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ABSTRACT 

The present investigation generated phasedisuibution and pressure-drop data for 

air-water flows in a reduced horizontal tee junction. This junction consisted of a 

38.1-mm LD. inlet tube with a 7.85-mm 1.D. branch tube, thus yielding a diameter ratio of 

DmI = 0.206. The operating conditions were as foilows: an inlet' pressure of 

3.0 bar (ab),  an inlet temperature near ambient, an inlet mass flux in the range 

1 1.5 S GI S 18 1.5 kg/m2s, inlet superficial gas velocities in the range 2.7 5 JG1 5 40.1 d s .  

superficial liquid velocities in the range 0.0021 S Jri S 0.0398 d s ,  and extraction ratios in 

the range 0.049 5 W f l I  5 0.904. This combination of inlet conditions led to observed 

inlet flow regirnes of stratsed, stratified-wavy, wavy, serniannular. and annular. 

For the present data, it was found that the iniet phases do not diskbute themselves 

evenly between the branch and run. In general, as the superficial gas velocity was 

increased for a fixed superficial liquid velocity, the preference to exit through the branch 

would go fkom a strong gas preference to a relatively weak iiquid preference. 

The present data were compared against those of Walters (1994) under sirnilar 

conditions with the exception of system (inlet) pressure. The data of Walters were 

coIlected with a system pressure of 1.5 bar (abs). This allowed for an examination of the 

effect of the system pressure. 

Of the ten data sets where the present phase-distribution data was compared with 

the data of Walters (1994), four showed a decrease in FBG when increasinp the system 

. The word "inlet," as used in this thesis, rcfers to the tee junction inlet. 
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pressure, one showed and uicrease in FBG when ùicreasing the system pressure. and five 

showed essentiaily no dinerences. The four data sets where FBG decreased could be 

explained by the idea that increasing the system pressure increases the gas momentum, 

causing it to be less Likely to tum into the branch. The data sets where Fec increased or 

stayed approximately the same when the system pressure increased cannot be explained by 

momentum considerations alone and other factors such as gas-liquid interface height, 

shape of the interface, Bernoulli effects, and the actual velocities of the phases may be 

significant under these conditions. 

For the present data, the pressure drops API2 and bP13 were found to be highly 

dependent on kl, JLI, and W f l ,  . In general, for a fixed hl, the absolute values of 

and APr3 increased when JG1 increased. For some inlet conditions, behaviour was 

observed where, with increasing W N I ,  the magnitude of AP12 would increase to a 

maximum before decreasing. Increasing the system pressure generdy had the effect of 

increasing the absolute values of APL2 and A&. 

The separated-flow model of Fouda & Rhodes (1974) was cornpared against the 

experimental AP12 data. This model was found to generally underpredict the experimental 

data. The model generally predicted the behaviour where the magnitude of APiz would 

increase to a maximum and then decrease with increasing WJW,. The separated-flow 

model of Saba & Lahey (1984) for m13 was found to generaiiy underpredict the 

experirnental data. 
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NOMENCLATURE 

S ymbol Description Units 

Diameter 

Fraction of inlet gas exiting through the branch 

Fraction of ide t liquid exiting through the branch 

Gravitational acceleration 

Mass flux 

Superfîcial velocity 

Single-phase mornentum correction factor for the mn, f?om eq. (2.2) 

Separated-fiow momentum correction factor for the run, from eq. (2.6) 

Single-phase loss coefficient for the branch, bom eq. (2.5) 

Pressure 

Reference pressure (pressure at Tap 1) 

Pressure at the tee junction, extrapolated from the inlet leg 

Pressure at the tee junction, extrapoiated fkom the run leg 

Pressure at the tee junction. extrapolated liom the branch leg 

Pressure drop from the tee junction inlet to mn 

Pressure drop fiom the tee-junction inlet to branch 

Volume flow rate 

Slip ratio, from eq. (2.9) 

Time 

Velocity 

Mass flow rate 

Quality 

Greek Symbois 

a Void fraction 

xii 



CL D ynamic viscosity 

P Density 

O Surface tension 

4's Separated-flow two-phase loss multiplier, from eq. (2.16) 

Subscripts 

G Gas phase 

L Lquid phase 

S Separated flow 

REV Reversible 

IRR heversible 

1 Inlet side of the tee junction 

2 Run side of the tee junction 

3 Branch side of the tee junction 



Chapter 1 

INTRODUCTION 

1.1 Objectives of Study 

A two-phase fiow is any flow where there are two distinct phases - phases king 

solid, liquid, or gas - flowing together. This may imply that the two fluids consist of the 

sarne component, such as steam and üquid water, or of two distinct components, such as 

Liquid water and air. 

Two-phase flows can occur in many instances in the power and process industries. 

It is commoo in the condensers and evaporators of refkigeration systems, in conventional 

s t em  power plants, in pressurized-water and boiling-water nuclear power plants, and in a 

wide variety of petroleum and chernical processing systems. As the two phases flow 

through these systems, they wiU often encounter dividing tee junctions. In the p s t ,  a 

frequent assumption was that the relative amounts of each phase found in the pipes d e r  

the tee junction would be the same as that found before the tee junction (Le.. the phases 

would split evenly). Recent research has found that this assumption cm often be very 

wrong. In fact, equal phase splits will occur only under certain inlet conditions with a 

wide range of uneven phase splits occurring at all other conditions. In the extrerne, some 

inle t conditions lead to single-phase gas or single- phase liquid flo wing throug h the branc h 

or run. Therefore, the assumption of equal phase split at a tee junction has been 

abandoned and a method of accurately predicting the phase split must be developed. 



Another consideration for two-phase flows through dividing tee junctions is the 

pressure drop due to the flow split at the junction. It has been s h o w  empirically that 

two-phase flow has a larger pressure &op than a corresponding single-phase flow. Again, 

sorne method of predicting the pressure &op must be developed. 

A review of the Literature for two-phase flow through dividing tee junctions reveals 

that effeciive models for predicting the phase distribution and pressure drop under all 

conditions have not yet been successfully developed. Those that do exist have proven to 

be accurate for only small portions of the avaüable data Ako, the experimental data 

avaiiable is limited in quantity and scope. especially for reduced tee junctions. Therefore, 

the main objective of this study is to add to the existing base of experimental data for two- 

phase flo ws through dividing horizontal tee junctions. 

The objectives of this study are to: 

1. Obtain phase-distribution and pressure-&op data for air-water flows through a 

horizontal, reduced-diarneter tee junction at a junction pressure of 3.0 bar (abs) and a 

room temperature of approximately 21°C with extraction ratios ranging kom O. 1 to 

0.9. Idet conditions were varied to produce flow regimes including stratified, 

stratined-wavy, wavy. semiannukir, and annular. 

2. Compare the data found in the present investigation with those previously generated in 

the same laboratory by Waiters (1994), under the same conditions, exceptin; at a 

junction pressure of 1.5 bar. Consequently, this cornparison will show the effects of 

changing the junction pressure on the phase distribution and pressure drop. 



1.2 Parameters Examined in Study 

Figure 1 - 1 depicts a dividhg tee junction and the flow parameters of relevance to 

this study. These parameters are the m a s  flow rate, quality, and pressure. The mass fiow 

rates in the inlet, run, and branch are Wi. Wz. and W3, respectively. The qualities of the 

flow in the inlet, run. and branch are XI, xz. and x3, respectively. The pressures in the inlet, 

run, and branch are Pt. Pz, and 4, respectiveiy. The geomeuic parameters relevant to this 

study are the diameters of the pipes and the pipes' orientations. The diameters of each of 

the inlet, run, and branch pipes are Dl. D2. and D3. respectively. The inlet and mn pipes 

are of the same diameter in this study and the Met, run, and branch are ail horizontal. The 

extraction ratio, W m l ,  is derived from the inlet and btanch mas flow rates. 

Figure 1-2 shows the manner in which the phase distribution data is presented. The 

lines on these graphs that are marked with Ietters indicate certain conditions. 

Figure 1-2(a) shows the fiaction of inlet gas flowing into the branch, FBc, versus the 

fraction of inlet iiquid flowing into the branch, FBr. Line AB indicates a limituig case 

where only gas goes into the branch (x3=l) leaving ail of the liquid and some of the gas to 

flow through the run. At point B, al1 of the gas is flowing into the branch and aii of the 

liquid is flo wing throuph the run. Having only a single phase in bo th the branch and run 

means the tee junction can be descnbed as a "perfect phase separator." Line BC shows 

another Lùniting case where ail the gas flows into the branch along with some of the liquid. 

The run wiU contain oniy single-phase iiquid. A m a s  balance on the gas phase along this 

line yields the equation x h i  = W I N 3 .  When point C is reached. al1 of the gas and di of 



Run Tir: 

Figure 1-1 Relevant parameters for two-phase fîow through a horizontal tee junction; 
reproduced fkom Walten (1 994) 
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Figure 1-2 Methods of presenting phase distribution data; reproduced fiom 
Walters (1 994) 



the iiquid fkom the inlet WU enter the branch. There is no flow in the run. Line CD is 

known as the even-phase distribution h e  since the quaiity in the branch wu be equal to 

the quality in the idet giving xJxl = 1. 

Qure 1-2(b) shows a dinerent way of presenting the sarne phase distribution data. 

This figure shows the ratio of branch to inlet quality, xJ/xI, versus the extraction ratio. 

W m , .  The points marked out by the letters correspond to those points shown in 

Figure 1-2(a). The path traced out by curve ABC is known as the total phase separation 

c w e ,  above which no data c m  physicaily exist. 

The remainder of the thesis is laid out as follows. Chapter 2 contains a review of 

some of the literature pertinent to this study. Chapter 3 describes the facility used to carry 

out the current experiments and the procedures used to obtain the data. Chapter 4 depicts 

the experimental results in graphical form dong with a discussion of those results. 

Chap ter 5 foLlo ws with conclusions and recommendations. The appendices contain the 

reduced data for alt tests dong with their uncertainty intervals and the repeatability results. 



Chapter 2 

LITERATURE REVIEW 

2.1 Overview 

A significant arnount of research has been recently devoted to the problem of the 

flow of two-phase mixtures through tee junctions. Observations have shown that the 

degree of phase separation and pressure &op through tee junctions are intricately iinked 

to numerous factors and flow phenomena. 

A discussion of some of the literature is included here in order to attempt to isolate 

and categorize such effects. This discussion is limited to studies that were considered 

relevant to the present investigation. It is mostly comprised of studies that examined two- 

phase flows through horizontal tee junctions, although other studies of interest are also 

included. Fïrst, a review of the phase-distribution and pressure-drop iiterature is presented 

in Section 2.2, followed by a description of two-phase pressure-drop modeis in 

Section 2.3. 

2.2 Discussion of the Literature 

An early experimental investigation was conducted by Tsuyama & Taga (1959). 

They obtained two-phase data using an air-water mixture in an equai-sided, 23.4-mm LD., 

tee junction. Their tests were conducted under isobaric and isothermal conditions to yield 

phase-distribution and pressure-drop data. The phase-distribution data consisted only of 

visuai observations of the phases in the inlet, mn, and branch. It was noted that three 

situations could occur: an air-water mixture in the inlet and run with single-phase water in 



the branch; an air-water mixture in the hiet, run, and branch; and an air-water mixture in 

the Met and branch with single-phase water in the mn. The conditions leading to these 

situations were not noted. The pressure-&op data was coUected by taking differential 

measurernents of the pressure at two distinct points on each of the iniet. branch. and run 

legs. 

Collier (1976) presented information on air-water flows through horizontal tee 

junctions. Both phase-distribution and pressure-drop data were recorded but ody the 

phasedistribution data were presented. The experiments were conducted using a 

38.7-mm 1.D. main tube with branch tubes of 25.4 and 12.7-mm I.D. The inlet mass flux 

was approximately 136 kg/m2s for aü tests with the inlet quaIity in the range 2 S xl 1 50%. 

It was found that as the iniet quality was decreased, the preference for the gas to exit 

through the branch increased. This uend continued for decreasing inlet quality down to 

x1 = 17% where the trend was reversed. The trend reversal couId be attributed to a 

change in the flow regirne; however. no inlet flow regime observations were given. 

Hong (1978) studied two-phase flow through a variety of tee junctions. The 

majority of his tests were for horizontal dividing junctions but included tees with the 

branch arm at different orientations between verticaiiy upward and verticaliy downward as 

weli as a horizontal impacting tee. The size of the iniet, mn, and branch pipes in ali tests 

was 9.53 m. The fluids used were air with water and air with a water-hydroxyethyl 

cellulose mixture. For the horizontal dividing tests, the inlet mas flux was in the range 

18 I Gi S 127 kg/m2s and the inlet quaiity 25 S xl 5 974. Inlet superficial gas velocities 

were set at 9.1, 27.4. and 42.7 mls with inlet superficial liquid velocities in the range 



0.00234 S JL, 10.0468 d s .  These conditions led to inlet flow regimes of wavy and 

annular fiow. The addition of hydroxyethyl ceUuIose to the water ailowed for the 

adjustment of the iiquid viscosity from 1 to 5 to 10 centipoise. 

The horizontal dividing tests revealed three things. First, for a constant inlet gas 

velocity. l e s  iiquid would be drawn into the branch as the inlet liquid velocity increased. 

Hong (1978) atuibuted this to the increased inertial force required to rnove the faster 

moving liquid into the branch. Second. increasing the viscosity of the Liquid tended to 

direct more iiquid into the branch under sirniIar inlet conditions. This was attributed to the 

lower inertial force needed to move more of the relatively slower liquid into the branch. 

Third, the flow regirne seemed to produce no obvious difference in the tlow-split 

mechanism. 

The orientation of the branch was found to play a large part in the phase 

distribution. The upward (+90°) orientation was closest to an even phase split. As the 

branch was rotated downward, more wuid was found to be diverted into the branch. 

When the branch was oriented downward (-90°), ail of the liquid would go into the branch 

once 40% of the gas had k e n  directed there. The horizontal irnpacting junction was 

found to split the phases equally as long as between 15 and 85% of the gas was flowing in 

one of the outlet arms. 

Henry (1980) studied stratified, annular, and dispersed flow through a horizontal. 

reduced tee. The inlet pipe had a diameter of 100 mm with a branch-pipe diarneter of 

20 mm. Only phase distribution data were coliected. The idet mass fluxes were in the 

range 200 I Gi 1 850 kg/m2s and the inlet qualities were in the range 4 I xl 150%. The 



inlet liquid and gas superticial velocities were in the ranges 0.100 5 J L ~  10.805 mls and 

13.5 b JGl I 10 1.7 mls, respectively. The mass extracted into the branch was limited to 

approximately 6 8  of the iniet mass flow. Henry (1980) found that the branch iiquid mass 

flow rate was a linear function of the branch air mass flow rate. As weii, it was found that 

as the branch mass flow rate. W3, increased, the branch quahty, xi, would move closer to 

the inlet quaiity, XI. As the inlet mass flux. G, ,  increased. it was found that the phase split 

was Likely go nom air preferentiaiiy entering the branch to king equal. Henry developed 

an ernpirical mode1 to predict the branch quality based on an annular flow regime. This 

model predicted 90% of Henry's data within &O%. The model was also applied to the 

data of Coilier (1976) and predicted the annular data quite weii. The stratified-wavy data 

were not predicted as weli, however. Henry concluded that the phase distribution at the 

branch was very much flow-regime dependent. 

Auopardi & Whalley (1982) combined the work of Whalley & Azzopardi (1980), 

WhaIiey & FeUs (1981). and Azzopardi & Baker (1981) in a study of both vertical and 

horizontal main-tube flows through tee junctions. This study developed phase-distribution 

data for air-water flow. The majonty of the tests were conducted ushg a vertical main- 

tube with upward flow. This main tube had a diameter of 31.8 mm with the branch having 

diameters of 6.35, 12.7, and 19 mm for a vertical main-tube and 12-7 mm for a horizontal 

main-tube. The mass fluxes for the vertical main-tube were 83 5 GI 1 178 kg/m2s and 

GI = 145 kg/m2s for the horizontal main-tube. The inlet quality range was approxirnately 

9 I xl 181% for the vertical main-tube with xl = 568 for the horizontal main-tube. The 

following flow characteristics were applied to the vertical main-tube: system pressure, 



PI = 1.5 bar; mass flux, 83 L Gl 9 178 kgh?s; inlet quality, 9 1 x1 S 8 1%; extraction 

ratio, 0.0 18 I W f l ,  5 0.92; inlet superficial gas velocity, 6.54 I JGI I 66.1 d s ;  and 

inlet superficial iiquid velocity, 0.016 l J L 1  10.11 d s .  The flow characteristics for the 

horizontal main-tube were applied as foliows: system pressure, Pi = 2.5 bar; mass flux, 

G, = 145 kg/m2s; inlet quality. xi = 56%; extraction ratio, 0.0061 I W ~ I  i 0.39; uilet 

superficial gas velocity, JGI = 67 mls; and inlet superficial liquid velocity. = 0.064 rnk. 

The horizontal main-tube showed an annular flow regime while the vertical main-tube 

experienced annular, chum, and bubbly flow regimes. 

The annular and churn flow regimes tended to produce results in which the liquid 

would preferentially exit through the branch. Bubbly flow resulted in the gas leaving 

preferentially through the branch. Azzopardi & Whalley (1982) proposed that at the 

velocities used in these tests, the momentum flux of the annular flow could be divided into 

three cornponents. The lowest momentum flux would be the liquid fh, which had a high 

density but a low velocity. The next highest would be the gas which had a Iow density but 

very high velocity. The highest momentum would belong to the entrained iiquid droplets, 

which had both a high density and a high velocity. The fluid with the lowest momentum 

flux would be the one that would be most likely to turn into the branch - this king the 

iiquid fh. For bubbly flow, there is a high-velocity liquid core, a slower iiquid f i  

around ihe perimeter of the pipe, and entrained gas bubbles. The gas bubbles would have 

the smaliest momentum in this case, leading to their king preferentiaily extracted through 

the branch. 



h o p a r d i &  Freeman-Beii(l983) added to the data of h o p a r d i &  Whalley 

(1982). The Azzopardi & Whailey experiment had exarnined tee junctions with diameter 

ratios of 0.2, 0.4, and 0.6. The Azzopardi & Freeman-Bell study added data for diameter 

ratios of 0.8 and 1.0. Both studies were conducted at system pressures of PL = 150 kPa. 

This study had inlet mass fluxes, qualities, and extraction ratios in the ranges 

83 L Gi l 178 kg/rn2s, 36 1 xi 581%. and 0.1 < W f l I  $0.53, respectively. The 

combined data show that there is a marked effect of diameter ratio - as the diarneter ratio 

increases, the liquid taken off into the branch increases as welL Azzopardi & Freeman- 

Beii ( 1983) also moditied the correlation of h o p a r d i  & Whalley (1982) to include the 

effect of diameter ratio. 

Saba & Lahey (1984) studied the phase distribution and pressure drop in an equal- 

sided, horizontal tee junction with 38.1-mm LD. These tests were conducted with system 

pressures in the range 34.5 I Pi 5 85.7 kPag and inlet m a s  Buxes of Gr = 1356, 2042, 

and 271 1 kg/rn2s. The inlet qualities were set to values xi = 0.10, 0.25, 0.50, and 1.02 

while the extraction ratio was set to values of WJW, = 0.3, 0.5, and 0.7. The idet 

superficial velocities were in the range 1-23 5 J G l  522.6 rnls for the gas and 

0.679 I JLL S 2.72 m/s for the liquid. This combination of inlet conditions led to inlet flow 

regùnes of stratfied, wavy, and slup. The results of the tests indicated that the gas would 

preferentially flo w into the branch regardless of the inlet mass flux. 

Ushg the empincal data derived from these tests, Saba & Lahey developed a 

mechanistic mode1 for predicting the phase andlor pressure distribution. They identifïed 

eight parameters of interest: AP13, AP12. GI, G2, G3, XI, x2, and x3. Using five 



conservation equations and s p e c w g  m y  three of above parameters would yield the 

remaining five parameters. The conservation equations they chose were mixture 

continuity, gas continuity, mixture h e a r  momentum for the branch, mixture hea r  

rnomentum for the run, and gas h e u  momentum for the branch. The last equation was 

chosen sùice Saba & Lahey believed that the ability of the gas to make the turn into the 

branch is the dominant factor that affects the phase distribution. 

The rnodel predicted the phase- and pressure-distribution results well for certain 

void concentration parameters. The data of Collier (1976) was also tested against the 

Saba & Lahey (1984) rnodel with good results but at a different void concentration 

parameter than for the current test. Steam-water flows were modelled to examine the 

effect of pressure. Increasing pressure was found to move the modelled phase-distribution 

h e s  closer toward the even-phase-split line. 

Seepr  et al. (1986) collected phase-distribution data for flow through an equai- 

sided, 50-mm I.D.. junction with a horizontal inlet and the branch aligned either verticaly 

upward, verticaily downward, or horizontaiiy. Air-water tests were conducted for all 

orientations and stem-water tests were conducted for the horizontal branch alignrnent. 

The verticaily-upward and verticaily-downward tests were conducted at a systern pressure 

PI =0.7 MPa while the horizontal tests had system pressures in the range 

0.7 5 Pl 5 10 MPa. Inlet m a s  fluxes were in the range 500 5 GI 5 7000 kg/m2s. The 

inlet qualities and extraction ratios for the air-water tests were in the ranges 

0.2 1 XI 5 32% and O S Wm, I 1, respectively. For the stem-water tests these values 

were 3 I xi S 36% and 0.1 I WJW, 1 0.7. The inlet superficial gas and liquid velocities 



were 5 5 JGl 540  mls and 0-5 4 JL1 5 4 m/s, respectively. The inlet flow regirnes 

produced by these condiiions were slug, annular, and dispersed bubble flow. 

For the horizontal branch orientation, Seeger er al. (1986) found that increasing the 

gas mornentum flux would decrease the amount of phase separation. This was 

demonstrated in one of two ways. The frst way was to increase the gas superficial 

velocity and the second way was by increasing the system pressure. Either change led to a 

decrease in the phase separaiion. An empirical model for the phase distribution was 

developed based on the extraction ratio and properties of the iniet flow. However, this 

model was effective only for lower values of system pressure. 

Rubel (1986) examined stem-water fiows in an equal-sided, horizontal tee junction 

with 37.6-rnmLD. Inlet qualities and extraction ratios were in the ranges 

2 1.4 S xl d 86.88 and 0.15 L W f l I  1 0.8, respectively. The system pressures and inlet 

m a s  fluxes were in the ranges 1 1 1 5 Pl 1 232 kPa and 16.1 5 Gl 5 50.3 kg/rn2s. 

respectively. The inlet superficial $as and liquid velocities were 7.0 5 JGI 126.7 m/s and 

0.0039 I hl 1 0.037 mls,  respectively. Inlet ffow regirnes of stratified, wavy, 

semiannular-wavy, and semiannular were observed. Only phase-distribution data were 

recorded. 

Rubel (1986) reported the foilowing findings Erom his tests. Comparinp the effects 

of inlet mass flux against inlet Bow regirne indicated that flow regirne transition had a 

much greater effect on xdxl than did the idet mass flux. For a fixed Gl, increasing the 

inlet quality caused xJxl to decrease in most cases except at the lowest Gl where the 



opposite trend was observed. VYying the hi for a fÿted JG, showed that the amount of 

Liquid flowing into the branch would decrease as Ju  increased. 

Ballyk et al. (1988) studied annular stem-water flow in a horizontal tee junction. 

The tee junction used was equai sided with a 25.65-mm I.D. The system pressure was 

always kept below 250 kPa with mass fluxes in the range 400 I Gt 5 1200 kg/m2s. The 

inlet quality was in the range O I xl I 15% and the extraction ratio ranped from O to 1 .O. 

The hiet superticial velocities were in the range 9.3 < J G ~  S 58 m/s for the $as and 

0.386 5 JLl S 1.18 mls for the iiquid. Both phase-distribution and pressure-drop 

measurements were gathered. 

Baiiyk et al. (1988) made several comrnents on their fmdings. They found that for 

extraction ratios preater than approxhately 30%. complete phase separation would 

generdy occur. They also noted that the effect of inlet quality was more signiticant than 

that of inlet mas flux for their conditions. A flow with a higher idet quality would tend 

to sweep more liquid up the sides of the tube for a given iniet mass flux leadinp to a 

greater üquid take-off. Baiiyk et al. (1988) also developed r new two-phase branch 105s 

multiplier to account for irrevenible branch pressure losses which was based on a 

mechanical energy balance. 

Hwang et al. (1988) investigated phase separation for air-water flow through equal- 

sided, horizontal junctions. These junctions were a 45" wye, a 90" tee. and a 135" wye, ail 

of which had diameters of 38-mm I.D. The inlet mas  flux had values of Gl E 1350,2050, 

and 2700 kg/m2s. The inlet quality was set to values of xi = 0.2, 0.3, and 0.4% with the 

extraction ratio in the approximate range 0.02 5 WJWI 5 0.95. 



Hwang et ai. (1 988) developed a phenomenological model and used their own 

empirical results and those of other researchers to validate it. The model they developed 

was based on a concept where dividing streamlines produced "zones of influence" for the 

gas and Liquid phases. The inlet flow regime and distribution of the phases must be known 

dong with other flow properties for this mode1 to produce results. When appiied to 

dividing flows in the wye and tee junctions. the model produced good agreement with 

experimental results. Their own results indicated that complete phase separation took 

place when W f l l  > 0.30 for the 45" wye and 90" tee and when W3/W1 > 0.52 for the 

135" wye. The model is only intended for junctions where D m ,  = 1.0. however. 

Rubel et ai. (1988) took the stearn-water data of Rubel (1986) and compared it with 

three models from the literature. The modeis of h o p a r d i  & Whalley (1982), 

Seeger et al. (1986). and Hwang et al. (1988) were tested with the foilowing results. 

Azzopardi & Whailey's ( 1982) model did not agree weii with the experimental data in 

general but produced better results for the flow regirnes closest to annular. This was 

expected since this model was developed based on an annula- £iow. The Seeger et al. 

model predicted very well (within G O % )  for data with WJTVI 2 0.4 and xi 2 40%. The 

predictions for W N I  < 0.3 showed a large scatter which was simiiar to the resuIts 

obtained by Seeger et al. themselves at low WJWl. The Hwang et al. ( 1988) model 

predicted within a04 for practically ail of the data when assuming that the inlet flow 

regirne was wavy. 

Shoham et al. (1987, 1989) examined the phase distribution in air-water flow 

through equal-sided and reduced tee junctions. The inlet and run legs of the junction were 



51-mm I.D. and the branch leg was either 51 or 25-mm I.D. The system pressure was in 

the range 295 5 Pi 1310 kPa. The inirt superficial velocities were JGL = 2.5. 6.1, and 

26 m/s for the gas and in the range 0.0029 5 JL1 10.059 mis for the iiquid. The inlet flow 

regirnes examined were srratified. wavy, and annular. 

Shoharn et al. (1987, 1989) found that phase separation was dependent on the inlet 

flow regirne for their conditions. Stratified flow showed a strong preference for the gas to 

exit through the branch while annular flow had a preference for iiquid to exit through the 

branch for aii but the highest liquid superficial velocities. Wavy flow showed the most 

variation. in that. for a fved gas superficiai velocity. the liquid supediciai velocity 

detennined whether gas or liquid entered the branch preferenriaily. The effect of the 

reduced tee junction was generaiiy to reduce the amount of liquid drawn into the branch. 

This reduction was more significant for the wavy flow regirne than the annular flow 

regime since the liquid had to be drawn up the side of the tube wali for the wavy regirne. 

Shoham et al. (1987. 1989) also developed a geometric model for predicting phase 

distribution through the tee junction. This model used a dividing streamline concept with 

an analysis of the forces acting on the Liquid traveling dong the dividing streamline. This 

analysis was used to determine whether the liquid on the dividing streamline would enter 

the run or the branch. The model produced reasonable results when compared with the 

experimental data in most cases. Dcviations were explained by the effects of srnali pipe 

inclinations on subcritical liquid flows. 

Reimann et al. ( 1988) presented data that furthered the work of 

Seeger et al. (1986). This new work included phase-distribution and pressure-drop data 



for air-water flow through tee junctions with a variety of orientations and diarneter ratios. 

The junction was oriented venicaliy upward, verticdiy downward, and horizontally and 

had diarneter ratios of 1.0. 0.52, 0.2, and 0.08 on an idet pipe diameter of 50-mm LD. 

The effect of diameter ratio on a horizontal branch was found to be that as  the diameter 

ratio decreased. the branch quaiity increased for ail extraction ratios. 

Azzopardi (1988) built on the previous work of Azzopardi & Whalley (1982) in the 

development of an ùnproved phase-distribution mode1 for annular flow. These 

irnprovements focused on modeling the "break-point" or point where the there is a 

noticeable change in the pattern of phase distribution on a gnph of FBL versus FaG. This 

"break-point" seems to be defined by a certain gas take-off at which point the liquid f h  at 

the junction slows down, thickens up, and sometimes even stops. Azzopardi (1988) 

developed a criterion for determinhg the gas take-off at which this phenornenon would 

occur. He then devised a method of calculating how much of the low velocity liquid 

wouid be drawn into the branch in addition to the liquid tlowing in from the "zone of 

influence ." 

Azzopardi(l988) applied his improved model to the data of Hong (1978). 

Shoham et al. (1987) and Azzopardi et al. (1988). It was found that the data of 

Shoham et al. and Azzopardi et al. were weii predicted by the new model. The data of 

Hong, however, did not agree weU with the model. This was attributed to the small tube 

diameter that Hong had used in his experiments. 

Azzopardi et al. (1988) presented phase-distribution results for air-water data 

through horizontai junctions. The junction inlet had a diameter of 38-mm I.D. with branch 



diameters of 38 and 25.5-mm I.D. ïhe  system pressure was held at 1.5 or 3.0 bar with 

inlet mass flux in the range 29.1 I GI S 144.6 kg/m2s. Idet qualities and extraction ratios 

were in the range 3.95 5 x1 5 88.6% and O < W m ,  10.99. The inlet superficial 

velocities were in the range 1.48 5 JGi 5 31.2 m/s for the gas and 

0.0108 I JLI 5 0.0786 mis for the liquid. 

In these tests. Azzopardi et al. (1988) examined the effects of diameter ratio, $as 

flow rate, iiquid flow rate. gas density, gas rnornentum, and flow pattern. Decreasing 

diameter ratio was found to decrease the arnount of liquid drawn into the branch. 

Increasing the inlet gas flow rate resulted in more liquid king taken off while increasing 

the Liquid flow rate Ied to l e s  liquid going into the branch. Increasing the gas density by 

increasing the system pressure Ied to more liquid taken off in the branch. Gas rnornentum 

was found to be an important factor in the explanation of aii test results. The flow pattern 

was considered important oniy in helping to determine the distribution of the phases in the 

inlet flow. This was considered especially important for the development and testhg of 

phase-distribution modek. The experirnental data were then compared with the models of 

Hwang er al. (1988). Shoharn et al. (1988) and Azzopardi (1988) with the Azzopardi 

model showing the best overail agreement. 

Hart et aL (199 1 ) developed a two-phase flow mode1 based on a steady-state 

mechanical energy balance. This model was based on an extended Bernoulli equation and 

a "Double Stream Model" of separate gas and iiquid streams flowing into both the run and 

branch. They also sathered experirnental data to test this model. Their test section 

consisted of a dividing tee junction with horizontal inlet and branch pipes of 51-mm I.D. 



The liquid holdup for the tests and model were restricted to EL c 0.06. The iniet 

superficial gas and liquid velocities were in the range 7 5 Iûl 9 20 mis and 

0.000 1 S J u  6 0.030 mis, respectively. These conditions produced inlet flow regimes of 

stratified and stratifed-wavy. 

Hart et al. (199 1) compared their mode1 against their own data and data from three 

other experiments. Shoharn et al. (1987, 1989) and Rubel et al. (1988) produced the other 

data. The model agreed weli with all four data sets. In particular. the model was able to 

predict the following quantitatively: the static pressure distribution, the branch liquid mass 

intake Iraction. the "tlip-flop" effect which may occur at low liquid holdup values, and the 

shift towards larger FBO values before iiquid is drawn into the branch at reduced tee 

junctions. 

Bueii (1992) examined the phase distribution and pressure drop in a two-phase air- 

water flow through a horizontal tee junction. The junction was equal-sided with a 

diarneter of 37.6-mm LD. The system pressure was maintained at 150 kPa for all tests 

and the inlet mass flux was in the range 7 I Gl r 259 kg/mzs. The inlet quality and 

extraction ratio were in the ranges 2.6 $ L 9 8 1  and 0.1 5 WJWl 10.9. respectively. 

The inlet gas superficial velocity was in the range 2.7 a JGI 5 41 d s  with the inlet iiquid 

superficial velocity in the range 0.009 $ Jri 5 0.18 m/s. These idet conditions produced 

tlo w regimes of stratified, stratifïed-wavy, wavy. semiannular, annular, and slug in the 

ide t . 

The results Bue11 (1992) produced were found to be dependent on the flow regime. 

Wavy flow tended to have mostly gas entering the branch while stratified-wavy flow 



tended to have liquid entering the branch preferentially. The stratifed and semiannular 

regirnes produced phase-distributions that stayed close to the even-phase-split h e .  Slug 

fiow data showed the gas e n t e ~ g  the branch preferentiaily. The annular flow regime 

produced data that wosld have either more gas or more liquid entering the branch 

depending on the liquid flow rate. 

Mudde et al. (1993) examined air-water flow through a reduced tee junction with an 

upward pohting branch. The inlet and run pipes had an LD. of 23 cm with a branch pipe 

I.D. of 10 cm, producing a large-scaie junction. The inlet quality was kept below 0.03% 

and the inlet superficial velocities were in the ranges 0.05 5 JGI 5 0.15 rn/s for the gas and 

0.5 Ç ILI 5 1.5 mls for the liquid. This produced inlet flow regirnes of stratified. wavy, and 

bubbly. The extraction ratio was kept below 0.5. 

Mudde et al. (1993) were hoping to examine any differences between large and 

small scale junctions. They found that the resulting phase-distribution data was very 

similar to that obtained on the smaii-scale rigs. The run and branch qualities were found 

to be directly proportional to the inlet quality. It was &O found that the flow regimes in 

the run and branch were of importance to the phase distribution in addition to the inlet 

flow regirne. They iiiusuated this using what they caiied the "pukatkg-branch effect." 

The junction was also found to act almost as a total phase separator at Iow iniet liquid 

velocities with most of the pas exiting through the branch. 

BueU et al. (1994) tested their data against some phase-distribution modeis found in 

the Literature. The mode1 of Azzopardi & Whailey (1982) was found to be in very good 

agreement wit h the experimental data, especiaiiy in the annular and semiannulu reg ions 



for which the model was originaiiy developed. The empirically based model of 

Seepr  et al. (1986) agreed fairly wrU with the data for larger extraction ratios but did 

poorly for W m ,  c 0.3. The model of Hwang et of. wûs found to have the best overall 

agreement with the data, predicting most within do%.  The exception was the data fiom 

the slug flow regime, which were predicted poorly. 

Walters (1994) examined the phase distribution and pressure drop in a two-ph= 

air-water flow through a horizontal, reduced-diameter. tee junction. The junction had an 

inlet I.D. of 37.6 mm and branch inner diameters of t 9 and 7.85 mm. The system 

pressure was maintained at 150 kPa for ail tests and the inlet mass flux was in the range 

6.9 I G l  $253 k&s. The inlet quality and extraction ratio were in the ranges 

2.6 5 xi 197% and 0.025 5 W f l ,  10.9, respectively. The inlet gas superficial velocity 

was in the range 2.6 5 JGl L 41 rn/s with the inlet Liquid superficial velocity in the range 

0.002 1 5 Jrl 5 0.18 rnls. These inlet conditions produced flow regimes of stratified, 

stratified-wavy, wavy, semiannukir, annular, and slug in the inlet. 

Walters (1994) was examinhg the effects of the diameter ratio on the phase 

distribution and pressure drop. It was found that in decreasing the diameter ratio from 

Dml = 1.0 to D a i  = 0.5 that the branch quality would increase for aU flow regimes and 

extraction ratios. The situation was quite dioerent, however, when further decreasing the 

diarneter ratio from D m ,  = 0.5 to D m l  = 0.206. For the stratified and stratified-wavy 

flow reghes, this decrease led to a phase distribution similar to that of Dm1 = 0.5 for 

low extraction ratios and one simiIar to that of DJDi = 1.0 at higher extraction ratios. In 

the wavy and semiannular Fiow regimes, going from D a i  = 0.5 to Dm1 = 0.206 again 



Ied to phase distributions similar to that of Dmi = 0.5, but in this case, only smaii 

extraction ratios could be achieved. For the phase distribution in the annular flow regùne, 

little difference was found between the data of D m 1  = 0.5 and D m 1  = 0.206. 

For the pressure-drop data, the diarneter ratio had different effects. For the AP1î 

data. the effect of the diarneter ratio was found to be very smaii. For the AP13 data, 

however, there was great eEect. As the diameter ratio went from D n / ~ i = l . O  to 

D D l = 0 . 5 ,  there was a large increase in APii. When the diameter ratio went from 

D m I  = 0.5 to DmI = 0.206, there was an even larger increase. 

WaIters (1994) also compared her data against the same modeis BueU ( 1992) had 

used. Both researchers found that the separated flow model of Fouda & Rhodes (1976) 

gave the best overail predictions for the AP12 data. The separated How model of 

Saba & Lahey (1984) was found by both to give the best overd  predictions for the A h 3  

data. 

2.3 Pressure-Drop Models 

2.3.1 Introduction 

There are many modeis in existence that attempt to predict the phase distribution or 

pressure &op of dividing rwo-phase flows. An extensive List and description of these 

modeis is inciuded in the works of Buell(I992) or Wdters (1994). 

ModeIs of pressure drop for both single-phase flow and two-phase flow are 

presented here. Section 2.3.2 presents pressure-drop models of single-phase flow. Some 



of the coefficients developed in these single-phase models are used in the pressure-drop 

models of two-phase flow presented in Section 2.3.3. 

The model used for cornparison with the current data was chosen based on the 

results found by Bueiï (1992) and Walters (1994). They compared their data with severai 

modek in the Literature and both came to the sarne conclusions. For pressure drop, the 

separated flow model of Fouda & Rhodes (1974) produced the best agreement for the 

APlz data and the separated flow model of Saba & Lahey (1984) produced the best 

agreement with the AP13 experimentd data. 

2.3.2 Mode1 for Single-Phase Pressure Drop 

Collier (1976) presented a model for AP12 and AP13 based on a one-dimensional 

momentum balance at the tee junction. For A P 1 2 ,  thiS axial momentum balance gives 

This equation doesn't take into account the effects of friction or the fact that the branch 

flow does not leave the inlet flow at a right angle. Therefore, a correction factor is 

commonly applied to equation (2.1). This factor, K;?, is commonly caiied the momentum 

correction factor and is applied as 

The pressure drops AP12 and A P I ~  can also be modelled as 



where i = 2 for the run and i = 3 for the branch. Bernoulli's equation gives the reversible 

part of equation (2-3) as 

The irreversible part of equation (2.3) is defmed as 

where Kiz and KI, are the single-phase 1 0 s  coefticients which are determined empincally. 

2.3.3 Separated-Flow Model for Two-Phase Pressure Drop 

Model - Fouda & Rhodes (1974) 

Fouda & Rhodes (1974) proposed a mode1 based on separated flow. The pressure 

where (K;2 )S is the separated flow momentum correction factor and p,? and p,, are the 

momentum-weighted densities for the mn and inlet, respectively. The separated flow 

momentum correction factor was approximated by the single-phase momentum correction 

factor, Ki,, which was found through tests by Walters (1994) to be approximated by 

equation (4.1). The mornentum-weighted densities are defmed by 



where ai is the void fiaction. Hwang & Lahey (1988) obtained this void fraction fkom 

the Zuber & Findlay (1965) mode1 as 

where Si is the slip ratio. The slip ratio was given by Rouhani (1969) as 

with 

1+0.12(1-x,) +--LI, v,, i = 1.2, 
PH Gi PG 

where the homogeneous density, p, . is cornmonly defmed as 

API3 Mode1 - Saba & Lahey (1984) 

Saba & Lahey (1984) developed a mode1 for AP13 based on their experknental data. 

It divides the pressure &op through the branch into reversible and irreversibie components 

by 

where 

and 



CHAPTER 2 

The energy-weighted densities were defmed as 

with a, calculated from equations (2.8) through (2.10) using i = 3. The branch 

hornogeneous density, pH, , was calculated fiom equation (2.11) using i = 3. The 

parameter $, is known as the separated-flow two-phase Ioss multiplier and is defmed as 

where the momentum-weighted density, p,, , is defied in equation (2.7). The single- 

phase Ioss coeEticient, K13, was found through tests by Wdiers (1994) to be approximated 

by equation (4.2). 



Chapter 3 

EXPEIUMENTAL INVESTIGATION 

3.1 Overview 

The objective of this experirnent was to generate data with which to examine the 

effects of system pressure. PI, on the phase distribution and pressure drop for two-phase, 

air-water fiow through a horizontal tee junction. The apparatus used in this experiment 

was designed to be used under the foiiowing conditions: an air-water mixture with a 

system pressure of PI = 150 kPa ( a b )  and temperature of approximateiy 21 OC, inlet 

superficial liquid velocities in the range 0.0021 5 JL1 < 0.18 1 m/s, inlet superficial gas 

velocities in the range 2.7 1 Jci < 40.0 m/s, and extraction ratios in the range 

O < WJWI 2 1.0. The apparatus was modified to be able to handle an air-water mixture 

with a system pressure of P, = 300 kPa (abs) at the same superficial gas velocities and 

extraction ratios with superficial liquid velocities in the range 0.0021 5 JLI 5 0.0397 m/s. 

This chapter continues in Section 3.2 with a description of the air-water loop in 

terns of its layout and the measuring devices used for the two phases. It then moves on 

to the methods and devices used in the measurement of the pressure in Section 3.3. 

Section 3.4 describes the data-acquisition system and Section 3.5 explains the procedures 

for operating the system and the data-reduction method. 



3.2 Air-Water Loop 

3.2.1 Overview of Apparatus 

The experimental facility is shown in Figure 3-1. A brief description of the facility 

foliows. More detailed descriptions OC the major components of the experimentai facility 

are given throughou t the remainder of this chap ter. 

Compressed air enters the system from a building supply iine and passes through a 

fiiter, pressure controiier, and turbine meter More entering the m g  tee. DisUed 

water is pumped into the system Gom a reservoir tank and passes through a filter and 

turbine meter before entering the mixing tee. The two-phase mixture Ieaving the mixing 

tee was ailowed 67.5 pipe diameters to develop before passing through the idet visual 

section where the flow regirne was observed. After the inlet visual section. the mixture 

passed through a hrther 41 pipe diameters and entered the horizontal tee junction. The 

two strearns leaving the tee junction would pass uito separation tanks, one for the run leg 

and one for the branch Ieg. The gas phase would exit lrom the top of each separation tank 

and be measured by a separate bank of parailel rotameters or turbine meters before 

exhausting to the room through silences. The Liquid phase would exit fiom the bottom of 

each separation tank and be measured by a separate bank of parallel rotameters before 

returning to the reservoir tank. There, a coohg  coi. would be turned on if the liquid 

excreded the desired temperature. 





Valves upstream of the inlet turbine meters were used to control the mass flow rates 

into the system for the Liquid, W L ~ ,  and gis, Wcl. For relatively high flow rates in the run, 

valves upstream of the run turbine rneters were used to control the nin gas flow rate. WGZ. 

The run bank of six gas rotameters was used for smailer flow rates or for situations where 

the run turbine meters could not be used. In the branch. for relatively high flow rates, 

valves upsueam of the branch turbine meters controlied the branch gas tlow rate. Wc3. 

The branch bank of seven gas rotameters was used for srnalier flows or for situations 

where the branch turbine meters could not be used. By adjusting the valves on the run and 

branch legs, the extraction ratio was controiled. 

To measure the pressure distribution in the test section, 41 pressure taps were 

located dong the inlet, run. and branch legs. These taps were c o ~ e c t e d  to two banks of 

elecîronic pressure transducers. The mn bank consisted of three permanent transducers 

and the branch bank had four permanent fransducers. One exlra transducer was available 

to either bank if the pressure difference king measured was greater than the capacity of 

the permanent transducers. 

The rest of this section deals witb the specifics of the major components of the test 

section and of the measuring devices. The turbines and rotameters used in the 

measurement of the water and air flow rates are described in Section 3.2.2 and 

Section 3.2.3, respectively. Measurement of temperature in the experiment is detailed in 

Section 3.2.4. Construction specifics for the Mixing Tee are given in Section 3.2.5, for 

the Test Section in Section 3.2.6. and for the Separation tanks in Section 3.2.7. 



3.2.2 Water Fiow Rate Measurement 

Two turbine meters manufactured by Flow Technology Inc. were used to measure 

the inlet water mas flow rate. WLL These turbines were arranged in parallel and with 

overlapping ranges as listed below. 

Mode1 Caiibrated Range 

JT6-8C I YW-LED- 1 3.07-16.1 Vmin (0.811-4.26USGPM) 
FTO-4C 1 W-LHC-  I 0.382 - 4-50 Vrnin (O. 101 - 1.19 USGPM) 

The turbine with the proper range would be selected depending on the desired inlet 

flow conditions. The output of the selected turbine meter was directed to a signai 

conditioner (Flow Technology Inc. RC51-1C-0000-6) which converted that output to a 

DC signai between O and 10 volts. This DC signal was then directed to a channel in the 

data-acquisition system where the turbine meter calibration curve was appiied. This 

measurement yielded the inlet water mass flow rate, Wu. 

These turbine meters were caiibrated by collecting the water that passed throuph 

them over a measured arnount of tirne. The coiiected water was then weighed to 

determine its mas, yielding the mass per tirne ( m a s  flow rate). The calibrations obtained 

using this method agreed very well with the manufacturer's calibrations, weil within 6%. 

In light of these deviations, the in-house calibrations were used. 

Banks of rotameters were used to measure the water mass flow rates through the 

mn, WLI, and branch, Wu. These rotameters were arranged in pardei and with 

overlapping ranges, as shown below. 



For the run bank of rotameters: 

Model 

Cole-Parmer, tube number N082-03ST 
Cole-Parmer, tube number FM 102-05ST 
Cole-Parmer, tube number N044-40C 
CoIe-Parmer, tube number N044-40C 
Fisher Porter, 10A3555A 

For the branch bank of rotameters: 

Model 

Cole-Parmer, tube number FM082-03ST 
Cole-Parmer, tube number FM 102-05ST 
Cole-Parmer, tube nurnber FM044-40C 
Cole-Parmer, tube number FM044-40C 
Fisher Porter, 10A3555A 

Calibrated Range 

2.85 - 47.0 d r n i n  
12 - 260 mVmin 
99 - 1903 d m i n  
85 - 1880 mVmin 
1250 - 13600 mVrnin 

Calibrateci Range 

2.2 - 46.6 mVrnin 
16 -260 rnllmin 
70 - 1905 
100 - 1880 d m i n  
1250 - 13700 mVmin 

Depending upon the inlet water mass flow rate, Wri, and the extraction ratio, 

W m l ,  the flows through the run and branch were directed through the appropnate 

rotameter or group of rotameters. The readings on the rotameter scaies were manually 

entered into the data-acquisition system where they were applied to the corresponding 

caiibration curves. This gave the run water mass flow rate, WEI and branch water mass 

flow rate, WU. 

AU water rotameters were calibrated using the same method as the inlet water 

turbine meters. Water flowing through the rotameter was couected over a measured 

period of t h e  and then weighed to produce the rnass flow rate. The calibrations obtained 

agreed very weii with the manufacturer's calibrations, generaily within +3% and at most 

deviating by 6%. In Light of these deviations, the in-house calibrations were used. 



3.2.3 Air Fiow Rate Measurernent 

Two turbine meters manufactured by Flow Technology inc. were used to measure 

the inlet air mas flow rate, WGL. These turbines were arranged in paraiiel and with 

overlapping ranges as listed below. 

hiode1 Caiibrated Ftange 

FT- 12C 1 YA-PEA- 1 0.0528 - 0.638 m3/min (1.87 - 22.5 ACFM) 
FT-24C 1 YA-GEA- 1 0.196 - 4.50 m 3 / ~  (6.93 - 159 ACFM) 

Depending on the desired inlet flow conditions, the turbine with the proper range 

was selected. The output of the selected turbine rneter was directed to a signal 

conditioner (Flow Technology Inc. RC51-1C-0000-6) which converted that output to a 

DC signal between O and 10 volts. This DC signal was then directed to a channel in the 

data-acquisition system where the turbine meter calibration curve was applied. This 

measurement yielded the inlet air mas flow rate, WGI. 

These turbine meters were calibrated using a combination of three venturi tubes of 

varying sizes and a large wet test-meter. The venton tubes were manufactured by Fox 

Valve Development Corp.. whose calibrations are traceable to the National Institute of 

Standards and Technology (NIST). The throat diameters of the ventun tubes were 0.375. 

0.625. and 1.00 inches. The large wet test-meter was manufactured by Elster-Handel 

GmbH and had a maximum flow rate of 15 rn3/hr. Turbine meter Fï-24CLY-A-GEA-1 

was calibrated over its entire range using the three venturi tubes. Turbine meter 

Fï- 12C 1YA-PEA- I was calibrated using the smallest venturi tube and the large wet test- 

meter. 



For air mass flow measurement through the run. WG2, a combination of two turbine 

meters and six rotameters were used. For the branch air m a s  flow rate, w~3, two turbine 

meters and five rotameters were used. The two turbine meters were arrmged in paraiiel 

with overlapping ranges on both legs, as were the banks of rotameters. The turbine 

meters and rotameters were not used in conjunction; either one set or the other would be 

used for any particular test. 

The calibrated ranges of the turbine rneters and rotameters are shown below. 

For the nin turbine meters: 

Mode1 Calibrated Range 
FT- 12C 1 YA-PEA- 1 0.0537 - 0.637 m'/min (1.90 - 22.5 ACFM) 
Ff-24C 1 YA-GEA- 1 0.214-4.57rn3/rnin (7.57-162ACFM) 

For the run bank of rotameters: 

Mode1 Cali brated Range 
Coie-Parmer, tube number FMO82-03ST 40 - 1670 d m i n  
CoIe-Parmer, tube number FMlO2-O5ST 670 - 8875 d m i n  
Cole- Parmer, tube number FM044-40C 3 - 64 Vmin 
Cole-Parrner, tube number FM044-40C 2.8 - 61 I/rnin 
Fisher Porter, 999A00 1 064 162 - 777 Vmin 
Fisher Porter, lOA3555A 162 - 1214 Vrnin 

For the branch turbine meters: 

Mode1 Calibnited Range 
FT- 12C 1 Y A-PEA- 1 0.0534 - 0.637 m 3 / ~  (1.88 - 22.5 ACFM) 
FT-24C 1 YA-GEA- 1 0.195-4.09m3/min (6.89-144ACFM) 

For the branch bank of rotameters: 

Model Caübrated Range 
Cole-Parmer, tube number FM082-03ST 50 - 1700 mYmin 
CoIe-Parmer, tube nurnber FM102-05ST 620 - 8960 mVmin 
Cole-Parmer, tube number FM044-40C 2.8 - 61 Vmin 
Cole-Parmer, tube nurnber FM044-40C 2.8 - 62 Vmin 
Brooks, 1307DlOF3AlA 107 - 603 Vmin 



Depending upon the inlet air m m  flow rate, WGIi and the extraction ratio. WJW,, 

the flow through the run or branch would be directed through the appropriate turbine 

meter, rotameter. or group of rotarneters. If a turbine meter was selected, its output was 

direcied to a signal cunditioner (Flow Technology Inc. RC5 1- 1C-0000-6) which 

converted that output to a DC signal between O and 10 volts. This DC signal was then 

directed to a channel in the data-acquisition system where the turbine meter cahbration 

cuve was applied. If rotarneters were used, the reading on the rotameter scale was 

manually entered into the data-acquisition system where ii was applied to the 

correspondhg calibration curve. In this manner. the run air mass flow rate, Wm, and 

branch air mass flow rate, WG3, were obtained. 

The turbine meters on the run and branch legs were calibrated in the exact sarne 

manner as the inlet turbines. The caiibrations for al i  of the air turbine rneters showed good 

agreement with the manufacturer's calibrations - especially over the approximately top 

80% of the turbine meters' ranges where the calibrations were essentially hear .  During 

experimental testing, if the deviation between the iniet air mass flow rate, WGI, and the 

outlet mass flow rate. WGt + WG3, was greater than fi%, then the turbine meters would 

be examined and recalibrated if necessary. 

The rotameters were ali calibrated using a combination of the three venturi tubes, 

the large wet test-meter, and a smail wet test-meter, which had a maximum flow rate of 

0.6 sm3/hr. The calibrations obtained agreed very well with the manufacturer's 

calibrations, generally within 6% and at most deviating by 6%. In light of these 

deviaiions. the present calibrations were used. 



3.2.4 Temperature Measuremen t 

Seven type T uon-constantan thennocouples, located as indicated in Figure 3-1, 

were used to measure temperature in the experimentai facility. A selector switch 

determined which themocouple was comected to a Fiuke 2 170A digital thermometer. 

This digital thermometer had a temperature range of -99.8 to 400.0°C. The readings frorn 

the thermometer were manuaiiy entered into the data-acquisition system. 

Calibration of the thermocouple and digital thermometer system was achieved using 

a water bath and precision mercury thermometer. The distilled water bath was set to 

temperatures correspondhg to the Geezing point (O°C), boiling point (lOO°C), and several 

intermediate temperatures as measured by the mercury thermometer. The thermocouple- 

digital thermometer system yielded results that deviated kom the mercury thermometer 

results by a maximum of 20.3"C. This cornparison produced a correction factor for the 

digital thermometer reading that was used in the reduction of a.ii data. 

3.2.5 Mixing Tee 

The rnixing tee consisted of a small copper tube placed inside a larger diameter tee, as  

shown in Figure 3-2. The srnalier copper tube was 12.7-mm I.D., with many 1.6-mm 

perforations. This tube sprayed water into the mWng tee. The larger copper tube was 

51-mm LD. and brought in the air to be rnixed. The resulting two-phase mixture was then 

discharged from the mixing tee. 





3.2.6 Test Section 

Pi ping 

The entire test section was constructed of comrnercially available copper tubing 

supported by a rigid steel kame. The iniet and mn legs of the test section consisted of 

38.1-mm LD., copper tubing. The branch Ieg was consuucted using 7.85-mm I.D., 

copper tubing. 

A differential water level, accurate to 1.5 mm, was used to ensure that the test 

section was level. This was accomplished by placing one water column on a reference 

point on the test section and the other column at the point to be leveled. The height of 

this point was adjusted to match the height of the reference point. This procedure was 

repeated for a large number of points on the test section until it was horizontal. 

Visuai Sections 

The inlet and run legs of the test section were equipped with visual sections to aUow for 

visual inspection of the flow regimes in those legs. The visual sections are depicted in 

Figure 3-3. Each consisted of a 254-mm long glass tube comected to the copper tubing 

of the test section by custom-made stuffmg boxes. The glas  tube was also custom 

manufactured to have the sarne I.D. as the copper tubing of the test section, with a waii 

thickness of 3.45 mm. Once instaiied with the stuffmg boxes, there was approximately 

150 mm of g las  tubing left through which to view the flow. The entire assembly was 

covered with a clear, hard plastic shield to protect the experirnenter in case of faiiure of 

the g las  tube. 





Extreme care was taken in assembling and installing the visual section so that it 

would be coaxial with the copper tubing of the test section. Any misalignrnent could have 

led to the disruption of the flow through the visual section and misrepresentation of the 

flow regirne. 

Tee Junction 

The tee junction used in this investigation was the same as that used by 

Waiters (1994). It was constructed with square edges to ensure consistency with other 

research laboratories. As depicted in Figures 3-4 and 3-5, the tee junction was composed 

of two parts: a main body that attached to the inlet and run legs. and a section for 

attaching the branch. The main body was fabncated fiom a bras bar. 62 mm square and 

126 mm in length. This length allowed for 38 mm of contact surface between the main 

body and the inlet and mn legs. This ensured coaxiality as welï as an adequate seai. The 

branch section was fabricated from a bras rod 76.2 mm in diarneter and 44.5 mm long. 

This aiiowed for 25.5 mm of contact surface with the branch leg. The branch section was 

attached to the main body with four Ailen bolts. An O-ring was placed between the 

branch section and main body to elûninate any leaks. 

The copper tubing of the test section was bonded to the bras of the tee junction using a 

high strength retainùig-seal compound, PERMA-LOK HL 138. This was done since the 

heat required to solder the components together may have resulted in deformation of the 

tee junction. The retaining-seal compound was found to provide an excellent seal up to 

pressures of 690 kPa. 







Pressure Taps 

Pressure taps were used to measure the pressure distribution in the test section. A 

total of 41 pressure taps were located on the inlet, mn. and branch legs of the test section 

as indicated in Figure 3-6. The taps consisted of a hole drüled in the top of each leg of the 

test section with a hose-nipple fitting soldered on top of it. The hose nipples were 

connected to differential pressure transducers by air-fded Tygon tubing. The taps on the 

inlet and run legs had a diameter of 1.6 mm whiie those on the branch leg had a diameter 

of 1.02 mm. 

The pressure taps were located on the top of the test section legs to elirninate the 

problern of meniscus formation. Previous work by BueU (1992) and Walters (1994) 

utilized water-füled pressure taps dong the underside of the test section legs. Theû work 

had shown that this configuration could lead to the formation of a water meniscus across a 

pressure tap at a location where there was no longer any water flow. The surface tension 

produced by this meniscus could lead to a pressure difference that would induce severe 

scatter in the pressure drop measurements. Locating the pressure taps dong the top of the 

test section and having the connections to the pressure transducers filed with air 

eliminated the formation of a meniscus across the pressure tap. 

3.2.7 Separation Tanks 

After exiting the test section, the two-phase flows fiom the run and branch legs 

would each enter a separation tank. These tanks were identical in their construction, 

which is shown in Figure 3-7. 
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Figure 3-7 Details of a separation tank; reproduced fiom Bue11 (1992) 



A combination of cenuifugal action and change in pipe diameter is used to separate 

the two phases. The centrifuga1 action is achieved by two 25.2-mm diameter nozzles that 

direct the two-phase flow entering the tanks into a swirling motion around the perirneter 

of the tank. The tlow leaving the nozzles also loses velocity as it spreads into the larger 

volume of the tank, causing the liquid phase to drain to the bottom of the tank. A baffle 

located above the gas-liquid interface prevented the incoming Bo w Crom impacthg 

directly on the interface and causing splashing. The baffie was a circular disk perforated 

with many small holes, each 4.8 mm in diameter. This baffle had a diameter slightly 

smailer than that of the tank itself, which allowed for a 3.2-mm gap through which the 

liquid could drain downwards. 

A change in tank diameter occurred at mid-height. This aiiowed for monitoring of 

the gas-liquid interface in different diameters of the tank using a 400 mm long sight giass. 

For low liquid flow rates, the interface level would be maintained in the smailer diameter 

portion of the tank. The larger diameter portion would handle higher liquid flow rates. 

Whenever possible, the interface would be maintained in the smailer diameter portion as 

this would lead to smaller errors in outlet flow-rate measurement. 

These tanks were constmcted fiom welded steel pipe sections with £langes bolted to 

the ends. In an attempt to prevent corrosion, the entire tank was galvanized, inside and 

out, and ali copper to steel connections were completed using dielectric unions. 

Unfortunately, the galvanization on the inside of the tanks wore off with use, leading to 

rust formation. Also, at high gas flow rates, this mst, dong with water dropleü, would be 



entrained in the gas flow exiting the tank. When this entrainment occurred, the outlet 

turbines could not be used and the outlet flows were switched to rotameters. 

3.3 Pressure Measurernent 

3.3.1 System Pressure 

The system pressure was defmed as the absolute pressure at the center of the tee 

junction. This location corresponds to pressure tap 12 as shown in Figure 3-6. 

Unfortunately. the large fluctuations that occur at the tee junction due to the separation of 

the flow Ied to corresponding fluctuations in the pressure reading at that point. Therefore, 

the system pressure reading was taken at the tap immediately upsueam (pressure tap 11). 

The pressure reading at this tap gave much more stable results relative to those at tap 12. 

The system pressure was measured using an Ashcroft general service pressure gauge 

comected to the test section as shown in Figure 3-8. The reading from this gauge was 

manually entered into the data-acquisition system. The Ashcroft gauge was calibrated 

usinp a mercury manometer over a range of 1 I l  to 336 kPa (abs). 

3.3.2 Pressure Distribution 

The pressure drop measurement station is shown in Figure 3-8. The station was 

comprised of two banks of pressure transducers, one each for the branch and run legs of 

the test section. The nin bank had three permanent DP103 transducers manufactured by 

Vaiidyne Engineering Corp. The branch bank had four permanent transducers - three 

DP103 transducers, and one Rosemount 1 15 lDP5A22MB trmducer. One other 
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Rosemount 1151DP6E22MlB2 transducer (marked as transducer 8 in Figure 3-8) was 

avaiIab1: to both the run and branch banks when needed. 

The DP103 transducers were able to measure a range of pressures by utiliwig 

stainless steel diaphragms of different thickness. Each bank had one uansducer with an 

approximate range of mesurement as shown below. The ranges of the Rosemount 

transducers are given as weU. 

Transducer Mode1 Bank Calibnteci Range 

DP 103- 1 O (low-range) Both & 0.6 cm water 
DP 103- 18 (med-range) Both - 5 cm water 
DP 103-28 (high-range) Both 30 cm water 
Rosemount 1 15 1 DP5A22MB Branch i 1008 cm water 
Rosemount 1 15 1 DP6E22M1B2 Branch & 2152 cm water 
Rosemount 1 15 1 DP6E22M 1 B2 Run k 109 cm water 

Calibration of the Validyne transducers was accomplished using a water-filled 

micromanometer manufactured by T.E.M. Eng inee~g  with a syringe as a pump. The 

Rosemount uansducers were caiibrated usinp a mercury-füed U-tube manometer and a 

foot pump. Aü of the caiibration curves were found to be very hear. 

A six-channei carrier demodulator processed the output of the six Validyne 

transducers. This carrier demodulator, Validyne mode1 CD280-6, fed a 210 volt DC 

signal to six separate channels in the data-acquisition system. The output from the 

Rosemount transducers was a cunent signai between 4 and 20 rnA. This signal was 

passed through a 500 ohm precision resistor installed in the circuit. The resulting voltage 

drop across the resistor was between 2 and 10 volts. This voltage was then fed into two 

separate channels in the data-acquisition system. 



Pressure signals were brought to the transducers through a system of 3.2-mm Tygon 

tubing and %-inch baU valves as indicated in Figure 3-8. The majority of the pressure 

distribution tests were achieved by connecting the high sides of both banks of transducers 

to taps on the inlet leg and the low sides of each bank to their respective taps on the run 

and branch legs. For the high sides of the transducer banks, this was accomplished by 

opening valve D. For the low side of the run bank, valve B was opened, and for the low 

side of the branch bank, valve A was opened. A more detailed description of the pressure 

rneasurement procedure is given in Section 3.5.1 "Recording of the Pressure-Disuibution 

Data." 

3.4 Data- Acquisi tion S ys tem 

The data-acquisition system consisted of an 80286 12 MHz microcornputer 

equipped with two analog-to-digital (A/D) boards that plugged into the motherboard, and 

a computer program that oversaw the experimental procedure. The A/D boards were 

mode1 DAS-16G1, manufactured by the MeuaByte Corp. For this experiment, each 

board was confïgured with 8 difFerentia1 analog input channels, giving a total of 16 

channels for voltage input fkom the turbine meters and pressure transducers. Each channel 

was capable of high-speed analog-to-digital conversion (up to 70,000 sarnples per second) 

with 12-bit resolution. 

The computer program that controlled the gathering of data for the experiment was 

written in BASIC and interpreted by Microsoft's GW-BASIC. AU aspects of experimental 

measurement were controiIed through the program. AU real-tirne voltage readings went 

through the A D  channels to be interpreted by the prograrn. AU other readings, such as 



rotameter, temperature. and pressure gauge readings were entered into the prograrn 

manuaiiy. The data reduction. as described in Section 3.5. was also accomplished by this 

program. 

3.5 System Operation and Data Reduction 

3.5.1 Two-Phase Flow 

Start Up and Steady State 

For every two-phase test. a routine was followed for the purposes of safety and 

expediency. Each step in this routine refers to Figure 3-1 unless otherwise specitied. 

The power supplies for the computer system. pressure uansducers. turbine meters. and 

digital themorneter were switched on and ailowed approximately 15 to 30 minutes to 

warm up. 

The barometric pressure and temperature were noted and fed into the data-acquisition 

system which calculated the gauge pressure corresponding to 3.0 bar (abs). This was 

the pressure that should be read on the Ashcroft pressure gauge at steady-state 

conditions, ais0 known as the system pressure, Pl. 

Valve 1 and tap 11 (see Figure 3-8) were opened so that the Ashcroft pressure gauge 

showed the system pressure. 

Gas-bleed valves on the separation tanks (21 and 22) were closed and the outlet gas 

bypass valves (13 and 18) were partially opened. Valves 12 and 14a-b were closed on 

the branch and valves 17 and 19a-b were closed on the run. 



Water supply bypass valve 4 and control valves 5a-b were partially opened. 

Valves 6a-e and valve 7 were closed. 

The idet air control valves 2a-c were partiaiiy opened. The inlet air turbine meter 

bypass valve, 3a, was fÙUy opened and the inlet air turbine meters were isolated 

(valves 3b-e were closed). Air caiibration valve 8 was fuliy opened and valve 9 was 

closed. 

The cornpressor supply valve for the inlet air was slowly opened. AU supply air would 

now be venting into the room through valve 8. The pressure conuoller would corne 

on-luie as the supply pressure increased. Once the pressure reached approximately 

60 psig - as read on the gauge immediately downstream of the controuer - valve 9 

could slowly be opened. The system pressure indicated on the Ashcroft pressure 

gauge would be monitored as valve 9 was opened so that the pressure at the tee didn't 

exceed approximately 40 psig (for safety reasons). 

Once valve 9 was fully opened, valve 8 would be slowly closed while continuhg to 

monitor the system pressure. If this pressure go t too high, valves 13 and 18 would be 

h l l y  opened. If openùig these valves did not lower the pressure enouph, the large 

outlet turbines would be opened. If the system pressure was lower than approximately 

30 psig (3.0 bar), then valves 13 and 18 were closed shghtly. 

Once valve 8 was fully closed and the system pressure was approximately 

3.0 bar (abs), the inlet turbine meter appropriate to the flow conditions would be 

brought on-line. This involved slowly opening valves 3c and 3b or 3e and 3d and then 

slowly closing valve 3a. 



10. Whiie monitoring the system pressure. idet air supply valves 2a-c would be adjusted 

to bring the inlet flow conditions close to the desired IeveL The outlet measuring 

devices would then be brought on-line. If the outiet rotameters were to be used, 

valves 12 and 17 wonld be slowly opened. If the outlet turbine meters were to be 

used, valves 14a-b and 19a-b would be slowiy opened. At the same tirne, valves 13 

and 18 would be slowly closed while monitoring the system pressure. 

1 1 .  To bring water to the system, firsst the water turbine meter bypass, valve 6a, would be 

opened. Then the water pump would be switched on. Valves 4 and Sa-b would be 

adjusted to bring the pump pressure to approxirnately 60 psig. The iniet visual section 

would be observed for signs of liquid. Once liquid was flowing through the test 

section, the appropriate inlet water turbine would be brought on-line by slowly 

opening valves 6c and 6b or 6e and 6d and slowly closing valve 6 ê  

12. The outiet water rotameters would be broughi on-line by opening the appropriate 

combination of valves 15a-e and 20a-e once the water level in the separation tanks was 

observable on the sight glass. Control valves Sa-b would then be adjusted to give the 

desired inlet water flow conditions. If the test section temperature exceeded 2 1.3"C 

(70°F), the cooling water for the heat exchanger in the water reservoir was turned on. 

13. With the inlet air and water conditions at the desired levels, the system pressure was 

checked. If the system pressure was not at the desired value, the outlet flow rates 

were adjusted to correct it (valves 14a-b and 19a-b for turbines; valves 23a-f and 

24a-e for rotameters). Since changing the system pressure affects the inlet water and 



air flow rates, they were adjusted as weii. Changing the inlet flow rates again af%ected 

the system pressure, leading to an iterative procedure. 

14. Alter obtaining the desired inlet conditions and a system pressure of 3.0 bar (abs), the 

outlet water rotameters (valves 1Sa-e and 20a-e) were adjusted to keep the water 

levels in the separation tanks steady. Once this level was steady, the extraction ratio. 

W m , ,  was checked. If W m 1  was not rit the desired value, the outlet a i .  flow rates 

were modifled to b ~ g  W3/Wi closer to the desired value using valves 14a-b and 

19a-b when using turbines, or valves 23a-f and 24a-e when using rotameters. This 

changed the amount of liquid entering each separation tank. The outlet water 

rotameters were adjusted again to keep the water levels in the separation tanks steady 

and the extraction rate was again checked. This procedure was repeated iteratively 

untd the desired W3/WI was achieved. 

This process of continual adjustment would typically take 1% hours to achieve the 

desired inlet flow conditions. system pressure, and exvaction ratio. Before any data were 

recorded, though, a steady-state condition had to be met. The following parameters had 

to remain the same for at least 15 minutes to declare a steady state and begin data- 

acquisition: 

test section pressure. PI; 

superficial velocities, JG,, JLI. JCZ, JE, Iu, and Ju; 

liquid levels in both separation tanks; and 

test section temperature. TI. 



The above parameters were monitored while phase-distribution and pressure-drop 

data were king recorded. Fie adjustments were made as  needed to ensure that the flow 

rates, system pressure and temperature, and extraction ratio did not vuy by more than 

d% of the initial values. If any of these values deviated by more than this arnount. the 

results were rejected and the test perfonned again. Collection of ail data typically took 

another 3 hours after steady-state conditions were reached, with the majority of that time 

taken by pressure-drop measurements. 

Recording of the Phase-Distribution Data 

Once steady-state conditions were achieved, the phase-distribution data were 

entered into the data-acquisition system and a printed copy was produced. These data 

consisted of the following measurements. 

1. The atmospheric pressure, temperature, and resulting gauge pressure for a system 

pressure of 3.0 bar (abs). as measured at tap L 1. 

2. The pressure at the cornpresseci air suppiy header. 

3. The averaged voltage output of the inlet air turbine meter. 

4. The pressure and temperature immediately downstream of the inlet air turbine meter. 

5. The averaged voltage output of the iniet water turbine meter. 

6. The temperature immediately downstream of the inlet water turbine meter. 

7. The averaged voltage of the run air turbine meter or the readings on the run air 

rotameters, depending on which were used. 



8. The temperature immediately upstream of the run turbine meter or immediately 

upstream of the run rotameters, depending on which were used. and the large run 

rotameter pressure, if it was used- 

9. The averaged voltage of the branch air turbine meter or the readings on the run air 

rotmeters, depending on which were used. 

10. The temperature immediateiy upstream of the branch turbine meter or imrnediately 

upstream of the run rotameters, depending on which were used, and the Iarge branch 

rotameter pressure, if it was used. 

11. The readings on the mn and branch water rotameters. 

12. The temperatures at the run and branch water rotameters. 

13. The flow regimes observed at the inlet and run visual sections based on the 

descriptions depicted in Figure 3-9. 

Averaged voltages of the turbine meters were obtained from samples taken over 

30 seconds at a rate of 10 samples per second. The above measurements were used in the 

reduction of the data as described in the section "Reduction of the Phase-Distribution 

Data" later in this section. 

Recording of the Pressure-Distribution Data 

After recording the phasedistribution data, the pressure distribution in the test 

section was measured. The output from the pressure transducers was converted into 

110 volt DC signals that were fed into the data-acquisition system. This output was 



averaged for 120 seconds at a rate of 100 sarnples per second. This averaged value was 

then applied to the appropriate calibration equation to yield the dflerential pressure. 

The layout of the pressure taps is depicted in Figure 3-6 and the pressure 

transducers and their associated valving are shown in Figure3-8. In the foiiowing 

procedure. Steps 1 through 9 describe how the run and branch pressure distributions were 

measured and steps 10 through 14 show the measurement of the inlet pressure 

distribution. Steps 15 throuph 18 describe the measurement of data used for verifkation 

of the inlet and branch pressure distributions. 

1. Ali valves in the pressure measurement station were initiaiiy closed. 

2. With the applied differential pressures set to O Pa, the outputs ftom the pressure 

transducers were adjusted to their zero points (0.0 volts for the Validynes. 2.0 volts 

for the Rosemounts). This was accomplished by first opening the bypass valve on the 

transducer king used in order to equalize the pressures on the high and low sides of 

that transducer. Then the "zero adjustment" screw was adjusted whde monitoring the 

instantaneous transducer voltage on the cornputer screen until the zero point was 

reached. 

3. Inlet tap 1, run tap 32, and branch tap 33 were opened. 

4. Valve B was opened to connect the low side of the run bank of transducers to the run 

pressure taps. 

5. Valve D was opened to connect the high side of the run bank of transducers to the 

inlet pressure taps. 



6. Valve A was opened to connect the low side of the branch bank of tramducers to the 

branch pressure taps; the inlet pressure taps are always connected to the high side of 

the branch bank of transducers. 

. 
7. The pressure transducer with the optimum range on the run bank was found by 

applying the pressure in the test section to the transducer with the lugesr range and 

then working down to transducers with successively srnaiier ranges until the proper 

range was found. The same procedure was executed with the uansducers on the mn 

bank. 

8. Once the transducers with the proper range were found, the averaged output koom the 

transducer was measured and recorded. Taps 32 and 33 were closed and the next taps 

in the run (tap 3 1) and branch (tap 34) were opened. 

9. Steps 7 and 8 were repeated until aU the taps on the run and branch had k e n  

rneasured and recorded against tap I on the inlet. 

10. After cornpieting the run and branch pressure distributions, the inlet pressure 

distribution was measured. Tap 1 on the iniet, tap 32 on the run, and tap 33 on the 

branch were opened. 

11. Valves A, B, and D remauied open. 

12. The pressure transducer with the optimum range on the run bank was found by 

applying the pressure in the test section to the uansducer with the largest range and 

then working down to transducers with successively smaiier ranges until the proper 



range was found. The sarne procedure was executed with the transducers on the run 

bank. 

13. Once the proper range transducers were found, the averaged output from the 

transducer was measured and recorded. Tap 1 was closed and the next tap in the inlet 

(tap 2) was opened. 

14. Steps 12 and 13 were repeated until all the taps on the inlet had k e n  measured and 

recorded against taps 32 and 33 on the mn and branch 

15. After completing rneasurement of the inlet pressure distribution, rneasurements to 

ver@ the proper operation of the transducers and their associated plumbing were 

taken. Valves B and D were closed and valve C was opened. 

16. AU pressure taps were closed. Then, taps 16 and 33 on the run and branch were 

opened. 

17. The optimum-range transducer on the branch bank was found and the averaged output 

from the transducer was measured and recorded. 

18. Step 17 was repeated. measuring the pressure at tap 16 against that at taps 36 and 39. 

The data produced by steps 15 through 18 were used to independently verïfy the 

pressure distribution in the inlet and branch as produced by steps 1 through 9 and steps 10 

through 14. 



Reduction of the Phase-Distribution Data 

The cornputer program controhg the data-acquisition system was also used for the 

reduction of phase-distribution data. The following procedures and equations were used 

in this program for the reduction of the data. 

1. The mass flow rates WLI, WûI. Wu,  Wa, WU, and WG3 were calculated using the 

pressure, temperature, and volume flow rate readings appiied to the appropriate 

turbine meters or rotameters and their cabration curves. 

2. An energy balance was used to determine the systern temperature, TI. 

3. The mass flow rates W L ~ ,  WU* Wt2, WU, md WG3 were corrected for 

evaporation foiiowing the procedure outlined in BueU (1992). Evaporation of the 

water took place in the mixer, tesr section, and separation tanks. It was found to be 

signifScant for the data set where JGi = 40 d s  and JL1 = 0.0021 m/s. At aii other 

superficial velocities, the evaporation was found to be insigMcant. 

4. The total inlet, mn, and branch m a s  flow rates were calculated by 

and W3 = WGt + WL3. 

5. The inlet, mn, and branch quaiities were caiculated by 



and 

6.  Overaii mass balances were perfomed on both the liquid and gas phases. 

7. The foliowing parameters were caiculated for al1 tests. 

and 

8. The fraction of total iniet gas entering the branch and the fraction of total inlet liquid 

e n t e ~ g  the branch were cdculated fiom 

and 

9. The extraction ratio. Wm1. and the ratio of branch to iniet quality, xJxl were 

caiculated. 



Reduction of the Pressure-Distribution Data 

The differential pressure-distribution data recorded in 'Recording of the Pressure- 

Distribution Data" were plotted against pressure tap location on the test section. Five 

Lines of pressure-distribution data were plotted: inlet as recorded against tap 32, inlet as 

recorded a g a k t  tap 33, run as recorded against tap 1, branch as recorded against tap 1, 

and branch as recorded against tap 16. If the two iniet data sets did not agree or the two 

branch data sets did not agree, ail data were rejected and the entire test had to be 

repeated. 

Linear equations were fit to the hliy developed pressure distribution data. By 

extrapolating the developed pressure gradients of the inlet. mn. and branch to the centre 

of the tee junction, the pressure at each face of the junction (as shown in Figure 1- 1) could 

be determined. Using these pressures, the pressure drops were defined as 

where i = 2 for the run and i = 3 for the branch. Deta* of the method used to determine 

developed pressure gradients in the test section c m  be found in Bueii (1992). 

Flow Regi mes 

Various flow regirnes present themselves in two-phase. horizontal flow. Figure 3-9 

was used as a guide for classifying the observations at the two visual sections. A 

description of these flow regirnes foilows. 



SLUG 

Figure 3-9 Sketches of observed flow regimes; reproduced from Walters (1994) 



Stratifiecl (St): A smooth interface separates the Iiquid flowing along the bottom 

of the tube from the gas flowing alont the top. 

Wavy (W): The liquid phase flows alonp bottom of the tube while the gas flows 

along the top. Increased gas velocity causes the interface between the two phases 

to become wavy. 

Stratifieci-Wavy (St-W): This is a transitional flow regime where the interface is 

mainly smooth with smali, intermittent, surface waves. 

SIug (S): The liquid and gas phases have a wavy interface with high-velocity 

slugs, which reach the top of the tube, appearing intermittently. 

Annular (An): A f h  of liquid occupies the entire perimeter of the tube forming 

a liquid annulus with a gas core. The gas often contains entrained liquid droplets. 

The liquid annulus is thickest at the bottom and thinnest on the top for horizontal 

flow. 

Semiannular (SA): This is a transitional flow regime where a thick liquid film at 

the bottom of the tube extends up along the sides of the tube but does not reach 

the top as a stable film. Some of the liquid may be entrained in the gas as droplets. 

3.5.2 Single-Phase Flow 

Start Up and Steady State 

Single phase-gas tests were conducted to obtain the pressure-drop data necessary 

for caiculating the loss coefficients of the pressure-drop mode1 described in Chapter 2. 



These tests were conducted according to a routine. Each step in this routine refers to 

Figure 3- 1. 

1. Steps 1 through 10 of the two-phase Start-Up and Steady-State routine were 

foiiowed. 

2. Once the desired inlet gas flow rate and system pressure were obtained, the extraction 

ratio, Wm,, was checked, If W m l  was not at the desired value, the outIet air flow 

rates were modified to bring W m I  closer to the desired value using valves 14a-b and 

19a-b for the turbine meters and vaives 23a-f and 24a-e for the rotameters. This 

procedure was repeated iteratively untïi the desired W m I  was achieved. 

This process of continuai adjustment would typicaiiy take 1 hour to achieve the 
3 

desired iniet flow conditions, system pressure. and extraction ratio. Before any data were 

recorded, though, a steady-state condition had to be achieved by having these parameters 

remain steady for at least 15 minutes. Fine adjustments were made. as needed, to ensure 

that the flow rates, system pressure and temperature, and extraction ratio did not Vary by 

more than &2% of the initiai values. If any of these values deviated by more than this 

amount, the results were rejected and the test performed again. Collection of aII data 

would typically tdce another 3 hours after steady-state conditions were achieved. 

Recording and Reduction of Data 

Phase-distribution and pressure-distribution data were recorded once steady-state 

conditions were achieved. These data consisted of the following measurements. 
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1. The atmospheric pressure, temperature, and resulting gauge pressure for a system 

pressure of 3.0 bar (abs), as measured at tap L 1. 

2. The averaged voltage output of the inlet air turbine meter. 

3. The pressure and temperature immediately downstream of the hiet air turbine meter. 

4. The averaged voltage of the run air turbine meter or the readings on the run air 

rotarneters, depending on which were used. 

5. The temperature immediately upstream of the run turbine meter or immediately 

upstream of the run rotameters. depending on which were used, and the large nin 

rotameter pressure, if it was used. 

6. The averaged voltage of the branch air turbine meter or the readings on the run air 

rotarneters, depending on which were used. 

7. The temperature immediately upstream of the branch turbine meter or immediately 

upstream of the run rotameters, depending on which were used, and the large branch 

rotameter pressure. if it was used. 

Averaged voltages of the turbine meters were obtahed from samples taken over 

30 seconds at a rate of 10 samples per second. The single-phase pressure-distribution and 

phase-distribution data were rneasured and reduced by the sarne method used for two- 

phase flow, as described above. 



Chapter 4 

RESULTS AND DISCUSSION 

4.1 Overview 

This chapter presents the results of the experimental study and a discussion of their 

signifcance. Section 4.2 describes the range of data covered by the tests. Sections 4.3 

and 4.4 discuss the phase-distribution data and the effect of the system pressure upon 

thern. Sections 4.5 and 4.6 look at the pressure-drop data and the effect of the systern 

pressure on these data. respectively. Section 4.7 compares the pressure-drop data with a 

theoretical mode1 while Section 4.8 discusses the uncertainty intervals associated with the 

experimental data and experimental repeatability. 

4.2 Data Range 

The experimental investigation consisted of a two-phase component and a single- 

phase component. In the two-phase study. I l  groups of tests were conducted yielding 50 

experimental data points. Each group of tests was characterized by particular inlet 

superficial gas and inlet superficial liquid velocities. Figure 4-1 shows the location of 

these 1 1 groups plo tted on the flow-regirne map of Mandhane et al. ( 1974). The actual 

values of JGl and JLl within each group varied by not more than +3% for 98% of the test 

runs. The system pressure, Pl, and test section temperature, TI, were nomindy 

maintained at 3.0 bar (abs) and 21.1°C (70°F), respectively, with the majonty of these 

runs within &.O 1 bar and 2 lS°C of the nominal values. Table 4- 1 kts the range of 
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operating conditions while Table A-1 in Appendix A gives the complete set of phase- 

distribution and pressure-drop data for the two-phase tests. 

Table 4- 1 
Range of Operating Conditions for the Two-Phase Tests 

Parameter 

Total Number of Tests 
Inlet-to-Branch diameter ratio, Dm1 
Iniet flow regirnes 

Inlet temperature, TI  
Inlet pressure, PI 
Iniet superficial gas velocity, J G ~  
Iniet superficial iiquid velocity, JLI 
Inlet m a s  flux, G1 
Inlet quality, xi 
Extraction ratio, W3/W1 
Air mas  balance errors 
Water mass balance errors 

Table 4-2 

Value 

50 
O. 206 

S tratified 
W a v  

S tratified-Wavy 
Serniannular 

Annular 
18.0 - 2 1.5 OC 
3.0 bar (abs) 

2.7 - 40.1 rn/s 
0.002 1 - 0.0398 mis 
11.5 - 18 1.5 kg/m2s 

19.5 - 98.6% 
0.049 - 0.904 
-5.7 to +3.1% 
-5.7 to 4.2% 

Range of Operating Conditions for the Single-Phase Tests 

TotaI Number of Tests 
Inlet-to-Branch diarneter ratio, Dm1 
Idet temperature, TI 
Idet pressure, PI 
Inlet gas velocity. JGI 
InIet mass flux, Gl 
Inlet Reynolds Nurnber, Re 
Extraction ratio, W m 1  
Air m a s  balance errors 

Value 

6 
0.206 

2 1.7 - 23.7 OC 
3.0 bar (abs) 

3.78 1 - 3-80 1 mis 
13.35 - 13.48 kg/m2s 

27350 - 27920 
0.099 - 0.995 
-2.4 to +O. 1 % 



In the singb-phase study. 6 tests were conducted to measure the pressure drop 

associated with the junction. The nominal air velocity was 3.80 mls with the actual values 

within M.5% of that value. The system pressure. Pl. and test section temperature. T 1. 

were maintained nominaiiy at 3.0 bar (abs) and 21.7"C (71°F). respectively. with the 

majority of these mm within &.O1 bar and G.O°C of the nominal values. The only 

pararneter varied for the single-phase tests was the extraction ratio. Table 4-2 k t s  the 

range of operatin; conditions while Table A-2 in Appendix A gives the complete set of 

pressure-drop data for the single-phase tests. 

For both the single-phase and two-phase tests. the extraction ratio was varied for 

each group of inlet conditions. If possible. the extraction ratios in each test group were 

set to 0.1, 0.3, 0.5, 0.7, and 0.9 to sirnpw cornparison of the present data with those of 

Walters (1994). If the operating conditions did not permît data to be gathered for ail of 

these extraction ratios, then the maximum WJW1 was found and the extraction ratios 

matching those of Walters (1994) at the same inlet conditions were taken. When the 

maximum extraction ratio was below 0.5, extraction ratios below O. 1 would often be taken 

to give a wider range of observations for each group. 

Mass-balance errors were calculated for both the single-phase and two-phase tests. 

These errors correspond to the percentage deviation between the inlet flow rates and the 

sum of the evaporation-corrected outlet flow rates. For the two-phase tests. the air m m  

flow baiance error was within G% for 94% of the data and aii of the data were within 

6%. The water mas flow balance error was within +5% for 98% of the data and all of 

the data were within 6%. In cases where the nin now rate was grrater than the capacity 



of the run flowrneter, the air flow rates in the nin were inferred fiom the difference 

between the inlet and branch flow rates at the tee. These tests are rnarked as "inf" in 

Table A- 1 in Appendix A and are not included in the above statistics. For the single-phase 

tests, the air mass flow balance error ranged from -2.4 to +0.1%. 

4.3 Presentation of the Phase-Distribution Data 

The phase-distribution data from the present study are presented in this section. 

These data are presented using two different graphical methods, as described in 

Section 1.2. Part (a) of each graph shows FBG versus Fer and part (b) shows XJXI versus 

W m l .  Both graphs are obtained fiom the sarne data but offer dBerent perspectives. For 

example. the relative depree of gas or Liquid preferential take-off is more clearly depicted 

in the graph of FeG versus Fer while the relative quality in the branch is more clearly 

shown in the graph of xdxxl versus W ~ I .  

Figures 4-2 through 4-4 show the effect on the phase distribution of v-g the idet 

gas velocity, JGl, while holding the inlet iiquid velocity, ILL, fixed. It should be noted that 

when JL1 remains fixed, there will be a change in the Bow regime as JGI is varied. 

Figure 4-2 shows the phase distributions for hl = 0.0021 mls. This figure indicates 

that there is a decreasing preference for the gas to enter the branch as the gas superficial 

velocity increases. One possible way to explain this behaviour is by consideration of 

momentum effects. Increasing JGi wiil increase the gas momentum. We assume that the 

Liquid momentum stays fmed for a fued ILI. The higher momentum gas will be l e s  likely 

to turn the corner into the branch and more likely to continue down the run. This should 
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(b) 
Figure 4-2 Effect of Jci on the phase distribution for JLI = 0.002 1 mis 
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Figure 4-3 Effect of JGI on the phase distribution for JLI = 0.0095 mls 
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Figure 4-4 Effect of Jci on the phase distribution for JLI = 0.0397 m/s 



lead to a reduction in the fraction of inlet gas that goes into the branch, Fsû. For 

JGi = 2.7 mis, aii the data show a preference for the gas to exit through the branch. For 

JGL = 10.8 d s ,  the preference to exit through the branch changes from gas to liquid at 

Wf/Wi z 0.3. AU of the data for JGt = 40.0 mfs show liquid exiting preferentially through 

the branch. Figure 4-2(a) indicates that for Jcl = 2.7 d s ,  no Liquid is drawn off into the 

branch until FBC - 0.4. For JG1 = 10.8 m/s. no iiquid is drawn into the branch before 

FBG = 0.1. 

Figure 4-3 shows the phase distributions for Jrl = 0.0095 mis. Part (b) of this figure 

indicates that, in general, there is a decreasing preference for the gas to enter the branch as 

J G ~  increases, in accordance with considerations of momentum. Part (a) of this figure 

shows the sarne general decrease in FBC as JG1 increases, with the relative positions of 

JGL = 4.3 m/s and JGl = 10.8 d s  king the exceptions. The relative positions of these data 

sets cannot be explained by momentum considerations. Some other factors must have an 

effect under these conditions. 

Figure 4-4 shows the phase distributions for JLL = 0.0397 mis. Here, the relative 

positions of the data for JGI = 2.7 m/s and JGt = 10.8 mls seem to be reversed from their 

relative positions in Figures 4-2 and 4-3. The data of Jci = 10.8 m/s show a greater 

preference for the gas phase to exit through the branch than do the data of JGi = 2.7 mis- 

Again, considerations of momentum cannot describe this behaviour and other factors must 

have an effect. This phenornenon was also observed by Walters (1994) for the same inlet 

velocities (with PI = 1.5 bar). 



Some of these "other factors" mentioned above as possibly playing a role in 

determinhg the phase distribution are Listed here. They include: the height of the gas- 

iiquid interface. the shape of the interface, Bemoulii or bbsuction*' effects. the actual 

velocities of the two phhses (which usuaiiy differ from the superficial velocity), and the 

thickness of the f~ in annular flow. The fust three factors are especially relevant to flow 

in reduced junctions. The height and shape of the gas-Liquid interface can have a large 

effect on the access that the ïquid has to the reduced branch in stratified. stratified-wavy, 

wavy. and semiannular flow regimes. For a low interface height or a thin füm pressed up 

dong the inlet wail, it is possible that ïttie or no Liquid is within the zone influenced by the 

branch suction. In such a case, only gas could be drawn into the branch - regardless of 

changes in momentum - until such time as sufficient jas is drawn into the branch to cause 

iiquid to be drawn up into the branch by increased suction 

A general trend can be derived hom the above figures. For a fixed JLI, the 

preference to exit through the branch generaily goes from a gas preference to a liquid 

preference as Li increases. This trend has also k e n  observed by other researchers. 

including Hong (1978). Shoham et al. (1987), and Walters (1994). Exceptions to this 

trend were noted in the discussion of Figures 4-3 and 4-4 and emphasize the dificulty 

associated with this field o l  study. Further investigation is warranted to examine which 

factors are present and their effects. 

4.4 Effect of System Pressure on the Phase-Distribution Data 

This section examines the effect of system pressure on the phase distribution. This 

is accomplished by comparing the data of the present study against those of 
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Waiters (1994) at the same idet superficiai velocities but with a different system pressure. 

Walters (1994) used a system pressure of 1.5 bar (150 kPa) while the present study uses a 

system pressure of 3.0 bar (300 kPa). 

We cm reason what effect an increased system pressure will have on the phase 

distribution if momentum considerations were the major Uitluence. Increasing Pi from 1.5 

to 3.0 bar wiU essentially double the density of the gas while havinp no signifcant effect 

on the density of the iiquid. We assume that this leads to a doubling of the momentum of 

the gas and that the momentum of the liquid wiU remain the same. This implies that for 

the higher PI, the gas phase wiil be less likely to turn the corner into the branch. Thus, for 

the same superficial velocities. the effect of increasing the system pressure should be to 

cause the fraction of inlet gas tumïng into the branch, FsG, to decrease. Seeger et al. 

(1986) and Reimann et al. (1988) &O suggested this iine of reasoning. However, under 

some conditions, other factors could dominate, rendering momentum effects i n ~ i g ~ c m t .  

The cornparisons for the superficial gas velocity of Jci = 2.7 d s  are depicted in 

Figures44 through 4-7. Figure 4-5 shows a severe phase maldistribution for 

PI = 1.5 bar, starting with a suong preference for the gas to exit through the branch and 

then changing to a strong preference for the liquid to exit through the branch. For 

Pt = 3.0 bar. there is a strong preference for the gas to exit through the branch for aii of 

the data. The data at this combination of superficial gas and liquid velocities do no t seem 

to foUow the principle that increasing gas momentum wdi decrease Fec. What it does 

show is that gas momentum may not be a signifcant factor under these conditions. 
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Figure 4-5 Effect of PI on the phase distribution for 
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JGI = 2.7 mls and Jrc = 0.0021 m/s 



Figure 4-6 Effect of Pl on the phase distribution for Jci = 2.7 m/s and JL1 = 0.0095 mls 
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Figure 4-7 Effect of PI on the phase distribution for Jci = 2.7 m/s and hi = 0.0397 mis 
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Figure 4-8 Effect of Pl on the phase distribution for JG1 =4.3 d s  and = 0.0095 mis 



. . . . .  

P,= 15 bar 
Pl = 3.0 bar 

Figure 4-9 Effect of Pl on the phase distribution for JGL = 10.8 mis and = 0.0021 d s  
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Figure 4-10 Effect o f  PI on the phase distribution for JGL = 10.8 d s  and hl = 0.0095 ds 
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Figure 4- 1 1 Effect of Pi 
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on the phase distribution for JGI = 10.8 d s  and Jri = 0.0397 mls 
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Figure 4-12 Effect of Pl on the phase distribution for JGt = 18.3 mis and JL1 = 0.0095 mis 
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Figure 4- 13 Effect of PI on the phase distribution for .Tc, = 40.0 mls and Jri = 0.002 1 m / s  



Figure 4-14 Effect of Pl on the phase distribution for Jci = 40.0 m/s and Jrl = 0.0095 m/s 



Figure 4-15 Effect of Pl on the phase disuibution for JGI = 40.0 mis and JLI = 0.0397 m/s 
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In Figures 4-6 and 4-7, the phase distribution data are very close to each other for 

both PI = 1.5 and 3.0 bar (with the exception of the data for W m l  < 0.1). The difference 

between these data sets (for WJWI > 0.1) is small. This indicates that factors other than 

gas momentum probably also play a role under these conditions, as  mentioned in the 

previous section. 

Figure 4-8 shows the phase-distribution cornparison for the superficial gas velocity 

of JG, = 4.3 mis. Here. the PI = 1.5 bar data in part (a) show an initial suong preference 

for the gas to exit through the branch. This gas preference becornes weaker as W3/W, 

increases. The Pl = 3.0 bar data indicate a weaker gas preference at the lower extraction 

ratios and the data eventuaiiy cross the even phase-spiit iine to show a weak preference for 

Liquid to exit through the branch at the higher extraction ratios. Momentum 

considerations appear to account for the behaviour depicted hue. 

It could be argued, however. that even in a situation such as this, that mornentum is 

not the only factor in eflèct. Part (a) of Figure 4-8 shows the f ~ s t  two data points to be 

located very close to the line of FBr = O .  In this case, only gas is king drawn into the 

branch. There is insufficient data to determine at which extraction ratio the height or  

shape of the gas-liquid interface changes, or the suction from the branch increases 

sufficiently to draw the Liquid into the branch. In a situation where the Liquid must be 

drawn up the tube w d i  to enter the branch, the effect of changes in the gas momentum is 

probably very smalL Thus, the trend in Figure 4-8 may be atuibuted to the combined 

effects of many infiuencing factors. 



The comparisons for the superficial gas velocity of Jcl = 10.8 d s  are presented in 

Figures 4-9 through 4- 1 1. Figure 4-9 indicates that the data of PI = 3.0 bar are very close 

to the data of Pi = 1.5 bar. However, Figures 4-10 and 4-1 1 indicate that the gas phase at 

PI = 3.0 bar has less preference to exit through the branch than it does at Pt = 1.5 bar. 

This is espcciaiiy apparent in Figures 4-10(b) and 4-1 1(b) and is in keeping with the 

expected effects of increased gas momentum. 

Figure 4- 12 shows the cornparison for kl = 18.3 mls. The phasedistribution data 

of Pt = 1.5 bar show a preference for the gas to exit through the branch. The data for 

PI = 3.0 bar lie aimost directly on the even-phase-split line in both parts (a) and (b) of the 

figure. This indicates that, under these conditions, FBG decreases when Pi increases. 

The cornparisons for the superficial gas velocity of I G ~  = 40.0 d s  are depicted in 

Figures 4- 13 through 4- 15. The high D i 3  values encountered for JoI = 40.0 mis meant 

that the range of extraction ratios that could be tested was very srnall; in fact. the 

maximum WJWl was less than 0.12 for these tests. The difference between the phase- 

distribution data for the two system pressures in Figures 4-13 and 4-14 is very srna. 

Figure 4-15 shows o d y  the data collected during the present study since Waiters (1994) 

did not report data at these velocities for this diameter ratio. 

EIeven data sets were represented on the previous eleven figures. Of those, ten 

were cornpared against data at the same inlet superficial velocities from Walters (1994). 

Of these ten comparisons, four exhibited behaviour where uicreasing the system pressure 

caused FBG to decrease in accordance with momentum considerations. This type of 

behaviour is shown in Figures 4-8. 4- 10, 4- 1 1, and 4- 12. Five of the figures show very 



Little difference between the phase-distribution data of PI = 1.5 bar and PI = 3.0 bar 

(Figures 4-6, 4-7, 4-9, 4- 13 and 4-14}. Both momentum considerations and other factors 

could play a role for these conditions. Figure 4-5 exhibits a behaviour that runs counter to 

that predicted by momentum considerations. Some of the other factors mentioned in the 

previous section probably dominate in this situation. These last six tigures are al1 either at 

the lowest gas velocity (JGL = 2.7 mis) or lowest Liquid velocity (hl = 0.0021 d s )  with the 

exception of Figure 4-14, which has JLI = 0.0095 m/s and JGl = 40.0 mls. Again. hinher 

investigation is advised to determine where factors such as the height of gas-liquid 

interface play a role and what are theû effects. 

The actual velocities of the gas and Iiquid phases bear some consideration at this 

point. So far in this section. the effect of increasing the system pressure was examined by 

comparing the phase-distribution data of PI = 1.5 bar to that of Pl = 3.0 bar at fixed idet 

srcpeficial velocities. It has k e n  noted that momentum considerations alone do not seem 

to be able to describe the observed phasedisuibution behaviour. The momentum 

considerations were based on the assumption that when Pi was doubled, the gas density 

and momentum would double and the liquid momentum would remain the same as it is 

incompressible. While the liquid is weii approximated as incompressible, this does not 

mean that the cross-sectional area occupied by the liquid wiU rernain the same when the 

mass flow rate of the gas is increased by increasing the system pressure. The increased 

gas mass flow rate could lower the gas-liquid interface, thus decreasing the iiquid cross- 

sectional area and increasing the actrcal liquid velocity. In this case. the momentum of the 

liquid ais0 increases and another parameter is introduced into the investigation of the 

effect of increasing the system pressure. Clearly, measuring the gas-liquid interface height, 



its shape, and the actual velocities of the phases is very important to future studies in this 

field. For the present, however, the assumptions used in this study provide an adequate 

starting point. 

4.5 Presentation of the Pressure-Drop Data 

4.5.1 Single-Phase Fiow 

Pressure-drop data were gathered for single-phase air flow with the operating 

conditions described in Table 4-2. These pressure-drop data are presented in Table A-2 of 

Appendix A. 

A single-phase loss coefficient and a momentum correction factor were calculated 

from each single-phase pressure-drop data point. The single-phase momentum correction 

factor. K;, , was calculated kom equation (2.2). The single-phase loss coefficient for the 

branch, Ki,, was calculated using equations (2.3) ihrough (2.5) with i = 3. The single- 

phase loss coefficient for the run, K12, cm be cdcuIated from these same equations using 

i = 2. However, K12 was not used in the pressure-drop models examined in this study. 

The reduced values of Ki, and KI3 are plotted in Figures 4-16 and 4-17. 

respectively. In Figure 4- 16, the present K;2 values are seen to be larger than those of 

Walters (1994). over the entire range of WJW,. The values of APi2 that were used to 

calculate K, were very small (c 25 Pa), as can be seen in Appendix k This could be a 

source of the deviation as a difference of only 3-4 Pa cm make the current Ki, data 

coincide with those of Walters (1994). 



C m 4  RESULTS AND DISCUSSION 

In Figure 4-17, the present K t 3  data are again larger than those of Walters (1994). 

for the entire range of W3/Wi. The correlation of Coilier (1976) is also plotted here for 

cornparison, dong with the least-squares correlation of the data of Walters (1994). 

No obvious reason could be found for the deviation between the present data and 

those of Waiters (1994). A possible explanation is that the tests of Walters (1994) were 

conducted using single-phase water while the present tests used single-phase air. Since 

the deviations could not be explained. the correlations of Walters (1994) were used in the 

pressure-drop models, a s  they more closely foiiowed the correlations and data from other 

researchers. These correlations were &O denved from tests conduc ted using single-phase 

water. 

The lest-squares correlations of the data of Walters (1994) foIlow. The single- 

phase momentum correction factor. K;, , was given by 

while the single-phase loss coefficient for the branch, K13, was given by 



Figure 4- 16 Single-phase momentum correction factor, Ki2 
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The API1 and API3 pressure-drop data from the present study are presented in 

Figures 4-18 through 4-20. These figures depict the pressure drops for a f ied with 

increasing Jci. The figures indicate that, for a f ied  JL,, both pressure drops increase in 

magnitude with increasing Jci This is expected since an increase in the gas superficial 

velocity will result in a larger inlet gas mass flow rate yielding a larger total inlet mass flow 

rate. 

Two other comments cm be made regarding the pressure-drop data. Fist, the AP13 

data were found to uicrease monotonically with increasing J G ~  and W ~ I .  Second, the 

APL3 data were found to increase with JG1. However, some APL? data exhibited a 

behaviour where, for increasing W m , .  they would increase in magnitude to a peak value 

before decreasing with hrther ùicrease in W m l .  This behaviour was found for al l  inlet 

conditions where JGI = 2.7 or 4.3 mls and for the point where Jci = 10.8 m/s and 

ILI = 0.0397 mfs. In Figure 4- 1, these are the points dong the left edge. the middle 

stratified-wavy point, and the semi-annular point. This behaviour is more clearly depicted 

in Figures 4-2 1 through 4-24 and in Figure 4-27. 

4.6 Effect of System Pressure on the Pressure-Drop Data 

This section looks at the effect of system pressure on the pressure-drop data. This 

is accomplished by cornparkg the data of the present study against those of 

Walters ( 1994) at the same inlet superficial velocities. 



CHAPTERCf REsULT5 AND DISCUSSION 

Figure 4-18 Effect of Ici on the pressure drop for JLI = 0.0021 mls 



Figure 4-19 Effect of J G ~  on the pressure &op for JL1 = 0.0095 mis 



Figure 4-20 Effect of J G ~  on the pressure drop for JLl = 0.0397 d s  



Figures 4-2 1 through 4-3 1 depict the pressure-&op comparisons. Part (a) of each 

figure shows the cornparison for AP12 while part (b) shows the comparison for NI,. 

The comparisons for the superficial gas velocity of JGI = 2.7 m/s are depicted in 

Figures 4-2 1 through 4-23. Examining these figures, we see that the magnitude of bo th 

the APlz and AP13 data is greater for Pl = 3.0 bar. This is the expected behaviour. The 

increased system pressure causes an increase in the gas density that leads to an increase in 

the Met m a s  fiow rate, as discussed in Section 4.5. This larger Uilet m a s  flow rate 

produced by the larger Pl should lead to increased and A P L ~  for a fixed W f l 1 -  

Figure 4-24 shows the comparison for JG1 = 4.3 mis and JLI = 0.0095 m/s. Part (b) 

of the figure shows that the AP13 data for PI = 1.5 bar and Pl = 3.0 bar are close to each 

other for W f l I  = O. For W3/W1 > 0.1, the values move apart. Again, both the A P i z  and 

APM data are greater in magnitude for the Pl = 3.0 bar when compared with the data fi-om 

Pi = 1.5 bar. 

The comparisons for the superficial gas velocity of JGI = 10.8 m/s are depicted in 

Figures 4-25 through 4-27. The data depicted in parts (a) of these figures show that the 

magnitude of APc does increase for Pl = 3.0 bar relative to PI = 1.5 bar. Part (a) of 

Figure 4-27 indicates that the magnitude of APlz data for PI = 3.0 bar increases with 

W ~ I  and then decreases. This same behaviour is depicted in parts (a) of Figures 4-21 

through 4-24 for the Pl = 3.0 bar data. However, this behaviour was also noted for the 

AP12 data of Walters (1994) in part (a) of Figures 4-22 and 4-24 and so was not 

unexpected. Parts (b) of Figures 4-25 and 4-26 show that AP13 increases for PI = 3.0 bar 

relative to PI = 1.5 bar. Figure 4-27(b) shows the AP13 data for Pi = 1.5 bar and 
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Figure 4-22 Effect of P, on the pressure drop for JGI = 2.7 mls and JLI = 0.0095 mis 
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(b) 
Figure 4-23 Effect of Pi on the pressure drop for JGI = 2.7 m/s and ILI = 0.0397 mis 



(b) 
Figure 4-24 Effect of Pt on the pressure drop for JGI = 4.3 d s  and JL, = 0.0095 mls 
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(b) 
Figure 4-25 Effect of Pt on the pressure &op for JG1 = 10.8 m/S and = 0.0021 mis 
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(b) 
Figure 4-26 Effect of Pl on the pressure drop for Jci = 10.8 rnfs and Jrl = 0.0095 mis 
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(b) 
Figure 4-27 Effect of Pi on the pressure drop for JGt = 10.8 mls and JLL = 0.0397 d s  



(b) 
Figure 4-28 Effect of PI on the pressure drop for JGI = 18.3 m/s and J L ~  = 0.0095 m/s 
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(b) 
Figure 4-29 Effect of Pi on the pressure drop for JGI = 40.0 mis and JLi = 0.0021 m/s 
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Figure 4-30 Effect of Pl on the pressure &op for JGI = 40.0 m/s and Jri = 0.0095 mls 
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Figure 4-31 Effect of PL on the pressure drop for JGI = 40-0 mls and JLI = 0.0397 m/s 



PI = 3.0 bar as very close to each other over the entire cornparison range (Wm1 up to 

approx. 0.13). This is the only set of conditions where the AP13 data Lie so close together 

for both system pressures over the entirc cornparison range. 

Figure 4-28 shows the comparison for JG1 = 18.3 mis and JLI = 0.0095 mk. Both 

parts of the figure show the expected separation between the data of PI = 1.5 bar and 

PI = 3.0 bar. The range of W m 1  is very smaii (up to approx. 0.18). 

The comparison for the superficial gas velocity of JG1 = 40.0 m/s is depicted in 

Figures 4-29 through 4-31. Figure 4-31 shows only the data colîected during the present 

study since Walters (1994) did not report data for the combination of JG1 = 40.0 m/s and 

JLI = 0.0397 mfs. The range of extraction ratios in Figures 4-29 through 4-3 1 is very 

srnail, always having W m I  c 0.12. The data in parts (a) of Figures 4-29 and 4-30 show 

the magnitude of API2 as king greater for PI = 3.0 bar relative to Pl = 1.5 bar. In 

parts (b) of the same figures it c m  be seen that the magnitude of the APli data is again 

greater for Pl = 3.0 bar relative to Pi = 1.5 bar. 

The results of the comparisons between the PI = 1.5 bar and Pl = 3.0 bar pressure- 

drop data can be surnrnarized as foiiows: for a fixed JG1 and JLI, the magnitude of the APlz 

data is larger for Pl = 3.0 bar relative to Pi = 1.5 bar for di inlet conditions. The AP13 

data are Q e r  for the system pressure of PI = 3.0 bar relative to Pl = 1.5 bar in aii cases 

except for the inlet condition depicted in Figure 4-27 where they are approxirnarely the 

saine up to W m i  z 0.13. With regard to the behaviour where the magnitude of APlt 

would reach a peak value before dccreasing with increasuig W m l r  this was not 

inconsistent with the data of Walters ( 1994). This behaviour pro bably appeared more 



often in the present study as. typically, the present data were gathered over a larger range 

of W3/W1 for the same idet vetocities relative to the data of Waiters (1994). 

4.7 Cornparison Between the Present Pressure-Drop Data and Models 

The present APL* and Ul3 data were compared against rnodels. The APIz data were 

compared with the separaied flow model (SFM) of Fouda & Rhodes (1974); this model 

was defmed in Chapter 2 by equations (2.6) through (2.1 1). The AP13 data were 

compared with the separated flow model (SFM) of Saba & Lahey (1984); this, in tum, 

was defmed in Chapter 2 by equations (2.12) through (2.16). These models were found to 

give the best agreement with the data gathered by both Bue11 (1992) and Waiters (1994) 

and thus are the only ones examined here. 

The results of the comparison were presented by plotting the ratio of the mode1 

prediction over the experirnental value against W W I .  This comparison is shown in 

Figure 4-32. Table 4-3 sumarizes the performance of the models for both AP12 and 

. The models' predictions were plotted dong with the current data to examine their 

ability to predict the trends in the experimental data. The data of Walters (1994) were 

also plotted dong with their model predictions as a fürther examination of the rnodeis' 

ability to predict the trends. These cornparisons are shown in Figures 4-33 through 4-43. 

The "deviation" in Table 4-3 requires some definition. A perfect prediction by the 

model would yield AP1i .Haje,  / APli ~ . r p c r i m ~ ~  = 1.0 (for i = 2,3). Thus, the deviation can be 

represented by 



The anthmetic mean deviation is then given as 

where N is the total number of data points. 

~ R W  = 

The root-mean-square deviation is given by 

Table 4-3 
Surnmary of Performance of Separated-Flow Models 

Against Present Data 

The results in Table 4-3 are very similar to those found by Walters (1994) for the 

cornparison of her data with the same separated fiow models. 

Mode1 

SFM 
for 

A h 2  

From Figure 4-32 it can be seen that, in general, the rnodels tend to underpredict the 

SFM 
for 4 0  83 62 74 -1  1.1 34.1 
DI 3 d o  55 29 44 

Interval 
(%) 
&O 
d30 
QO 

magnitudes of both A P 1 3  and AP12. This was ais0 found for both the data of Bueil (1992) 

Q of data predicted correctiy 

and the data of Wdters (1994). 

Deviation (%) 

Overall 

92 
56 
38 

Met Fio w Regime 
Arithrne tic 

Mean 
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Figure 4-32 Cornparisons between pressure-drop data and rnodeis 
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Figure 4-33 Cornparison of AP data with SFM for JG, = 2.7 m/s and JL, = 0.0021 m/s 
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Figure 4-36 Cornparison of AP data with SFM for Jci = 4.3 m/s and JL, = 0.0095 m/s 
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Figure 4-42 Cornparison of AP data with SFM for JGI = 40.0 Tn/S and = 0.0095 mis 



Figure 4-43 Cornparison of AP data with SFM for JGI = 40.0 d s  and J L ~  = 0.0397 mls 



In generai, the separated flow modeis predict the trends in the experimental data 

weU. Even the behaviour of the APL* data, where the magnitude increases to a maximum 

before decreasing again, is generally captured, a s  shown in Figures 4-33, 4-34, and 4-36. 

The deviation between the model predictions and the experimentai data is also generdy 

consistent in both the present data and in those of Walters (1993). 

4.8 Experirnental Uncertainty and Repeatabiiity 

The reduced phase-distribution and pressure-drop data were subjected to an 

uncenainty analysis. This analysis was performed according to the procedures outlined in 

Kline & McClintock (1953) and Moffat (1988). The resuIts of this andysis are listed in 

Appendix B. 

Basically, the "uncertainty" is defmed as a possible value that the "enor'* may take. 

where the error is defmed as the difference between the tnie value and the observed value 

for a single observation. The uncertainty in a "result," R, where R is a function of 

variables VI, Vz, . .., VN, can be defmed as 

where 6R is the uncertainty interval in R and SVI, 5V2, ..., 6VN, are the uncertainty 

intervais in the variables VI, V2, . . . . VN The uncenainty. 6Vi, in any variable Vi (where 

i = 1,2,. . .,N) is based on certain "odds." These "odds" are described by 

Küne & McClintock (1953) a s  the odds the experirnenter is willing to give on a wager that 

the value of Vi lies within kWi. For the present analysis, every uncertainty interval is 



given odds of 20 to 1. Some of the partiai differentials in equation (4.6) were difficult to 

calcuIate. In these situations, the rnethod of Moffat (1988) was used to determine them. 

In addition to the uncertainty anaiysis of the present data, repeatability tests were 

performed. At the beginning of this study, several tests were conducted io assure the 

repeatability of the data of Waiters (1994) by running tests at a system pressure of 

PL = 1.5 bar. After the completion of the experimental study, several tests were 

conducted to ensure that the present experimentai data were themselves repeatable. 

Table 4-4 lists the ranges of experimental uncertainty and repeatability for this study. 

Table 4-4 
Range of Uncenainty Intervals and Repeatabiiity 

Parme ter 
Uncertaint y 

In terval 

&4 

s 
&4 

214 (93% of data) 
35 

d 4  (90% of data) 

d 4  (96% of data) 

Repeatabrlity of Present Data 
vs. Walters (1994) 

(%) 
1 

al 

s2 
*9 (75% of data) 
+20 (75% of data) 
t8 (75% of data) 

&2 (75% of data) 
-L4 

vs. Present Data 
(5%) 
ko.3 
a 3  
11 

24 

fi (80% of data) 
&2 

&1 (80% of data) 
e7 



Chapter 5 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

The present study produced phase-distribution and pressure-&op data for air-water 

£low through a reduced, horizontal tee junction The dimensions of the inlet and run legs 

were 38.1-mm I.D. with the branch at 7.85-mm LD., giving a diameter ratio of 

DmI = 0.206. A system pressure of PI = 3.0 bar (abs) was used and the data coilected 

were compared with those of Wdters (1994) produced with the same junction geometry 

at a system pressure of Pi = 1.5 bar (abs). The ranges of operating conditions for the 

present two-phase study are given in Table 4-1. The pressure-drop data of the present 

investigation were compared with theoretical models to examine the models' validity. 

The results of the present investigation lead to the foilo wing conclusions: 

1. The phases generaiiy do not distribute themselves evenly through the tee junction. 

2. The phase-distribution data were presented for a fked J L ~  with varying JG~. 

(a) For JL1 = 0.0021 mis, the preference to exit through the branch goes from a gas 

preference to a liquid preference as loi increases from 2.7 m/s to 40.0 d s .  

(b) For hl = 0.0095 mls, the general trend is for the preference to exit throuph the 

branch to go hom a strong gas preference to a weak liquid preference as JGL 

increases fiom 2.7 m/s to 40.0 d s .  Some of the data points for J G ~  = 4.3 m/s and 

10.8 rn/s do not foliow this trend. 



(c) Momentum effects generaily appear to account for the trends described in 

points (a) and (b) with some exceptions. 

(d) For ILI = 0.0397 mls, the phase-distribution data show an increase in FBG hom 

JGi =0.0021 mls to JGl = 0.0095 mls foliowed by a decrease in FBG firom 

JGi = 0.0095 m/s to JGl = 0.0397 mk 

(e) Considerations of momentum aione do not account for the behaviour described in 

point (d) and other factors such as gâs-liquid interface height. shape of the 

interface, Bernoulli effects. and the actual velocities of the phases may be 

significant under these conditions. 

3. The effect of system pressure on the phase distribution was examined by cornparhg 

the PL = 1.5 bar data against the present PI = 3.0 bar data at the same JG, and JL~. 

(a) For one set of idet conditions, increasing the system pressure does cause a change 

in the phase-distribution data that can be explained by the idea that increasing the 

gas momentum decreases FBc. These inlet conditions folio w: 

(b) For another set of inlet conditions. increasing the system pressure caused 

essentially no change in the phase-distribution data. Both momentum 

considerations and the other factors described in point 2. (e) could play a role 

under these conditions. These inlet conditions were: 



(c) For the 1st inlet condition, increasiig the system pressure caused a change in the 

phase-distribution data contrary to the idea that increasing the gas momentum 

decreases FBG- Again, the factors described in point 2. (e) could play a significant 

role under this idet condition, which was: 

J G ~  = 2.7 d~ , JLI = 0.0021 m/s- 

4. The pressure-drop data were presented for a fixed JLl with varying Jçl. The pressure 

drops, AP12 and APl3, were found to be highly dependent on Jol, hi, and WJWl. For 

a fmed JLi, the absolute values of APlz and AP13 increased when JGI increased. The 

AP12 data sometimes exhibited a behaviour where, with increasing W m I ,  it would 

increase in magnitude to a maximum before decreasing. 

5. The effect of system pressure on the pressure drop was examined by comparing the 

PI = 1.5 bar data against the present PI = 3.0 bar data at the same JGI and JLI. 

Increasing the system pressure from Pl = 1.5 bar to Pl = 3.0 bar generaily had the 

effect of increasing the magnitude of AP12 and AP13. 

6. The predictions of two theoretical modeis were compared agauist the APlz and APl, 

data, 

(a) The separated-flow model of Fouda & Rhodes (1974) for APL2 was generally 

found to underpredict the experirnental data Overail, 92% of the predictions were 

within fi08 of the experimental results and 56% were w i t b  do%. The model 

generally predicted the behaviour where the magnitude of AP12 would, with 

increasing W m I ,  increase to a maximum and then decrease. 



(b) The separated-flow mode1 of Saba & Lahey (1984) for Ah3 was generalIy found 

to underpredict the experimental data Overall, 8846 of the predictions were 

within fi01 of the experimental results and 74% were withui GO%. 

5.2 Recornmendations for Future Work 

Many parameters remain to be examined in this field of two-phase fluid flow 

through dividing junctions. The current study examined the effect of system pressure on 

air-water flow in a reduced, horizontal tee junction Other junction geometries should be 

examined with other fluids. 

Several recomrnendations can be made from the expenence gained during the course 

of this investigation 

1. Quantitative methods of m e a s u ~ g  the gas-liquid interface height, interface shape, 

BemouUi effects, and actual velocities of the phases would be a great help in analyzing 

the experimentai resula and should be pursued. 

2. A junction constructed of a transparent material, such as perspex, should be used. 

This would aid greatly in observing what happens to the phases as they pass through 

the junction. 

3. The separation tanks at the junction outlets should be repiaced with more effective 

devices. The current tanks are unable to keep the exiting air Stream fiee of srna 

amounts of  entrained liquid and dirt. This entrained dirt and liquid caused damage to 

the outlet turbine meters and lead to their eventual disuse. 



4. An uncertainty analysis should be conducted at the beginning of the study to provide 

investigators with greater insight into how each parameter is significant to the 

experimental investigation. 

5. More high system-pressure data should be gathered for the other two existing test 

sections which have diameter ratios of Dm1 = 0.5 and 1.0. 

6. Data should be gathered for branch orientations other than horizontal and for branch 

angles other than 90" (such as wye junctions). 

7. Data should be gathered for impacting junctions. 

8. Data should be gathered for junctions closer to industrial sizes to determine if any 

scale effects exist. 

9. More stem-water data should be coiiected. 
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Appendix A 

EXPERIMENTAL DATA 

The results of al experiments are presented in this appendix. Table A-l contains the 

results of the two-phase expedents  while Table A-2 shows the single-phase pressure- 

drop data Table A-3 contains the gas and liquid mass flow rates for both the two-phase 

and single-phase experiments. 

The foiiowing is the legend for the Tables: 

Legend 

Ml2 

Ml3 

Error % 
Ide t Flow Regirne 
VI 
Re 
W L ~  
WGI 
wu 
wG2 

ww 
WG3 
inf 

Test number 
Inlet superficial gas velocity (ds) 
Met superficial liquid veIocity (rn/s) 
Idet mass flux (kg/m2s) 
System pressure (at tee junction inlet) (bar abs) 
System temperature (OC) 
Met quality 
Extraction ratio 

(Branch total mass fiow rate /Met total mass flow rate) 
Quality ratio 

(Branch quality / Met quatity) 
Branch gas fraction 

(Branch gas mass flow rate / Met gas mass fIow rate) 
B ranch Liquid fraction 

(Branch liquid mass flow rate / Met liquid mass flow rate) 
Pressure drop from idet to run (Pa) 
Pressure drop from inlet to branch (Pa) 
Mass balance error (96) (Iniet flow rate - Outlet fiow rate) / hiet flow rate 
Observed flow regime in the inlet 
Inlet gas velocity for single-phase tests ( d s )  
Met Reynolds number for single-phase tests 
Met liquid mass flow rate (kg/hr) 
Met gas m a s  flow rate (kg/hr) 
Run liquid mass flow rate ( k m )  
Run gas mass flow rate (kglhr) 
Branch Iiquid mass flow rate ( k g h )  
Branch gas mass flow rate (km) 
Air flow rate in the run was inferred (WG~=WGI-WG~) 



Table A- 1 Two-Phase Pressure-Drop and Phase-Distribution Data 

Inlet 
Error % FIow 

Alr Water R a m e  



Table A- 1 Two-Phase Pressure-Drop and Phase-Disuibution Data (cont.) 

Error % 
Air 

3.0 
0.2 
0.5 
- 1.9 
1.1 

0.2 
0.2 
2.1 
3 .O 
-2.5 

in f 
inf 
-4.7 
-2.5 

inf 
in f 
inf 
inf 

inf 
in f 
irif 
inf 

inf 
inf 
irif 
inf 



Table A-2 Sing le-Phase Pressure-Dro p Data 

Test 

S- 1 

S-2 
S-3 
S-4 
S-5 
S-6 

Table A-3 Two-Phase and Single-Phase Mass Fiow Rates at the Tee Junction 

(Mass flows in kg/hr) 
Test WLI 

1-1 8.676 
1-2 8.640 
1-3 8.496 
1 4  8.604 
1-5 8.784 

2-1 38.99 
2-2 38.77 
2-3 38.63 
2 4  38.74 
2-5 38.63 

3-1 161.7 
3-2 1615 
3-3 161.1 
3 4  163.1 

4-1 39.06 
4-2 38.66 
4-3 38.81 
4 38.59 
4-5 38.70 

5-1 8.820 
5-2 8.856 
5-3 9.000 
5 4  8.676 
5-5 8.712 

6-1 38.84 
6-2 38.74 
6-3 38.88 
6-4 38.77 
6-5 38.88 

Test 

7-1 
7-2 
7-3 
7 4  
7-5 

8- 1 
8-2 
8-3 
8 4  

9- 1 
9-2 
9-3 
9-4 

10-1 
10-2 
10-3 
104 

11-1 
11-2 
11-3 
114 

S-1 
S-2 
S-3 
S 4  
S-5 
S-6 



Appendix B 

UNCERTAINTY AND REPEATABILITY 

This appendix contains the results of the uncertainty analysis and repeatability tests. 

The uncertainty analysis was conducted based on the methods of Moffat (1988) and 

Kline & McClintock (1953). Table B-1 contains the results for the two-phase uncertainty 

anaiysis. 

Repeatability tests were conducted to compare the present results against those of 

Walters (1994) and to compare the present results against themselves. Table B-2 contains 

the cornparison of the present results with the results of Walters (1994) while Table B-3 

contains the repeatability of the present data over time. 



Table B- 1 Uncertainty Intervals for Reduced Data 

Test 

1-1 
1-2 
1-3 
1 4  
1 -5 

2- 1 
2-2 
2-3 
2 4  
2-5 

3- 1 
3-2 
3-3 
3 4  

4- 1 
4-2 
4-3 
4-4 
4-5 

5- 1 
5-2 
5-3 
5-4 
5-5 

6- 1 
6-2 
6-3 
6 4  
6-5 

7- 1 
7-2 
7-3 
7 4  

Jci 
(%) 

2.4 
2.4 
2.4 
2.4 
2.4 

2.4 
2.4 
2.4 
2.4 
2.4 

2.4 
2.4 
2.4 
2.4 

3.6 
2.4 
2.4 
2.4 
3.6 

3.5 
3.5 
3.5 
3.5 
3.5 

3.5 
3.5 
3.5 
3.5 
3.5 

3.5 
3.5 
3.5 
3.5 



UNCERTAIN~AND REPEATABIL~Y 

Table B- l Uncertainty Intervals for Reduced Data (cont.) 



Table B-2 Repeatability of Data of Walters (1994) 

W f l 1  

0.099 

0.101 

0.201 

0.199 

0.495 

0.501 

0.075 

0.075 

0.100 

0.098 

0.498 

0.501 

0.303 

0.300 

JGI 

(m/s) 

10.81 

10.82 

10.82 

10.79 

2.7 1 

2.68 

40.19 

39.97 

10.80 

10.83 

2.72 

2.69 

2.69 

2.70 

Tes ter 

Waiters 

Present 

Walters 

Present 

Walters 

Present 

Walters 

Present 

Walters 

Present 

Walters 

Present 

Walters 

Present 

Jti 

(dd 
0.00945 

0.00946 

0.00945 

0.00949 

0.00208 

0.00210 

0.00948 

0.00955 

0.03960 

0.03933 

0.00946 

0.00948 

0.00944 

0.0095 1 

FBC 

O. 146 

0.150 

0.284 

0.290 

0.522 

0.571 

0.061 

0.060 

0.276 

0.261 

0.602 

0.670 

0.506 

0.577 

FBL 

0.001 

0.000 

0.030 

0.012 

0.433 

0.347 

0.182 

0.187 

0.015 

0.02 1 

0.444 

0.413 

0.199 

O. 160 

x 3 k  

1.484 

1.489 

1.415 

1.458 

1 .O55 

1.139 

0.814 

0.805 

2.767 

2.656 

1,210 

1.338 

1,672 

1.929 

mt 
(Pa) 

-23 

-35 

-53 

-56 

-9 

-9 

-161 

-260 

-15 

-1 2 

-10 

-1 1 

-9 

-7 

mu 
(Pa) 

1095 

1305 

579 1 

5906 

1734 

1829 

5760 

6129 

5585 

5875 

2126 

2584 

854 

1057 



Table B-3 Repeatability of Present Data 

References For Appendix B 

Test 
No. 

îTP28 

c m  

cTP37 

m l 6  

CTP49 

m e ,  S.J. & McCiintock, F.A. 1953. Descrïbing the Unceminties in Singk-Sample 
Experiments. Mechanical Engineering, Vol. 75: 3-8. 

Moffat, R.J. 1988. Describing the Uncertuinties in Experimental Results. Experimental 
Thermal and muid Science, VOL 1 : 3- 17. 

Orig. (O) 
or 

Repeat (RI 

O 

O 
R 

O 

O 

O 

Walters. L.C. 1994. Two-Phase Pressure Drop and Phme Distribution at Horizontal Tee 
Junctions: nie  Effect of Brmch Diamter. M.Sc. Thesis, University of 
Manitoba, 

 LI 
( r m  

0.0021 
0.0021 

0.0095 
0.0095 

0.0396 
0.0397 

0.0095 
0.0095 

0.0021 
0.0021 

Jcl 
(mm 

2.7 
2.7 

4.3 
4.3 

10.8 
10.8 

18.3 
18.3 

40.0 
40.1 

w m ,  

0.305 
0.303 

0.499 
0.498 

0.135 
0.133 

0.101 
0.100 

0.074 
0.074 

F, 

0.37 
0.37 

0.50 
0.48 

0.24 
0.24 

0.10 
0.10 

0.07 
0.07 

F,, 

0.00 
0.00 

0.50 
0.52 

0.04 
0.03 

0.11 
0.10 

0.22 
0.23 

xdx1 

1.22 
1.22 

0.99 
0.97 

1.77 
1.78 

0.99 
1.00 

0.97 
0.97 

@12 

-13 
-16 

-36 
-33 

-163 
-90 

-150 
-181 

-530 
458 

m13 

(Pa) 

15 12 
1104 

7548 
6913 

10414 
10422 

5934 
5260 

12955 
13257 
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