order to get the previous 

rnentioned values. The model uses the geometrical models, given also in Shoham et al. 

(1987), shown in Figures A.l and A.2 for annular and stratified flow regimes, 

respective1 y. 

A momentum balance on the liquid and gas phases yields 

- A L ( d p / d x ) - ~ ~ S ' + 7 i  Si = O  

and 

- A G ( d p / d x ) - ~ S G + 7 i  Si = O  (A.6) 

where, AL and Ac; are the cross-sectional areas occupied by the liquid and gas, 

respectively, TL, .rç, and $ are the liquid, gas, and interfacial shear stresses acting on 

the perimeters SL, SG, and Si, respectively. Equating the pressure drop ( dp/dx ) in 

Equations (AS) and (A.6) yields the following: 

T ~ ( & / & ) - ~ ~ ( S L / A L )  + Ti si [ (  I.O/AL)+( l.O/AG)] =o.  (A-7) 
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The shear stresses are evaluated as follows: 

51. = fL ( PL v L I 2  12  ), M.8) 

b = f~ ( PG vol' 1 2). (A-9) 

and 

T, = fi ( PG vGIZ 12 ). (A. 10) 

where, 

fL, fG, and fi are the friction factors of the Iiquid, gas, and interface, respectiveiy, 

VLI and VGI are the average velocities of the liquid and gas, respectively. 

The friction factors fr and fG are given by: 

f L = c L ( D ~ V L I  /vL)-" 

and 

fc; = CG (DG VGI / v G ) - ~  

where, 

DL and DG are the hydraulic diameten of the liquid and gas, respectively, 

v t  and VG are the kinematic viscosities of the liquid and gas, respectively, 

and 

CL, cc, m. and n are empirical coefficients given as follows: 

for turbulent flow : CL = cc = 0.046, m = n = 0.2 

and 

for Iarninar flow : CL = CG = 16, m = n = 1 .O. 

The hydraulic diameters DL and DG are given by: 

D L = 4 A L / S L  

and 

(A. I 1) 

(A. 12) 

(A. 13) 

(A. 14) 



D G = 4 A G / ( S G + S i ) .  

The friction factor, fi, is given by: 

for annular flow: fi = fG (1.û+300ô/Di), 

for stratified flow: fi = f ~ ,  

and 

for wavy flow: fi = 0.009. (A. 16) 

It should be mentioned that Equations (AS) to (A. 16) are vdid for annular, stratified, 

and wavy flow regimes with the only difference that SG = O in case of the annular flow 

regime. 

For given inlet conditions (JGI and JLL), fluid properties (pc and pL), and junction 

geometry (Di), the inlet gas and liquid mass flow rates may be calculated by the 

foI lowing equations: 

WGI = ( d 4 )  *  DI^ * Jui * PG (A. 17) 

and 

WLi = (d4 )  * ~1~ * Jri * PL (A. 18) 

, respectively. Then the slip ratio (S) for stratified and wavy flow regimes may be 

calculated by executing the following steps: 

( 1) Assume a value for the liquid height (h), see Figure A. 1 .  

(2) Calculate AL using Equation (A.28). 

(3) Calculate AG from: 

AG = ( d 4 )  * D ~ ~ -  AL 

(4) Calculate VGI and VLI from: 

V G I = W G I / ( A G * P G )  

APPENDIX A 

(A. 15) 

(A. 19) 
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and 

VLI = WLI ( AL* ):PL ), 

respectiveiy. 

(5) Calculate ft, fG, and fi using Equations (A.11) to (A. 16). 

6 Calculate r', 'rc;, and Ti using Equations (A.8). (A.9), and (A. IO), respectively. 

(7) Calculate SG from: 

SG = DI * COS-' ( 2h -1.0 ), (A.22) 

SL from: 

SL= T[: DI - SG, 

and 

Si from Equation (A.30). 

(8) Check that Equation (A.7) is satisfied. If Equation (A.7) is not satisfied, change the 

value of h and repeat steps 2 to 8. 

(9) When Equation (A.7) is satisfied, the slip ratio (S) may be calculated from: 

S = VGI / VLI. (A. 24) 

After calculating the slip ratio (S). the second part of the Hwang (1986) model may 

be executed to solve for & and the corresponding &, see Section 3.1.4 for more details 

on the Hwang (1986) model. The value of &, is converted to a value of FgG using 

Equations (A.28) to (A.36) with pararneter a, in the equations. replaced by &;. Similarly, 

the value of 8L is converted to a value of FgL using Equations (A.28) to (A.37). 

excluding Equation (A.36). with pararneter a, in the equations, replaced by &. 



For the annular flow regime, WGI and Wu may be calculated using Equations 

(A. 17) and (A. 18), respectively. Then the slip ratio (S) rnay be calculated by executing 

the following steps: 

(1)  Assume a value for the film thickness (6). see Figure A.2. 

(2) Calculate AL using Equations (A.39) and (A.4 1). 

(3) Calculate AG using Equation (A. 19). 

(4) Calculate VGI and VLI from Equations (A.20) and (A.21), respectively. 

(5) Calculate fL, fo, and fi using Equations (A. 1 1) to (A. 16). 

(6) Calculate TL, k, and ti using Equations (A.8), (A.9). and (A. IO), respectively. 

(7) Calculate SG from: 

Sç d . 0 ,  

SL from: 

SL= nD,, 

and 

Si from: 

Si = IL DG- (A-27) 

(8) Check that Equation (A.7) is satisfied. If Equation (A.7) is not satisfied, change the 

value of 6 and repeat steps 2 to 8. 

(9) When Equation (A.7) is satisfied, the slip ratio (S) may be calculated from Equation 

(A.24). 

After calculating the slip ratio (S), the second part of the Hwang (1986) model may 

be executed to solve for &- and the corresponding &, see Section 3.1.4 for more details 

on the Hwang (1986) model. The value of &- is converted to a value of FBG using 



Equations (A.38) to (A.45) with parameter a, in the equations, replaced by &. Similarly, 

the value of 6L is converted to a value of F ~ L  using Equations (A.38) to (A.46), 

excluding Equation (A.45), with parameter a, in the equations, replaced by &. 



Figure A. 1 Geomevical modei for stratified and wavy flow regimes. 



AB = AeG+ABL= 0.25* D~~ [ir-cos-l((2a/ Di)-1)+((2a/ D+l)*sqn{ 1- ((2a/  DI)-^)^)] (A.38) 

DG = Dl - 26 (A. 39) 

AG = ARG + ABC = (W4) DG' (A.40) 

AL =  AB^ + ARL = (d4) ( D l 2  - D G ~  ) (A.4 1) 

b = a - 6  (A.42) 

AB, = 0.25*Do2 [x-cos-'((~~/DG)-~ )+((2blDG)- l )*~qrt { 1 - ((Zb/&)- 1 )2} ] (A.43) 

ABL = AB - ABG ( A M  

FBG = ABGIAG (A.45) 

FBL = ABL/AL (A.46) 

Figure A.2 Geometrical mode1 for the annular flow regime. 



Nomenclature for Appendix A 

Svmbol Descri~tion Units 

Parameter in the geometrical models given in Figures A.1 and A 2  

that is equivalent to 6L. ancilor & 

Area occupied by the gas at the inlet 

Area occupied by the liquid at the iniet 

Parameter in the geometrical models given in Figures A. 1 and A.2 

Ernpirical coefficient; see Equation (A. 13) 

Empirical coefficient; see Equation (A. 13) 

Ernpirical coefficient in the drift flux model; see Equation (A. 1) 

Diarneter of the inlet 

Hydraulic diameter of the gas at the inlet 

Hydraulic diameter of the liquid at the inlet 

Friction factor of the gas at the inlet 

Friction factor at the gas-liquid interface at the inlet 

Friction factor of the liquid at the inlet 

Fraction of inlet gas exiting through outlet 3 

Fraction of inlet liquid exiting through outlet 3 

Liquid level at the inlet in case of stratified and wavy flow regimes 

Superficiai inlet-gas velocity 

Superficial inlet-liquid velocity 

Empirical coefficient; see Equation (A. 13) 

Empirical coefficient; see Equation (A. 13) 



NOMENCLATURE FUR APPENDIX A 

Slip ratio = VGI / VLl 

The part of the circumference of the inlet pipe that is adjacent to gas 

Length of the gas-liquid interface at the inlet 

The part of the circumference of the inlet pipe that is adjacent to liquid 

Average inlet gas velocity 

Average inlet liquid velocity 

inlet-gas mass flow rate 

Met-liquid mass flow rate 

Inlet quality = Wcr / W1 

Greek SymboIs 

Liquid-fiIm thickness in the inlet pipe in case of annular flow regime 

Parameter defining the location of the gas dividing strearnline in the 

inlet pipe, as in Figure 3.1 

Parameter defining the location of the liquid dividing strearnline in the 

inlet pipe, as in Figure 3.1 

Gas density 

Liquid density 

Shear stress acting on SG 

Shear stress acting on Si 

Shear stress acting on SL 

Kinematic viscosity of the gas 

Kinematic viscosity of the liquid 




