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ABSTRÁ,CT

A two-phase-flow apparatus was designed and constructed in order to

study the splitting of a two-phase, air-water mixture through a horizontal tee

junction with a horizontal branch of equal diameter (37.6-mm I.D.). Generated

data consisted of the phase distribution and the pressure drops at the tee

junction. Operating conditions were as follows: an inlet plessure of about 1.5

atm, a near-ambient inlet temperature, inlet superficial gas velocities ranging

between 2.7 and 4I m/s, inlet superfrciat liquid velocities ranging between

0.0021 and 0.181 m/s, and extraction rates beüween 0.1 and 0.9. These inlet

flow conditions led to observations of stratiflred, wavy, süratified-wavy, slug,

semiannular, and annular flow regimes at the tee-junction inlet'

The results showed that in general, the phases did not distribute

themselves evenly between the branch and the run of the tee junction. The

stratified and semiannular daüa displayed neaï-even phase distribution. siug

flow data showed a strong preference for the gas phase to flow into the branch.

For the majority ofthe wavy flow data the gas phase preferentially entered the

branch and for nearly all of the stratified-wavy flow data the liquid phase

preferentially entered the branch. Annular fiow data displayed large

variations in the distribution ofthe phases, depending on the inlel superficial

liquid velocity. A comparison of the present phase-distribution data and the

data of other authors obtained under similar operating conditions generaily
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showed good agreement.

The phase-distribution resuits were presented in a number of ways in

order to examine the individual effects of important flow parameters on the

phase distribution. The results indicate that as the inlet superñcial liquid

velocity increased at a flrxed inlet superfrcial gas velocity, there was an

increased preference for the gas phase to exit through the branch, irrespective

of the inlet flow regime. The effect of the inlet mass flux on the phase

distribution appeared to become more significant as the inlet quality was

decreased. The effect of the inlet superficial gas velocity on the phase

distribution did not result in consistent trends, possibly due to the associated

flow regime transitions. These trends in the present data are similar to trends

observed by other investigators using different operating conditions and

junction geometries.

The phase-distribution data were compared to several phase-distribution

models presented in the literature. The model developed by Hwang et' al. [19]

gave the be$t overall predictíons of the present data; however, the branch

quality during slug flow was underpredicted' The phenomenological models

developed by Azzopardi and Whalley [6] and Azzopardi [25] performed well in

predicting the present annular and semiannular data. The Seeger et al' model

[14] underpredicted the branch quality for extraction rates less than 0'5;

however, at higher extraction rates the model performed well.

The tee-junction pressure drops were found to depend greatly on the



inlet ftow condítions and the extraction rate. The pressure drops were

compared to the predictions ofvarious models given in the literature. For inlet

flow regimes other than slug flow, ÂP, was predicted best by the separated

flow model presented by Fouda and Rhodes [2?], with (K*,r). equal to the

single-phase momentum correction factor K*,r' For slug flow, the model

presentedbyHwangandLahey[28]gavethebestpredictionsforextraction

rates greater than 0.1; however, for smaller extraction rates the separated flow

model gave the best predictions. In general, ÀP* was pooriy predicted by

existing models. For extraction rates greater than 0.1, the separated flow

model recommended by saba and Lahey [12] gave the best predictions ofthe

present data; however, for smaller extraction rates the Reimann and seeger

model [26] gave the best predictions.
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NOMENCI,ATURE

a Coefficient appearing in the Seeger et al. model [14], defined in
equation (2.5)

A Area occupied by a particular phase, m'

C0 Void concentration parameter defined in equation (2'42)

Cz Contraction coefficient for tee-junction run = Ac/At

Cs Contraction coefficient for tee-junction branch = Ac/At

D Diameter, m

Er Entrainment fraction in tee-junction inlet

Fuc Fraction of gas exiting through the branch

F"*, Critical value of F"", calculated using equation (2'12)

Fu" Fraction of liquid exiting through the branch

Fs Fraction of liquid that flows into tee-junction branch from liquid
collar, calculated using equation (2.14)

F.ro Fraction of liquid fiIm in tee-junction inlet removed from segment

g Acceleration due to gravity = 9'81 m/s2

G Mass flux, kg/m2s

hL Height of gas-liquid interface, m

J Superfrcial velocitY, m/s

K Correction factor in equation (2.41)

K,, Single-phase loss coefficient for run, equation (2'19)

K*r, Single-phase momentum corection factor for run, equation (2'16)
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(K*rz)¡r Homogeneous flow momentum correction factor for run' equation
(2.27)

(K*rr)s Separated flow momentum correction factor for run, equation (2'25)

K,, Single-phase loss coefficient for branch, equation (2'19)

n Exponent defined in equation (2.11)

P Pressure, Pa

P, Pressure at tap #1 (reference pressure)' Pa

Pr Extrapolated pressure at tee-junction inlet, Pa

Pz Extrapolated pressure at tee-junction run, Pa

P3 Extrapolated pressure at tee-junction branch, Pa

LP 
""., 

Pressure drop between the throat of a vena contracta in the tee-

junction run and a location downstream in the run, defrned in
equation (2.22),Pa

ÀP"r., Pressure drop between the throat of a vena contracta in the tee-

junctionbranchandalocationdownstreaminthebranch,deflrned
in equation (2.22),Pa

ÂP,, Pressure drop from tee-junction inlet to run, defined in equation
(3.12), Pa

ÀP,, Pressure drop from tee-junction inlet to branch, defined in equation
(3'12)' Pa

ÀPr.", Reversible pressure drop between the tee-junction inlet and.the
throat of J vena conträcta in the tee-junction run, defined in
equation (2.21), Pa

ÁPu",Reversiblepressuredropbetweenthetee-junctioninletandthe
throat of a vena contra"tu itt th" tee-junction branch, deñned in
equation (2.21)' Pa

A Volume flow rate , m3/s

R DensitY ratio = PrrlPcr
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Rc Radius of curvature of gas dividing streamline, m

RL Radius of curvature of liquid dividing streamline, m

Re., Superficial gas Reynolds number in the tee-junction inlet

S Slip ratio

V Velocity, m,/s

V", Mean velocity of liquid film in tee-junction inlet, m/s

Vo, Mean velocity ofgas phase in tee-junction inlet, defined in equation
(4.4), m/s

V6 Mean velocity of iiquid phase in tee-junction inlet, defined in
equation (4.5), m/s

Vou, Relative velocity calculated using equalion (2.8)' m/s

W Mass flow rate, kg/s

x Quality, 7o

Greek

cx Void fraction

ð Depth ofzone of influence, m

r1 Extraction rate $ÆVt

0 Characteristic angle defined in equation (2.2)

p Density, kg/mg

p¡ Energy weighted density defined in equation (2 31), kg/m3

pn Homogeneous density defrned in equation (2'28), kg/m3

pv Momentum weighted density defined in equation (2'26), kg/m3

p*r Equivaient inlet density defined in equation (2.47), kglmg



o Surface tension, N/m

q Two-phase multiPlier

e. Two-phase multiplier defined in equation (2.48)

Subscripts

C Throat of vena contracta

G Gas phase

H Homogeneous flow

IRR Irreversible

L Liquid phase

REV Reversible

S Separated flow

1 Side 1 of tee junction (inlet)

2 Side 2 of tee junction (run)

3 Side 3 of tee junction (branch)
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Chapter 1

INTRODUCTTON

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

process industries, such as conventional steam power plants, evaporators and

condensers of refrigeration systems, boiling-water and pressurized-water

nuclear reactors, and a wide variety of chemical and petroleum applications.

Quite often, the complex piping networks in these systems require the two-

phase flow to pass through branching junctions, such as wyes and tees' Until

recently, because the behaviour of two-phase flow through dividing juncüions

was not well understood, a frequent assumption was that the two phases

divide evenly at the junction; that is, the quality of the mixture in both legs

downstream from the junction are equal to lhe inlet quality. However, recent

observations have shown that ühis assumption can be siglificantly in error;

that is, in general, branching junctions do alter the distribution ofthe phases.

certain inlet conditions can lead to single-phase gas (oI vapor) flowing in the

branch side, while other conditions can iead to single-phase liquid flowing in

the branch side. This severe maldistribution of the phases can have a

significant effect on the operation and effìciency of any components

downstream from the junction. Therefore, it is very important to be able to

predict the manner by which the two phases distribute themselves at dividing

junctions for different operating conditions.



2

Another consideration is the pressure drop the flow experiences as it is

split at dividingjunctions. Experimental evidence has shown thaü the pressure

drop during two-phase flow can be much greater than during a comparabie

single-phase flow. Again, predictive models are required for different junction

geometries and flow conditions.

Figure 1.1 gives a schematic diagram of a dividing tee junction' The

relevant flow parameters are as follows: the inlet, run, and branch mass flow

rates (W,, Wr, and Wr, respectively); the inlet, run, and branch average

pressures (Pr, Pr, and Pr, respectively); and the inlet, run, and branch qualities

(xr, xr, and xr, respectively). Relevant geometric parameters are the inlet, run,

and branch tube diameters (Dr, D2, and Dr, respectively), and the orientation

of the inlet and branch tubes. Another consideration is the properties of the

two-phase mixture. The two phases may belong to the same fluid component,

such as steam and water, or two distinct components, such as air and water.

The extraction rate, given by wr/w,, is the fraction of the total inleü flow that

is withdrawn through the branch.

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

phase-distribution data. The ordinate in this figure is the ratio of branch

quality to inlet quality (x3lx'), and the abscissa is the extraction rate wr/lvt.

Line AB represents the limiting case where oniy gas is diverted into the

branch (xr=l) and al1 of the liquid and some gas flows in the run Curve BC

represents another limiting case where only single-phase liquid flows into the
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run (xr=Q) and all of the gas and some liquid is diverted into the branch. A

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

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

phase gas is flowing in the branch. Thus, at point B the teejunction is acting

as a perfect phase separator. No data can exist above curve ABC. To remain

consistent with previous authors, in the remainder of this thesis curve ABC

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

phase-distribution line where the branch quality is equal to the inlet quality

(xr/xt=l).

Another method that was previously used to present the phase-

distribution data is shown in frgure 1.2(b). In this figure, the ordinate is the

fraction ofinlet gas flowing in the branch (Fgc) and the abscissa is the fraction

of inlet liquid flowing in the branch (Fs¡), The points labelled A, B, C, and D

correspond to the same points given in frgure 1'2(a).

Figure 1-.3 illustrates a üypical static pressure distribution for the

splitting of a two-phase mixture in a horizontal tee junction. The ordinate in

this figure is the static pressure of the two-phase mixture relative to a

reference pressure P". The inlet flow is fully deveioped; therefore, the pressure

gradient in the inlet is due to frictional pressure drop only. when the flow is

split, both the run and the branch experience a reversible pressure rise due to

the deceleration of the flow. At the same time irreversible pressure losses

occur. Generally, for the branch, the irreversible pressure drop is greater than

the reversible pressure rise, giving a net pressure drop to the branch. For the
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run, generally the reversible pressure rise is greater than the irreversible

pressure drop. Thus, there is a net pressure rise to the run. Some distance

downstream from the tee, both the run and branch flows become fully

developed again and the pressure gradient there is due to frictional losses only.

The junction pressure drops, ÀP,, = Pr - Pz and 
^P1s 

= Pr - Ps, are found by

extrapolating the fully developed pressul'e gradients to the tee junction, as

shown in figure 1.3.

A great deal of attention has been focused on attempting to develop

mathematical models capable of predicting the mixture qualities downstream

from tee junctions, as well as the associated pressure drops. Some of these

models are claimed to be general (not flow-regime specific) while others are

applicable to particular flow regimes. A truly generalized model would have

to accommodate any combination of inlet mass flow rate, inlet quality, fluid

properties, junction geometry, as well as extraction rate. A review ofliterature

(chapter 2) indicates that such a model, for the phase distribution or pressure

drop, does not exist yet. Although a flow-regime-dependent model would not

have to accommodate as wide a range of inlet conditions as a generalized

mode1, none has proven to be adequate. As well, because the associated

phenomena are not completely understood, there is no complete agreement

amongst researchers as to which parameters must be included in these models.

A fundamental prerequisite to the development of mathematical models

capable of predicting the phase distribution and pressure drop, is the

availability of a wide range of experimental data against which any proposed
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model can be tested. Unfortunately, only a small amount of phase-disÙribution

data, and even fewer pressure-drop data, have been published. The purpose

of the present work, therefore, is to expand the range of experimental data to

aid in the understanding ofthe phenomena and the development of models for

phase distribution and pressure drop during two-phase flow through tee

junctions.

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

1. To design and construct a two-phase flow experimental apparatus, capable

ofgeneraiing phase-distribution and pressure-drop data for the flow ofair'

water mixtures through a horizontal tee junction (inlet and branch lie

horizontally), with equal diameter sides (37.6 mm I D')'

2. To generate phase-distribution and pressure-drop data at about 1'5

atmospheres and ambient temperature, extraction rates between 0 1and

0.9, and a range ofinlet conditions giving inlet regimes ofstratifred, wavy,

annular, and slug flows.

3. To investigate the influences of inlet superficial gas velociüy (J6r), inlet

superficial liquid velocity (Jr,), inlet mass flux (G1), and inlet flow regime

on the phase distribulion and pressure drop through lhe tee junction'

4. To compare some of the existing phase-distribution and pressure-drop

models against the generated experimental data in order to assess their

predictive capability at the present conditions.

5. To compare some of the present phase-distribution data to the data

published by other authors.



Chapter 2

LITERATURE REVIEW

Table 2.1 gives an overview ofthe previousty published research for two-

phase flow through tee junctions. Most of the previous data is for air-water

flow at low pressure; however, recent studies exist for steam-water flow For

completeness, Table 2.1 summarizes the previous work for all inlet and branch

orientations. The rest of this chapter considers only the previous work for tee

junctions with horizontal main and branch tubes, except where the results at

other orientations are relevant to the present study. Table 2.1 also indicates

the previous studies which included tee-junction pressure drops. These studies

were performed with elaborate pressure measurements which properly

separated the tee-junction pressure drops from the frictional pressure drops.

This was done by extrapolating the inlet, run, and branch pressure gradients

to the tee junction, as shown previously in figure 1.3. other studies, such as

[1] and [4], only measured the static pressure near the tee junction using a

single pressure tap in the inlet, run, and branch. An important parameter in

determining the phase distribution and pressure drop is the inlet flow regime.

The flow regimes encountered in each ofthe studies is indicated in Table 2.1.

For detailed descripüions of the different two-phase flow regimes encountered

in the present study, the reader is referred to Section 3.4'1'
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2.1 Phase Distribution

One ofthe earliest experimental investigations was reported in 1959 by

Tsuyama and Taga [1], They obtained data on the pressure drops, using a

static pressure tap in each ofthe inlet, run, and branch, for the flow ofan air-

water mixture ührough a tee junction with equal diameter sides (23.4 mm LD.).

For the phase distribution, they only presented visual observations ofthe flow

regimes in the inlet, run, and branch. Their phase-distribution data were

classiflred into three categories: one in which both the branch and run

contained a two-phase mixture, one in which the branch contained single-phase

liquid, and one in which the run contained single-phase liquid. conditions

which led to each of the three categories were not discussed.

collier [2] presented the phase-distribution data ofst. Pier-re for the flow

of an air-water mixture in a horizontal tee junction with a 37.6-mm I.D. inlet

and run, and a 25.4-mm I.D. branch. The inlet mass flux was constant at 136

kg/m2s, the inlet quality was varied between 2.l7a and 50Vo, and the extraction

rate was varied between 0.05 and 0.9. The objective was to study the effect of

inlet quality on the phase distribution. Almost all of the data showed a

preference for the gas phase to enter the branch. For inlet qualities gleater

than 25Va, the data showed a decrease in xr/x, over all extraction rates as xl

increased. However, for inlet qualities less than 25Va, the data generally

displayed an increase in xrlx, over all extraction rates as xr increased'



13

Hong t3l presented phase-distribution data for an equal sided (9.5 mm

LD.) tee junction with horizontal inlet and branch orientations ranging from

vertical upwards to vertical downwards; the gas phase used was air, while the

liquids used were viscous and plain water. The ínlet mass flux was varied

between 18 and 126 kg/mzs, and the inlet quality between 25Va and 97Va'

These conditions gave rise to wavy and annular flow in the inlel' Hong [3]

presented data corresponding to inlet superficial gas velocities (Jct) of 9.7'27 .4'

and, 42.7 m/s. Liquid viscosities of 1 centipoise for plain water, and 5 and 10

centipoise for water plus hydroxyethyl ceilulose were tested. At each inlet

superficial gas velocity and liquid viscosity, the inlet superficial liquid velocity

(J¡1) was varied beLween 0.0023 and 0.047 m/s. Except at low extraction rates,

most of the data for the horizontal branch showed a preference for the liquid

phase to enter the branch. Generally, for a fixed J6,, an increase in Jt,

resulted in an increase in x/xr; however, this trend was reversed at lower

extraction rates. At a fixed J"r, an increase in the J6, resulted in a decrease

in x./xr. The effect of increasing liquid viscosity was to decrease xr/x, at frxed

Jo, and J;,. Hong [3] concluded that the inlet flow regime had no clear effect

on the phase distribution.

Johansen [4] presented both phase-distribution and pressure-drop data

for air-water flow through a tee junction. The junction had a 51-mm I'D'

horizontal inlet and run. Two different branch diameters were tested: a 51-

mm LD. branch which was oriented vertically upwards, horizontally, and
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vertically downwards, and a 38,1-mm LD. branch which was oriented

horízontaliy. Inlet superficial liquid velocities 0f0.0043, 0.122, and 0.884 m/s

were tested. At each value ofJ¡y, the value ofJ"r was varied between 0.9 and

28 m/s. At these inlet conditíons, inlet flow regimes of stratifred, wavy, slug,

and annular-mist were observed. Johansen [4] presented the phase-

distribution data in terms of Fuo versus the inlet superficial gas Reynolds

number, Re6,, which is the Reynolds number that the gas phase would have

if it flowed alone in the inlet tube. In general, the data showed that as Jrt

increased, at a fixed Fs. and Re6r, Fs¡ decreased. This trend, also obsewed by

Hong [3], was attributed to an increase in momentum of the liquid phase as

J", increased, For JLr=0,0043 m/s, most of the data showed a preference for

the tiquid phase to exit through the branch; however, this trend was reversed

for higher J",. For the horizontal tee junction, the effect ofRe.t variation at

fixed Fu, was found to depend on Jr,. For J"r=g.g¡43 m/s, the data for

constant Fs¡ showed a minimum; however, at higher Ju the data for constant

Fu, showed a maximum. This reversal in trend was attributed to a change in

inlet flow regime as J¡¡ ¡,vas increased. Using an energy balance, Johansen [4]

related the branch liquid and gas mass flow rates W¡, and Wor, respectively,

to the pressure drop ÁPrr. Using the measured pressure drop ÁPrr, the model

predicted values of W* and W... Comparison between the measured and

predicted values generally showed poor agreement.
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Henry [5] investigated the phase distribution for annular flow through

a horízontal tee junction with a 100-mm i.D. iniet and a 20-mm I.D. branch.

All tests were carried out using an air-water mixture at near ambient

temperature and pressure. The ranges ofinlet mass flux and quality were 200

< Gr < 850 kg/mzs and 4 <x, < 507o, respectively. The data covered a narrow

range of extraction rates, Ws/!Vr<0.06. For a constant x,, the results showed

that as the extraction rate increased, the branch quality increased

monotonically and eventually reached a constant value. The branch flow rate

at which the branch quality became constant was approximately proportional

to the inlet mass flux. The effect of increasing the inlet mass flux at a

constant inlet quality was to decrease the branch quality over all extraction

rates. Low inlet mass fluxes resulted in severe maldistribution ofthe phases

with air preferentially entering the branch; however, high inlet mass fluxes

resulted in a more even phase distribution. At a fixed inlet mass flux and

quality, the branch water flow rate was found to vary approximately linearly

with the branch gas flow rate. Finally, as the flow became more homogeneous

(dispersed), the value of xr/x, approached unity. Based on his resuits, Henry

[5] proposed an empirical model to predict the branch quality. The model

predicted the annular data of Henry [5] and Collier [2] quite well; however, it

was less successful in predicting the stratifred-wavy data of Collier [2]. Henry

[5] suggested caution when using the modei at conditions outside those from

which it was derived.
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Azzopardí and Whalley [6] published results in 1982 based on the

combined studies of Whalley and Azzopardi l7l, Whalley and Fells [8], and

Azzopardí and Baker [9]. All of these investigations studied the phase-

distribution phenomenon using an air-water mixture. Most of the results

correspond to vertical upward flow in an inlet tube of 31.8 mm I.D. with

horizontal branch tubes of 6.35, I2.7, and 19 mm I.D., giving branch-to-inlet

diameter ratios of about 0.2,0.4, and 0.6, respectively. The pressure used for

ühe experiments was 150 kPa and the ranges of inlet mass flux and quality

were approximately 80 < Gr < 180 kglm2s and 10 < xr < 80Vo, respectively.

This gave rise to inlet flow regimes of annular and churn flow. Some

experiments used a horizontal inlet tube of 31.8 mm I.D., with a branch tube

of 12.7 mm I.D. and a test section pressure of 250 kPa. This gave rise to an

inlet flow regime of annular flow. For inlet flow regimes of annuiar o¡ churn

flow, the results indicated a preference for the liquid to enter the branch'

Except at low inlet gas flow rates, the liquid flow rate in the branch was

approximately a linear function of the branch gas flow rate' Azzopardi and

Whalley [6] suggested that in annular flow, there exists two levels of

momentum flux: the liquid fiim where the momentum flux is low (high density

and low velocity), ühe gas core where the momentum flux is also low (low

density and high velocity), and the entrained drops with high momentum flux

(high density and high velocity). Therefore, for annular flow it was suggested

that liquid from the frlm has a high probability of being diverted into the
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branch while entrained liquid drops have a high probability ofby-passing the

branch and flowing into the run. Azzopardi and Whalley [6] compared their

vertical annular and churn flow data to the vertical bubbly flow data of Hewitt

and Shires. For bubbly flow, Azzopardi and Whalley [6] suggested that the

flow can be divided into a liquid layer near the wall with a momentum flux

near that of the bubbles, and a liquid core with a much higher momentum flux.

Thus, the bubbles and liquid with low momentum flux near the wall would

have a higher probability ofbeing diverted into the branch.

Azzopardí and Whalley [6] proposed a geometrically-based phase-

distribution model for annular flow. The model assumes that liquid that is

diverted into the branch comes only from the liquid film, and that a1l entrained

liquid by-passes the branch and flows into the run' As well, the gas and liquid

diverted into the branch come from the same segment of the tube. This

segment is characterized by the angle 0 as illustrated in figure 2.1. For the

special case of uniform liquid film thickness, the model reduces to

with

t' - | wt 
(o-sitro) ,xt 2rc \'

e =znYu t
wLr (!-E)

(2.7)

(2.2)

where E, is the mass fraction of inlet liquid which exists as entrained droplets,

and W", is the mass flow rate of liquid in the inlet.
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ENTRAINED
DROPLETS

LIQUID FILM

INLET TUBE

gas and liquid in ñlm
diverted into branch

BRANCH TUBE

gas and liquid
continuing into run

Figure 2.1 Schematic diagram illustrating the b-asis of the Azzopardi

and Whalley model [6] for annular flow
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Later, Azzopardi and Freeman-8ell [10] extended the above data for

annular flow in a vertical tee junction to include branch-to-inlet diameter

ratios (DrlD) of 0.8 and 1.0. These results were also published by Azzopardi

t111. The ranges of test conditions were as follows: air-water mixture at 150

kPa,83 < Gr < 1?8 kg/m2s,36 < x, <8lVo,and 0'1 < Ws/Wr < 0.53. These

conditions gave rise to annular flow in the inlet. The new results were

analyzed together with the previous annular data reported by Azzopardi and

Whalley [6]. In general, the combined results showed that as Dr/Dt increases,

the branch quality decreases. Azzopardi and Freeman-Bell [10] then proposed

a correction factor for the above model which takes into account the diameter

ratio Dr/Dr. This correction was based on the combined data set covering

diameter ratios from 0.2 to 1.0. The new model consists of equaüion (2.1)

without change, while (2.2) is modified to

^2nWßl" 1.2(DJD)}'4 wlr (r-E)
(2.3)

Using the new model, most of the data were predicted within t307o with the

data for very high ínlet qualities deviating most significantly.

Saba and Lahey [12] published results for the phase distribution and

pressure drop for air-water flow through a horizontal tee junction with equal

diameter sides (38.1 mm I.D.), The values of iniet mass flux used were

G,=1355, 204L, and 27ltkgm2s. At fixed G,, inlet qualities of 0.1, 0.25, 0.5'
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and l.\Va were tested. Extraction rates tested v/ere 0.3, 0.5, and 0,7. These

inlet conditíons gave rise to inlet flow reg"imes of stratified, wavy, and slug

flow. The results showed that for the entire range of inlet conditions and

extraction rates, the air flowed preferentially into the branch. The inleú mass

flux was found to have little effect on the phase distribution. Based on their

results, Saba and Lahey [12] proposed a mechanistic model Eight parâmeters

of ínterest were identifred; xl, x2, xs, Wr, Wr, %, Ætr, and ÀPr.. With three of

these parameters specified, flrve independent conservation equations were

required to obtain a solution. The following equations were recommended:

mixture continuity equation, vapor-phase continuity equation, mixture linear

momentum equation for the branch, mixture linear momentum equation for

the run, and the vapor-phase linear momentum equation for the branch. In

addition to the above equations, empirical correlations were required to close

the set of equations in order to obtain a solution. This model was later shown

to be suitable only for extraction rates greater than 0.3 [13].

Seeger et al. l14l reported phase-distribution data for air-water and

steam-\flater flow through an equal-sided (50 mm I.D.) tee junction' The

steam-water experiments were performed with a horizontal inlet and branch,

while the air-water experiments were performed with a horizontal inlet and

branch orientations of vertical upward, vertical downward, and horizontal.

The inlet mass flux for the air-water experiments varied between 500 and 7500

kglm'zs at a test section pressure between 0.4 and 1.0 MPa. The ranges of inlet
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quality and extraction rate for the air-water experiments were 0.2 < x, < 32Vo

and 0,0 < W3/VV' < 1.0. Over the tested range of inlet mass flux and quality,

inlet flow regimes ofannular, slug, and dispersed-bubble were obser-ved' The

test section pressure ranged between 2.4 and 10 MPa and the inlet mass flux

between 918 and 1925 kg/m2s during the steam-water experiments. This gave

rise to inlet flow regimes of annular and slug flow for the steam-water

experiments, For the steam-water experimènts, the extraction rate and inlet

quaiities ranged from 0.1 to 0.69 and \Vo lo 36Vo, respectively.

For the horizontal branch (both aír-water and steam-water data), x./xt

was found to increase rapidly with increasing extraction rate up to a maximum

in the vicinity of 'W3/W1 = 0.3. At higher extraction rates, a1i of the data fell

close to the totai phase separation curve. For a fixed Jr,, x/xr was found to

decrease with increasing J61, which corresponded to an increasing gas

momentum flux. The data also showed that as the test section pressure

increased, xr/x, decreased. This also corresponded to an increasing gas

momentum flux, due to increased gas density.

Based on the above data, seeger et aI. [14] derived a phase-distribution

correlation for each branch orientation. The equation for a horizontal branch

is

rs 
= 5n - 6n, * 2n3 * an(1-l)4 (2.4)

.rl

where q=Wyt¡1,. The coeffrcient'a'in the above equation is given by
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for any flow regime other than dispersed bubble, while a = 14.6 for dispersed-

bubble flow. In equation (2.5), Pcr and p¡ are the inlet gas and liquid

densities, respectively, while S, is the slip ratio in the inlet which was

determined using the correlation developed by Rouhani [15]. This correlation

is given by the following equation:

22

(2.5)

(2.6\

(2.7)

(2.8)

where

and

<r - P¿r r 1+0'12(1-x) * Vn¿t 
- 

xt 
¡ot= 6-r¡' p", ' q p.'

x, 1-¡, -l
,r,=(i,+___-.)

r"- = $ko(p¿¡-pci))o¿5(1 -¡r)
Ptt

It should be noted that for equation (2.8), Seeger et al. [14] omitted the term

(1-x,). Fortunately, for the data of Seeger et al, [14]' this term appears to

make little difference to the prediction of S,' It will be shown later that, for

the present data, this term also has negligible effect on the prediction of Sr.

Although Seeger et al. t14l presented correlations for other branch

orientations, they are not relevant to the present study.

In 1986, Rubel t16l presented phase-distribution data for low-pressure

steam-water flow through a horizontal tee junction with equal sides (37.6 mm

I.D.). The ranges of iniet mass flux, quality, and extraction rates were 16.6 <
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Gr < 50.3 kg/m2s, 23.3 < x, <82'8Vo, and 0.15 < W3/1Vr < 0.80. These conditions

gave inlet flow regimes of stratífied, wavy, semiannular-wavy, and

semiannular. Rubel [16] studied the individual effects ofiniet mass flux, inlet

quality, inlet flow regime, and inlet superflrcial liquid velocity on the phase

distribution. In general, the results showed that xrlx, was less than unity for

stratiflred flow, greater than unity for most of the wavy flow, and both above

and below unity for semiannular flow. For increasing x, at a fixed inlet mass

f1ux, xr/x, was found to decrease, except at the lowest inlet mass fluxes where

this trend was reversed. within a specific inlet flow regime and at a fixed

inlet quality, the inlet mass flux appeared to have little effect on the phase

distribution. Fina1ly, as J", increased, the data showed an increasing tendency

for the liquid to flow preferentially into the branch.

Ballyk and Shoukri [1?] presented resuits for annular steam-water flow

in a horizontal tee junction with a 25.65-mm I.D. inlet tube. Branch tube

diameters of 25.65 and 12.3 mm I.D. were used. The results for the 25.65 mm

I.D. branch were also published in [18]. The ranges of inlet conditions were

400 < Gr < 1200 kg/mzs, 0.0 < x, <!\Vo, and 0.0 < Ws/IVr < 1,0. Measurements

included the pressure distribution and phase distribution, as well as the void

fraction in the inlet, run, and branch. The effects of extraction rate, inlet

quality, branch-to-inlet diameter ratio, and inlet mass flux on the phase and

pressure distributions were studied. The results showed that at low extraction

rates, xr/x, increased rapidty to a maximum value at an extraclion rate in the

range 0.2 to 0.3. When the extraction rate was greater than 0'3, the total
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phase separation curve was approached An increase in the inlet quality

reduced the peak value of xr/x, and increased the extraction rate at which

complete phase separation occurred. The effect ofinlet mass flux variation at

a fixed inlet quality was shown to be less signifrcant than that ofinlet quality

variation. The smaller branch size resulted in increased phase

maldistribution.

Hwang et al. [19] investigated the phase distribution and pressure drops

for air-water flow through a tee, a 45'Y-junction, and a 135o Y-junction' All

three test sections were horizontat, and had equal inlet and branch tube sizes

(38 mm LD.). Three injet mass fluxes were tested: G,=1350, 2050, and 2700

kglm'?s. At each value of inlet mass flux, the inlet qualities tested were 0'2,

0.3, and 0.4 percent. The extraction rates ranged between 0.02 and 0'95 It

was found that for high extraction rates, nearly complete phase separation

occurred, independent of the test section used. For the tee junction, the value

of xrlx, reached a maximum at an extraction rate of approximately 0 1 The

135" Y-junction gave a higher maximum value of xr/xr, and this peak occurred

at a lower extraction rate. The peak value of xr/x, for the 45'Y-junction was

smaller and it occurred at a higher extraction rate than the tee junction'

Hwang et al. [19] developed an anal¡ical model based on a dividing

streamline concept. This model assumes that there ís a "zone of influence" for

each ofthe two phases which is bounded by the tube wall near the branch and

the appropriate dividing streamline, as shown in fr'gtre 2'2' Incoming gas and
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Figure 2.2 Dividing streamlines for the phase-distribution model of
- Hwang et al. [191
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liquid must follow curved paths in order to exit through the branch. The

model traces the dividing streamlines' paths based on a balance between the

dominant forces acting on each phase. This phase-distribution model is valid

for any inlet flow regime provided the lateral distribution ofthe phases in the

inlet side of the junction is known. For separated flow (stratified, wavy, or

annular), the model simplifies to a balance between centrifugal forces, thus

9o,ñ, - Put,
Rc R¿

where Rç and R¡ are the radii of curvature of the gas and liquid dividing

streamlines, respectively, and V6, and V¡, are the mean velocities of the gas

and liquid phases in the inlet of the junction, respectively. The radíi of

curvature were assumed to follow the relation

(õ rlD)^" (2.10)

(ðJDrf"

where ô, and ôo are the depths of the gas and liquíd zones of influence,

respectively, as shown in figure 2.2. The exponent n in equation (2'10) was

determined empirically from a large data base to be:

nr= 5 + 20€xpt-53(Ûts/Dr)1, k=G,L. (2.11)

Finally, with knowledge of ô, and ôo as well as the lateral distribut'ion of the

liquid and gas phases in the inlet, the branch liquid and gas flow rates can be

calculated. Hwang et al. [19] used this model to predict xr/x, for stratified,

bubbly, and annular flow with very good success.

(2.9)

Ro=
RL
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Rubel et al. t20l compared their data for steam-water flow in a

horizontal tee junction with the model of Hwang et a1. [19], the model of

Azzopatdí and Freeman-Bell i101, and the model of Seeger et al. [14]. For

W/Wr > 0.4 and xr> 40Vo, the model of Seeger et a1. [14] predicted most of the

data for xr/x, within +20Va. For the entire range of x, and W"/Wt > 0.3, most

of ühe data for xr/xr were predicted within t40Vo. The data were predicted

poorly for low extraction rates (Wr/W, < 0.3), The experimental values of Fs6

for the data points of semiannular flow were compared with predictions using

ühe model of Azzopardi and Freeman-Bell t10l' Although the agreement was

poor, it was noted that the model's predictions became increasingly better as

the inlet flow approached fully-established annular flow. For the comparison

with the model of Hwang et al. t191, the inlet flow regime was assumed to be

wavy for all data points. In general, values of xr/x, were predicted within

*30Vo for all stratified, wavy, and semiannular flow data.

Shoham et al. [21] reported experimental data for stratified, wavy, and

annular flow in a horizontai tee junction with equal sides (51 mm I.D.). The

fluids used were air and water. Phase-distribution results were obtained at

inlet superficial gas velocities of 2.5, 6.t, and 26 m/s. Superficial liquid

velocities were varied from 0.0029 m/s to 0.059 m/s. The results for wavy flow

showed that at the lowest liquid superficial velocities, the liquid preferentially

entered the branch. As J¡, was increased, Fu, decreased at a fixed Fro. At the

highest J,.,, the gas phase preferentially entered the branch. All the data for
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stratiflred flow indicated a strong preference for the liquid to flow into the run,

and for annular flow most ofthe data showed a preference for the liquid to exit

ührough the branch. This is contrary to the annular flow data of Ballyk and

Shoukri [1?], who observed that for W/W, > 0.3, total phase separation was

approached. However, the inlet mass flux range tested by Ballyk and Shoukri

[17] was much higher than that tested by Shoham et aI. [21]. The effect of

increasing J¡, at a fixed J6, was to increase Fs6 for a fixed Fur. In fact, at the

highest J' all of the annuiar data fell close to the line of even phase

distribution. This trend explains the differences in the annular data of Ballyk

and Shoukri [17], and Shoham et a1. [21].

Shoham et aI. [21] developed a flow-regime-dependent model for

predicting the phase distribution during stratiflred and annular flow. The

modei is based on a suggested splitting mechanism where the preference for

the liquid to flow into the branch is conlrolled by competing inertial and

centripetal forces acting on the liquid phase at the tee junction. Reasonable

agïeement between the experimental data and the prediction of the model was

obtained,

Reimann et aL.l22l presented results which extended the data of Seeger

et a1. [14]. The data included a larger range ofinlet mass flux and diameter

ratios of 1.0, 0.52,0.2, and 0.08 for air-water flow in a horizontal inlet tube of

50 mm I.D. The wider range of inlet mass flux enabled the addition of

stratiflred flow to be observed in the inlet. For diameter ratios of 0.52, 0.2, and
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0.08, three branch orientations were tested: vertical upward, horizontal, and

vertical downward. For the diameter ratio of 1.0, only a horizontal branch was

tested. For the horizontal branch, the results showed in general that as the

branch diameter was decreased, the branch quality increased for all Wr/Wt.

Azzopardi [23] reported further observations on the phase-distribution

phenomenon during annular flow in vertical tee junctions using an equal-sided

(31.8 mm I.D.) tee. An air-water mixture was used with inlet conditions

similar to those presented by Azzopardi and Whalley [6]. A full range of

extraction rates was tested. At low inlet qualities, as F"" increased beyond a

certain limit, Fu, increased sharply to almost unity. This occurred over a

relatively small change in Fu. and was attributed to flooding and flow reversal

of the liquid which initially flowed past the branch. A modified version of the

model given by Azzopardi and Freeman-Betl l10l was presented which

accounted for this flow reversal phenomenon. This model agreed weil with the

experimental data at high liquid flow rates, but underpredicted the fraction of

liquid removed through the branch at lower liquid flow rates.

Later, Azzopardi et al. [24] documented results for the splitting of air-

water annular, wavy, and stratified flow in a horizontal teejunction. As well,

Azzopardi[25] proposed an extension to the model ofAzzopardi [23] to include

annular flow in horizontal tee junctions. For the experimental results given

in 1241, a main tube of 38.1 mm LD. was used with branch tubes of 38.1 mm

and 25 mm I.D. The ranges of inlet mass flux, quality, and extraction rate

were 42 < Gr < 206 kg/m2s, 4 < xr < 89Vo, and 0'0 < Ws/Wr < 0.99, respeclively'
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Data were obtained at two different pressures: 150 and 300 kPa. Azzopardi

et al. 124) studied the individual effects of diameter ratio, gas flow rate, liquid

flow rate, gas density, and inlet flow regime on the phase-distribution. In

generâl, for the same inlet conditions, less liquid was removed through the

branch (for a fixed Fs.) as the diameter of the branch was decreased'

Increasing Wo, at fixed W", and F"o resulted in an increase in Fur. An

increase in Wr, (at a flrxed W6r) was found to increase the preference for the

gas phase to exit through the branch. The inlet flow regime and the test-

section pressure were also found to have significant effects on the phase

disüribution. The data were compared to the predictions of the models of

Hwang et al. [19], Shoham et al. [21], and Azzopardi [25]. Best predictions

were obtained using the model given by Azzopardi [25].

The new model presented by Azzopardi l25l for annular flow in a

horizontal tee junction is simílar to the original model by Azzopardi and

Whalley i6l. The new model assumes that entrained liquid overshoots the

branch into the run, and the gas and liquid diverted into the branch come from

the same segment of the iniet tube, An additional mechanism is included in

the model to help explain the phase-distribution phenomena at high extraction

rates. AzzopaÀi l24l observed that at low W¡r, as F66 increased beyond a

certain critical value, the liquid fitm at the pipe wall opposite the branch

ceased to move axially and formed a collar around the pipe circumference.

Azzopardí [24] attributed the stopping of the liquid film to the increase in

pressure of the flow as it decelerated into the run. He assumed that some of
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the liquid in the stagnant collar flowed into the branch while the remainder

flowed into the r-un. The following equation was derived to give the critical

value of Fso at which tiquid film stoppage would first occur:

F^^ = 0.715 - I0.493 - 0.633p''fo=' 705 ,

PctYct

(2,t2)

(2.r4)

where V., and Vo, are the gas and liquid frlm mean velocities in the junction

inlet. Beyond this critical value of Fs6, the liquid film ceases to move axially.

xr/x, is calculated using (2.1) with 0 given by

0=
2nFr* (2.13)

(r -EL)l.2(DJD)o'1

where F.ro is the fraction of liquid film removed directly from the segment

from which the gas is being removed. The fraction of liquid that flows into the

branch from the liquid collar is given by

E2

Fr=(1-Fr"o-EJ(-i,).
L -2F *+2F 

"o

Finally, the fraction of branch liquid is the sum of F."o and F., thaü ís

Fo=Fruo+Fr. (2.15)

The new model was compared to the ho¡izontal, annular flow data of Hong [3]'

Shoham et al. [21], and Azzopardi et at. [24]. Comparison with the annular

data of Azzopardi et ai. [24] generally showed good agreement. The effects of

liquid flow rate and diameter ratio were wetl predicted. At flow rates close to

the annular/wavy boundary, the model overpredicted the data due to the
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model's assumption ofuniform fllm flow rate about the periphery ofthe tube

Agreement with the annular data of Hong [3] was poor, although some trends

were properly predicted. It should be noted that the data of Hong [3] were

obtained using very small tube sizes (9.5 mm I.D., equal-sided tee junction)

In general, the annular data of Shoham et al' [21] were well predicted'

2.2 Pressure Drop

To date, no pressure-drop model for two-phase flow in tee junctions has

proven adequate for the whole range ofinlet conditions. The various models

suggested in the literature for two-phase flow are all direct extensions of the

models used to predicü the pressure drops for single-phase flow. Thus, a brief

review of the relevant single-phase models is given next.

2.2.1 Single-Phase Pressure DroP

Collier [2] modelled the pressure drops ÁP, and ÂP,, based on a simple

momentum balance on the tee junction. For the control volume shown in

frgure 2.3(a), an axial momentum baiance for the control volume wiüh equal

inlet and run diameters gives
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Figure 2.3 Control volumes for single-phase pressure-drop models
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(2,t6)

where Pr and P2 are the inlet and run average pressures, respectively; Gl and

G, are the inlet and run mass fluxes, respectively; p, and p2 are the inlet and

run densities, respectively; and K*,, is a correction factor that accounts for

forces not considered in (2.16), such as friction and the axial component of

momentum exiting through the branch not at a right angle to the inlet and

run, To remain consistent with previous authors, in the remainder of this

thesis K*r, will be referred to as the momentum correction factor.

An alternative [2] for modelling the pressure drop ÀP,r, and also used for

ÀP,r, is to define

AP,,=(AP,)o"+(APt)a¡ e.t7)

where i=2 for the run and i=3 for the branch. The reversible component in

(2.t7) can be obtained from Bernoulli's equation as follows:

(APr)¡¿r =

G?.

Pr

G?_r), i=2,3,
Pr

d
= Kir(:

Pz

|.C?
ttî

(2.18)

where G, is the mass flux in the run (i=2) or branch (i=3). The irreversible

componenü is defined as

G?
(APr)n¡ = *"(d)' i=2,3'

where K,, and K* are loss coeffrcients.

(2,t9)
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Another model used to predict ÀP, and ÂP' was presented by Reimann

and Seeger [26]. Referring to the control volume given in figure 2.3(b), the

pressure drops were defined as

AP,,=ÀPr-",rLP"r, (2.20)

where ÀPr.., is the reversible pressure drop between the inlet and the throat

of a vena contracta, given by

aPt-",

ÃPou

^2|,va
2'pct

G?'), i=2,3,
Pr

o,oo, 
i=2,3,

Pr

(2.2r)

(2.22)

(2.23)

and ÀP",., is the pressure drop between the throat ofthe vena contracta and a

position downstream in the run (i=2) or the branch (i=3), modelled as a sudden

expansion. Thus,

The mass flux at the throat ofthe vena contracta G., can be eliminated from

equations (2.21) and (2.22) using a conservation of mass equation. Introducing

a contraction coefficient C1=Aç,/A,, setting p",=p,, and substituting (2'21) and

(2.22) into (2.20) yields

Gí

P¿

G?1
;, 

.,",u'r, = +(l - r)'*,, i=2,3

where the contraction coeffrcient is given by



The parameter K,, represents the single-phase loss coefficients given in

equation (2.19). In the above equations, Aot is the cross-sectional area at the

throat of the vena contracta, A, is the cross-sectional area of the inleü tube,

and p", is the density at the throat of the vena contracta.

2.2,2 Two-Phase Pressure Drop

Fouda and Rhodes [27] studied two-phase annular flow in a horizontal

tee with a vertical branch. The pressure drops ÁP, and ÁP* were measured

using a single pressure tap in each of the inlet, run, and branch. For ÂP,r,

Fouda and Rhodes [2?] proposed a model that is analogous to the single-phase

model given by equation (2.16). Thus,

c, = 11 + lååar', i=2,3.

G? G?

^Pn 
= 6Ðs(i; - 

em) 
,

where p", are the momentum-weighted densities given by

ou,=rL.ffi,t,

ótl

(2.24)

(2.25)

(2.26)

with i=L for the inlet and i=2 for the run, and (K*,r)s is the separated-flow

momentum correction factor. A homogeneous version of equation Q.25) is

given by [27]:



where (K*rz)ri is the homogeneous flow momentum correction factor, and p",

and pH2 are the inlet and run homogeneous densities, respectively. The

homogeneous densities are calculated using

G? G?
tP,, = (Ki)Á 

* *, ,

p", = tQ " -*t', i=r,2,3.

APr, = (ÀPrr)¡¿ ,. **rUÊ,n

*,,= !r$ $,. ***,n" ,

Q.27)

(2,28)

(2.29)

(2.30)

In an extension to the model given by equations (2.17) to (2.19), Saba

and Lahey [12] expressed ÁP,, for two-phase flow as

where tp is a two-phase loss multiplier for the branch. For separated florv they

showed that the above equation becomes

where K,, is the single-phase loss coefficient based on an inlet liquid mass flux

of Gr, <p" is the separated-flow two-phase loss multiplier for the branch; p", is

the branch homogeneous density, and p' and p", are the inlet and branch

energy-weighted densities, respectively, The energy-weighted densities are

defined as follows [12]:



A homogeneous version was obtained by replacing the energy-weighted

densiüies in (2.30) with the appropriate homogeneous densities, giving:

where q are the void fractions in the inlet, run, or branch. For the two-phase

multiplier given in (2.30), Saba and Lahey [12] recommended

p, = r]L4 , Å-1'r, i=1,2,3,
pL{r-d,¿' pe¡di

g*= P"
Put

*,,=!r$ $,.***n,.

Ki" G: G?ÀP.^= '"('- ')
" 2 'Paz P"i
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(2.31)

Q.32)

e34)

(2.33)

For the two-phase loss multiplier given in (2.33), Saba and Lahey [12]

recommended g¡r=prrlpsr, the homogeneous version of (2.32).

For ÂP¡2, Saba and Lahey [12] used the model presented by Fouda and

Rhodes 1271, glven by equation (2.25). For the correction factor (K*,r)., Saba

and Lahey [12] used K*r/2, where K*r, is a momentum correction factor from

single-phase flow. Thus,

The parameter K*r, was calculated using equation (2,16); however, for

equation (2.16) Saba and Lahey [12] used the term K.trl2 instead ofsimply

K*rr'
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Reimann and Seeger [26] derived a model, similar to equation (2.23), for

ÂP* and ÂP,, during two-phase flow. The flrnal form of the model is as follows:

AP,, =ÀPr-., *4P",-¡, i=2,3 (2.35)

where ÂP,.", is the reversible pressure change from the inlet to the throat ofa

vena contracta in the run or branch (given by an energ:y balance), and ÂP",., is

the pressure change from the throat of a vena contracta to a position

downstream in lhe run or branch (given by a momentum balance). The values

of ÂPr.., and ÂP",., are calculated using

a, n, 
^= 

litlt¡ß *So(1 -¡)12 {*¡ft> - c?t*rn *Sr(1 -¡r)12(¡¡. ?rt 
e 36)

and

(2.37)

where S", is the slip ratio at the throat of the vena contracta in the run or

branch; S, is the slip ratio in the run (i=2) or branch (i=3) downstream ofthe

junction; S, is the slip ratio in the inlet; and R is the density ratio, defined as

R=p"r/p"r. The contraction coefficients are calculated using

d,e o,=Éqx¡*s,(1 -x,)t(x,*îl -{t".n.sotr -')tt',.f),

c, = r1 +,']*å^ ,, i=2,3
(2.38)

where K' are the single-phase loss coefficients given in equation (2'19),
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For the prediction of ÂP,r, Reimann and Seeger [26] suggested that the

slip ratio in the run vena contracta S", should be set equal to unity. This

corresponded to the assumption of homogeneous flow at the vena conüracta.

The slip ratios S, and S2 were estimated using the correlation developed by

Rouhani [15], given by equations (2.6), (2.7)' and (2.8). It should be noted

again that for equation (2.8) Reimann and Seeger [26] omitted the term (l-xr).

For the predíction of ÂPrr, numerous assumptions were made for St, 53,

and S"r. The best agreement with air-water flow in a horizontal tee junction

was obtained with the assumption of homogeneous flow, therefore Sr, Sr, and

S", were all set to unity. Using this assumption, and the following expression

for Cr:

(2.39)

where Q, and Q, are the volume flow rates in the inlet and branch,

respectively, the model given by (2.35) reduces to (2.33) with the two-phase loss

multiplier given by

ca=r1 +ft|-rs",

PuPas
9n = z-

Pnt
e.40)

A correction factor was suggested by Reimann et al. l22l and Reimann

and Seeger [26] for the homogeneous model given by equation (2.33). This

correction factor accounted for the deviation of the model from experimental
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data for ÂP* at an extraction rate of unity. To compensate for these

deviations, the relationship proposed was

ÂP,, = (4P13)¡¿, + K(AP3)6¡¡¡ ,
(2.41)

*¡"¡6 (=1.34.

Hwang and Lahey [28] presented data for the pressure drops ÀP,, and

ÀP, during singie-phase and two-phase flow through a tee,45o wye, and 135o

wye. AII three test sections were horizontal, and had equal inlet and branch

tube sizes (38 mm t.D.). The data were compared to various pressure-drop

models. For ÁP,3, Hwang and Lahey [28] used the model of Saba and Lahey

[12] given by equation (2.30). Best results for this model were obtained

assuming homogeneous flow downstream ofthe junction, that is pr.=p"r, and

g" given by equation (2.40), the value recommended by Reimann and Seeger

[26]. Nearly a1l the data for ÁP,, were predicted within t20Va' For ÂP,r, the

model presented by Saba and Lahey [12], given by equation (2.34), was

recommended with p*r=prr. Good agreement was found with more than 957o

of the data predicted wíthin ¡25Va. To predict the void fraction in the in1et,

Hwang and Lahey [28] used the Zuber-Findlay model [29] with an empirical

correiation for the void concentration parameter Co, given by

co = 1.lo - o,llprrlpor]t6or(P¿1,c)

The corresponding slip ratio was then obtained from

(2.42)



Ballyk et al. [18] obtained pressure-drop data for steam-water annular

flow in a horizontal tee junction. They proposed a model for ÂP* that is

similar to the model presented by Saba and Lahey [12], equation (2.30)' The

final form of the model is:

(2.44)

where

(2.45)

and

(2.46)

The branch energy-weighted density p¡s r as defined previously in equation

(2.31). The equivaient inlet density p*r was defined as

AP,, = (AP,)¡¡" + (APt)a¡ 
'

(ÃP*)¡rv= +, UÉ, ,Ért

o... G?
(APrJn¡ = Knî-ie'.

- p*r

. (1-r,)2(1 -f3) *?r
p*r = t--, -. - + ----j-lrt2

p't,(l-d)" pätai

42

(2.43)

Q.47)

and the two-phase multiplier g* was obtained empirically from their data as

follows:
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e* = -1.37 + 23.38r¡ - 17.(Ðr¡2 + 1.12t13, q>0.1, Q 48)

where 11 is the extraction rate Wr/lV,. For a given branch-to-inlet diameter

ratio, the two-phase multiplier defined above was a unique function of the

extraction rate and was independent I the inlet mass flux and the inlet

quality. For the pressure change AP,r, Ballyk et al. [18] suggested using the

separated flow model given by equation (2.25) with the coeffrcient (K,2). equal

to unity. Measured values of the void Íïactions in the inlet, run, and branch

were used in all of the models proposed in [18].

In 1988, Reimann et aL [22] presented results which extended the data

of Seeger et al. [14] to include a large range of inlet mass flux and diameter

ratios. Pressure-drop data from both of these studies were compared to the

predictions of the various pressure-drop models. For ÂPrr, it was concluded

that the separated flow model given by equation (2.34) had the highest

accuracy in predicting the data for the horizontal branch with Dr/Dr=1 and

0.52. The best predictions for ÀP* were obtained using the homogeneous

model given by equation (2.33) wiih the two-phase loss multiplier calculated

using equation (2.40) and the value of K in equation (2.41) equal to 1.34.

2.3 Closing Remarks

Based on the above discussion, it is evident that no generalized models

have been developed capable of accurately predicting the phase distribution
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and pressure drop through tee junctions. This is a direct consequence ofthe

fact that the relevant phenomena âre not completely understood yet.

Since the inleú flow regime is an important parameter, figures 2.4(a) and

2.4(b) were developed in order to summarize the range ofinlet conditions for

previous phase-distribution experiments, and frgure 2.5 was developed in order

to summarize the range of inlet conditions for previous pressure-drop

experiments. In all three figures, the ranges are plotted on the flow regime

map of Mandhane et al. [30]. Only experiments with a horizontal tee junction

are shown. The flow-regime transition boundaries given in these figures were

plotted using the coordinates given by Mandhane et al. [30], without any

physical property corrections. The transitions shown are typicai for air-water

flow in small-diameter pipes (iess than 51 mm).

Figure 2.5 ciearly shows a lack of pressure-drop data for Jr, less than

0.07 m/s. Figures 2.4(a) and 2.4(b) show that some phase-distribution data

exist in this region; however, the data of Hong [3] were obtained using a small-

diameter tee junction (9.5 mm I.D.), and the data of Rubel et al. [20] were for

steam-water flow. Thus, there is a need for pressure-drop data and new air-

water phase-distribution data in the region JLr < 0.1 m/s, which corresponds

to stralified, wavy, and annular flow. New data in this region would improve

our understanding of the phenomena occurring at tee junctions during two-

phase flow, and would aid in the development of models for the prediction of

phase distribution and pressure drop in tee junctions.
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Chapter 3

EXPERIMENTAL INVESTIGATION

The objective of the present experimental investigation is to generate

phase-distribution and pressure-drop data for two-phase, air-water flow

through a horizontal teejunction. The apparatus constructed to obtain these

data incorporated a horizontal tee junction with equal inlet, run, and branch

tube sizes (3?.6 mm I.D.), and was designed for the following operating

conditions: air-water mixtures at a pressure of about 150 kPa and near

ambient temperature, inlet superficial gas velocities ranging between 2.7 and

41 m/s, inlet superficial liquid velocities ranging between 0.0021 and 0 181 m/s,

and extraction rates between 0.1 and 0.9.

3.1 Air-Waüer Loop

3.1,1 Overview

The flow loop, which was constructed for this investigation, is shown in

frgure 3.1. The following paragraph gives a brief description of the flow

through the different components of the loop. A more detailed description of

the design, construction, and operation ofthe major components ofthe loop is

given later in this chapter.
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Distilled water used in the system was stored in the water reservoir'

Water, fed from the reser-voir by a centrifugal pump, was metered by two

turbine meters before flowing into the two-phase mixing tee (mixer) where it

was mixed with the gas phase (air). Heat absorbed by the water due to flow

through the pump and from frictional pressure losses was removed by a heat

exchanger installed inside the water reservoir. Air supplied from an air

compressor was metered using a single turbine meter before flowing into the

mixer. A developing length of 6?.5 tube diameters was aliowed before the

two-phase mixture entered the visual section, and a further 42 tube diameters

was provided before entering the branching tee junction. Forty-one pressure

taps were located along the test-section inlet, run, and branch in order to

map-ouü the pressure distribution around the tee junction. After the flow

patterns in the run and branch were observed through visual sections, each of

the üwo-phase mixtures entered its respective separation tank. The flow rate

of liquid from each separation tank was metered using a combination of frve

rotameters (arranged in parallel) to give individual measurements of the run

liquid flow rate Wrr, and the branch liquid flow rate W"r. The two liquid lines

then rejoined before returning to the water reservoir. The gas phase exiting

each of the separation tanks flowed through its respective throttling valve,

used to control both the extraction rate WrÆV, and the test section pressure,

before being metered by either a turbine meter (for high flow rates), or a

combination offour variable area flowmeters arranged in parallel (for low flow
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rates). This gave individual measurements of the run air flow rate Wor, and

the branch air flow rate W"r. Both air flows were then discharged to the

atmosphere.

3.1.2 lffater Flow Rate Measurement

The inlet water flow rate W¡, was metered using two turbine meters

arranged in parallel. Both turbine meters were manufactured by Flow

Technology, Inc. The model numbers and flow ranges were as follows:

Model

FT6-8C1YW-LED-1

Calibrated Range

0.5? - 18.9 Vmin (0.15 - 5.00 GPM)

FTO-4C1YW-LHC-1 0.076' 4.92 Vmin (0.02 - 1.30 GPM).

Output from each turbine meter was fed into its respective signal converter

(Flow Technology, Inc. RC51-1-C-0000-6) which converted the turbine meter

output into a 0 to 10 volt DC signal. These DC signals were fed into two

separate channels in the digital acquisition system.

Both turbine meters were calibrated using a collection tank, scale, and

timer. These calibrations agreed very well with the calibrations provided by

the manufacturer. Typical deviations of about +2Vo were observed between the

present calibrations and the manufacturers calibrations. Maximum deviations

of about +4Vo wete observed at the lowest flow rates. Therefore, the present

calibrations were used in the reduction of all data.
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The water flow rates in the branch and the run were metered using

rotameters. Each flow-measurement station consisted of five flowmeters

arranged in parallel to give a wide flow-measurement range as follows:

For the ¡un:

Model Calibrated Range

Cole-Parmer, tube number NO82-03ST 3.5-46.0 mVmin

Cole-Parmer, tube number FM102-05ST 7.6-216 mVmin

Cole-Parmer, tube number FM044-40C 72-1810 mVmin

Cole-Parmer, tube number NO44-40C 99-1900 mVmin

Fisher Porter, 10435554 1140-13400 mVmin

For the branch:

Model

Cole-Parmer, tube number FM082-03ST

Cole-Parmer, tube number FM102-05ST

Cole-Parmer, tube number FM044-40C

Cole-Parmer, tube number FM044-40C

Calibrated Range

0.27-44.7 mVmin
7.6-216 mVmin
72-78L0 mVmin
72-L810 mVmin
1140-13400 mVminFisher Porter, 10435554

Thus each flow-measurement station was capable of flow-rate measurement

over 13400 mVmin.

All rotameters were calibrated using a collection tank, scale, and timer.

Comparison between the present calibrations and the calibrations provided by

the manufacturer showed very good agYeement. Maximum deviations of

approximately +1Vo were observed at the lowest flow rates; however, typical

deviations were about +TVo. As wel1, all rotameters were found to have a
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nearly linear relation between the measured flow rate and the scale reading.

As a result, the present calibrations were used in reducing all data.

3.1.3 Mixer

A schematic diagtam of the two-phase mixer is shown in figure 3.2. The

entire mixer was constructed from copper tubing and fittings which were

soldered together. Water entering the mixer was injected into the air flow

through a large number of 1.6-mm diameter holes. The resulting two-phase

mixture then discharged from the mixer and was allowed to become fu1ly

developed over a length of 6?.5 diameters before entering the visual section.

3.1.4 Air Flow Rate Measurement

The inlet air flow rate W.r was metered using a single turbine meter.

The air flow rate out of each separation tank was metered by either a turbine

meter (for high flow rates), or a bank of rotameters (for low flow rates). All

three air turbine meters were Flow Technology, Inc., model number FT-24C 1Y-

A-GEA-l, with a flow range of 0.11 to 4.53 m,/min (3 8 to 160 ACFM) at

atmospheric pïessure and ambient temperature. Output from each turbine

meter was fed into its respective sigtral converter (Fiow Technology, Inc.

RC51- 1-C-0000-6) which converted the turbine meter output into a 0 to 10 volt



All dimensions in millimeter$

1.6 DIA - 8 HOLES EQUAILY
AROUND TIJBE CIRCUMFERENCE

Figure 3.2 Schematic diagram of two-phase mixer

<-
I9ater Inlet

cJt



55

DC signal. The DC signals were then fed into three separate channels in the

digital acquisition system.

Calibrations for the air turbine meters were provided by the manufac-

turer. As a check, the air turbine meters were caiibrated against two air

rotameters with calibrations provided by the manufacturer. Rotameters were

used since a suitable calibration standard was not available. Due to

limitations ofthe rotameters, the turbine meters could only be calibrated over

1/3 of their range; however, most of the present data fell within this range.

For higher flow rates, the present calibrations were extrapolated. It' should be

noted that for high flow rates the manufacturer also had to extrapolate their

calibration. This resulted in little error since the turbine meters are very

Iinear over the top 90Vo of theit range. The present calibrations were found to

deviate at most 7Vo ftom the manufacturers calibrations; however, typical

deviations of about \Vo werc observed. Using the present calibrations, a mass

balance between the air turbine meters gave good results, with a maximum

deviation of approximately +AEo. Based on this, the present calibrations were

used for all data reduction.

For the measurement oflow air flow rates out ofeither separation tank,

a bank of four rotameters (arranged in parallel) was used instead of the

turbine meter. Both the run and branch air rotameter banks consisted ofthe

following flowmeters:
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Model Calibrated Range

Cole-Parmer, tube number FMO82-03ST 56-1690 mVmin

Cole-Parmer, tube number FM102-05ST 535-9050 mVmin

Cole-Parmer, tube number FM044-40C 3.00-64.1 Vmin

Cole-Parmer, tube number FM044-40C 3.00-64.1 Vmin.

Thus, with the combination of turbine meter and rotameters, air flow rates

from 0.056 to 4530 Vmin could be measured individually out ofeach separation

tank,

All air rotameters were calibrated using a positive-displacement gas

flowmeter. A comparison between the present calibrations and the calibrations

provided by the manufacturer showed a maximum deviation of approximaúely

+57a at the lowest flow rates. Typical deviations of about +37o were observed.

As weil, all of the air rotameters were found to have a nearly linear relation

between the measured flow rate and the scale reading. For the reduction of

data, the present calibrations were used.

3.1.5 Test Section

A schematic diagram of the test section is shown in figure 3.3. The

piping used for the construction of the test section was commercial type K

copper tubing with a 3?.6 mm I.D. The entire test section, including the

two-phase mixer, was supported by a rigrd steel frame. A survey level was
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used to ensure horizontality of the test section. The followíng is a bríef

description of the major components in the test section:

Visual Sections

The inlet, run, and branch visual sections were identical to those used

by Rubei [16, 20]. Each visual section (shown in figure 3.4) consisted of a 254-

mm long glass tube supported at both ends by specially machined stuffrng

boxes. The design of the glass tube and stuffing boxes were such that the

inside diameter ofthe glass tube and stuffing boxes were identical to the inside

diameter of the copper tubing entering and exiting each visual section. This

eliminated any disturbance to the flow. After assembly, a clear length of about

150 mm was available in each visual section for flow-regime idenüification.

Since the inside diameter of commercial (off-the-shelf) glass tubing did not

match that ofthe copper tubing, custom-manufactured glass tubing was used.

This also allowed for the selection of a thick-wall (3,45 mm) glass tubing. In

assembling each visual section, extreme care was taken to ensure alignment

and coaxiality between the copper tubing, stuffing boxes, and the glass tube.

The entire assembly was enclosed by a plastic protective shield to guard

against injury in case of fracture of the glass tubing.
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Tee Junction

In order to ensure consistency with other research laboratories, a

square-edged tee was used. This tee was identical to that used by Rubel [16,

201. The tee junction, shown in figures 3.5 and 3.6, consísted of two main

components: a main body and a branch section. The main body was machined

from a 63.5 mm square brass bar, 126 mm long. This length was chosen to

allow the inlet and run copper tubing to mate with the tee junction for 38 mm,

thus maintaining the coaxiality of the assembly. The branch section was

machined from a 76-mm diameter brass rod, 44.5 mm long. On assembly, the

branch section fitted into the main body as shown in figure 3.5. Four

concentric holes were drilled through the branch section and into the main

body, where holes were tapped. An O-ring, placed between the branch and

main body sections, eliminated any leaks when four bolts securely tightened

the two sections together.

Since the heat required to solder the copper tubing into the tee junction

could have resulted in permanent deformation of the tee, a retaining-sealing

compound (LOCTITE RC/609) was used to bond the tubes into ühe brass'

Testing of this compound showed excellent sealing of copper tubing with air

pressures up to 375 kPa,
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Pressure Taps

Forty-one pressure taps were located along the inlet, run, and branch

sides ofthe test section, as shown in figure 3.7. Each pressure tap contained

a 1.6-mm hole drilled through the tube wall. Aíter driiling, all taps \¡/ere fllled

to ensure that no buns protruded into the inside of the tube. Hose nipple

frttings were soldered onto the outside of the copper tube to facilitate

connection of the taps to differential pressure transducers (described in detail

in a later section) used to measure the pressure distribution in the test section.

Clear plastic tubing (Tygon) was used to connect the pressure taps to the

pressure transducers. The pressure taps were located along the bottom side

of the test section in order to avoid air entrapment in úhe plastic tubing

pressure lines, which were filled with distilled water.

3.1.6 Separation Tanks

The two-phase mixture flowing in both the run and the branch

discharged into separation tanks located downstream ofthe test section. Both

the branch and the run tanks, shown in figure 3.8, are identical in design. The

two-phase mixture entering from the top of each separation tank was

separated using centrifugal action. This was achieved by forcing the flow

through two,25.4-mm nozzles angled to discharge the flow in a downward
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spiralling direction. Water exiting from th e nozzles flowed aiong the tank wall

where it drained downward. Air flowed out through the top of each separation

tank. A baffle located above the gas-liquid interface isolated the interface from

the flow above it. The baffle, a circular disk perforated with many small (4.8

mm) holes, had a diameter smalier than that of the inside of the separation

tank. This left a gap of 3.2 mm for the liquid on the tank wall to flow

downward through,

The tanks incorporated an abrupt change in cross-sectional area at

about mid height. Ifthe iiquid flow rate into one particular tank was low, the

gas-liquid interface in that tank was maintained in the smaller diameter

section. This was the case for ali ofthe test runs, except for the highest liquid

flow rate where the interface was maintained in the large diameter section.

This procedure decreased the errors in measuring the outlet liquid flow rate

resulting from smal1 changes in the height ofthe interface.

The separation tanks were constructed from steel-pipe sections with

flanges welded and bolted to each end. The entire assembiy, including the end

flanges, was galvanized to prevent corrosion and all fittings connecting the

steel tanks to copper tubing were "Dielectric Unions". A 480-mm long sight

glass, used to visually observe the liquid level in the tank, was installed

verticaily with a scale.
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3. 1.7 Temperature Measurement

Temperature measurements were obtained using iron-constantan (type

T) thermocouples at seven locations throughout the flow loop (see figure 3.1 for

locations). All thermocouples were connected to a selector switch, which in

turn was connected to a Fluke 21704 digital thermometer. The digital

thermometer was capable of accurate temperature measurement over a range

between -99.8 and 400.0"C. These temperatures were manually typed into a

computer system for processing of the data.

The thermocouples and digital thermometer were calibrated as a single

unit. This was achieved using a water bath and a precision mercury

thermometer. Water bath temperatures of 0"C (ice point) and 100"C (boiling

point), as well as intermediate temperatures measured using a mercury

thermometer, were obtained using distilled water. A comparison between the

digital thermometer reading and the water bath temperature indicated a

maximum deviation of t0.3"C. A correction factor to be added to the digital

thermometer reading was obtained. This correction factor was used in the

reduction of all data.
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3,2 Pressure Measurement

3.2,1 System Pressure

For all two-phase test runs the absolute pressure in the test section was

maintained near 150 kPa. This pressure was measured using a Rosemount

differential pressure transducer, model 1151 DP 5A22MB. Figure 3.9 shows

the location of this transducer. During this measurement, the high-pressure

side of the transducer was connected to pressure tap 11 located on the inlet

side of the tee junction (see figure 3.7), whíle the low-pressure side was open

to the atmosphere. Thus, the transducer measured the gauge pressure within

the test section. Tap 11 in the inlet was used rather than tap 12 (located at

the centre of the junction) since during two-phase flow the pressure fiuctu-

ations at tap 11- were smaller than those at tap 12. The pressure transducer

gave an output of4 to 20 mA over a range of0 to 187 kPa gauge. The output

current was converted into a voltage using a precision resistor installed within

the current loop. The voltage drop across the resistor was fed into a channel

in the digital acquisition system. The resistance ofthe resistor was chosen to

give a 1-0 volt drop when the current from the transducer was 20 mA. The

transducer was calibrated using a mercury U-tube manometer. The calibration

was found to be very linear.
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3,2.2 Pressure Distribution

Figure 3.9 gives a schematic diagram ofthe pressure-drop measurement

station. The station consisted oftwo banks ofdifferential pressure transducers

with three transducers in each bank. Both banks of transducers were

identical. All six transducers were model DP103, manufactured by Validyne

Engineering Corp. The DP103 was designed for very low differential pressure

measurement. The range of this transducer can be changed by installing

different stainless-steel diaphragms to give a maximum range ofup to +880 cm

of water. For this investigation, each bank of three transducers was set up

with the foliowing approximate ranges:

low-range transducer +0.45 cm water
medium-range transducer t5.6 cm water
high-range transducer t57 cm water.

Thus, the present set-up was capable of accurate differential pressure

measurement over the range +57 cm ofwater. All transducers were calibrated

using either a micromanometer or a U-tube oil manometer (specifrc gravity of

0.826). AII calibrations r ere found to be very linear. A1so, calibration ofthe

transducers was repeated several times during testing. This was necessary

because it was found that the calibrations of the transducers slowly changed

with use.

The outputs from the transducers were processed by a six-channel

carrier demodulator; Validyne Engineering Corporation model CD280-6. The
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output from the carrier demodulator was in the form of a +10 volt DC signal.

The six channels from the demodulator were fed into separate channels in the

digital acquisition system.

The vaiving layout shown in figure 3.9 allowed the various pressure tap

lines to be isolated and connected to the pressure transducers. The high-

pressure sides of transducers 4, 5, and 6 were connected to the inlet pressure

taps, while the low pressure sides were connected to either the run or the

branch pressure taps, depending on the settings ofvalves A and B. The high

pressure sides of transducers 1,2, and 3 were connected to either the inlet or

the run pressure taps, depending on the settings ofvalves C and D, while the

low pressure sides were connected to the branch pressure taps. Other valves

allowed for the purging of the system (to remove air) and also for the

calibration of the pressure transducers.

All pressure lines from the pressure taps to the transducers were ñl1ed

with distilled water. The pressure lines were clear 3.2 mm Tygon tubing. This

allowed for visual inspection to ensure that no air was trapped in the lines.

3.3 Daúa-Acquisition System

Voltage signals from the turbine meters and the pressure transducers

were fed into a data acquisition system. The data acquisition system consisted

of an 80286-based microcomputer with two plug-in analog-to-digital (A/D)
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boards. Both A./D boards were model DAS-16G1, manufactured by MetraByte

Corporation, Each DAS-16G1 was seü up with 8 differential analog input

channels, giving a total capacity of 1-6 input channels. The DAS-16G1 was

designed for high speed (up to 70000 samples per second) A./D conversion with

12-bit resolution. A computer program was written to control the gathering

and reduction of data during experimental runs.

3.4 System Operation and Data Reduction

3.4.1 Tisyo-Phase Flow

Start-Up and Steady-State

Several steps were required to start up the fiow 1oop. The following is

a list of steps, in order, which were performed each time the loop was run for

a two-phase flow test (reference should be made to figure 3.1, except where

noted):

1. The computer system, turbine meter and pressure transducer power

supplies, and digital thermometer were switched on.

2. Valve I and tap 11 (see figure 3.9) were opened to connect the Rosemount

pressure transducer to the test section inlet.

3. Gas valves at the discharge of the separation tanks (valves 11 and 16)

were checked to ensure that they were open. By-pass valves to inlet,

run, and branch air turbine meters (valves 3, 13, and 18) were closed.

The by-pass valve to the inlet water turbine meters (valve 6) was closed.
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4.

The inlet water control valves were closed (valves 5a and 5b) and

water by-pass control vaive (valve 4) was fully opened.

Control valves to the run and branch air turbine meters (valves 14a or

14b, and 19a or 19b) were partially opened. The valves to the desired

inlet water turbine meter (valves 7 and 8, or 9 and 10) were opened.

The valve to the air compressor (valve 1) was opened. The pressure

regulator outlet pressure was adjusted to approximately 140 kPa gauge.

The inlet air control valve (valve 2a or 2b) was gradually opened to give

approximately the desired air flow rate through the loop.

Control valves to the run and branch air turbine meters (valves 14a or

14b, and 19a or 19b) were adjusted simultaneously with the inlet air

control valve (valve 2a or 2b) to give the desired air flow rate through

the loop at a test section pressure of 1.5 bar abs, and at the proper

extraction rate. If the flow rate through either the run or the branch

turbine meter was too low (output from the turbine meter below

approximately 0.2 volts), then that turbine meter was shut down by

closing the control valve (valves 14a or 14b, and/or 19a or 19b) to the

turbine meter. The appropriate air rotameters were then activated to

measure the air flow rate. This was achieved by opening valve 12 on the

run side, and./or valve 17 on the branch side.

The water pump was switched on.

5.

6.

7.

8.
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9. The water bypass control valve (valve 4) was slowly closed until the

pump outlet pressure reached approximately 140 kPa gauge.

10. The inlet water control valve (valve 5a or 5b) was slowly opened to give

the desired water flow rate, while maintaining the pump outlet pressure

at 140 kPa gauge using the water bypass control valve (valve 4),

11. When the liquid levels in the separation tanks began to rise the

appropriate liquid flowmeters were activated to keep the liquid levels in

the tanks steady.

12. The cooling water supply to the water reservoir heat exchanger was

turned on, and the cooling water flow rate was set to give a test section

temperature near 21.3oC (70"F).

13. Ifthe test section pressure was now too high, then it was restored to 1.5

bar abs by slowly opening the air control valves (vaives 14a or 14b, and

19a or 19b) to the run and branch turbine meters (or the control valves

to the run and./or branch air roúameters, valves 23 a-d and/or 24 a'd', í1

they were being used instead). Since this affected the inlet air and water

flow rates, the process of having the correct inlet flow rates and the

correct test section pressure was an iterative procedure' The liquid level

in the separation tanks was kept steady by adjusting the proper liquid

flowmeters using valves 15 a.e and 20 a.e.

14. With the correct iniet flow rates and test section pressure now set, and

with the liquid level in the separation tanks steady, the extraction rate

was checked. If Ws/Wi was different from the desired value, then it was
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adjusted by using the air control valves (valves l4a ot l4b, and 19a or

19b) to the run and branch turbine meters (or valves 23 a-d. and/or 24

a-d to the air rotameters if they were being used instead). Adjustments

were done in such a way as to maintain the correct test section pressure

of 1.5 bar abs, thus, the inlet flow rates were unchanged by these

adjustments. The liquid level in the separation tanks was steadied by

adjusting the proper liquid flowmeters using valves 15 a.e and 20 a.e.

The extraction rate was checked again, and if it was still incorrect, then

it was re-adjusted using the above procedure.

15. The cooling water flow rate to the water reservoir heat exchanger was

re-adjusted to maintain the test section temperature near 21.3'C (70"F).

Typically, the system required about 1-112 hours of continuous

adjustment to achieve the desired test conditions. After the desired test

conditions were set, it was very important that steady-state was reached before

any data were recorded. Data were not taken until the following conditions

were steady for at least 15 minutes:

1. The liquid level in the separation tanks

2. The test section temperature

3. All flow rates

4. The test section pressure.

All flow rates, temperatures, pressures, and the liquid level in the

separation tanks were continuously monitored while data were being recorded.

Fine adjustments were made as needed to ensure that these parameters did
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not drift during the process of data recording. Changes in the flow rates,

extraction rate, and test section temperature and pressure were iímited during

data recording to approximately +2 O.t.unt ofthe initial set values. Usualiy,

the system required an additional three hours ofoperation to record all phase-

distribution and pressure-drop data.

Recording of Phase-Distribution Data

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

recorded. These data consisted ofthe following measurements:

1. The pressure in kPa gauge and the temperature in oC immediately

downstream from the inlet air turbine meter.

2. The average voltage output from the inlet air turbine meter.

3. The temperature in oC at the inlet water turbine meters.

4. The average voltage output from the appropriate inlet water turbine

meter.

5. The average voltage from the Rosemounü pressure transducer.

6. The temperatures of the water entering the run and branch water

rotameters in oC.

7. The water flow rate through the run and branch rotameters in height of

float in mm.
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8. The temperature in oC and the average voltage from the run air turbine

meter if being used; otherwise, the temperature in 'C and the air flow

rate in height of float in mm for the ¡un air rotameters.

9. The temperature in 'C and Nhe average voltage from the branch air

turbine meter if being used; otherwise, the temperature in oC and the air

flow rate in height of float in mm for the branch air rotameters.

10. The atmospheric pressure in the laboratory ín mm Hg.

11. The observed flow regimes at the inlet, run, and branch visual sections

based on the descriptions given later in this section.

12, The operating pressure of the air compressor in kPa gauge.

The average voltages from the turbine meters and the Rosemount pressure

transducer were obtained from samples taken over 30 seconds at a rate of 10

samples per second. Preliminary tests indicated that this sampling procedure

gave sufficient accuracy. The data were then reduced as outlined later in this

section.

Recording of Pressure-Distribution Data

Once the phase-distribution data were recorded, the pressure distribu-

tion in the test section was measured. The following is a description of the

procedure that was used to measure the pressure distribution. The layout of

the pressure taps is given in figure 3,7, while the pressure transducers and the
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associated valving are given in figure 3.9. The following description assumes

that all valves shown in flrgure 3.9 were initially closed.

1. The voltage output from each transducer was adjusted to zero with an

applied differential pressure ofzero. This was accomplished by separate-

ly monitoring the instantaneous voltage output from each transducer,

with the bypass valve opened and all other valves closed. The voltage

outputs from the transducers were adjusted to zero using the appropriate

"zero" adjustment on the carrier demodulator.

The run and branch pressure-distribution data were obtained first. The

procedure is described in steps 2 through 9 below.

2. Tap 1 in the inlet was opened.

3. Valve B was opened to connect transducers 4, 5, and 6 to the run

pressure taps.

4. Valve D was opened to connect transducers 1, 2, and 3 to the inlet

pressure taps.

5. Tap 32 in the run, and tap 33 in the branch were opened.

6. The pressure signal from the iniet and run pressure taps was directed to

pressure transducer 6, and the instantaneous voltage was monitored. If

the voltage reading from the transducer remained within +1 volt, then

the pressure signal was then routed to transducer 5. If the voltage

reading from transducer 5 remained within +1 vo1ü, then the pressure

signal was routed to transducer 4. This procedure ensured that the
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transducer with the optimum range for measuring the pressure

difference was always used.

7. The pressure signal from the inlet and branch pressure taps was directed

to transducer L,2, or 3. The optimum range transducer to read the

signal was obtained using a similar procedure to step 6.

8. Once the optimum-range transducers were found, the average voltages

from the two transducers were recorded.

9. Steps 6 and 7 were repeated until all pressure taps in the branch and

run were measured with respect to tap 1 in the inlet.

The inlet pressure-distribution data were obtained next. The procedure is

given in steps 10 through 13 below.

10. Tap 32 in the run, tap SB in the branch, and tap 1ín the inlet were

opened.

11. The pressure signal from the inlet and run pressure taps was directed to

the optimum-range transducer (transducer 4, 5, or 6) and the pressure

signal from the inlet and branch pressure taps was directed to the

optimum-range transducer (transducer 1, 2, or 3).

12. The average voltages from the two transducers were recorded.

13. Steps 11 and 12 were repeated until all pressure taps in the inlet were

measured with respect to tap 32 in the run and tap 33 in the branch.

This completed the measurement of the pressure distribution in the test

section. However, before the pressure distribution data were accepted, the
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proper operation of the transducers and the associated vah¡ing was verified

using the following procedure:

14. Valves B and D were closed, and valve C opened. Valve 16 in the run,

and valve 33 in the branch, were opened. The average voltage',vas then

read using the optimum range transducer (transducer 1,2, or 3).

15. Step 14 was repeated with valve 16 in the run, and different valves in

the branch opened. This gave data for the branch pressure distribution,

independent of the branch pressure-distribution data obtained in steps

2 through 13.

16. The final procedure was to check the agreement between the different

transducers used during the test by applying the same differential

pressure to both banks of transducers. This was achieved by ciosing

valve C, and opening valves A and D. A pressure tap in the inlet and a

tap in the branch were opened. The average voltages from the different

transducers were then recorded.

The average voltages from the transduce¡s were obtained from samples

taken over 120 seconds at a rate of 100 samples per second. The average

voltages were then converted into average differential pressures using the

appropriate calibration equations. The branch pressure-distribution data

obtained during steps 14 and 15 were plotted along with the data from steps

2 through 13. If agreement between the two independent sets of data was

unacceptable, then all of the pressure-distribution data were rejected. The
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agreement between the different transducers used during the test was checked

in step 16. Ifthe agreement between the transducers was within approximate-

ly *2Vo, then the pressure-distribution data were temporarily accepted,

otherwise all data were rejected. Finally, the inlet pressure distribution

obtained using transducers 1,2, and 3 was compared to the inlet pressure

distribution obtained using transducers 4, 5, and 6. Again, if the agreement

was good, then the data were accepted, otherwise all data were rejected.

Reduction of Phase-Disúribution Data

using

1.

The phase-distribution data recorded during each test were reduced

the following procedure:

The mass flow rates Wru Wor, WLz, Wc2, W"r, and W6, were calculated

using the calibration curve of the appropriate device and the correspon-

ding readings of pressure and./or temperature. The pressures at the run

and branch turbine meters and air rotameters were assumed to be

atmospheric.

The test-section temperature was calculated using an energy balance as

outlined in Appendix A.

The test-section flow rates W¡¡, WL2, W",, Wcl, Wc2, and W6, were

corrected for evaporation using the procedure outlined in Appendix A.

This procedure was used to correct flow rates for evaporation of the

2.

'f.
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líquid phase in the mixer, test section, and separation tanks. For J.,=40

m/s and JLr<0.0023 m/s, these corrections were found to be significant

with up to 20Vo of the water entering the mixer evaporating. At lower Jo,

and higher J' these corrections were found to be insignificant.

The total inlet, run, and branch flow rates were determined by

5. The inlet, run, and branch qualities were computed as

and

and

W,=Wo,+W¡7,

Wr=Wor+Wo,

W|=Wo,+I u.

- - wo,
*t_ 

Wr,

- - w",
"W,

x^=Wct.'w.

(3.1)

(3.2)

(3.3)

(3.4)

(3.5)

(3.6)

6.

7.

Overall mass balances were performed individually on both the air and

water. This was achieved by comparing the total mass flow rate of the

phase leaving the flow loop with the inlet mass flow rate ofthe phase.

The following parameters were calculated for all tests:



The fraction of total gas entering the branch

liquid entering the branch were found from

B3

(3.7)

(3.8)

(3.9)

and the fraction of total

(3.10)

Gr=
wr

nD?(t')

- 
Gt¡t

Pat
Jot

and

8.

, G,(1 -r,)trt = pu-

^ wo,

'Bc = v.
and

F-. = 
wu. (3.11)

DI¿ W,,

12. The extraction rate Wr/W, and the ratio of the branch to inlet quality

x./x, were computed.

Reduction of Pressure.Distribution Data

The junction pressure drops were determined by extrapolating the fully

developed pressure gradients in the inlet, run, and branch to the centre ofthe

tee junction, as was shown in figure 1.3. Linear equations were fit to the fully
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developed data in the inlet, run, and branch using the method ofleast'squares

analysis, The pressure drops due to the tee junction were defined as

AP,,=P,-P,,

where i=2 for the run and i=3 for the branch.

B.

Flow Regimes

(3 
' 12)

Details are given in Appendix

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

into various flow regimes. Classification of the observed flow regime,

especially in the inlet, is extremely important. In this investigation the flow

regime type was observed for all three sides of the tee junction. The following

is a description of the different flow regimes observed in this investigation.

These flow regimes are shown in figure 3.10.

Stratified : The liquid flows along the bottom of the tube and the gas

along the top ofthe tube with a smooth interface.

Wavy : The two phases are separated \¡¡ith liquid flowing along the

bottom of the tube and the gas along the top of the úube. The velocity

difference between the gas and the liquid causes the interface to be

wavy.

Annular : The liquid flows as a stable film covering the entire tube

wall. The gas flows through the core. Part of the liquid phase may be
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Figure 3.10 Schematic diagrams of observed flow regimes
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entrained as dropiets in the gas phase. The liquid film thickness

increases around the periphery with a maximum thickness at the

bottom of the tube.

Semianttular : A transitional flow regime where the flow is similar in

appearance to the annular flow regime, except that the stable frlm does

not cover the entire tube periphery. The liquid film thickness increases

to a maximum at the bottom of the tube, while the top of the tube

appears dry.

Slug : Similar to wavy flow; however, surface waves frequently grow in

size forming slugs that reach the top of the tube. The liquid slugs travel

at high veiocity and the frequency of their occurrence depends on flow

conditions.

Stratifïed.waw : A transitional flow regime where the gas-liquid

interface is mainly stratified in appearance; however, smal1 surface

waves are present intermittently.

In the remaining part of the thesis, the names for the flow regimes are oíten

abbreviated in order to conserve space. These abbreviations are as follows:

Sú Stratiflred

W Wavy

SA Semiannular

A¡r Annular

S Slug

St-W Stratifred-wavy.
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3.4.2 Single.Phase Flow

Start.Up and Steady"State

Single-phase-liquid tests were performed in order to obtain pressure-

drop data. The single-phase pressure-drop data were used in the calculation

ofthe various loss coefflrcients appearing in the pressure-drop models given in

Chapter 2. The following is a list of the steps performed each time the loop

was run for single-phase flow tests (refer to flrgure 3.1):

1. The computer system, turbine meter and pressure transducer power

supplies, and digital thermometer were switched on.

2. Gas valves at the discharge of the separation tanks (valves 11 and 16)

were closed. Gas bleed valves (valves 21 and 22) from both separation

tanks were opened. The by-pass valve to inlet gas turbine meter (valve

3) was closed. The by-pass valve to the inlet water turbine meter (valve

6) was closed. The inlet water control valves were closed (valves 5a and

5b) and the water by-pass control valve was fully opened (valve 4).

3. The valves to the desired inlet water turbine meter (valves 7 and 8, or

9 and 10) were opened.

The water pump was switched on.

The water bypass control valve was slowly closed until the pump outlet

pressure was approximately 140 kPa gauge.

4.

5.
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6. The inlet water control valve (valve 5a or 5b) \ryas slowly opened to give

the desired water flow rate, while maintaining the pump outlet pressure

at 140 kPa gauge using the water bypass control valve (valve 4).

7. When all of the gas in the test section and both separation tanks was

bled out of the system, the gas bleed valves were closed (valves 21 and

22) and the liquid flowmeters were activated to the desired level.

8. The cooling water supply to the water reservoir heaü exchanger was

turned on, and the cooling water flow rate was set to give a test section

temperature near 21.3'C (70'F).

L The inlet liquid flow rate and the ext¡action rate Wr/W, were checked.

If Ws/Wr was incorrect, then it was re-adjusted by using the control

valves to the run and branch liquid rotameters (valves 15 and 20). The

inlet liquid flow rate was adjusted using the water control valve (valve

5) and the water bypass control valve (valve 4), while maintaining the

pump outlet pressure at 140 kPa gauge.

Pressure-drop data were not taken until the test section temperature

steadied at approximately 21.3"C and the inlet flow rate and extraction rate

steadied at the desired values. All flow rates and temperatures were

continually monitored while data were being recorded. Fine adjustments were

made as needed to ensure that the flow rates, test section temperature, and

extraction rate did not drift during the process ofdata recording. Changes in
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these parameters were limited during data recording to approximately x,2

percent of the desired set values.

Recording and Reduction of Data

Once the system achieved steady-state with the desired independent

flow parameters, all flow rates and temperatures were recorded. This data

consisted of the following measurements:

1. The temperature in oC at the inlet water turbine meters.

2. The average voltage output from the appropriate inlet water turbine

meter.

3. The temperature of the water entering the run and branch water

rotameters in oC.

4. The water flow rate in the run and branch rotameters in height of float

in mm.

The average voltage from the turbine meter was obtained Íiom samples taken

for 30 seconds at a rate of 10 samples per second. Preliminary tests showed

that this sampling procedure gave sufficient accuracy.

The mass flow rates W¡1, Wrz, and W* were calculated using the

calibration curve of the appropriate devíce and the corresponding readings of

temperature. The single-phase pressure-drop data were measured and reduced

using the same procedure as for the two-phase test runs, and is outlined in

section 3.4.1.
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Chapter 4

RESULTS AND DISCUSSION

4,1 Data Range

In the present experimental investigation, a total ofseven single-phase

water and 76 two-phase air-water test runs were performed. Table 4.1 shows

the range of operating conditions for the two-phase test runs, and TabIe 4.2

shows the range of operating conditions for the single-phase test runs. The

reduced experimental results for both the single-phase and two-phase test runs

are tabulated in Appendix C.

The two-phase test runs comprise a total of 15 groups. Data points

within a particular group have the following characteristic operating

conditions: fixed Jo, and J¡1, and fixed test section pressure and temperature.

As well, the inlet flow regime remained fixed ,¡¡ithin each group. For all test

runs the nominal test section temperature and pressure were 21.3'C (70'F)

and 1.5 bar abs, respectively. Thus within each group, the extraction rate was

the only parameter which was varied. Actual temperature and pressure for

individual test runs were maintained for most test runs within =2"C and t0.1

bar ofthe nominal value, respectively. Within each group, the actual Jo, and

J¡, were maintained within 
=57o 

of the average values for the group for over

95Vo of the test runs, with the largest deviation occurring at the lowest Jo, or

J"r.
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Table 4,1
Ranges of Operating Conditions for the Two-Phase Test Runs

Total number of runs 76

Inlet flow regimes ST

w
S

st-w
SA

An

Inlet temperature T, ('C) 21.3

Inlet pressure P, (bar abs) 1.5

Inlet superficial gas velocity J", (m/s) 2.7-41

Inlet superficial liquid velocity J", (m/s) 0.0021-0.181

Inlet mass flux G, (kg/m2s) 7-259

Inlet quality x, (7o) 2.6-97.6

Extraction rate WrÆV, 0.1-0.9

Table 4.2
Ranges of Operating Conditions for the Single-Phase Test Runs

Total number of runs 7

Inlet liquid velocity (ûL/s) 0.180

Inlet Reynolds number Re 6450

Inlet mass flux G, (ks/m2s) 168

Inlet temperature T, (oC) 21,.3

Extraction rate W"ÆV, 0.0-1.0
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The data given in Appendix C include tabulated values for the mass

balance errors. The mass baiance error for a particular phase corresponds to

the percentage deviation between the inlet flow rate and the sum ofthe outlet

flow rates from both separation tanks, corrected for evaporation. Considering

the mass flow rate balance on the air, for ali of the two-phase flow test runs

the mass balance was maintained within +9Vo (x.íVa for 82Va of the test runs).

For a mass flow rate balance on the water, for all of the two-phase flow test

runs the mass balance was maintained within ¡7 Vo (x,íVo for gTVo of the test

runs). Mass balance errors were typically largest at the lowest mass flow

rates.

All singie-phase water test runs were performed at a nominal iniet

liquid velocity of 0.180 m/s. The actual inlet liquid velocity was maintained

within +0.2Vo of the nominal vaiue, for all single-phase test runs. The nominal

test section temperature was 21.3"C (70"F), with the actual temperature

deviating at most *0.2oC from the nominal value. Again, the extraction rate

was the only parameter which was varied.

Figure 4.1 shows the nominal J6, and J¡ plotted on the Mandhane et

al. [30] flow regime map. Very good agreement was found between the visually

observed inlet flow regimes (as outlined in section 3.4.1) and the predicted flow

regimes. It should be noted again that the transition boundaries gtven in

frgure 4.1 were plotted using the coordinates given by Mandhane et al. [30],
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without any physical property corrections. The transition lines shown are

typical for low-pressure, air-water flow in small-diameter pipes (1ess than 51

mm).

4.2 Presentation of Phase.Distribution Data

In this section, the phase-distribution data are presented using different

methods in an attempt to isolate the individual effects of important, indepen-

dent parameters. The data are plotted graphically using two different

methods: x./x, versus $Ailr, and Fro versus Fur. Although both types of

gtaphs are obtained from the same data, and the conversion of xr/x, versus

Wn/W, into Fuo versus Fr" or vice versa is easily obtained, it will be noted that

there can be significant differences in the appearance in which the two graphs

display the phase-distribution phenomenon.

4.2.1 Effect of Inlet Super{ïcial Liquid Velocity

Figures 4.2 through 4.5 illustrate the effect of varying J' at fixed Jo,.

Each figure consists of two parts; part (a) is plotted in terms of x./x, versus

Wr/W, and part (b) is plotted in terms of Fuo versus FBL. It should be pointed

out thaü changing J¡, while keeping Jo, constant can result in changes in the
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inlet flow regime. It will be shown later that the inlet flow regime can have

a significant effect on the phase distribution.

For the most part, figures 4.2 to 4.5 illustrate that as Jr, increases at a

flrxed Jo,, there is an increasing preference for the gas phase to exit through

the branch. The only deviation from this trend can be seen in figure 4.2 at

Jr,r=0.040 m/s. The curve corresponding to this condition starts from xs=0 at

an extraction rate of 0.1, and rises steadily to approach the total-phase-

separation curve at W,/IV, near 0.7. The test conditions that gave rise to this

curve were repeated, with the same results. The behaviour ofthese particular

data could not be explained at this time.

The data shown in figure 4.5 illustrate the significant differences in

appearance that can occur between the two different methods of plotting the

phase-distribution data. Figure 4.5(b) more clearly shows a significantly

increasing preference for úhe gas phase to exit through the branch as J' is

increased.

Azzopardi et at. l24l suggested that for stratified flow the increase in

preference for the gas phase to exit through the branch as J' is increased can

be explained in terms of the effect of J' variations on the average axial

momentum of the liquid. At small values of Jrr, the average axial momentum

of the liquid is smail and liquid is easily diverted into the branch. As J'

increases, ühe average axial momentum ofthe liquid increases, although this
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increase can be offset somewhat by a decrease in average inlet void fraction.

The increase in average axial momentum of the liquid flrlm results in a

decreasing preference for the liquid phase to exit through the branch. For

annular flow, Azzopardi et al. [24] suggested that a decrease in the liquid flow

rate would decrease the amount of liquid entrainment. This would increase

the fraction of liquid in the fiIm, thus increasing Fu".

The same effect ofJ' on the phase distribution was observed by Rube1

et al. [20], Shoham et al. l2ll, and Hong [3].

4.2,2 Etrect of Inlet Superficial Gas Velocity

The effect of varying Jo, at fixed J' is shown in figures 4.6 to 4.9.

Again, it should be pointed out that changing J6, with J", flrxed can result in

changes in the inlet flow regime.

All the data shown in figure 4.6(a) appear closely spaced with xrlx,

nearly equal to one. However, when these data are plotted in figure 4.6(b), it

can be seen that as Jo, increases, there is an increasing preference for the

liquid phase to exit through the branch. A comment should be made

concerning the data in flrgure 4.6(b) thai extends beyond an Fu, of unity. For

this data, visual observations indicated that all, or nearly all, ofthe liquid was

removed through the branch. This corresponds to Fu" equal to unity. The
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calculated values of Fs¡ shown in the figure are slightly greater than unity

because of the unavoidable er¡ors in measuring the inlet, run, and branch

liquid flow rates. Liquid mass balance errors ofup to SVo occuned because of

the difficulty in measuring the small liquid flow rates. As well, the associated

large air flow rates resulted in significant evaporation ofthe water within the

mixer, test section, and separation tanks, which further increased the difficulty

in obtaining accurate measurements. This problem ofevaporation ofthe liquid

phase is discussed in more detail in Appendix A.

Most ofthe data shown in figure 4.7(a) lie close to the line ofeven phase

distribution. When these data are plotted in flrgure 4.7(b), the curve correspon-

ding to annular flow (Jc,=40 m/s) clearly displays a preference for the liquid

phase to exit through the branch.

In figure 4.8, there is a decrease in the preference for the gas phase to

exit through the branch as Jo, is increased from 11 m/s to 40 m/s. This could

be due to the change in inlet flow regime from wavy to annular flow, as will

be discussed in a later section. The data for J or=2.1 m,/s were previously

discussed in section 4.2.1.

Figure 4.9(a) shows the effect ofJo, variation at a fixed J¡, of0.180 m/s.

All ofthe data show a preference for the gas phase to exit through the branch.

The slug flow data show a peak value of xr/x, in the range of extraction rate

between 0.1 and 0.3. When the extraction rate is increased beyond 0.3, all the

curves corresponding to slug flow approach the total phase-separation curve.
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The curve corresponding to annular flow (J",=gg m/s) has a smaller peak value

of xr/xr, and the total phase separation cur-ve is not approached until the

extraction rate is increased beyond 0.6. Except for the curve at JaF2.7 n/s,

an increase in J., reduces the peak value of xr/x, and increases the extraction

rate at which the total phase separation curve is approached. This trend was

observed by Ballyk er al. [18] for annular steam-water flow in a horizontal tee

junction, and by Saba and Lahey [12] for slu! air-water flow in a horizontal tee

junction.

On the whole, figures 4.6 Lo 4.9 do not show any consistent trends.

Increasing J., at a fixed J¡, usually resulted in changes in the inlet flow

regime, as shown previously in ñgure 4.1. Changes in the inlet flow regime

can have a large effect on the phase distribution, and therefore could be the

most significant factor in the trends exhibited in figures 4.6 to 4.9.

4.2.3 Effect of Inlet Mass Flux

Figures 4. 10 to 4.13 investigate the effect of G, on the phase distribution

by maintaining a constant x, and allowing G1 to vary. At an inlet quality of

89Vo the effect of G, variation is small, as shown in figure 4.13. In generai, as

the inlet quality is decreased the effect of G, variatíon (at frxed xu) on the

phase distribution appears to become more significant, although this change

is not large. However, the change in inlet flow regime as G, varies may be the
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dominant influence since none of the data remain within the same inlet flow

regime as G, is varied. Rubel et al. [20] also observed that the effect of G,

variation at a fixed inlet quality becomes more signiflcant as xl is decreased.

Within a particular inlet flow regime, Rubel et al. [20] observed that the effect

of G, variation on the phase distúbution was insigrrificant; however, it should

be noted that the range of G, covered (for the same xr and the same inlet flow

regime) was not very wide and this trend may not be valid over a wider range

of G,. The data ofSaba and Lahey [12] corresponding to an inlet flow regime

of slug flow showed very little effect of G, on the phase distribution over the

entire range ofx, (0.1 - 1.07¿) tested. However, the ranges of G, and x, tested

were not as wide as the present rânges.

4,2,4 Etrect of Inlet Flow Regime

In figures 4.2 to 4.13, the variation of inlet gas and liquid flow rates in

many cases resulted in changes in the inlet flow regime. In this section, an

attempt is made to isolate the effect of the inlet flow regime on the phase

distribution by separately plotting the data corresponding to each inlet flow

regime.

Figures 4.I4 to 4.76 display the regions occupied by the present annular,

semiannular, wavy, stratified-wavy, slug, and stratified flow data. The region

ofannular flow data, shown in figure 4.14, occupies a large area that extends
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well above and below the line ofeven phase distribution, depending on J", as

discussed in section 4.2.1. The semiannular data were only obtained atone set

of inlet conditions. Wavy and stratified-wavy data are shown in figure 4.15.

The majority ofthe wavy flow data lie above the line ofeven phase distribution

and nearly all of the stratified-wavy data fall below the line of even phase

distribution. The stratified data shown in figure 4.16 lie near the line ofeven

phase distribution, while the slug flow data fall well above the even phase

distribution line, indicating a strong preference for the gas to exit through the

branch. Saba and Lahey [12] aiso found that data corresponding to an inlet

flow regime of slug flow showed a strong preference for the gas to exit through

the branch.

4.3 Presentation of Pressure.Drop Data

4.3.1 Single.Phase Flow

Single-phase liquid pressure-drop data were obtained under the test

conditions described in section 4.1. The operating conditions and correspon-

ding pressure-drop data for single-phase flow are tabulated in Appendix C.

Figures 4.17 and 4.18 show typical pressure distributions obtained

during single-phase flow. The ordinate in these figure is (P-P"), where P is the

absolute pressure at a given location and P" is a reference pressure, selected

in this study to be the absolute pressure at tap 1 (see figure 3.7). Values of
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ÂP, and ÂP,, were obtained by extrapolating the fully-developed pressure

gradients in the inlet, run, and branch to the junction centre. The linear

equations for the inlet, run, and branch were obtained using least-squares

analysis as outlined in Appendix B. Figure 4.17 shows the pressure distribu-

tion for W¡Ailr=0.30, while the pressure distribution shown in figure 4.18 was

obtained at Ws/Wr=0.70.

Figure 4.19 shows the single-phase loss coefficient K,r, and figure 4.20

shows the single-phase loss coefficient K,r. The loss coeffrcients were

calculated using equations (2.17), (2.18), and (2.19). Using the method ofleast

squares, the present data were well correlated by

and

Kp = -o.375\ + 0.959¡2 - 0.310r¡3

Kr¡ = 1.000 - 0.982r¡ + l.M3rf - 0.717r1x ,

(4,1)

(4.2)

where q is the extraction rate. The ieast-squares polynomial for K, was forced

through the origin since, theoretically, K,, should approach zero as the

extraction rate approaches zero. Therefore, the datum point at the extraction

rate of zero was not used in obtaining the least-squares polynomial. Similarly,

the least-squares polynomial for K,, was forced to approach unity at an

extraction rate ofzero, and the datum point at the extraction rate ofzero was

not used in obtaining the least-squares polynomial. Agreement between the

present K,, and the empirical curves obtained by Reimann and Seeger [26] and

Hwang and Lahey [28] is good, considering the much larger inlet mass fluxes
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used in these studies. The present data for K,, agree best with the curves

published by Ballyk et al, l18l and Reimann and Seeger [26].

Equation (2.16) was used to calculate the single-phase momentum

correction factor K*,, shown in frgure 4.2L. Using least squares analysis, the

data were well correlated by

Kiz=O.57 O -0 J02l -0. 107¡ 2 (4.3)

where 11 is the extraction rate. Equation (4.3) does not apply at W,/!V,=O

because K*r, is not defined at this point. Agreement with the curves

recommended by Ballyk et al. [18] and Hwang and Lahey [28] is very good,

particulary at large $/1V,,

4.3.2 Tþo-Phase Flow

Typical pressure distributions during two-phase flow are shown in

ñgwes 4.22 to 4.24. All two-phase pressure-drop data were obtained at the

conditions outlined in table 4.1, and the extrapolated pressure drops ÂP,, and

ÂP,, along with the range ofinlet operating conditions are given in Appendix

C. Figure 4.22 g¡ves a typical pressure distribution corresponding to an inlet

flow regime of wavy flow with W3/!V,=Q.3l, For this particular test run, there

is a net pressure rise from the inlet to both the run and branch. This was

typical for small extraction rates ($/1V1 < 0.3). For large extraction rates, the

net pressure drop from the inlet to the branch became positive, as shown in
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figure 4.23, due to an increase in the irreversible pressure drop. Figure 4.24

shows a typical pressure distribution corresponding to an inlet flow regime of

siug flow. The data show more scatter around the "best fit" equations in the

inlet, run, and branch. This was caused by the pressure fluctuations that are

typical of slug flow. This scatter, which is still within acceptable bounds,

would undoubtedly increase the uncertainty in the values of ÀP,, and ÂPrr.

A careful study of the pressure-drop data in Appendix C reveals that

values of ÁP, and ÄP,, are not given for all test runs. Although an attempt

was made to obtain pressure-drop data for each test run, accurate values ofthe

pressure drops could not be measured for all test runs due to a number of

different reasons. For example, no pressure-drop data were obtained during

stratifred and some straúiflred-wavy flow test runs since, at the very small inlet

flow rates typical of these flow regimes, the pressure g?adients and junction

pressure drops were too small to be measured accurately. At some other test

conditions, ÀP,, could not be obtained because the flow in the run appeared not

to be fully developed. Problems encountered in measuring the pressure

distributions are discussed in more detail in Appendix D.

Figures 4.25 and 4.26 illustrate the effect of J' variation at a fixed Jo,

on the pressure drops ÂP,, and APrr. Analysis ofthe graphs reveals that the

absolute value of ÂP,, increased as J' increased. In general, ÂP,, also

increased as JL1 was increased, due to an increase in the irreversible pressure

losses.
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The effect ofJo, variation at a fixed J¡, on the pressure drops ÂP,, and

ÂP* is shown in figures 4.27 and 4.28. In general, the absoiute value of ÀP,,

and ÂP,, increased (at a fixed W/W,) as Jcr was increased. Both figures show

that ÂP,, and 
^Prs 

change significantly as the inlet flow regime changes to

annular flow. Also shown in flrgure 4.28 are the single-phase pressure-drop

data.

4.4 Experimenúal Uncertainty

An error analysis was undertaken for both the phase-distribution and

pressure-drop data. The procedure and the results of this analysis are given

in Appendix E. A summary of the error analysis is provided here.

The experimental uncertainty in the values of Jor, Jr,r, Gr, and x, was

found to be within t57o. For $/W' xr/xr, and Fro, the uncertainty was within

approximately +t\Vo, although typical values were near x,6Vo. The uncertainty

in F"r ranged between x.4 and. +25Vo, although values were typically closer to

x.IlVa. The estimate of the rate of variation of the height of the gas-liquid

interface in the branch separation tank was found to be the dominant

parameter for the errors in Frr. Finally, the errors in the test section inlet

pressure and temperature were found to be within +LBVo and t0.3"C,

respectively.

For the two-phase ÂP,, data, 947a of the data had relative uncertainties

less than +l7Vo. For the two-phase ÀPn data, 76Vo of the data had reiative
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uncertainties less than t307o; these figures do not include three data points

where ÁP,, had an absolute value less than or equal to 1Pa (at these

extremely small ÂP,r's the relative error would be expected to be very large).

More detail is given in Appendix E where values of the relative uncertainty in

ÀP, and ÂP,, are tabulated.

4.5 Comparisons Between the Presenú Data and Existing Models

4.5.1 Phase-Disùribution Data

In this section, existing phase-distribution models are compared to the

present experimental data. Results of these comparisons are presented in

several succeeding figures. In these figures, the ordinate is xr/x, predicted by

the model divided by the measured value of xr/x, at the same conditions, and

the abscissa is the extraction rate.

Azzopardi and lVhalley Model [6]

The model presented by Azzopardi and Whalley [6] is a geometrically-

based model for annular flow in an equal-sided tee junction. The model tested

herein is given by equation (2.1) with 0 given by equation (2.2). This model

was used to predict xrlx, for the present experimental values of Wt, Ws/\,Vl, FBL,

prr, and por. The entrainment rate E, was calculated using the correlation

developed by Kataoka and Ishii [31].
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The results of this comparison are shown in frgwe 4.29 for inlet flow

reg'imes of annular and semiannular flow. The model's prediction is quite good

with 83Vo of the data predicted within t307o, and 79Vo of the data predicted

within +20Vo. The prediction ofthe model became better as the extraction rate

was increased. At extraction rates less than 0.3, the model underpredicted the

semiannulâr data and overpredicted the annular data. The underprediction

of the semiannular data may have occurred because the model applies to

annular flow with a uniform film thickness, while for semiannular flow much

of the liquid is contained within a thick stralum at the bottom of the tube.

Azzopaxdi Model [25]

Another phase-distribution model tested was the model presented by

Azzopardi [25]. This model is given by equation (2.1) with equations (2.12)

through (2.15). As recommended by Azzopardi [25], Er was calculated using

the correlation developed by Dallman et al. [32] and the liquid frlm thickness

was calculated using the correlation published by Laurinat et al. [33]. This

model was used to predict values of xr/x,, for present experimental values of

Wr, xr, Dr, plr, pcr, and Fur.

The comparison between this model and the experimental data for

annular and semiannular flow is given in figure 4.30. This model performed

similar to the Azzopardi and Whalley model [6], with 83o/a of the data predicted
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within t307o (79Vo predicted wíthin +20Vo). Again, the prediction of the model

became better as the extraction rate was increased.

Hwang et al. Model [19]

The third model tested was the model developed by Hwang et al. [19].

For separated flow (stratiflred, wavy, or annular), the model simplifies to a

balance between centrifugal forces, and is given by equations (2.9), (2.10), and

(2.11). The mean velocities given in equation (2.9) were calculated using the

following equations:

and

x.G.tr_
'ct - 

- 

t
P et$t

,, _ (1-x,)G,
,Lr - pu(l_\)

(4.4)

(4.5)

Equations (2.9), (2.10), (4.4), and (4.5) can be combined to give the following

result:

(6JD),'
(4.6)

(8dD)"

This model was used to predict values of xn/x, for present experimental values

of W,, xr, prr, pcr, and FBL. A comparison between this model and the present

data was made assuming the inlet flow regime to be stratified for a segment

= ¡l-o""-*, ,'p,,clr L-xt Pct
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ofthe data, and annular for the remaining data. The modeling procedure for

these two cases will be discussed below.

The procedure used to predict xrlx, under the assumption of stratified

flow in the inlet is similar to the one reported by Hwang et al. [19]. Figure

4.31 shows a schematic of the inlet flow geometry at a cross-section just

upstream of the junction, for an inlet flow regime of stratified flow. The

pârameters ôo and ôr are the depths of the gas and liquid zones of influence,

respectively, as was shown in figwe 2.2. With this flow geometry, the gas

contained in 4", and the liquid contained in Ar, flow into the branch, while the

gas contained in Ao, and the liquid contained in A* flow into the run. The

computation procedure is as follows:

1. From the input data, values of o, and hrlD, were calculated using the

model of Taitel and Dukler [34].

2. Assuming a uniform velocity within the liquid phase in the inlet, F* can

be expressed as

A.-
' tt - Au*Au ' (4.7)

Thus, ôr,/D, was calculated from geometrical considerations.

3. The corresponding value of ô"/D, was calculated by solving equations

(2.11) and (4.6) iteratively. The areas Ao, and 4", were then calculated

from geometrical considerations.

4. Under the assumption of uniform gas velocity within the gas phase in

the inlet, F"o was determined using the following relation:
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5. Finally, xr/x, was calculated using the predicted value of F"., and the

present experimentai value of Wr/lV,.

Hwang et al. [19] used the Zuber-Findlay model l29l with Co given by equation

(2.42) 1n order to calculate the inlet void fraction, whereas, in the present

analysis, or was calculated using the model of Taitel and Dukler [34].

For the case of an inlet flow regime of annular flow, a procedure similar

to that used by Hwang et al. [19] was incorporated. Figure 4.32 shows a

schematic diagram ofthe inlet flow geometry at a cross section just upstream

of the junction, for an inlet flow regime of annular flow. Again, the gas and

liquid velocity profiles were assumed uniform. As weII, the liquid fi1m

thickness was assumed uniform around the inlet tube periphery. Finally, any

liquid existing as entrained droplets wag assumed to by-pass the branch and

flow into the run. The procedure used to predict xu/x, is as follows:

1. The inlet slip ratio S, was calculated using equations (2.42) and (2.43).

The inlet void fraction was then found using

A^-
E-(J,'* - A"r.A"r '

c, = [l + s,Po(l-t)]-t ,Pu xt

150

(4.8)

(4.9)

where i=1 for the inlet. The liquid film thickness was calculated under

the assumption of uniform film thickness. The liquid entrainment r,vas

calculated using the correlation developed by Kataoka and Ishii [31].
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2. With the assumption of a uniform velocity profile in the liquid film, Fs,

can be expressed as

(4.10)

The ratio ôr/D, was then calculated from geometric considerations.

3. The corresponding value of ôoÆ, was calcuiated by soiving equations

(2.11) and (4.6) iteratively.

4. The value of Fuo was found from geometric considerations using

equation (4.8).

5. Finally, x./x, was calculated using the predicted value of Fuo and the

present experimental value of Wr/lVr.

Figure 4.33 shows the comparison between the model of Hwang et al.

[19] for stratifred flow and the present stratified, stratified-wavy, wavy, and

slug data. Eighty percent of these data were predicted within +307¿. Data

corresponding to slug flow were predicted poorly, with only 47 Vo of the slug

data predicted within t307o. The model tended to underpredict xr/x, for the

slug flow data at low extraction rates ($/W, < 0.5). The modei predicted 947o

of the present stratified, stratified-wavy, and wavy data within 
=307o.

A comparison between the model of Hwang et a1. [19] for annular flow

and the present annular and semiannular data is given in figure 4.34. In this

case, the model predicted 88Va ofthe data within t307¿ 09Va within 
=20Va).

Rubel et al. t20l also compared their data for stratifred, wavy, and

semiannular flow in a horizontal tee junction to the model of Hwang et al. [19]

'* = {L:îr,o,lt1-E1l '
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under the assumption of stratified flow in the inlet. Nearly all of the data

were predicted within t307o.

Seeger et al. Model [14]

The final phase-distribution model tested was the empirical correlation

published by Seeger et al. [14]. This model is given by equation (2,4), with the

coefficient'a' given by equation (2.5). The slip ratio in the inlet was calculated

using the correlation developed by Rouhani [15] and is given by equations (2.6),

(2.7), and (2.8). For the present comparison, the term (1-x,) in equation (2.8)

was retained.

The results ofthis comparison are shown in figure 4.35. In this figure,

all ofthe present phase-distribution data r ere compared to the predictions of

the Seeger et al. model [14]. Overall, 67Vo of the data were predicted within

+30Va. The model generally underpredicted the data for ft/Wt < 0.5; however,

at higher extraction rates the model performed very well, with nearly ail ofthe

data predicted within t307¿.

As noted earlier, Seeger et ai. [14] omitted the (1-x,) term in equation

(2.8). A comparison between the Seeger et al. model [14] with the (l-xr) term

omitted in equation (2.8) and the present data made little difference to the

model's prediction. With the (1-xt) term omitted, the Seeger et al. model [14]

also predicted 67Vo of the data within ¡30Vo. A comparison of the magnitude
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of the various terms in equation (2.6) indicated that for the present data the

term V*rrlG, was much less signifrcant than the other terms. This would

âccount for the unimportance of the (l-xr) term in equation (2.8) for the

present data.

4.5.2 Pressure"Drop Data

In this section, the present pressure-drop data are compared to the

predictions of various pressure-drop models given in the literature. These

comparisons are shown in severai succeeding figures. In these figures, the

ordinate is ÂP,, predicted by the model divided by the measured value of ÁP,,

(i=2 for úhe run, and i=3 for the branch), and the abscissa is the extraction

rate.

Data of ÁP*

Comparisons were made between the present data for ÁP, and the

predictions of various ÂP,, models. The various models tested were as follows:

1. The homogeneous flow model (HFM) given by equaúion (2.27) with

(K*,r)" calculated using equation (4.3).

2. The separated flow model (SFM) given by equation (2.25) with cr, and or,

calculated using the correlation by Rouhani [15], and (K*,r). calculated
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4.

5.
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using equation (4.3). The Rouhani correlation [15], given by equations

(2.6),(2.7), and (2.8), gave the slip ratios S, and Sr. The void fractions

were then found using equation (4.9) where i=l for the inlet and i=2 for

the run.

The separated flow model (BM) given by equation (2.25) wiih o, and c,

calculated using the correlation by Rouhani [15], and (K*,2)s = 1.0. This

model was recommended by Ballyk et al. [18].

The Reimann and Seeger model [26] (RSM) given by equations (2.35)

through (2.38), with i=2 and Scs = 1.0. The value of K,, was calculated

using equation (4.1), while S, and S, were found using the correlation

developed by Rouhani [15].

The model recommended by Hwang and Lahey [28]. This model is given

by equation (2.25) with puz = psz. Replacing p", with p", and (K*,2)s

with the single-phase momentum correction factor K*r, gives

G: G?

^P0=Ki2ç-1 
- ')

Pnz Pxt
(4,11)

The value of K*r2 was found using equation (4.3), while a, was

calculated using two different procedures: from the Zuber-Findlay model

[29] as recommended by Hwang and Lahey t28l (HLM1), which is given

by equation (4.9) along with equations (2.42) and (2.43); and from

equation (4.9) with S, found using the Rouhani correlation t15l (HLM2).
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Table 4.3 summarizes the performance of the various ÀP, models. It

must be recalled that data could not be obtained for stratified flow. A careful

examination of Table 4.3 and figures 4.36 to 4.41 reveals that the separated

flow model (SFM) Siven by equation (2.25) performed best with TlVo of the

pressure-drop data predicted within t307o. However, figure 4.37 shows that

this model underpredicted most of the data corresponding to an inlet flow

regime of slug flow. In general, the separated flow model tended to underpre-

dict the experimental data. For slug flow data, the models recommended by

Ballyk et a1. [18] (BM) and Hwang and Lahey t28l (HLMI) performed best,

both with 64Vo of the slug daúa predicted within t307o. Figures 4.40 and 4.4I

give the predictions of the model recommended by Hwang and Lahey t281. In

figure 4.40 c, was calculated using the Rouhani correlation [15] and in figure

4.41 ø, was calculated using the Zuber-Findlay model [29]. The correlation for

o, was found to have little effect on the predictive capability ofthe model. At

extraction rates near 0.1, the Hwang and Lahey model [28] underpredicted

most of the data, however, at larger Wr/W, the model performed well.

Based on the above discussion, for the prediction ofthe present ÀP, data

the separated flow model (SFM) is recommended for all data except slug flow.

For slug flow, the model presented by Hwang and Lahey (HLMI) is
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(1)

Table 4.3
Summary of the Performance of ÂP,, Models

HFM = homogeneous llow model, SFM = separat€d flow model, BM = Ballyk et al. oodel
[18], RSM = Reinann and Seeger model [26], HIÀI1 = Hwang aad Lahey model [28J with
o, calculated using the Zuber-Fiodlay model [29], HLM2 = Ilrvang and Lahey model [23]
with qr calculâted usi¡g the Ror¡hani cor¡elatioû [15]

Va of data predicted correctly

Inlet flow regime
Overall

Model(r) Interval
Vo

\ry
st.w

s SA
An

HFM !50

330

!20

50

50

óll

óo

18

ô

83

79

46

oó

57

SFM r50

r30

r2O

100

no

50

55

27

27

100

88

79

90

77

59

BM t50

t30

¡20

43

14

7

64

55

25

13

4

4L

24

16

RSM i50

r30

+i.(l

64

50

36

9t7

27

88

88

79

69

65

59

HLMl i50

t30

xzo

43

2t

64

55

75

67

50

1L

43

HLM2 a50

r30

r20

71

50

oô

27

ô

9

76

63

¡rð

63

50

39
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recommended for W,ÁV,>0.1; however, for Wr/W,<0.1 the separated flow model

(SFM) is recommended.

The void fractions used in the above models were determined Í|om

correlations rather than experimental data. Therefore, for the models in which

the void fraction was required, some disagreement between the modei's

prediction and experimental data may be attributed to the correlation used to

obtain the void fraction.

Presenü values of K*,, and K, were used in the above models. The

comparisons between the ÂP,, models and the present data were repeated with

values of K*r, and K,, recommended by various authors lI2, 26, 281. In

general, this made little difference to the predictive capability of the various

models; in fact, present values of K*r, and K, usually resulted in better

prediction of the present data.

Data of ÂP*

Comparisons were made between the present data for ÀP,, and the

predictions of various ÂP,, models presented in the literature. The various

models tested were as follows:

1. The homogeneous flow model (HFM) given by equation (2.33) with the

two-phase multiplier recommended by Saba and Lahey [12], given by

g¡¡=p¡,r/psr, and Kr' given by equation (4.2),
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The separated flow model (SFM) recommended by Saba and Lahey [12]

and given by equations (2.30) and (2.32) wíth K,, given by equation

(4.2). The void fractions were found using equation (4.9) with the slip

ratios estimated using the correiation developed by Rouhani [15], g'iven

by equations Q.6), (2.7), and (2.8).

The Reimann and Seeger model [26] given by equations (2.33) and (2.40)

with K* calculated from equation (4.2). The correction factor K given

in equation (2.41) was used, as suggested by Reimann and Seeger [26].

This model was tested with K = 1.0 (RSMI) and K = 1.34 (RSM2).

The model presented by Ballyk et al. [18] (BM). This model is given by

equations (2.44) through (2.48). The void fractions were found using

equation (4.9) with the slip ratios estimated using the correlation

developed by Rouhani [15], and K,, calculated using equation (4.2).

The model recommended by Hwang and Lahey t28l (HLM). This model

is given by equation (2.30) with rp. calculated using equation (2.40) and

p¡s=pHa. Therefore, the final form of this modei is

*,,= !t$ - $t' +++. Grz)
- Pm Pet 2 

P'o,

The value of K* was found using equation (4.2).

Table 4.4 gives a summary of the performance of the various 
^Prs 

models

and the results are shown in figures 4.42 through 4.47.In general, none ofthe

models for ÂP,, performed satisfactorily for all flow conditions. Significant

2.

3.

4.

5.
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Table 4.4
Summary of the Performance of ÁP," Models

HFM = homogeneous flow model, SFM = sepa¡ated flow model, RSM1 = Reima¡¡ a¡d
Seeger model [26] with K=1.0, RSM2 = Reimana aad Seeger model [26] with K=1.34, BM
= Ballyk el al. úodel [18], HLM = Hwa¡g a¡d Lahey model [2.a]

7a of data predicted correctly

Inlet flow regime
Overall

Model(r) lnterval
4a

w
sr.w

S SA
A¡

HFM t50

t30

r20

30

15

10

0

0

0

59

bi)

4T

35

20
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t20

70

60

45

62

31

8

bð
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46

29
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t30

!20

35
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5
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39
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4L

56

38

26

RSM2 t50

r30

x20

0

0

0

0

0

0

23

o

5

I

BM r50

t30

x20

11

0

0

39

15

8

0

0

0

13

4

0

HLM r50

r30

x20

5

5

5

0

0

0

4T

27

18

18

13

7
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scatter can be seen in all of the figures. The separated flow model recom-

mended by Saba and Lahey t12l (SFM) gave the best overall agreement with

the experimental data with 46Va of the data predicted withín x,30Vo (67Va

predicted within t507¿); however, for $/1V,>0,3 this model predicted 63Vo of

the data within +307o (897o within x.50Vo). The model presented by Reimann

and Seeger t26l (RSM1) predicted 38Vo of lhe data within x.30Va (56Vo within

*50Va) with the correction factor K in equation (2,41) equal to unity; however,

with K=1.34 the model (RSM2) gave very poor predictions, For rff /W,<0.3, the

Reimann and Seeger model [26] (RSMI) gave the best predictions of the

present data rvith 32Va of the data for WBAü'<0.3 predicted wíthin x.30Vo (58Va

within t507o),

Based on the above discussion, the separated flow model (SFM) is

recommended for the prediction of the present ÂP,, data for lVr/1V,à0.3. For

W/Wr<0.3, the Reimann and Seeger modei [26] (RSMI) is recommended.

Again, because the void fractions used in the above models were deter-

mined from correlations rather than experimental data, some disagreement

between the models' predictions and experimental data may be attributed to

the correlation used to obtain the void fraction. However, the large scatter

seen in ñgures 4.42 to 4.47 indicates that none of the models tested is

completely satisfactory; that is, for the present ÂP,, data none of the models

correctly describe the pressure-distribution phenomenon occurring at the tee
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junction. It should be noted that ali of the models for ÂP,, were developed

using experimental data obtained at hígher J' than the present study. This

can be clearly seen in fìgure 2.5.

Present values of K,, were used in the above ÂP,, models. The compari-

sons between the ÂP* models and the present data were repeated with values

of K,, recommended by various authors [12, 18, 26,28]. Similar to the ÂP,,

models, this made little difference to the predictive capability of the various

models.

4.6 Comparison of the Present Phase-Distribution Daüa With Data

From Other Auúhors

A comparison between figures 2.4 and 4.1 reveals that other authors

have obtained phase-distribution data under similar inlet conditions to the

present study. In this section, an attempt will be made to compare the present

data with the data from some of these authors,

Shoham et al. [21] obtained phase-distribution data at a number offlrxed

values of Jo,, as shown in figure 2.4. These data were obtained under

conditions very simiiar to the present study. Shoham et al. used a horizontal,

equal-sided tee junction (51- mm LD.) with two-phase mixtures of air and

water. A full range of extraction rates was tested. The data for inlet flow
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reg"imes of stratified, wavy, and annular flow are reproduced in figures 4.48 to

4.50.

Agreement between the present stratiñed data, shown earlier in flrgure

4.2, and the stratified data ofShoham et al. [21] is poor. In the present study,

all stratifïed data lie near the line of even phase distribution; while all of the

stratified data of Shoham et al. [21] indicate a strong preference for the gas

phase to exit through the branch. It should be noted that the data ofShoham

et al. [21] were obtained at a nominal pressure near 300 k?a, which is

significantly higher than the value used in the present study. However, this

would probably not account for the disagreement between the two sets ofdata.

The phase-distribution data of Shoham et al, [21] corresponding to an

inlet flow regime of wavy flow are given in figure 4.49. For simplicity of

comparison, this data are re-plotted in figure 4.51 as a composite region. Also

shown in frgure 4.51 is the region ofthe present wavy and stratified-wavy data

corresponding to JcF4.4 and 11 m/s. Agreemenl between the two regions is

very good. Figure 4.52 gives a comparison between the present wavy and

stratified-wavy data and the wavy data of Shoham et al. [21], alt at J¡r nêâr

0.0093 m/s. Again, agreement between the two data sets is very good.

The present annular data are shown in figure 4.5, and the phase-

distribution data of Shoham et al. [21] corresponding to an inlet flow regime

of annular flow are gven in figure 4.50. A direct comparison between the two

sets of data is diffrcult since the present annular data were obtained at a
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higher Jo, and a wider range ofJr,, However, it is clear that similar trends

can be observed between the two sets ofdata, as was discussed is section 4.2.1.

Finally, the data ofShoham et al. [21] were compared to the predictions

of the Hwang et al. model [19] using the procedure outlined in section 4.5.1.

Results of thís comparison ã.re given in figure 4.53. The Hwang et al. model

[19] was used because it gave good predictions ofthe present stratified, wavy,

and annular data. The stratifred and wavy data of Shoham et al. [21] were

compared to the Hwang et al. model [19] with the assumption of an iniet flow

regime of stratiflred flow. For the annular data, the Hwang et al. model [19]

was used with the assumption of annular flow in the inlet. The model predi

cted the annular and wavy data very well. However, the model underpredicted

the stratified data. This is consistent with the comparison between the present

stratifìed data and the stratified data of Shoham et al. [21].

Rubel et al. [20] obtained phase-distribution data for steam-water flow

through a horizontal tee junction with equal diameter sides (37.6 mm). Inlet

flow regimes of stratified, wavy, and semiannular flow were obserwed. Figure

4.54 gives a comparison between the present data and the data ofRubel et al.

[20J for J¡, near 0.0094 m/s. The data of Rubel et al, [20] lie siightly above the

present data; however, the difference is quite small. A comparison between the

present data for Jcr=ll rn/s and Jr,=6.6692 m/s and the data of Rubel et al.

[20] is given in figure 4.55. Present data for Jr,r=0.040 m./s and Jrr=0.0022 rnls

are also shown in this figure. The present data for Jrr=0.0092 m/s agree well
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with the data of Rubel et al. [20] for Jot=11.S m./s and Jr,=0.00878 m/s;

however, the data of Rubel et a]. [20] for Jo,=$.11 m,/s and Jrr=0.0107 m/s and

0.0118 m/s 1ie slightly below the present data for Jrr=0.0092 m/s. Other direct

comparisons between the present data and the data of Rubel et al. [20] could

not be made. However, many of the same trends were observed between the

two sets of data, as was discussed in previous sections.

A segment of the phase-distribution data of Hong [3] can be compared

with the present study, Hong [3] used an equal sided (9,5 mm I.D.) tee

junction with a horizontal inlet and branch orientations of vertical upwards,

horizontal, and vertical downwards. Comparisons between the present data

and the data of Hong [3] for a horizontal branch are given in figures 4.56 and

4.57.

The two parts of figure 4.56 show the comparison between the present

data and the data of Hong [3J at Jo, near 40 m/s. The present data for

Jrr=0.0395 m/s all lie above the data of Hong [3], as shown in figure 4.56(a).

In figure 4.56(b), the present data for J",=Q.QQ96 m/s lie slightly above the data

of Hong [3] for Jrt=0.0117 m/s; however, the difference is small. The present

data for Jt, of 0.0018 m/s also lie close to the data of Hong for Jr,=9.66234 *tr.

Comparisons between the present data and the data of Hong [3] for J6, near

10 m/s are g:ven in the two parts of ñgure 4.57 . In figure 4.57(a), the present

data for Jrr=0.040 m/s iie fairly close to the data of Hong [3] for Jrt=O.0468

m/s, but with a siightly greater preference for the gas phase to exit through the
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branch. In figure 4.57(b), for J¡ near 0.0092 m/s the present data generally

iie well above the data of Hong [3]. For J' near 0,0022 rn/s, the present data

and the data of Hong [3J agree quite well.

In general, at lower J' the data of Hong [3] and the present data agree

well. At higher Jr,, the present data indicated a greater preference for the gas

phase to exit through the branch. It is noted that Hong [3] used a small

diameter tee junction (9.5 mm I.D.), For this small diameter, under some

conditions, surface tension could possibly have a significant effect on the phase

distribution.
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Chapter 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

In the present investigation, extensive data for air-water flow in a

horizontal tee junction with equal diameter sides were obtained. These data

consist ofboth the phase distribution and pressure drops at different extraction

rates, and correspond to a wide range of inlet conditions, as shown in figure

4.1. A comparison between the present operating conditions and the previously

tested conditions, shown in flrgures 2.4 and,2.5, reveals that a limited amount

of phase-distribution data were previously obtained under operating conditions

similar to the present study. However, the present pressure-drop data are

unique. The present data were compared to existing correlations for predicting

the phase distribution and pressure drops. In addition, the present phase-

distribution data were compared to data from previous investigations.

can

1.

2.

Based on the present results and comparisons, the following conclusions

be drawn:

In general, the phases did not distribute themselves evenly through the

tee junction.

All data corresponding to inlet flow regimes of stratified and wavy flow

occupied a narrow strip surrounding the line of even phase distribution,
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with the wavy flow data showing a slightly greater preference for the gas

phase to exit through the branch. Stratified-wavy flow data showed a

slight preference for the liquid to exit through the branch. All slug data

displayed a strong preference for the gas to exit through the branch and

for W"/W, > 0.3, FBc was near unity. Annular data showed large

variations in the distribution of the phases, depending on JLr.

Semiannular data were only obtained at one particular inlet condition,

and showed near-even phase distribution.

As J", was increased at a fixed J"r, there was an increased preference for

the gas phase to exit through the branch, irrespective of the inlet flow

regime.

The effect of Jo, on the phase distribution did not result in consistent

trends, possibly due to the associated flow regime transitions.

The effect of G, on the phase distribution (at a fixed x,) appeared to be

small at large values of x, but became more significant as x, was

decreased.

The pressure drops ÂP,, and ÁP,, depended greatiy on WsÆV', J6,, and

Jrr. In general, the absolute value of ÂP,, and ÂP,, increased as Gr or

$/Wt was increased.

The phase-distribution model developed by Hwang et al. [19] gave the

best overall predictions of the present data. Ninety-four percent of the

present stratified, stratified-wavy, and wavy flow data and 887a of the

7.
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present annular and semiannular flow data were predicted within *307o.

The model underpredicted the present slug flow data. The models

developed by Azzopardí and Whalley [6] and Azzopardi [25] performed

weil in predicting the present annular and semiannular flow data. The

Seeger et al. modei [14] underpredicted the present data for Wr./W, < 0.5;

however, at higher 'Wr/lV, the model performed well.

For all inlet flow regimes other than slug, ÁP,, was predicted best by the

separated flow model (SFM) presented by Fouda and Rhodes i271, with

(K*r2)s equal to the single-phase momentum correction factor K*,r. For

slug flow, the model presented by Hwang and Lahey [28] (HLMI) gave

the best predictions for WrÆV, > 0.1; however, for WrÆV, < 0.1 the

separated flow model (SFM) gave the best predictions.

In general, ÂP,, was poorly predicted by existing correlations. For WrÆV,

2 0.3, the separated flow model (SFM) recommended by Saba and Lahey

[12] gave the best predictions of the present data. For W3^Vr < 0.3, the

Reimann and Seeger model [26] (RSMI) gave the best predictions.

Most of the present phase-distribution data compared well with data from

previous investigations. The major exception to this good agreement

occurred when comparing the stratified-flow data of this investigation

with similar data reported by Shoham et a1. [21]. However, this segment

ofthe present data was found to be consistent with other data by Rubel

[16] and modei predictions by Hwang et al, [19].

9.

10.
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5.2 Recommendations for Future Work

Although extensive pressure-drop and phase-distribution data have been

obtained in the present study, more work is clearly needed. The present study

only focused on one particular junction geometry. Previous studies have also

been restricted to a limited number of different junction geometries. As well,

all ofthe present data were obtained using an air-water mixture near ambient

temperature and pressure. Therefore, to aid in the development of generalized

mathematical models, more experimental investigations are required at

previously untested operating conditions and junction geometries. Future

studies should include the measurement of both the phase distribution and

pressure drops. Several suggestions for future experimental work are as

follows:

1. More low pressure air-water data should be taken using tee junctions of

different geometries. The influence of Dr, Dr, and DrlDr, as well as

junction orientation, should be studied over a wide range of operating

conditions.

The present data should be extended to higher pressures in order to study

the effect of po, on the phase distribution and pressure drops.

More steam-water flow data are required.

2.

.-t _
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Appendix A

CORRECTION FOR EVAPORA,TION

In the main body of the thesis it was mentioned that the inlet, run, and

branch flow rates were corrected for evaporation within the mixer, test section,

and separation tanks. In this appendix, the procedure used to account for

evaporation of the liquid phase within the flow loop is discussed.

The procedure outlined in this appendix is based on a simpliñed model

for the mixúure ofgases and a vapor. The modei used here was presented in

[4.1], and can be found in most textbooks on thermodynamics. The gaseous

mixture of air and water vapor is treated as a mixture of ideal gases. As well,

when equilibrium exists between the gaseous mixture and the condensed phase

(water), the partial pressure of the vapor is assumed to be equal to the

saturation pressure corresponding to the temperature ofthe mixture.

The following discussion is split into three sections as follows:

4.1 Calculation of Flow Conditions at the Mixer Outlet

4.2 Calculation of Inlet Flow Condítions

4.3 Calculation of Run and Branch Flow Conditions.
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.dl Calculation of Flow Condiüions at the Mixer Ouúlet

Figure 4.1 presents all of the relevant parameters for the calculation of

the mixer outlet conditions. The air compressor shown in figure 4.1 was set

for an outlet pressure (Pcoup) of790 kPa abs. The compressed air leaving the

compressor flowed into an air dryer whose purpose was to remove moisture

from the air. The air exiting the air dryer was assumed to be saturated with

water vapor. Thus, the vapor content (kg vapor/kg dry air) at the air dryer

outlet, co.,o., can be found using

where Pu is the partial pressure ofthe vapor, Po is the partial pressure ofthe

air, and 0.622 is the ratio of the vapor molecular weight to the air molecular

weight. The total pressure is given by

Pr=Pr+P^.

Substituting equation (4,2) into (4.1) gives

ú,o* = Q'622PJ 
'

,o* = 0.622#;.

(4.1)

(4.2)

(A,3)

Since the air was assumed t¿ be saturated, then Pv=Ps^r, where Pro., is the

saturation pressure ofthe water vapor at the mixture temperature. The total

pressure P, was assumed to be equal to the air compressor pressure (790 kPa

abs), while the temperature of the mixture was assumed to be equal to the

measured temperature at the inlet air turbine meter TÀrM. Thus,
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Figure 4.1 Relevant parameters for the calcuiation offlow condiüions
at the mixer outlet
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(4.4)

where PsAr is evaluated at To,n, and P.o", is the compressor pressure.

Since no condensation of water vapor occurred between the air dryer

outlet and the inlet air turbine meter, the humidity ratio at the inlet air

turbine meter o,n, is given by equation (4.4).

The total gas flow rate through the inlet air turbine meter Wor", the

sum of Wo, and WvrM, was found from the calibration curve for the turbine

meter. This required the air-vapor mixture density at the turbine meter to be

calculated. Under the assumption of ideal gases, the mixture density at the

turbine meter por* can be shown to be the sum of the densities of the air and

v/ater vapor, each at its partial pressure, Therefore,

where:

e-. = ffit ,fu*^ . ';r*,, (A'5)

ts is the universal gas constant (8.3143 kJ/hmoI.K),

Prr is the measured pressure at the inlet air turbine meter,

To,* is the measured temperature at the inlet air turbine meter,

Po," is the air partial pressure at the inlet air turbine meter,

Pyr¡1 is the vapor partial pressure at the inlet air turbine meter,

MA is the molecular weight of air (28.97 kg/kmol),

Mw is the molecular weight of water (18.015 kgi4rmol).

Using equations (4.1) and (4.2), the parameter Po,rÆ,* can be shown to be

given by
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(4.6)P^ru - ,1
Pru

and the parameter Pu,r/Pry by

Prru 
=

Pr*

. ft''*"

6tu
M-'

l¡i*.owl

The following equation was then used to find the mass flow rate of dry air Wor:

(4.7)

Wvtu = aruWtt .

(4.8)

(A e)

The two-phase mixture leaving the mixer was also assumed to be

saturated with water vapor. Therefore, the humidity ratio at the mixer outlet

co" is given by

w^, = ,wo'u ,
r *otv

while the vapor flow rate through the turbine meter is given by

D

6.. = 0.622 'Mr
M D,D'trI 'SAT

(4.10)

where P* is the pressure at the outlet of the mixer, and P.o, is evaluated at

the mixer outlet temperature T".

An energy balance neglecting kinetic and potential energy terms yields

(refer to figure 4.1)

Q o+14/^rh^, u+ll, tþ wurW ru! 
"t 

*=lY'nrh*+W oþ w*W uþ,.u, (4. 1 1)

\ry is the mass flow rate,

Q" is the heat transfer rate to the mixer,

h is the enthalpy,

where:
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subscripts

L liquid,

V vapor,

A air,

1M measured value at inlet water and gas turbine meters,

M mixer outlet.

Assuming Qv = 0, dividing equation (4.11) by W6,, and re-arranging gives

(h 

^ru- 
h*) + a rult,u*ff n, u=, un 

^ 
-Hh * .

A mass balance for water (vapor and liquid) gives

W,urWvtu = WwrVut .

Also, (h¡ry - h*) can be expressed as

(hAtM-hnà = Cp(T¿,y-Ty), (4.14)

where C, is the speciflrc heat of air at constant pressure (Cp=1.0035 kJ/kg.K).

Substituting equation (4.13) and (4.14) into (4.12) yields

w...
C lT ̂

, 
u-r ) + 

ff 
(h, u - h *) + r,t, ¡!h, u - h *) + a fh * - h *) =O . (4. 15 )

Equations (4.10) and (4.15) were solved to give T*n and co". This

required the pressure at the mixer outlet P*, which was found by

extrapolating the measured pressure gradient in the tee junction inlet to the

mixer outlet.

(4.12)

(4.13)



r97

À2 Calculation of Flo\¡¡ Conditions At úhe Inlet to the Tee Junction

An energy balance between the inlets to the mixer and the tee junction

was required in order to calculate conditions at the later. The relevant

parameters are shown in figure 4.2. The air-vapor-water mixture was

assumed to be at equilibrium at the junction inlet, therefore, the humidity

ratio at the junction inlet is given by

ø. = 0.622 
PMr

' Pro-P.r" '

ft*" rrrnu-rr),ff Ø r,u-h r,), ts rfh,u-h r,) + a r(h 
",-h 

r,) =0,

(4.16)

where Pr". is the inlet pressure measured by the Rosemount pressure

transducer, and Pro, is evaluated at the mixture temperature at the inlet of

the tee junction T,. An energy balance (neglecting kinetic and potential energy

terms) along with a mass balance on the water gives

(4.17)

where Q, is the net heat transfer rate to the air-vapor-water mixture, and the

subscript 1refers to the tee junction iniet. Equations (4.16) and (4.17) along

with an equation for Q, (see details later) were solved to give T, and co,.

The water vapor flow rate at the tee inlet Wy, is given by

ll'r, = arw^, . (.{.18)

The liquid flow rate entering the tee can be found from a mass balance. The

final result is

Wtt=Wuu*l tt(aw-6ì

This can also be expressed as

(4.1e)
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Figure 4.2 Relevant parameters for the calculation of flow condiüions
at the tee-junction inlet
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W, = W,u * CORRu, (4.20)

where CORR", is the cor¡ection factor (always negative) to be added to the

measured inlet water flow rate Wr,r. The gas flow rate at the tee inlet is

given by

Wet = Wr' * Wvt ,

where Wy, is found using equation (4.18). The above equation

expressed as

W'o, = CORRo,xllol* ,

(4.21)

can also be

(4.22)

where W"r* is the measured gas flow rate at the inlet air turbine meter, and

the correction factor CORR., can be shown to be

(.{.23)

For completeness, the heat transfer rate Q, was estimated using an

empirical correlation. Figure 4.3 shows all of the relevant parameters

required in order to calculate the heat transfer rate to a horizontal tube.

Both the thermal resistance ofthe tube wall and the thermal resistance

for convection inside the tube were assumed negligible compared to the free

convection thermal resistance on the outside of the tube. Therefore, the

temperature of the tube surface Tru* was assumed to be equal to the

temperature of the mixture flowing in the tube T"o (the mean of inlet and

outlet temperatures), and Q can be found using

1+o.
coRR' = rr_";r .

Q = (T*6*-Ty¡)nD{Åo ,

Ts66y is the laboratory room temperature,where:

(4.24)
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T"o is the average temperature of the mixture flowing in the

tube,

Do is the outside diameter of the tube,

h0 is the average free convection coefficient over length L,

L is the length ofthe tube.

For average Nusselt numbers Nu on isothermal horizontal cylinders,

Kuehn and Goldstein [4.2] recommended

Nr = 0.518[ r . 1ll$¡r1-5ttzqcrStr¡tr (.{.25)

for GroPr < 10e, where all properties are evaluated at the average film

temperature given by

T,- (Tuo*Twu). (A.26)
t2

In equation (4.25), Pr is the Prandlt number for air and Gro is the Grashof

number given by

where: g is the acceleration due to gravity (9.81 rrls2),

B is the volumetric coefficient of thermai expansion for air (Kl),

v is the kinematic viscosity of air (mzls).

A correction was given for equation (4.25) as follows:

ero = $<r*u-ruo)

..2
NuCOnn = - ,) ,

rn(r+fr)

(4,27)

(4.28)

where Nu"o*o is the corrected Nusselt number. The average heaü-transfer

coeffïcient ho can then be calculated from Nu66¿¡.
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The value of Q, was calculated using equations (4.24) through (4.28),

and was found to be insigniflrcant for all test runs. The temperature T"o was

assumed to be the average ofT, and T,.

The procedure for calculating the inlet conditions can be summarized as

follows:

1. Calculate ocrN using equation (4.4) with P.o. evaluated at To,n' and

PcouP = 790 kPa abs'

2, Calculate po,nn using equations (4.5), (4.6), and (A.7).

3. Calculate W",n using the calibration curve for the inlet air turbine

meter.

4. Calculate Wo, using equation (4.8).

5. Calculate Wyry using equation (4,9) with (ùr;u = ú)cr¡¡.

6. Calculate P* by extrapolating the measured pressure gradient in the

inlet back to the outlet from the mixer.

7. Soive equations (4.10) and (4.15) iteratively to give T" and cr¡,.

8. Solve equations (4.16), (4.17), and (4.24) iteratively with

Tro.=(T*+T,)/2 to give T, and or.

9. Calculate W' using equation (4.19) and W., using equations (4.21)

and (4.18) for Wy,.

A-g Calculaúion of Flow Conditions At the Run and Branch Outlets

From the Tee Junction

Due to evaporation r¡¡ithin the test section, as r¡/ell as in both separation
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tanks, the measured values ofthe run and branch flow rates differed from the

flow rates at the outlets ofthe teejunction. Therefore, correction factors were

also required in order to calculate WL2, WrÆ, Wor, and Wo.. The correction

factors for the branch were calculated using the same procedure as for the r"un;

therefore, the procedure is only shown for the run.

Figure 4.4 shows all of the relevant parameters required for the

caiculation of the flow conditions in the run. The air within the separation

tank was assumed to be saturated with water vapor; therefore,

a^^ = 0.622 
Pvr

" Prr-P u, '

c*. = ffir*"^.'ffi**t,

(4.29)

where P* is the pressure inside the separation tank and P.o, is evaluated at

ühe mixture temperature within the separation tank Trr.

The total gas flow rate W6ry was measured by either a turbine meter or

by a bank of rotameters. The mixture density por" of the air-vapor mixture

flowing through the turbine meter or rotameters was calculated using the same

method as for the inlet air turbine meter. Thus,

(4.30)

where: Po* is the atmospheric pressure,

Tr* is the measured temperature at the run air turbine meter

or rotameters,

Por*, is the air partial pressure at the run turbine meúer or

rotameters,

Puru is the vapor partial pressure at the run turbine meter or

rotameters.

The value of Por*/?or" is given by



T,

TEE JUNCTION
a"

To*"

SEPARATION TANI{

Figure 4.4 Relevant parameters for the calculation of flow conditions
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and Pyr*/?or¡1 by

û)^-
llpy = l1LlV62y

L +@zr

Thus, the nrn air flow rate can be found using

Wp = Wezu - W*u .

The fraction of run gas is defined as

P^ru 
-

P^*

Pru
D
' aTM

U * 
ftazxl-'

='*
M..

l¡i.øuø)
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(4.31)

(4,32)

(4.33)

(4.34)

(4.35)

where cÐrn'' is the humidity ratio at the run turbine meter or rotameters. Since

no condensation ofwater vapor occurred between the separation tank and the

run turbine meter or rotameters, rorn, is equal to cÐrr, and is given by equation

(4.2e).

The flow rate of vapor exiting the separation tank can be shown to be

given by

- Wo,
o ¡r, = 

Wn,

where W6, is the total gas flow rate in the run at the outlet ofthe tee junction.

The flow rate Wo, is given by

Wor=W^r+ll- (4.36)

where Wu, is the flow rate ofvapor in the run aü the outlet of the tee junction,

If it is assumed that the humidity ratio of the gas does not change at the tee



junction, that ís or, = ol, (= o¡) at the tee junction, then it follows that

F*=F^r=Fp¡,

where F*u is the fraction of run vapor given by

w.^r*,=f,,
and FRA is the fraction ofrun air given by
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(4.37)

(4,38)

(4.39)- w^,

"o = 
W^,

The value of Foo can be calculated using equations (4,8) and (4.34). The flow

rate Wv2 can then be found using equation (4.38) with Fnv = Fn¡ and Wo, using

equation (4.36). A mass balance for water (liquid and vapor) yields

Wu = Wrru + W-u - ll- '
(A.40)

Equations (4.29) through (4.40) can be used to calculate the run flow rates W6,

and Wrr. Unfortunately, the parameters P* and T' were never measured and,

therefore, must be estimated.

An energy balance (neglecting kinetic energy terms) over length L, yields

(refer to figure 4,4)

þ*ç"q7-7s*-*"w,t fi(ht'-nt'S'"2(h2-hu)+a'lhuE-hn)=0 ' 
(A'41)

where Q, is the net heat transfer rate to the air-vapor-water mixture and the

subscript 2E refers to the inlet to the run separation tank. The temperature

T, was assumed to be equal to T,. Assuming the air to be saturated with

water vapor at the inlet to the separation tank, orr¡ is given by
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(4.42)

(4.43)

(4.44)

(4.45)

where Prol is evaluated at Tr¡ and Pru is the pressure at the inlet to the

separation tank. The pressure Pru was calculated by extrapolating the

measured pressure gradient in the run to the iniet to the separation tank. The

rate of heat transfer Q, was calculated using equations (4.24) through (4.28)

with Tro=1Tr.¡1rr¡72.

Equations (4.24), (4.41), and (4.42) can be used to calculate o¡¡ and Trr.

The flow rate Wuru is found using

and Woru using

Finally, â mass balance for water (liquid and vapor) yields

WaB=Wu+Wn-Wo".

The temperature T' can be found using an energy baiance between

Iocation 2E and the inside ofthe separation tank. Equation (4.29) g"ives the

humidity ratio inside the separation tank. The equation anaiogous to equation

(4.41) is

w.^
C r(Tr"- Tì, 

ff 
(h rrr- h u) + a ¡lh r r- h or) + a rfh rrr- h.r) =0 (4. 46 )

where the heat transfer rate to the mixúure was assumed to be zero and the

subscript 2T refers to the inside ofthe run separation tank, Equations (4.29)

Yn, = auWp,

worr=w^r+ww
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and (4.46) were solved iteratively to give or* and Trr, (see following paragraphs

for estimates of Prr),

Equation (A..29) requires knowledge ofthe run separation tank pressure

Prr. This pressure was slightly smaller than P* due to pressure losses which

occurred in the separation tank piping. A schematic diagram of the separation

tank is shown in figure 3.8. The inlet piping consisted ofa number ofdífferent

components: a 90o elbow, a contraction from 37.6 mm to 25,4 mm dia., a

dividing tee junction, and two nozzles. Although the pressure losses through

these components were smal1, they were estimated.

Chisholm [4.3] presented a correlation for the prediction of pressure

drops through pipe fittings during two-phase flow. The correlation is given by

ÃPo 
= I *1P¿-1¡qBx +(L-þxz), (A.47)

ùP* 'Pc

where: APr" is the pressure drop due to the pipe fitting during two-phase

flow,

ÂPro is the pressure drop if all of the mixture flows as liquid,
pc is the gas density,

pr is the liquid density,

x is the quality of the two-phase mixture,
B is a coefficient which varies for different pipe fittings.

The quality x was calcuiated at the inlet to the separation tank (location 2E).

Values of B recommended by Chisholm [4.3] for a g0o elbow and a sudden

contraction are 4.2 and 1.0, respectively. For the 90o elbow, ÂPro was

calculated using an equivalent length procedure, For the sudden contraction,

ÁPro is given by [4.4]:



where

ând

^Prc 
= ÃPur,* + APo,- ¡p ,

tA?
APur.* = ipr<4-tlü ,

'ao

ÃP*- = o.+zo-!t4{
"I Ao

,, - (Wrr"*Wor")
,, - 

ArP,
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(A'.48)

(4.49)

(4.50)

(4.51)

In the above equations, A, is the cross-sectional area at the inlet to the

conüraction, A" is the cross-sectionai area at the outlet ofthe contraction, and

Vr is the velocity at the inlet to the contraction if all of the mixture flowed as

liquid. The velocity V¡ is given by

The nozzles were treated as 90o elbows, and the pressure drop through the

dividing tee junction was ignored since no suitable correlation exists for its

calculation.

Finally, the separation tank pressure (Pr1) was calculated using

Pzr = Pze - ITOSSAS, (4.52)

where ELOSSES is the sum ofthe pressure losses occurring in the separation

tank piping (90' elbow, contraction, and nozzles).

The use of the Chisholm correlation [A.3] can lead to significant error

in calculating ILOSSES. However, given the current lack of understanding in
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predicting pressure losses through pipe fittings during two-phase flow, the

Chisholm correlation [4.3] was accepted as being adequate. As well, a

sensitivity analysis was undertaken as part of the error analysis. The

parameter >LOSSES was found to be insignificant for nearly all of the test

runs. Thís is discussed in more detail in Appendix E.

An iterative procedure was required for calculating the run conditions.

This procedure can be summarized as follows:

1. Calculate P,p by extrapolating the measured pressure gradient in the

run.

2. Assume Tzr = Tr and P21 = Prr.

3. Calculate o2r using equation (4.29).

4. Calculate pczM using equations (4.30), (4.31), and (4.32) with tor" =

@st.

5. Calculate Worr using the calibration curves to the run air turbine

meter or rotameters.

6. Calculate WurM using equation (4.33) and Wo, using equation (4.34).

7 . Calculate F*o using equation (4.39), FRv using (4.37), Wu, using

(4.38), Wcz using (4.36), and W' using (4.40).

8. Solve equations (4.24), (4.41), and (A.42) iteratively with

T"o=(Tr+Tr¡)/2 to give o¡" and T,'.

9. Calculate Wur6 using equation (4.43), Wczo using equation (4.44),

and WL2E using equation (4.45).

10. Calculate P* using equations (4.47) through (.{.52).
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11. Solve equations (4.29) and (4.46) iteratively to give new values of

rrl' and Trr.

12. Calculate the convergence criterion e defrned by

^ - 
(,r, - 6zr, otì

c -- t
6zr, ot¡

where corr, oro is the value of cu' found in step 3. If e>0.001 then go

to step 4, otherwise, convergence has been achieved.

The above procedure gave values of Wor, W62, Wur, and Wrr. Equation

(4.36) can also be expressed as

Wo, = CORR,TxW ç2¡¡ ,

where the multiplicative correction factor is given by

I +r¡^
CORR,2 = h------11 .

I +azr

As well, equation (4.40) can be re-written as

Wtz = Wuu + CORR, ,

CORRL2 = lln(<'trr-ø2) .

The parameters CORR., and CORR, are the correction factors for the

measured run mass flow rates.

It should be emphasized that in this thesis all ofthe flow rates reported

have been corrected for evaporation as outlined in this appendix. As we1l,

other parameters such as superflrcial velocities, qualities, Fs6, Fs¡, xrlxr, and

W3/W1 were calculated using the corrected flow rates, not the measured flow

rates. However, it should be noted again that these correction factors were

where

(4.53)

(.{.54)

(4.55)

(4.56)

(A'.57)
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generally smali. Only for J",={Q m/s with JLr<0.0023 m/s were the corrections

due to evaporation significant. The procedure outlined in this appendix was

applied to all two-phase flow tests only for the sake of consistency.

Finaily, in Appendix C tabulated values ofthe mass balance errors are

given. These mass balance emors were calculated using the equations given

below. For air:

n^o - (wn*W-lrn)xloo% 
, (4.58)

(4.5e)

and for water:

- -(wuu*w-u*wuu*wrù-Vr!!t!!lèlx1@%bwArr* = , lwunw^ t^'"
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Appendix B

DETERMINATION OF 
^P12 

AND 
^P13 

FROM THE

MEASURED PRESSURE DISTRIBUTION

The pressure drops ÂP,, and ÀP* were calculated by extrapolating the

fuily developed pressure gradients in the inlet, run, and branch to the centre

of the tee junction. It was extremely important that the extrapolated values

of Pr, P2, and P. were obtained from data which were fu11y developed. The

following describes the procedure used to obtain the linear regtession equations

in the inlet, run, and branch.

Figure 8.1 shows the regression line for a typical pressure distribution

in the run. For the following discussion, the pressure taps used in obtaining

ühe regression line are labelled from 1 through n, In should be noted that this

is different than the actual pressure tap numbers given in figure 3.7. As

outlined in Chapter 3, all of the pressure taps in the run were sampled with

the high pressure sides of the pressure transducers connected to tap 1 in the

inlet. Thus, the ¡un pressure-distribution data consisted of

AP,-, = PrAp t - PrAz t, (8.1)

where Pr*, is the pressure at tap 1, Pr*, is the pressure at tap i, and i=12 to

32. Least, squares analysis of these data gave the following equation for the

run:
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REGRESSION LINE

A

Figure 8.1 Regression line for run pressure-distribution data



Paw=Pz.Tr,
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(8.2)

where Por* is the pressure in the run, P, is the y-intercept, dPou"/dz is the

slope of the reglession 1ine, and z is the distance from the junction centre. The

intercept P, can be expressed as [8.1]

(8.3)Pz = Pz(measured) * (õP)o ,

where Pr(measured) is the y-intercept given in equation (8.2) and (ôPr)o is the

uncertainty in P, due to the scatter ofthe pressure distribution data about the

regression line. The uncertainty (ôP2)6 can be estimated using the following

equation [8.2]:

(8.4)

where to.ru is the value of the Students t-distribution with n-2 degrees of

freedom and s is the standard deviation of the experimental data (taps 1

through n) about the regression line . The parameter S"" is calculated using

s, = Ð=, kt - ,nà' ,
(8.5)

where zo* is the average value of 4 for taps 1 through n. A gSVo confrdence

interval was chosen for (ôPr).. In other words, the statement given by

equation (8.3) should be interpreted to mean the odds are 20 to 1 against the

uncertainty in P, being larger than t(ôPz)o (see Appendix E).

In general, the more pressure taps used to obtain the regression line (n

increasing), the smaller (ôPr)o became. However, if n was increased too much,
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then pressure taps corresponding to data that were not fully developed were

included in the linear regression, This had the effect of increasing (ðPr)o

because the data which were not fully developed 1ie below the correct

regression line. Therefore, the value of n used in calculating the linear

regression line was the value of n which minimized (ôP¿)0. Taps 1 through n

were then assumed to correspond to fully developed flow.

The procedure used to obtain the regression line for the branch was

similar to the above procedure for the run. The inlet pressure distribution

data were obtained with the low pressure sides of the transducers connected

to tap 32 in the run, or tap 33 in the branch. Thus, the inlet data consisted

of

(8.6)

(8.7)

using the following

(8.8)

(B.e)

where i=1 to 11, ÂPr.r, is the pressure at tap 32 in the run relative to the

pressure at tap 1, and ÀP,.r, is the pressure at tap 33 in the branch relative to

the pressure at tap 1. Using the above equations, the inlet pressure-

disüribution data relative to tap 1 in the inlet were obtained, The inlet

or

where i=l to 11.

equations:

or

LPr-zz = Pr* , - Pru ,, ,

AD - D - DÁ' i-ß - ' TAP l 'TAÌ 33 '

The inlet data were then shifted

ÂPr-¡ = APr-r, - LPrtt ,

APr, = AP,-r, - 
^Pr* 

,
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pressure-distribution data were now consistent with the run and branch data.

This procedure gave independent measurements of the inlet pressure

distribution. For most test runs, the data given by equation (8.8) were used

in obtaining the inlet regression line. However, equation (8.9) was used \¡/hen

the reliability of the data from equation (8.8) were in question (see Appendix

D for these data).

A computer progtam was written to calculate the values of ÁP* and ÂP,,

for all single-phase and two-phase test runs. The program calcuiated the y-

intercepts Pr, Pr, and P, by minimizing the corresponding uncertainty intervals

(ðPr)., (õPr)., and (ôPr)'.

For all tests, the regression equations found using the above procedure

were verified by examining, for each test, a computer-generated plot of the

experimental pressure-distribution data and the regressing equation generated

for that test.

8.1

REFERENCES FOR APPENDD( B

S.J. Kline, and F.A. McClintock, "Describing the Uncertainties in Single-
Sample Experiments", Mechanical Engineering, Vol. 75, pp. 3-8, 1953.

Walpole, R.8., and Myers, R.H., "Probability and Statistics for Engineers
and Scientists", 3rd Ed., Macmillan Publishing Co., New York, pp, 328-
331, 1985.
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Appendix C

PRESSURE-DROP AND PHASE-DISTRIBUTION DATA

Table C.1 provides a listing of the operating conditions and

corresponding phare-distribution and pressure-drop data for all two-phase flow

test runs. In this table, observed flow regimes in the inlet, run, and branch

are given; however, due to failure of the glass tube in the branch visual

section, and the unavailability of a replacement tube, flow regimes in the

branch are not given for all test runs, The single-phase operating conditions

and pressure-drop data are given in Table C.2. Table C.3 provides a listing in

which the present numbering scheme ofthe test runs is related to the previous

numbering scheme used by the author (but does not appear in this thesis)

during data acquisition. Finally, Table C.4 gives a listing of ühe mass flow

rates ofgas and liquid in each ofthe inlet, run, and branch. These mass flow

rates are corrected for evaporation as outlined in Appendix A.

Legend

Test
J^.
Ju
Gl
P1

T¡
xl
w3/W,
xg/x,

F""
rBL

AP,
ÁP,.

Test number
Inlet superhcial gas velocity (m/s)

Inlet superflrcial liquid velocity (m/s)

Inlet mass flux (kg/m'?s)

Inlet pressure (bar absolute)
Temperature at the t€e junciion inlet ("C)

Inlet quality (7,)

Ðxtraction rate
Ratio of branch to inlel quality
F¡action of total gas entering branch
Fraciion of total liquid entering branch
Pressure drop from inlet to run (Pa)

Pressule drop from inìet to branch (Pa)



219

Legend (continued)

Error % :

Ail Mass balance erro¡ for air, given by equaLion (4.58) (7,)

Water Mass balance ellor for water, given by equation (A.59) Øo)

Florv Regime :

Inlet Observed inlet flow regime

Run Observed run flow regime

Branch . Observed branch flow regime

Vr Inlel liquid velocity for single-phase-flow test runs (m./s)

Re Inìet Reynolds numb€r for single-phase-flow iest runs
Error Va Mass balance ellor for single-phase water (Vo)



Tcst J"¡ Jr,, G¡ Pr Tr
m/e mlø kglm2e bar

1-1 10.8 0.0398 59
1-2 11.0 0.0398 59
r-3 10.9 0.0397 59
t-4 10.8 0.0397 59
1-5 10.8 0.0401 59
1-6 r0.l 0.0399 58

Table C.1
Two-Phase Pressure-Drop and Phase-Distribution Data

2-l

24
2-5

3-1
3-2

3-4
3-5

4-t
4-2
4-3
4-4
4-5

10.9 0.0093 29
10.9 0.0092 29
10.9 0.0092 29
10_9 0.0092 29
11.0 0.0092 29

2.7 0.0399 45
2.7 0.0400 45
2.7 0.0398 44
2.7 0.0398 44
2.7 0.0397 44

10.9 0.1?96 198
r0.9 0.1801 199
11.0 0.1?93 198
10.8 0.1802 199
10.4 o.L'.ISI 797

t.6t 22-5 32.5
1.49 2t.7 32.6
r.60 2r.8 32.5
1.50 21.9 32.5
1.51 22.1 32.3
t.6L 2t.6 31.0

t.52 21.4 67 .6
1.51 21.8 6?.8
1.51 21.1 67.8
1.51 20.3 67.9
t.49 19.6 68.0

1.50 21,.2 10.6
1.51 2t.2 10.7
1.49 21.2 tO.1
r.50 21.1 r0.6
7.49 21.2 10.7

1.49 21.2 9.7
1.49 27.2 9.6
1.ã1 zt.O 9.8
r.50 2t.2 9.6
r.48 21.0 9.2

W"Âü, x,/x, Fn" Fu,,

0.104 r.39 0.r4 0.09
0.300 1.46 0.44 0.23
0.513 1.42 0.73 0.41
0.716 r.30 0.93 0.6r
0.?35 1.30 0.95 0.63
0.897 r.08 0.97 0.86

0.108 l.l5 0.12 0.08
0.309 0.96 0.30 0.34
0.499 0.98 0.49 0.52
0.706 0.96 0.67 0.',17

0.906 0.94 0.85 1.02

0.100 0.00 0.00 0.11
0.299 0.66 0.77 0.32
0.502 1.11 0.56 0.50
0.692 1.39 0.9? 0.66
0.898 1.10 0.98 0.89

o.toz 1.63 0.7'I 0.10
0.307 2.67 0.82 0.25
0.490 L.92 0.94 0.44
0.699 r.35 0.94 0.6?
0.898 1.05 0.94 0.89

LP,z 
^P,"P¡¡ Pû Ait

-52 -30 -1.0
-136 4 -3.4
-156 76 -6.3
-146 133 -4.8
-t44 r38 -4.8
-752 153 -2.8

-39 -23 t.2
-'t3 -14 -1.3
-99 7 -0.5
-98 43 -1.3
-96 96 -O.5

Etror Vo

' Water

-1.4
- 1.5
0.0
-1.7
_ r.8
1.4

Flow llegimo :
trnlet Ru¡¡ trìronch

0 -4.3
6 -3.6
7 3.9
22 -0.8

-9 20 -1.6

-85 -45 -2.r
181 -2.6

-272 347 -5.5
519 -5.4

-33't 514 -5.7

w\rysrwwwwsrw
WSIWwsrwwsr
w sr-ur srwsrsr
WStS¿
wsrwwsr\4/
wwwwwsr
wsrwsr
swsrsswssrw
SStS
s

0,9
1.0
-0.7

3.5
4.9

0.6

3.1
1.5
0.7

-r.7
-2.O
-2.5
-2.5
0.1

¡.f
[.f



Error o/o Flow Rcgimc :
Water Inlet ll.un Brancl¡

-1.4 s s sr
-2.3 S Sr W-2.3 s si-w s
-1.8 S W
0.rsw
t.4ss
0.7sw
0.6sw
t.4sw
26 S Sr

Table C.1 (continued)

Fo,, ÁP," ÁP,"
Pa Pa Air

0.10 -33 -37 1.9
0.29 -20',1 64 -2.6
0.48 -t82 115 -4.r
0.68 -234 140 -5.1
0.90 -230 218 -3.6

0.9 3.3 sr-W sr
0.9 3,9 sr-Ìy s[
-5.1 6.2 Si-W
-r.5 6.8 St-W
-1.7 3.8 Sr-W W

o.4 3-9 S¿-W Sr
0.8 0.2 sr-w si
-0.2 1.5 Sr-W Sr
2.6 -0.5 si-W sr
-1.0 2.9 Sr-W S¿

0.10 -8.6
0.29 -3.0
0.50 -183 93 -0.9
0.?0 -782 r50 -1.3
0.90 -185 167 -1.0

l.Jt)

Fo"

2.40 0.25
2.94 0.91
1.84 0.92
1.37 0.95
1.0? 0.97

0.86 0.09
2.77 0.83
1.77 0.91
r.38 0.97
1.10 0.99

1.00 0.10
0.85 0.25
0.87 0.44
0.94 0.64
0.08 0.87

Jo, J", Gr Pr T¡ x¡ W,/!,II'
m/s rn/e kg:/m'1a bar 'C o/o

0.10 -24 -16
0.?0 -50 -17
1.07 1

1.07 32
r.04 89

0.r05
0.311
0.500
0.693
0.902

0.099
0.301
0.510
0.?03
0.899

4.2
4.2
4.2
3.8
3.8

2.6
2.6
2.6
2.6
2.6

1.50 20.9
1.62 27.O
1.48 21.3
t.Ag 2r.5
r.61 2r.0

1.61 20.9
7.54 2r.0
1.50 20.9
1.50 20.9
1.51 21.0

1.26 0.12 0.08
1.10 0.33 0.27
1.01 0-51 0.50
1.01 0.?0 0.69
0.99 0.88 0.89

187
r88
187
18ô
186

r85
184
r85
r84
184

22

20

r.õl 20.0 89.8 0.096
r.51 20.0 89.8 0.298
r.49 16.6 89.6 0.504
r.51 20.0 89.8 0.684
1.49 19.6 89.8 0.884

0.1800
0.180?
0.1?96
o.t79't
0.u98

0.1803
0.1?93
0. r806
0.1801
0.1801

0.0022
0.0022
0.0021
0.0022
o.oo22

5-t 4.4
6-2 4.4
5-3 4.5
54 4.L
5-5 4.0

6-1 2.7
6-2 2.7
6-3 2.7
6-4 2.7
6-5 2.7

0.0094 t7 1.50 t9.2 45.5 0.098
0.0095 t7 1.51 r8.8 45.3 0.297
0.0094 t7 1.48 21.4 45.4 0.505
0.0094 t7 t.sr 22.6 45.4 0.694
0.0094 l7 1.49 22.4 45.2 0.883

7-L 10.9
7-2 10.8
'l-3 ro.l
7-4 1r.o
7 -5 ll.z

8-1 4.4
8-2 4.4
8-3 4.5
8-4 4.4
8-5 4.s



Te6t Jo,
m_/s

9-l 2.7

9-2 2-',1

9-3 2.7

9-4 2.7
9-5 2.7
9-6 2.7

1o-1 2.7

L0-2 2.7
10-3 2.7

10-4 2.7
10-5 2-7

J,., G¡ P¡ Tr xr
m/e kg/m"s bar o/o

0.0023
0.0023
o.oo22
0.0023
0.0023
0.0023

0.0094
0.0094
0.0094
0.0094
0.0095

7

7

7
7
7

14

t4
l4
14
l4

L.6L 22.O 67.4 0.094
t.50 23.2 6?.9 0.278
L.5t 2r.7 68.1 0.451
1.51 21.6 67.5 0.538
r.52 22.0 67.4 0.658
1.49 21.7 6'.L5 0.847

r.61 23.8 33.3 0.100
r.50 22.4 33.5 0.284
1.60 22.0 33.5 0.49r
1.50 2r.8 33.5 0.685
1.50 21.5 33.4 0.857

L.50 22.2 76.6 0.104
r.6t 22.4 76.7 0.300
L.49 21.3 76.6 0.501
t.49 22.6 ?6.8 0.699
1.49 22.2 76.'1 0.894

L.49 23.2 97.5 0.101
r.50 22.1 97 .4 0.298
t.st 24.6 97.6 0.498
1.50 22.6 9?.5 0.699
t.49 2t.6 97.6 0.899

l1-1 18.3 0.0098
t7-2 18.3 0.0098
l1-3 r8.2 0.0098
tL4 18.4 0.0098
11-5 18.4 0.0098

L2-t 40.9 0.0018
t2-2 40.5 0.0019
r24 40.3 0.0017
72-4 40.4 0.0018
l2-5 40.9 0.0018

Table C.1 (continued)

W"/Wr x"/x' Fu,, Fn,,

42
42
42
42
42

73
73
72

0.96 0.09 0.10
0.95 0.26 0.31
0.90 0.41 0.55
0.89 0.48 0.6?
0.89 0.59 0.8r
0.93 0.?9 0.96

0.60 0.06 0.12
1.03 0.29 0.28
1.07 0.53 0.47
0.94 0.64 0.71
1.08 0.93 0.82

0.88 0.09 0.14 -68

0.94 0.28 0.36 -180
0.96 0.48 0.51 -232

0.99 0.69 0.72 -267
0.97 0.87 0.99 -257

aP,, AF,"
P¡ Pa

Ertor o/o Flow Rcgime :

Air Watetr Inlet Run Erancl¡

-4.6 3.7 Sr Sr
-1.7 3.0 sr sr
-0.5 2.6 Sr Sr
-0.4 0.8 sr st
-4.5 3.8 Sr Sr
-6.2 1.9 Sr Sr

-6.0 1.0 sr sr
-3.3 1.0 sr sr
-6.4 -1.'l sr sr
-7.1 0.5 st sr
-6.4 1.1 St Sr

0.89 0.09 0.54 -343 -120

0.94 0.28 0.97 -705 -148
0.9? 0.48 1.06 -981 86

0.99 0.69 1.06 -1172 591
1.00 0.90 1.04 -993 1444

-4L
29

r33
269

0.5
-0.8
-2.6
- 1.5
-1.2

-3.8
-3.6
-3.9
-4.4
-5.4

0-0

0.2
l.l
3.8

0,9

3.1

t.4

SAW
SAW
SAW
SA St
SA St

A¡rW
AnW
A¡ St
An St
A¡ St

N'
NJ
t\f



Test

13-1
L3-2
13-3
134
r3-5

t4-1,
L4-2
t4-3
74-4
L4-5

15-1
t6-2
15-3
15-4

J.,
mle

40.5 0.0096
39.2 0.0096
40.8 0.0096
41.r 0.0096
40.8 0.0095

40.3 0.0394
40.7 0.0394
40.6 0.0396
40.2 0.0395
40.3 0.0396

Jt,, C¡ Pr Tr xr W/W,
n¡./a kg/mze bar 'C o/o

8r
82
82
82
81

112
111
ll1
lr0
t12

259
252

250

1.51 23.5 48.2 0.100
t.58 22.4 88.4 0.301
1.50 21.5 88.3 0.499
L.49 2t.8 88.3 0.701
L.50 22.3 88.3 0.895

1.51 16.3 64.9 0.098
L.49 1?.5 64.7 0.297
1.49 27.2 64.3 0.495
1.50 21.3 64.2 0.'.102

7.54 22.6 64.8 0.900

t.80 22.5 31.1 0.101
1.50 L7.2 28.7 0.299
1.55 22.O 28.8 0.506
1.78 22.0 28.4 0_700

Table C.1 (continued)

38.r
40.2
39.8
33.9

0.1791
0.r797
0.1?95
o.L'192

xJx, Fu" Fu,,

0.71 0.07 0.32
0.89 0.27 0.55
0.90 0.45 0.87
0.95 0.67 0.96
0.99 0.88 0.98

0.49 0.05 0.19
0.93 0.28 0.34
1.05 0.52 0.45
7.O7 0.75 0-62
r.09 0.98 0.76

0.93 0.09 0.10
7.67 0.50 0.22
r-70 0.86 0.36
1.43 1.00 0.58

Át"* ÁF,"
Pa Pû

-324 -99
-860 -t20
-7132 121
-1212 725
-1064 1574

-3r8 -104
-1019 0
-1421 451
-74',14 t25l
-1366 2412

-688 -79
-2666 715
.2619 2574
.2t62

Error 1o Flow Reginrc :
Air Water: I¡lct ll.r¡n B¡ancl¡

A¡ An
-2.7 0.0 An SA
-3.0 2.4 A¡ SA
-3.2 2.4 An W
-4.o 2.6 An St

-4.5 4.8 An An
-3.6 4.7 An SA
-3.1 2.O An SA
-3.4 2.9 An W

An St

-3.9 I .5 An An
-4.3 1.õ An An

AnW
An St

¡.)
t\]
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Test Vl
my's

s-1 0.180

s-2 0.180

s.3 0.180

s.4 0.180

s-5 0.180

s-6 0.180

s-7 0.180

ÁPtr Error
Pa la

-0.1 -0.9

.0.9 -t.2

-0.4 -2.0

L.7 -2.5

6.7 .1.1

13.3 -0,2

L7.t 0.1

Table C.2
Singie-Phase Pressure-Drop Data

Gr Re Tr W'/Wr AP,,
kg/mzs "C Pa

168 6451 27.r 0.000 0.3

168 6451 2t.2 0.100 -3.3

168 6451 21I 0.299 -7.9

168 6447 2r.2 0.õ01 -L0.2

168 6458 2L.2 0.699 -Lr.1

168 6456 2t.L 0.899 -11.0

168 6457 2r.L 1.001 -10.6
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Table C.3
Previous Numbering Scheme for Two-Phase Flow Test Runs

Present Previous Pr€sent Previor¡6
9-1 27

9.3 24
9.4 23
9-5 25
9-6 26

1-l
t-2
1-3
1-4
1-5
1.6

7-r

7-4
7-5

3-4

4-3
4-4
4-6

ú-2

5-4
5-5

11-1
r1-2
11-3
LI-4
11-5

t2-t
r2-2
t2-3

12-5

13-1

13-3
13-4
13.5

2A
29
30
31

51
48
49
50

65
64
63
62

7T

õ3
54
55

60
59

58
10

61
61
68
69

2-4
2-5

6-1

6-4

8-1
a-2
8-3
8-4

72

I7

15R2
!4
13

42
4l
38

40

8
I
6
7

15

10-l
I0-2
10-3
10.4
10-5

r4-l
L4-2
14-3
14.4
14-5

12
11

10

73
74

44
45
46

19

18

34
35

15-1
t5-2
15.3
t5.4
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Table C,4
Two-Phase and Single-Phase Mass Flow Rates at the Tee Junction

Mass flow rates in kglhr :

T€st lYLr wo, W", Wo¡ W* Wo" Test WLr Wo, W", Wo, W¡, Wo,
1-1 158.6 76.31 142.9 64.5a 13.46 11.01 9-1 9.1?? 18.94 8.597 16.3? 0.933 1.696
1-2 158.9 76.8? 119.4 40.5? 37.04 33.67 9-2 9.012 19.03 6.518 13.68 2.171 6,O21

1-3 158.3 ?6.15 93.55 15.86 64.83 55.52 9-3 8.937 19.05 4,256 rr.25 4.914 1.771
1-4 158.3 ?6.29 58.53 1.86? 9?.15 70.?8 9-4 9.140 18,97 3,135 9.834 6.0?6 9.054
1-6 159.9 76.30 56.01 0.000 100,9 ?2.65 9-õ 9.208 19,00 2.158 7.016 ?.411 11.14
1-6 159,1 7L.63 24.02 0.000 13?.3 69.64 94 9.130 18,93 0.53L 2,778 8.?90 14.99

2-1 37.t4 ?7.38 34.68
2-2 3A,A4 71.L4 24.85
2-3 36,70 71.26 11.5L
2-4 36,67 71.59 9.664
2.5 36,58 77.80 1.22L

159.1 18.84 142,3
159.5 19.08 112.8
158.5 19.01 84.88
168.? 18.87 56.42
158.5 19.06 18.94

4-1 716.1 76.63 635.7 62.33 68.13 12.?1
4-2 7t8.2 76.49 522.1 11.78 181.1 62,?3
4-3 7t4.9 ?7.91 381.8 0.2?2 315.3 ?3,38
4-4 71a.5 76.42 217.1 0.130 483.3 72,15
4-5 716.4 ',r2.30 77.18 0.000 639.9 68.18

10.1 3?.43 18.66 33.35 1A,42 4,46a L.I25
10-2 31.60 1a.91 27.34 12,78 10,53 5.515
10-3 3?.63 18,93 19.18 't.187 17.42 9.934
10-4 37.65 18,93 11.24 ã'.449 26.60 12.14
10-õ 3?.?5 t8.91 7.ztA 0.135 30.98 17.62

3-4

68,?2 2.802 9.610
53.27 12.36 22.85
38.90 18.94 3?.95
24.26 28.33 52.29
11.01 3?.17 66.45

18.03 17.74 0.000
15.19 50.18 3.209
9.21? ?8.56 10.55
o.5!4 104.7 1a.22
0.000 140.7 18.?5

11-1
1t-2
11-3
114
11-5

11.?8
36.22
61.43
88.95
111.3

39.22 12a.1 33.55 11?.5 5.641
39.19 128.8 24.12 91.55 14.16

36.89 12?.? L6.91 62.92 22.01
38.90 12a.6 11.20 37.69 28.1?
39.08 12a,8 1.954 15.92 38.69

r2-L 1.261 284,6 3.548 248.3 3.922 25.45
t2-2 7.518 284.5 0.043 194.5 ',t.3't1 75.19
12-3 6,836 282.4 0.OO7 134.7 7.2?3 136.8
t2-4 7.115 284.2 0.012 75.16 7.627 196.L
t2-5 1.126 286.2 0.016 14.54 7.399 256.3

6-1 ?1?.8 31.31 63?.0
6-2 720.7 31.21 499.2
5-3 716.3 31.20 356.0
5-4 7!6.4 28.68 214.L
5-5 716.8 2A.41 ',t2.62

24 .06 70 .52 1 .849
1.953 20õ.1 28.52
1.2õ8 345.2 28.66
0 .000 489 .3 27 .24
0.000 644.6 2?.40

t9.23 657.2 15.93 71.73 1,641
19.22 516.0 2.640 205.2 16.02
18.9? 364.6 1.634 359.9 1?.16
L9.02 228.4 0.371 499.9 18.40
18.8? 93,æ 0.000 643.9 18.69

38.11 285,0 25,94
38.08 289.2 t7.24
38,11 288.0 5.981
38.09 28?,6 2,681
38.02 28?.2 1,890

265.0 12.15 20.03
203.9 20.a9 71.65
149.9 33.21 129.5
86.55 36.50 191.8
22.05 31 .30 258 .6

13-3
18.4
13.5

6-1 718.8
6-2 7L5.0
6-3 720.2
6-4 718.3
6-5 ?18.4

r4-L 151.4 291.0 135.3 263.9 29.85 13,99
14-2 157.2 288.2 rLz.t 198.1 52.72 79.70
14.3 158.0 284.5 90.45 121,3 10.80 L48.4
L4-4 r51.5 283,0 64,87 61.71 9?.40 211.8
t4-6 157.8 zSO.t 40.24 4,580 117.5 285.5

1-L 8.110 71.62 8,2L2 70.86 0.858 ?.441
7-2 a.a29 'r'.t.33 2.998 58.49 6.191 19.51
7-3 A.v4 72.03 0.010 36.82 8.942 31.5?
7-4 E.E?3 7?.91 0,015 26.91 9.51? 49.83
7-5 8.904 ?8.71 0,016 9.139 9,260 68.22

8-1 37.49 31.32 36,10 2',t.57 2,a75 3.859
a-2 37.A4 37.31 27.63 21.31 10,29 10.30
8-3 37.õ8 31.23 19.31 tó.22 1a,82 15.94
8-4 31.32 31.06 11,40 ß.rO 25,7L 21.17
a-5 a1.52 30.94 5.211 3.543 33,36 27.09

15-1 713.6 321.5
7õ-2 1t7.3 2aA.4
15.3 ?15.6 289,?
1õ.4 114.4 2a3.4

s-1 672.2
s-2 671.5
s-3 671.9
s-4 6?0.9
s-5 672.1
s-6 672.a
s-? 672.a

650.1 2?8.9
ã71.5 131.8
460.4 41.10
299.6 0.000

666.4
596.7
457.3
317.9
r95.2
61,t2
0,000

14.39 29.97
756.5 144.2
259.6 24a.1
4V.A 243.4

0.000
66.96
201,1
336,1
469.9
604,5
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Appendix D

SATTPLE PROBLEMS IN MEASURED PRESSURE DISTRTBUTIONS

As mentioned in Chapter 4, values of 
^P12 

and ÂP,, could not be

measured for all test runs. In this appendix, examples of the problems

encountered in the measurement of the pressure distribution are given.

Figure D.l gives the measured pressure distribution for test 7-4. Both

the inlet and branch pressure distributions were properly measured; however,

the run data show severe scatter with no observable trends. Most of the run

data lie below the expected values. Test 7-4 corresponded to an inlet flow

regime of stratified-wavy flow, Table C.l indicates that for this test all of úhe

liquid was removed through the branch. Therefore, the run was completely

dry of any liquid. Tests 7-3 and 7-5 also showed severe scatter of the run data.

Similarly, for tests 7-3 and 7-5 all of the liquid was removed through the

branch, and the run rtras completely dry.

Since the flow through the run side was dry, then a meniscus may have

developed at each pressure tap. Because of surface tension, a pressure

difference would exist across the meniscus. This pressure difference can be

approximated by
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(D.1)

where R is the radius ofcurvature ofthe meniscus and o is the surface tension

(N/m), Using the above equation, ÁP was calculated to be approximately 180

Pa. This estimate of ÂP appears to be of the proper order of magnitude.

However, due to uncertainty, no value was recorded for ÂP,r.

Figure D.2 gives the measured pressure distribution for test 4-2 and,

figure D.3 the measured pressure distribution for test 4-4. Both ofthese tests

were performed with the same inlet conditions. For both tests, the flow in the

run never became fully developed. For test 4-2 the extraction rate was 0.307,

and for test 4-4 the extraction rate was 0.699. Table C.1 reveals that for the

same inlet conditions, values ofÂP,, were obtained at extraction rates of0.102,

0.490, and 0.898 (tests 4-1, 4-3, and 4-5, respectively). It is not understood

why ful1y developed flow in the run was not achieved for tests 4-2 and 4-4,

while it was achieved for tests 4-1, 4-3, and 4-5.

The measured pressure distribution for test 3-2 is given in figure D.4.

For this test, fully developed flow existed in the branch; however, the flow in

the run never became fully developed. Again, the reason for this is not known.

Tests 3-1, 3-3, and 3-4 also gave the same characteristic shape for the run

pressure distribution. Tests 3-1 through 3-4 were all obtained at the same

inlet conditions.
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Values of ÁP,, and ÀP,, could not be obtained for tests 8-1 through 10-5

since, at low J*, and J"r, the pressure gradients and pressure drops were too

small to be measured accurately. The pressure drops ÁP,, and 
^PrB 

were also

not obtained for tests 6-1 and 6-2 due to scatter of the data in the inlei, run,

and branch. These two tests corresponded to an inlet flow regime ofslug flow.

In general, slug flow resulted in more scatter in the inlet, run, and branch

pressure-distribution data compared wíth other flow regimes. This was shown

previously in fr.gwe 4.24. For tests 6-1 and 6-2, the scatter in the data was too

large to allow for accurate estimates of ÁP,, and ÁP,r.

Finally, ÂP* was not obtained for test 15-4. For this test, ÂPr. was too

large to be measured by the present pressure transducers.
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Appendix E

ESTIMATES OF EXPERIMENTAL UNCERTAINTY

This appendix deals with an analysis ofthe experimental errors in both

measured quantities and calculated results. As well, a brief discussion of

experimental repeatability is given. Three sections are presented:

E.1 Experimental Uncertainty in the Pressure-Drop Data

8.2 Experimental Uncertainty in the Phase-Distribution Data

8.3 ExperimentalRepeatability.

The method of analysis proceeds according to the method of Kline and

McClintock [8.1]. These authors deflrned the term "uncertainty" as a possible

value the "error" might have, where the error is the difference between the

true value and the observed value for a single observation. If a "result" R is

a function of variables V,, Vr,...,V., then the uncertainty interval ôR in the

result can be obtained from

ôÃ=(gôv,)r*q-9&6y"¡z*. . ..< 9f ou,Flto , (E.1)'ôvl " - õv' u 'ôvn

where ôV,, ôVr,...,ôV. are the uncertainty intervals in the variables V,,

Vr,...,V,. For the variable V, (i=1,2,..,n), the uncertainty interval ôVt must be

calculated or estimated based on specific odds. The "odds" are the odds that

the experimenter is willing to wager that any given reading lies within tôV,

of the true value. In the present analysis, the uncertainty interval in each

variable is quoted at odds of approximately 20 to L. Application of equation
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(E.1) gives odds for the uncertainty interval ôR equal to the odds for the ôV,'s

of the individual V"s.

E.1 Experimental Uncertainty in the Pressure-Drop Data

Appendix B gave the procedure for the calculation of the extrapolated

pressures P,, Pr, and Pr. The pressure drops due to the tee junction were

calculated using equation (3.12). Applying equation (E.1), the uncertainty

intervals for ÂP* and ÁP,, are given by

õ(4P,,) = {õPl * õ4ltt2,i=2,3. (E.2)

Calculation of ðPt

Considering the run, the pressure at each pressure tap was obtained

using the calibration equation for the appropriate pressure transducer, thaü is,

LPr-, = K'V,, (8.3)

where i=12 to 32, Vl is the average voltage from the transducer corresponding

to tap i, and K is the coeffrcient found from the calibration ofthe transducer.

Each of the six differential pressure transducers were calibrated individually

to give values of K. The parameter ÁP,., was defined in Appendix B as the
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pïessure difference between tap 1 in the inlet and tap i in the run, These tap

numbers were shown previously in figure 3.7.

The regression line for the run is calculated as described in Appendix B.

In this appendix, the uncertainty in the extrapolated pressure P, was

calculated using equation [8.4], namely

(8.4)

where S," is given by equation (8.5). The parameter (ôPr)o represents the

uncertainty in P, due to the scatter ofthe run pressure-distribution data about

the regression line. The uncertainty in P, is further increased by the

uncertainty in the calibration ofthe pressure transducer used in obtaining the

run pressure-distribution data. The uncertainty in P, due to the uncertainty

in the pressure transducer calibration can be shown to be given by

(õP2)'r -- P"(#) . (E.5)

In other words, the relative uncertainty in P, due to the uncertainty in the

transducer calibration (ôPr)r/Pr) is equal to the relative uncertainty in the

transducer calibration (ôK/K). The uncertainty interval for P, is the root-sum-

square of (ôPr)o and (õPr)r; thus,

õP, = tP,:(E)' * 16P;þ,P. (8.6)

The uncertainty given by equation (E.4) dominates the uncertainty in the

extrapolated pressure Pr.
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For a particular test run, the uncertainty in K is a fixed error. The

value of õIVK can be estimated Íïom the calibration of the appropriate

pressure transducer. For the present analysis, ôIVK was estimated to be 0.02,

for all six Validyne pressure transducers. This value includes any errors due

to the calibration ofthe transducer, as well as any errors due to drifting ofthe

calibration (changes in K) over long periods of time.

The procedure used to obtain õP, is similar to the above procedure for

ôP,, and will not be shown here.

Appendix B also gives the procedure for calculating Pt. This procedure

is nearly identical to that used to obtain P, and Pr. However, an additional

step given by equations (8.8) and (8.9) was required in order to obtain the

inlet pressure distribution relative to tap 1. This additional step resulted in

a greater uncertainty in P,, due to the uncertainty in the values of ÂPr.r, and

ÂP,.rr. The uncertainty in P, can be shown to be given by

õPr = {ô(aPr-i)2 * (ôP1)?}1P ,

where i=32 or 33, and (ôP,), is given by

(ôP1), = @?(+f * (ôPr)å)'n

(E.7)

(E.8)

The value of (õP1)¡ can be estimated using equation (8.4).

For test runs, ÂPr.r, and ÁP,.r, \{ere average values obtained from the

sampling of a particular pressure transducer. For the calculation of average

values, 12000 samples were taken. The uncertainty ô(ÂPt.32) can be found by



applying equation (E.1) to equation (8.3), thus

ð(APr_32) = \l'zõKz , K2õfltq ,
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(8,9)

where V is the average voltage. The value of K varies depending on which

pressure transducer was used. The uncertainty in the average voltage V is

found using [8.2]

6y - tosf v

'[u
where su is the standard deviation of the measured voltages, and M=12000.

ô(ÁPr.rs) can be found in a similar manner.

Typically, &^Pr.32) and ô(ÂP,.r3) were small and therefore, contributed

Iittle to the uncertainty in P,. This was a consequence ofthe large number of

samples used in calculating the average.

Resulüs

The relative uncertainty intervals for ÂP,, and ÂP* are given in Table

8.1 for both the two-phase flow tests and the single-phase flow tests. The test

numbers shown in the table correspond to those given in Appendix C. In

general, the uncerbainties in ÁP, were smaller than those for ÂPrr. For the

two-phase ÂP,, data, 94Va of the data had relative uncertainties less than

+l7Vo. For the two-phase ÂPt, data, 7 6Va of the data had relative uncertainties

less than +30%. These frgures for ÂP,, do not include tests 3-1, 7-3, and l4-2

where the value of ÁP,, was 0, 1, and 0 Pa, respectively. At these extremely

(E.10)
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23.5 42.5

1õ.9 14,0
15,8r5.2 12.6

50.4 49.0
10.6 34.9
13.8 24.5
11.7 27.5r2.3 1ã.6

Table E.1
Uncerlainty Intervals for Reduced Data

AP,, AP,.
Vo la
12.5 19,9
4.6 208.3
2.6 10.1
2.7 A.2

2.9 5.6

8.4 15.0
3.6 29.5
3.0 51,4
2.4 10.4

25.5

8.8 5.9

0.2
o.2
0.2 14.5 29.9
0.2 15.9 33.0
0.2 12.1 2t.6

0.2 13.3 15.9
0.2 6.0 19.5
0.2 *
0.2 11.30.3 3.9 4.E

0.2
0.2
0,2
0.2
0.2

0.3
0.3
0,3
0.3
0.3

?.9 r.2
14.5 L2
8.1 1.2
6.6 r.2

25.0 r.2
9.2 r.27.5 t.2

7.5 1.2

IJNCERTAINTY INTERVA.L :

x, W"/,I , x/x, F"" F"" Pry, Tr
7ø%7ø4oy'oVaôC

1.7 5.0 !2,6 t.25.7 5.5 8.6 r.2
4.5 5.4 5.2 1.2
4,4 5.4 4.4 t.2
4,8 5.4 5.6 t.24.9 5.4 4.8 1.2

Jc, Jr, Gr
4a Va Vo

4.0 2.9 2.44.0 2,9 2,4
4.0 2.9 2,4
4.0 2.9 2.4
4.0 2,9 2.44.0 2.4 2.2

2-r 4.0 2.6 2.9 1.5 5.6 4,6 4.9 19.3 L.22.2 4.0 2.6 2.9 1.ã 4.2 2.9 5,3 6.6 L22.3 4.O 2.6 2.9 1.5 5.3 4.6 4.9 72.6 L224 4.0 2.6 2.9 1.5 4.8 3.6 5.6 8.8 t.22-5 4.0 2.6 2.9 1.5 4.4 3.1 5.4 1.L I.2

3-1 4.0 2.4 2.3 4.0 I5.7 15.8 r.23-2 3.7 2.4 2.2 3.7 6,0 7.6 5.1 6.5 r.2
3-3 3.8 2.9 2.6 4.! 4.6 6.2 4.8 5.1 1.234 3,9 2.4 2.2 3.9 4.8 6.? 6.4 5.5 L2
3-5 3.7 2.4 2.2 3.7 4.2 6.2 5.2 4.7 1.2

4.L 4,0 2.9 2.1 4.3 7.2 E.5 5.1 8.5 L.2
4-2 4.0 2.9 2.7 4.3 4.t 6.0 5.4 5.0 r.24-3 4.0 2.9 2.7 4.3 8.1 9.3 5.4 9,8 1.2
44 4.0 2.9 2.1 4.3 6.2 1.8 'õ.4 7.0 f.24.5 4.0 2.9 2.7 4.3 5.1 I.L 5.5 5.6 1.3

5.1 3.9 2.9 2.8 4,5 7.3 8.1 5.t 8.0 t.25.2 3.9 2.9 2.8 4.5 I3.2 14.0 5.4 14.9 t.2
5-3 3.9 2.9 2.A 4,5 8.6 r0.0 5,4 9.3 t.254 4.0 2.9 2.A 4.5 6.6 8.4 5.4 6.9 L.25-õ 4.0 2.9 2,8 4.5 5.4 7.5 5.4 5.7 L2

2.9 2,a 4.3

2,9 2.8 4.3
2.9 2.8 4.5

2,7 3.6 0.5
2.1 3.6 0.52.6 3.6 0.5
2.1 3.6 0.52.1 3.6 0.5

8-1 3.9 2.5 2.4 2.4 8.8 8.6 6.3 18.9a-2 3.9 2.õ 2.4 2.4 11.3 11.4 4.9 22.I
8-3 8.9 2.6 2.4 2.4 1.3 1.4 5.4 12.68-4 3.9 2.5 2.4 2.4 5.8 6.0 5.3 9.88-5 3.9 2.5 2.4 2.4 5.0 5.3 5.3 7.9

9-1 3.9 2.6 2.A 1.5 10.6 9.0 10.3 23.L9.2 4.0 2.6 2.9 1.5 7.0 6.2 5.7 16,?
9-3 3.1 2.6 2.A 1.4 5.2 4.5 5.0 10,?94 3,9 2.6 2.8 1.4 4,8 4.0 4.8 9.2
9-5 3.8 2.6 2.8 1.4 4.5 3.1 4,8 8.39.6 3.9 2.6 2.8 1.5 4.4 3.3 5.3 7.6

* ÂP* or ÁPr, < 1 Pa

Test

1-1
!.2
1-3
r4
1-5
1-6

0.2
o,2
0.2
0,2
0,2
0,2

0.2
0.2

0.2

0.2
0.2
0.2
0.2
0.2

0.2
0.2
0.2
0.2
0.2

0.2
0.2
0.2
0.2
0.2

3.2 3.4

1.7 10,1 6.?
13.6 14.3 6.2
8.3 9.7 5.2

6.4 7.6 5.5

6-2 3.6

64 3.7
6.õ 3.9

5.4 2.6 5.3
5.0 2.4 5.4
4.9 1.8 5.5
4.8 1.3 5.44.9 1.1 5.4

7-t 4.0
7-2 4.0't-3 4.0
74 4.01-õ 4,0

1.3

r,2
t.2
r.2
r.2
r.2
L.2
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aP,, ÂP,.
Va Va

Table E.1(continued)

IJNCERTAII{TY INTERVAL :

xt Wr,/Wt x/xr F"o F"" Pr", Tr
VaVo%%4o1o"C

t0.8 15.?
5.0 6,0
8.8 9,26.6 7.2
5.6 6.4

0.2
0.2
0.2
0.2
0.2

0.2

o.2
0.2
o.2

14.9 I3.0 1.25.6 1.1 1.2
4.9 13.5 1.25.1 9.3 1.2
5.5 8,2 L.2

5.0 10.? r.2
5.3 17.1 L.2
5.4 11.0 1.2
5.4 8.9 1.2ã.3 7.! t.2

5.4 4.7 L24.4 8.9 L.2
5.4 8.6 1.2
5.4 8.8 L2

5.3 19.6 1.2
5.4 11.7 1.2
4.4 8.0 L2
5.5 7.3 r.2
5,5 7.2 1.2

5.0 9.8 r.2
õ.2 6.3 1.3
4,9 õ,2 1.2
5,4 4.4 1.2
5.4 4.4 r.2

5.2 1.1 1.24.7 5.4 t.2
5.9 Í3.'.t L.2
5.4 8.6 1.2

3.0
3,0

3.0

1.1
1.0
1.0
1.0
1.0

Jt, Gr
Vo Vo

2.9 2.4
2.5 2.3

2.5 2.3

2.5 3.2

2.5 3.2

Lz-L 3.9 3.1 3.8l2-2 3.9 3.5 3.8L2-3 3.9 3.9 3.8
L24 3.9 3.6 3.8L2.5 3.9 3.6 3.8

13-1 4.0 2.6 3.5!3.2 3.9 2.6 3.5
13-3 3.9 2.6 3.513-4 3.9 2.6 3.5
13.õ 3.9 2.6 3.5

14-1 3.7 2.5 2.6
I4-2 3.1 2.6 2.614-3 3.9 2.4 2.8
!44 3.9 2.4 2.8r4.5 3.9 2.4 2.8

15-1 3.7 2.9 2.4L5-2 3.7 2.9 2.4
15-3 3.9 2.9 2.4
L64 3.9 2.9 2.4

Test Jo,
7o

10.1 4.0
10-2 4.0
10-3 4.0
10-4 4.1
10-5 4.0

29.5
22.2

9.0
5,5

5.0 3.7
8.2 5,0
5.0 3.2
4.1 2.54.4 2.2

8.0

14.5
4.6

2.7
2.9

4.7
2.9
2.4

12.6
4.4

3.0
3.2

27.5

3.8

3.9

16.1
3.8
3,0
4,2

19.4

5.4
o

8.8

11-1 4.0
L!-2 4.0
11-3 4.0
114 4.0
11-ã 4.0

2.6
1.7
1.4
1.1

1.I
3.1
2.4

25.6
37.8

4.0

39.7
8.1
4.5

0.2
0,2
0.1
0.2

0.2
0.2
0.2
0.2
0.2

0.1
0.2
0.r
0.1
0.1

0.2
0.2
0.2
0.2

0.1 5,2 t.70.1 5.1 0.80.1 4,2 0.4
0.1 5.3 0.40.1 5,3 0.3

8.3
5.1
4.1
4.8
4.9

1.0
4.1

3.9

0.5

0.5

0.5

1.5
1.5

1.6
1.6

66.4

6,9
4.6

133.0

19
8.6

s-1
s-2
s-3
s.4
s-5
s-6
s.7

* ÂP, or ÂPr, < 1 Pa
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small values, the relative uncertainty would be expected to be very large.

Values of ÂP,, and ÁP,, were not obtained for all tests for reasons discussed in

Appendix D. As a result, uncertainties are not given for test runs in which the

values of 
^P12 

and/or 
^Pls 

were not obtained. Slug flow generally resulted in

larger uncertainties due to the increased scatter of the pressure-distribution

data.

Similar comments can be made concerning the relative uncertainties in

the singie-phase pressure-drop data. For ÂP12, six single-phase tests had

relative uncertainties less than 
=20Vo. 

Only test S-1 had a relative uncertainty

greater than x.20Vo; however, for this test the value of ÁP,, was only 0.3 Pa.

For ÀP,r, four singie-phase tests had relative uncertainties less than +437o.

Tests S-1, S-2, and S-3 had values of ÂP,, equal to -0.7, -0.9, and -0.4 Pa,

respectively. Again, at these extremely small values, the relative uncertainty

would be expected to be very large. Considering both ÂPt, and ÂP,r, the

absolute uncertainties were within t1.3 Pa for all single-phase tests.

8.2 Experimental Uncertainty in the Phase-Distribution Data

The main results ofthe error analysis on the phase-distribution data are

given in Table E.1. The uncertainty intervals for the following variables were

calculated with the application of equation (8.1): Jot, J¡1, G1, x1, xrlxr, Fu., F"r,

and $Ailr. For example, the uncertainty interval for J", is given by



õ(rc,) =,fno*,.ft,rff '.ffir#rr', .
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(E.11)

This equation was found by applying equation (E.1) to equation (3.8). Thus,

a method is required in order to calculate the uncertainty intervals for the test

section mass flow rates and densities. The uncertainty in the diameter ofthe

test section tube was assumed to be x.IVo. This corresponds to t0.4 mm.

Appendíx A outlined the procedure for the calculation of test section

mass flow rates and temperature. Test-section flow rates were calculated

using the measured mass flow rates, temperatures, and pressures by taking

into account evaporation within the mixer, test section, and separation tanks.

A computer progyam was written to facilitate the reduction of the measured

data. Due to the complexity ofthe data reduction procedure, the differentials

given in equation (E.1) were difficult or impossible to calculate. Therefore, a

computer-executed uncertainty analysis was undertaken. The method used

here was presented by Moffat [8.21. The computer-executed uncertainty

analysis was accomplished by sequentially perturbing the input variables and

accumulating the individual uncertainty contributions. Thus, the data

reduction program itself was used to generate the uncertainty analysis. The

details of the procedure will be described as required, Much of the terminology

used in the following discussion was defined in Appendix A.

The data reduction program was divided into five parts:

1. Calculation of W,.,nn.
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2. Calculation of Wsr¡1.

3. Calculation ofinlet flow rates and temperature.

4. Calculation ofrun flow rates.

5. Calculation ofbranch flow rates.

Thus, the computer-executed uncertainty analysis proceeds in a similar

manner. The procedure for estimating the errors in the branch flow rates is

identical to the procedure for the run. Thus, it is not explained here.

Uncertainty h W"r"

The liquid flow rate entering the two-phase mixer was measured by a

turbine meter. The calibration curve for the low-range water turbine meter

(model FTO-4C1Y\M-LHC-1) is given in frgure 8.1. The calibration curve

consists of K versus the Reynolds number of the flow through the turbine

meter. The païameter K is defined as the average voltage output from the

flow meter divided by the volume flor,v rate through the flow meter. The

calibration can be expressed as K-=fnc(Re). The uncertainty in the calibration

curve was estimated to be ôK=t0.?62 Volts/(m3/s), for the entire range of Re.

This value corresponds to approximately x2.3Va of the full-scale value of K.

Similarly, for the high-range water turbine meter, ôK-Æ(. was estimated to be

!0.247 V oltsl(m3/s ). This corresponds to approximately t2.8%o of the full-scale

value of K*.
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Figure E.1 Calibration of low-range water turbine meter
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During experimental test runs, the voltage output fuom the turbine

meter was sampled for 30 seconds al a tate of 10 samples per second, and then

the average voltage was calculated. The uncertainty interval for the average

voltage is given by equation (E.10) with M=300.

The temperature of the flow through the turbine meter T¡,y was

measured using an iron-constantan thermocouple connected to the digital

thermometer. Calibration of the thermocouples and digital thermometer

indicated a maximum error of less than t0.1'C. Therefore, õ(Trr") was taken

to be t0.1"C.

Figure 8.2(a) summarizes the variables required in order to calculate

õ(W'n) and figure 8.2(b) illustrates the procedure for the calculation of

ô(WL'M). Values of TLrM, V, and K=fnc(Re) were perturbed sequentially by

their corresponding uncertainty intervals, and their contributions to the

uncertainty in Wr,r were recorded. In detail, the procedure is as follows:

1. Wrrnn was calculated using the measured (nominal) values of Trrr and V,

and the calibration curve given by K=frrc(Re).

2. The value of T¡,y was perturbed by 0.1'C. W¡1¡1 wâs re-caiculated with V

and K=fnc(Re) at their nominal values. The difference between the new

value of Wrr" and the nominal value is the contribution to the uncertainty

of %ru caused by the uncertainty in Trr*.

3. The value of the average voltage V was perturbed by ôV' and W¡tv was re-

calculated with Tr," and K=fnc(Re) at their nominal values. The difference

between the new value of Wrr*, and the nominal value is the contribution



Tr,n, t ð(T¡,¡1)

K'=fnc(Re) r ôK

ROLITINE FOR
CALCUI,ATING
W"rnt
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(a)

W",n, = õ(W¡,y)

(wun)ã.r.-vurrwut

'twuu

(w ua)âeuì-w uu

I

I

Y

6Wu, = Íæ

(wut)ày-wuu

I
6(r*,)tz * faY#" a4"' tlllaxlryn

(b)

INPUT = Tr,r, V, K=hdRe), ô(TL'M), õV, ôK

Figure E.2 Procedure for the calculation of ô(W'u)
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to the uncertainty of W¡'n1 caused by the uncertainty in V.

4, W"rnn was calculated with the nominal values of Trr- and V, and the

calibration curve shiÍted by ôK-, that is, K-=fnc(Re)+õK-. The difference

between the new value of W",r1 and the nominal value is the contribution

to the uncertainty of W¡,y caused by the uncertainty in the turbine meter

calibration.

5. ô(WL1M) was calculated as the root-sum-square of the individual uncertainty

contributions.

It was found that the uncertainty in the average voltage and the

uncertainty in Tr,* were negligible compared with the uncertainty in the

calibration of the turbine meter,

Uncertainty in W6r¡1

The flow rate Wo,r was also measured using a turbine meter. Figure

8.3 shows the variables which are required for the calculaüion of W6rnt. The

procedure for calculating õ(W.t") is similar to the procedure for finding the

uncerLainty in Wrry. The input variables shown in figure 8.3 were perturbed

sequentiatly and their contributions to the uncertainty in W",*n recorded.

Again, the uncertainty in the measured temperature Tor* was taken to be

t0.l-"C, The gauge pressure at the turbine meter P,y,o was measured using

a mercury manometer. The uncertainty õ(Pry,6) was estimated conservatively

to be +1 cm of mercury. This uncertainty was mainly due to oscillations of the
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P^.n, t ô(P^rn )

P,".o t ô(P,y,6)

K'=fnc(Re) t ôK'

ROUTINE FOR
CALCTJI.ATING
Wot"

W",n t ô(Wo,n )

Figure 8.3 Variables required for the caiculation of ð(Wo,nn)
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mercury level in the manometer. For most tests, ô(P1¡1,ç) was much smaller

than *1 cm of mercury, The ambient pressure in the laboratory Po.u was

measured with a mercury barometer. The uncertainty ô(P¿.¡y) was given by

the barometer manufacturer to be less than t1 mm Hg. Finally, ôK was

estimated to be t0.002 volts/(m3/s), which corresponds to *3.57¿ of the full-scale

value of K for the air turbine meter. Again, the uncertainty in the turbine

meter calibration was found to be the most signifìcant factor affecting the

uncertainty in W"ry.

Uncertainty in the Flow Rates and Temperaüure at the Tee Junction

Inlet

The procedure for calculating the mass flow rates and temperature at

the tee junction inlet was described in Appendix A. The variables affecting the

inlet flow conditions and their associated uncertainty intervals are shown in

figure E.4. Again, the input variables were perturbed sequentially and their

effect on the inlet conditions recorded. Values of õ(WLrM) and õ(Wrtr) were

calculated using the procedures described above. The temperatures Tor* and

T"r* were perturbed by 0.1'C. The value of Q, was estimated using an

empirical correlation. It was found that the value of Q, had little effect on the

calculation of the inlet flow rates and temperature. However, ôQ/Qt was

esüimated to be t0.5, and was included in the error analysis. The gauge

pressure at the tee junction P."r,o was measured using the Rosemount
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INPUT

W'u = ô(W¡,¡1)
='"'""..-*

'Wo,r t ô(!Vo'r)

Tr,^, r ô(Tr,*,)

T^,u t ô(T^,¡¡) W' r õ(W",)

Wo, = ô(W6,)

Trr" t ô(Trt.)
Pr,rr,o = ô(P"yg..)

ParM r ô(P^N)

P., t ô(P*)

Qr t ôQ,

Figure E.4 Variables required for the calculation of inlet flow
conditions

ROI-NTNE FOR
CALCUT,ATING
THE INLET
FLOW CONDITIONS
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pressure transducer. The calibration ofthis transducer was found to be near

linear, and is given by

Psrs,c=a*bV, (8.12)

where a and b are coefficients found from the calibration ofthe transducer, and

V is the average voltage output from the transducer. Applying equation (E.1)

to the above equation gives

ôPro,o = lõa2*f6b2*b26*)tt2 '
(8.13)

From the calibration of the transducer, ôa./a and ôb/b were estimated to be

+3.3Va and. t1.07o, respectively. During experimental test runs, the voltage

output from the transducer was sampled for 30 seconds at a rate of 10 samples

per second. Thus, ôV was found using equation (8.8) with M=300. The

uncertainty in the absolute pressure at the test section was found using

ôPrr¡ = {ôPr'z¡co * õFï*YP ,
(E.14)

with ôPot"=+l mm Hg. Table E.1 gives tabulated values of õP.".Æ."r.

Finally, the value of Pnn was estimated by extrapolating the measured pressure

distribution in the test section inlet to the mixer outlet. The uncertainty in Py

was estimated from the uncertainties in the regression line coefficients. For

all tests, õPy was found to be insignificant.
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Uncertainty in the Run Flow Rates

Figure 8,5 shows the variables required in order to calculate the mass

flow rates ìn the test section run. The gas flow rate exiting the separation

tank was measured by either a turbine meter or a bank ofrotameters. Ifthe

turbine meter was being used, then the procedure for estimating ô(W6r¡1) was

similar to the procedure for estimating ô(WcrM). However, if the air rotameters

were being used, then ô(WarM) was estimated using the procedure described in

the next paragraph.

The calibration equation for a particular rotameter is given by

Qt=at*úß,, (8.15)

where Q, is the volume flow rate through the rotameter, q and b, are

coefflrcients found from the calibration ofthe rotameter, and R, is the rotameter

reading. Applying equation (E.l-) Sives

õQ, = \õa!,fidt!.tldfiln ,
(8.16)

where ô4 and ôbi are estimated from the calibration of the rotameter. The

uncertainty in the rotameter reading was estimated to be t2 mm (the

rotameter float height is measured in mm, full scale is 150 mm). This

uncertainty is mainly a result of fluctuations in the fioat height, due to

fluctuations in the flow rate through the rotameter. The uncertainty in the

total volume flow rate of gas through the bank of rotameters (õ(Q"r¡,,)) is the
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INPUT

T^r., t ô(T^rr)

Wrru t ôOVrrn,)

P^*, t ô(P^.¡)

Pæ t ô(Pr¡)

Q¡ t ôQ¡

%, t ô(Wc,)

ILOSSES t õ{LOSSES)

Changes in height of
gasJiquid interface

VtôV
If ai¡ tu¡bine
meter was used

K=frrc(Re) t ôK

q",r, t õ(Qcr

T"r*, r ô(T."^,)

Figure E.5 Variables required for the
ô(wLr)

If air rotameters
were used

ROUTINE FOR
CAI,CIILATING
THE RTJN FLOW
CONDITIONS

calculation of ô(Wo/ and
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root-sum-square of the individual ôQ,. The flow rate W6ry was calculated

using the gas density po* calculated using equation (4.30). A procedure to

estimate ô(p6r¡1) was included within the computer-executed uncertainty

analysis.

The liquid flow rate W¡ry was measured by a bank of rotameters. The

procedure to estimate ô(WL2M) is similar to the above procedure for the air

rotameters.

Changes in height ofthe gas-liquid interface in the separation tank were

found to be the most signiflrcant factor affecting the uncertainty in Wrr. A

mass balance for the iiquid and gas entering and leaving the separation tank

yields

and

lWuu wul = Aopu*

lWeztt - Wo) = A"reç2fi ,

(8.17)

(E.18)

where 4.. is the cross-sectional area of the separation tank, pr* is the liquid

density in the separation tank, po* is the gas density in the separation tank,

and Âh is the change in height of the gas-liquid interface over time Ât. The

value of 4.. depends on the gas-liquid interface height, For most üests, the

interface was maintained within the smaller diameter section. To estimate the

effect of changes in height ofthe gasJiquid interface on the run flow rates, the

values of Worr and Wrr* were perturbed sequentially by the amount given in
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equations (E.15) and (E.16), respectively. Values of Àh/Ât were estimated

individually for each test. In general, values for Âh/Ât were largest during slug

flow due to unsteadiness of this flow regime. Values of Âh-/Át ranged between

0.2 mm/min for smail W, and an inlet flow regime of stratified flow, to 6

mm/min for large W¡, and an inlet flow regime of slug flow.

The value ofP* was estimated by extrapolating the measured pressure

disüribution in the test section run to the separation tank inlet. The

uncertainty in Pr" was estimâted from the uncertainties in the regression line

coefficients. For all tests, ôPru was found to be insignificant. The value of Q,

was estimated using an empirical correlation. Again, it was found that the

value of õQ, had little effect on the uncertainty for W", and W"r. However,

ôQr/Q, was estimated to be t0.5, and was included in the error analysis.

The parameter:'LOSSES was estimated using an empiricai correlation.

A sensitivity analysis of the value of ð(ELOSSES) typicaily showed little effect

on the uncertainty in W, and Wor. For Jcr=40 nVs and J"r=9.¡622 m/s, the

effect of õ(ILOSSES) was most significant. However, even at these conditions

the effect of errors in TLOSSES on the run flow rates are estimated to be

smaller tha¡ *IVo for W62, a¡d ¡SVo for W¡r. For the present analysis,

õ(>LOSSES)ÆLOSSES was estimated to be t2,0.
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Results

As previously mentioned, the results ofthe above analysis are shown in

Table E,1for all ofthe two-phase flow testruns. The ranges ofthe uncertainty

intervals for each variable can be summarized as follows:

Variable Range in

Jo,

J,,

Gr

Uncertainty

3.5 - 4.LVo

2.4 - 3.9Vo

2.2 - 3.8Va

0.1 - 4.5Vo

3.4 - t5.7Vo

0.3 - t5.7Vo

4.4 - 14.9Vo

4.4 - 25.jVo

Comments

ô(Jo,) is dominated by the uncertainty in the
calibration of the inlet air turbine meter.

ö(J¡,) is dominated by the uncertainty in the
calibration of the inlet water turbine meters.

Only the uncertainties in W¡,* and Wo," are
significant. Largest relative uncertainties
occurred at the smallest Wrrn .

ô(xr) is very small for x, near unity, while,
largest uncertainties occur for x, near zero.

Dominated by the uncertainty in W'r. Largest
relative uncertainties generally occur at the
smallest $ÆV,.

In general, ô(x./x,) is dominated by the
uncertainty in xr. ô(xr)/x, is very smail for x,
neai unity, while, largest uncertainties occur for
x3 near zero.

Typical values for ô(FBc)lFBc are near *5.0Vo.

The largest relative uncertainties occur at the
smallest Fuo and Wor.

Dominated by the uncertainty in the steadiness
of the branch separation tank gas-liquid
interface. Typically, the largest relative
uncertainties occur at the smallest Fu" and Wrr.

x1

W/W'

x/xr

Fro

Fu,



1.2 - L.SVo

0.1 - 0.3'c

As a final comment, the present error analysis was undertaken with the

assumption that the data reduction procedure described in Appendix A

introduces no uncertainties in the reduced data. In other words, any

idealizations in the data reduction equations were assumed to have no effect

on the reduced data. It was pointed out that for most tests the effect of

evaporation was small. As a result, the test section flow rates were near their

respective measured flow rates, and the data reduction procedure to account

for evaporation, and any errors due to this procedure, were therefore

negligible. The main assumption in the data reduction procedure was that the

flow of air in the test section was assumed t¿ be saturated with water vapour.

Although this assumption could not be verified, it does seem most reasonable.

8.3 Experimental Repeatability

Throughout the experimental investigation, several test runs were

repeated by re-running the tests at conditions similar to the original tests. For

most of these repeat tests, the data were only displayed on a computer

Dr sYs
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ô(Pr"r) is near *1850 Pa for all tests. Both the
uncertainty in the calibration of the Rosemount
pressure transducer and the uncertainty in the
average voltage from the transducer are
signiflrcant.

Largest uncertainties occur at the smallest G,,
while, smallest uncertainties occur at the largest
G1.

T1



258

monitor, with good agreement. However, for three two-phase flow tests and

one single-phase flow test the repeat data were recorded. Table E.2 presents

the original data and the repeat data for these tests. For test 2-3, repeat data

were obtained for both the phase distribution and the pressure drops ÂP,, and

ÁP,.. For test 4-4, both the original and repeat data could not be obtained for

ÁPrr, and for test 9-2, no pressure-drop data were obtained for both the original

and repeat tests; for reasons discussed in Appendix D.

In general, values ofF"", Fur, and x./x, repeated within approximately

+2Va of the original value. Repeat values of ÂP,, obtained for tests 2-3 and 4-4

agreed well with the original data. For test 2-3, LP nrepeated within 97¿ of the

original value.

Single-phase pressure-drop data were repeated for test S-2. For this

test, AP, and ÂP,, repeated within 1 Pa.

For tests 9-2 and S-2, the repeat data were obtained immediately after

the original tests were performed. For tests 2-3 and 4-4,the repeat data were

obtained at the end of the experimental program.
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Table E.2
Repeatability of Experimental Data
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Test
#

Original
(o)
or

rep€at
(R)

.I"' Jo,
mJe

W'Æ' F"o Fo"
^P'"Pa ^P''Pa

2-3 o

R

0.0092 10.9 0.50 0.49

0.49

o.52

0.51

0.98

0.98

1 -99

-91)

44 o

R

0.180 10.8 0.?0 0.94

0.96

0.67

0.68

1.35

1.38

519

490

9-2 o

R

0.0023 2.7 0.28 0.28

o.2'l

0.31

0.30

0.95

0.96

s-2 o

R

0.180 0 0.30 -0.4

.0.2 -8.8


