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ABSTRACT

In the present investigation, phase-distribution and pressure-drop data were

generated for air-water flows in a horizontal impacting tee junction. The junction was

machined in an acrylic block with the three sides, all horizontal, having a diameter of

0.0378 m. The operating conditions were as foliows: a junction pressure of 1.5 bar, an

inlet temperature near the ambient, inlet superficial gas velocity in the range of 0.5 <

Js 3 40 mJs, inlet superficial liquid velocity in the range of 0.0026 3 Jy1 3 0.18 m/s,

and an extraction ratio in the range of 0.0 < Wl Wt 3I.0. These inlet conditions lead to

the observation of the following flow regimes in the inlet pipe: stratified, stratified-

wavy, wavy, and annular.

It was found that the phases did not distribute themselves eveniy between the two

outlets unless the extraction ratio was 0.5. For a fixed -Icr, as -Ir-r increases, the line, or

curve that represents the data rotates in a clockwise direction around the point of

(0.5,0.5) on coordinates of Fs¡ vs. Fsc. For a fixed Jy1, às.,Icr increases, the line, or

curve that represents the data rotates in an anti-clockwise direction around the point of

(0.5,0.5) on coordinates of Fsr vs. Fsc. The previously-mentioned effects of -Ig and -Icr

are consistent with the observations of Ei-Shaboury et al. (2001) for others' data. These

effects of -I1 and -Icr on the phase distribution are valid within each inlet flow regime;

however, these effects may not hold near the flow-regime boundaries.

Comparisons of the present phase-distribution data and the data of other

researchers under similar conditions were made. These comparisons showed good

agreement in general. Some present phase-distribution data were compared against the

iii



data of Azzopardi et al. (1986a) for a vertical inlet and annular flow. That comparison

also showed a good agreement even though the inlet orientation was different.

The phase-distribution data were compared against the models of Ottens et al.

(1995) and Hwang (1986). These two modeis were found to be the best available

models for predicting phase distribution in horizontal impacting tee junctions (E1-

Shaboury et al. (2001)). For annular and wavy flows, the model of Ottens et al. gave

better overall predictions of the present data. For stratified flows, none of the two

models gave good predictions.

For the present data, the pressure drops APn and APp weß found to depend on the

inlet conditions (.,161 and -fu) and the extraction ratio (W3/W1). In general, the absolute

values of the pressure drops increased with the increase in the inlet mass flow rate.

Also, the absolute value of APn increased as the extraction ratio increased. For

stratified flows, the current pressure-dishibution data are given in Appendix C but

values of APp and APpwere not reported for reasons explained in the text.

To the best of the author's knowledge, the oniy available pressure-drop data in the

literature are those of Hwang (1986) for bubbly flows. Also, there are no available

models or correlations for predicting pressure drops in impacting tee junctions. As a

result, the present data could not be compared against other data or models.

A model capable of predicting the phase distribution and the pressure drop was

developed. The model is limited to horizontal equal-diameter impacting tee junctions

and is applicable to three inlet flow regimes: stratified, wavy, and annular. The model is

based on five equations: two mass-conservation equations written for the gas phase and

the totai inlet mass, one energy-conservation equation written for the inlet-to-outlet 3
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gas phase, one momentum-conservation equation written in the direction of the outlets,

and the symmetry equation; ¿nzlwr/wr=¿=/Prtlwz/^=a. The term representing the

irreversible mechanical-energy loss in the energy-conservation equation and the terms

in the momentum-conservation equation that accounts for the deviations of the flows

from the main directions and the wall füction at the junction centre were correlated

empirically in a flow-regime-dependent way.

Comparison of the proposed model predictions with the current phase-distribution

and pressure-drop data showed good agreement in general. The model predictions were

also compared against the phase-distribution data of other researchers including the

data of Azzopardi et al. (1986a) for annular flow in a vertical inlet. Reasonable

agreement was obtained particuiarly for the data of stratified and wavy flows. Overall,

the present model has been successfully tested for air-water mixtures (stratified, wavy,

and annular flow regimes) over the following conditions: junction diameter between 19

and 37.8 mm, and system pressure between 1.0 and I.7 bar.
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Symbol

NOMENCLATTTRE

Description

a Constant relating the surface areaA"o and the cross-sectional area of the

pipe A, see Equation (5.10b)

A Cross-sectional area of the pipe

Aco Surface area cut out of the control volume located at thejunction,

Equation (5.10b)

2., Area multiplier for the hydrostatic pressure, see Equation (C.1)

A* Wall surface area of the control volume located at the junction,

Equation (5.10c)

ba Parameter defining the location of the gas dividing streamline from the

point of impact (Hwang (1986) model, Figure2.1)

bt Parameter defining the location of the liquid dividing streamline from

the point of impact (Hwang (1986) model, Figure2.1)

C¡ Constant in the current model, í:1,2, and 3 (Equations (5.18) to (5.23))

Cr Friction coefficient

D Diameter

f Friction factor, Equations (a.7) and (a.8)

l7sc Fraction of inlet gas exiting through outlet 3,: W6l'I/ç1

Fst Fraction of inlet liquid exiting through outlet 3,: W6lWy1

.F¡ Net drag force acting on the control volume located at the junction,

Equation (5.9)

F'oc Drag force acting on gas (Hwang (1986) model, FigtreZ.2)

For Drag force acting on liquid (Hwang (1986) model, FigneZ.Z)

Units

2m

2m

2m

N

N

N

xvl11



oô

G

h

hy

(ht),

Jç

Jr

K

K6

L

Gravitational acceleration

Mass flux

Vertical height of the gas-liquid interface above the pressure transducer

comparfment, Equation (4.10) m

Liquid height in the tube m

Liquid height in the tube at tap 1 m

Superficial gas velocity m/s

Superficial liquid velocity m/s

Single-phase friction loss coefficient

Mechanical-energy loss coefftcient for the gas phase

Vertical height of the bottom of the tube above the pressure transducer

rûs

kg/m-.s

comparlment

mG Coefficient related to the shape of the gas dividing streamline (Hwang

(1986) model)

rlty Coefficient related to the shape of the liquid dividing streamline

CHwang (1986) model)

M rn,* Inlet momentum in the x-direction, see Equation (C.1)

M R Inlet-momentum-flux ratio, Equation (4.2)

¡/ Empirical coefficient (Hwang (1986) model)

P Average junction pressure

P, Test-section pressure

Pr, Static pressure of the gas phase

(Prù, Static pressure of the gas phase at tap 1

N

Pa

Pa

Pa

Pa
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P, Absolute pressure attap I Pa

Ret Inlet Reynolds number, Equation (4.1)

R¿cr Inlet-gas Reynolds number (Ottens et al. (1995) model, Equation (2.21))

Ren Inlet-liquid Reynolds number (Ottens et aI. (1995) model,

Equation (2.20))

Aes¡ Inlet-liquid superficial Reynolds number (Ottens et al. (1995) model,

Equation (2.14))

,Rc Radius of curvature of a gas streamline ( Hwang (1986) model,

Figare2.2)

,R1 Radius of curvature of a liquid streamline ( Hwang (1986) model,

Figare2.2)

,Sc Gas perimeter, see Equation (C.1)

,Sl Liquid perimeter, see Equation (C.1)

Tt Temperature at the tee junction inlet

't/ Average velocity

Vc Average gas velocity, Equation (4.4)

Vr Average liquid velocity, Equation (4.5)

[/^ Momentum velocity of the mixture, Equation (5.7)

W Total mass flow rate

Wc Gas mass flow rate

Wr Liquid mass flow rate

x Cartesian co-ordinate
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P' Parameter in the current model, see Equation (5.14)
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Chapter 1

INTRODUCTION

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

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

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 tee junctions. Tee junctions may be used to

combine two inlet streams into one outlet stream (combining tees) or to divide one inlet

stream into two outlet streams (dividing tees). For the case of dividing tees, a junction

may have one of two different configurations: branching or impacting. For the case of

branching tees, one of the two outlet streams is in the same direction as the inlet and the

other outlet is perpendicular to the inlet. For the case of impacting tees, the two outlet

streams have opposite directions and both are perpendicular to the inlet. The three sides

of an impacting tee junction may have different orientations between two limiting

positions; vertically upward and vertically downward. In this study, the focus is on

impacting tee junctions with three horizontal sides.

'When two-phase flow passes through an impacting tee, maldistribution of the

phases may occur; i.e., the qualities of the mixtures in both outlets downstream from

the junction are not equal to the inlet quality. Certain mass split ratios can lead to

single-phase gas flowing in one of the outlets, while other split ratios can lead to single-

phase liquid flowing in one of the outlets. This severe maldistribution of the phases can

have a significant effect on the operation and efficiency of components downstream

from the junction. However, this maldistribution may be desirable in some cases where



the tee is used as a separator. Therefore, it is very important to be able to predict the

manner by which the two phases distribute themselves at impacting tees for different

operating conditions. Another consideration is the pressure drop that occurs at the

junction. Experimental evidence has shown that the pressure drop during two-phase

flow can be much greater than that during a single-phase flow with the same inlet mass

flow rate.

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

flow parameters are as follows: the inlet, and the two outlet mass flow rates (W1, W2,

and W3, respectively); the inlet, and the two outlet average pressures (Pr Pz, and P3,

respectively); and the inlet, and the two outlet qualities (xt, xz, and x3, respectively).

Relevant geometric parameters are the inlet, and the two outlets diameters (D1, D2, and

Outlet 3
Ví/t, xt

{-

Outlet 2
lV2, x2

-----+

Inlet 1
Vl/t rxt 

I

t----------
tl
tl
tl
¡l
tlDrrP.t3 r r

Figure 1.1 Relevant parameters for two-phase flo\¡/ in an impacting tee junction



D3, respectively). Other important parameters are the thermophysical and transport

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

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

The extraction ratio, given by l4/t/Wt, is the fraction of the total inlet flow that is

withdrawn through outlet 3. Úr a typical application, the geometrical parameters (D1,

D2, and D3),the inlet conditions (W1,Pi, ândx1), one outlet flow rate (e.9., Wz), and the

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

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

Figure I.2(a) illustrates one method that has been used to present the phase-

distribution data for a horizontal impacting tee. In this figure, the ordinate FeL is the

fraction of inlet liquid flowing in outlet 3 (FsL : W-tlWuù and the abscissa Fsc is the

fraction of inlet gas flowing in the same outlet (Fsc : WælWa1). Because of the

geometric symmetry of the outlets of an equal-sided horizontal impacting tee, all the

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

Fs6 of 0.5 and aî Før of 0.5. Also, in order to satisfy mass balance, the two parts of the

curve before and after point E should be the inverted miror image of each other.

Therefore, Fsy at a given value of Fsc should be equal to (1- Fs¡) at (l-.FBc). An

example of data that satisfy mass balance is shown in Figure 1.2(b) with two selected

values of Fs6 and.FeL.

On Figure 1.2(a), all the data must start at point A (0,0) and as the extraction ratio

WslWtincreases, there are two limiting conditions represented by lines AC and AD. For

line AC, only gas is diverted into outlet 3 while for line AI), only liquid is diverted into

outlet 3. Lines AC and AI) are limiting lines, i.e., data may fall anywhere between

these two lines. 'When the data reach point C or D, the data automatically have to go



through point E. This is due to the fact that for ,Fec : 0.5, FeL has to be 0.5 as well. As

the data go past point E, and to satisfu mass balance, the data have to go through the

inverted mirror images of the curves (or lines) before point E. The inverted mirror

images of lines ACE and ADE are lines EGH and EFH, respectively. Considering the

HG
I

Fnl

0.5

No data
can exist

D E F

A.B

No data
can exist

C

1

0.9

Fw.

0.5
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0.1

0

(a)

(c)

0.5

]înc

0.3 0.5 0.7
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s
X

D
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Figure 1.2 Schematic representation of two different ways to present
phase-dishibution data

4

*3=wl
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limiting lines before and after point E, it can be said that data may exist only in the two

squares ADEC and EGHF. No data can exist in the other two squares. For gas-liquid

two-phase flow, there are two limiting cases: single-phase gas flow (xr: 1) and single-

phase liquid flow (-r1 : 0). As -rl approaches zero, as will be seen later, the data in Figure

1.2(a) approach the line FBL:0.5 and as .r1 approaches 1, again as will be seen later, the

data approach the line -Fs6 : 0.5. Thus the two limiting cases for the two-phase flow

bound that data within the squares ADEC and EGHF. Furthermore, if data existed in the

square DEGI, this would mean that for a single value of FeL, there are more than one

corresponding value of .Fs6, which is physically impossible. The 45o line passing

through point E represents even phase split, i.e., the mixtures in the three sides of the

junction have the same qualities. For simplicity, the term 'þoint of 0.5" will be used to

refer to point E in the three parts of Figure 1.2. Also, the term "s¡rmmetry of the data"

(or "symmetry of prediction" in case of model and correlation predictions) will be used

to refer to a data curve of two parts that are the inverted mirror image of each other and

pass through the 'þoint of 0.5", or in other words to indicate that the data satisfy mass

balance. In the present study, the phase-distribution data and the predictions will be

presented on coordinates of.Fs¡ vs. Fs6.

Another method used to present the phase-dishibution data for a horizontal

impacting tee is shown in Figure 1.2(c). The ordinate in this figure is the ratio of one of

the outlet qualities to the inlet quality (4lx), and the abscissa is the extraction ratio

WzlWt.The points labeled A, B, C, D, E, F, G, and H correspond to the same points

given in Figure 1.2(a). The curve DF is given by the equation FsL : 0.5, or

*3 
- 1- (t-t1)==, 

while the curve GH is givenbythe equationFBL: 1.0, orx1 x1 2x1(W3lWù'



'3 = 
| - !L;Itì, ' . Lines BC, cc, and FH are given byx1 x1 x1(W3lW)

*3 
=l 

x3
,x1 x1 x1

_wr
2wz'

and, lL = +, respectively. Points C, D, F, and G have the coordinates of (1, !),x1 W3' 2'\"

,yP,o), (g#,;-), und ,ry,d+), respectively. Data may

exist in the hatched areas only. No data can exist outside these two areas. Point E has a

quality ratio of i and an extraction ratio of 0.5. Again, due to geometric symmetr¡ all

the curves representing the data should pass through point E.

A review of the currently existing data indicated that limited work has been done

on horizontal impacting tee junctions. Few phase-distribution data sets and even fewer

pressure-drop data sets have been published. The phase-distribution data cover small

ranges of the inlet mass flow rates and qualities. Some models have been developed to

predict the phase-distribution over a limited range of inlet conditions. It is therefore

desirable to develop models to predict phase distribution and pressure drop for inlet

conditions not covered so far.

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

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

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

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

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

therefore, is to enhance the current state of knowledge on two-phase flow in horizontal

impacting tee junctions.

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



l- To carry out preliminary numerical studies on the hydrodynamic and heat-transfer

characteristics of a single-phase flow in impacting and branching junctions with a

simplified two-dimensional geometry.

To generate experimental data on the phase distribution and pressure drop for air-

water mixtures through ahonzontal impacting tee junction.

To develop new models/correlations for predicting the phase split and pressure drop

during two-phase flow in horizontal impacting tees. These models should be

capable of predicting the present data, as well as others reported in the literature.

a

3-



Chapter 2

LITERATT]RE REVIE\il

2.1 Overview

A considerable amount of research has been done on two-phase flow in dividing

tee junctions. Most of this research was directed to the geometry of branching tees and

excellent reviews of this segment of the literature can be found in Lahey (1986),

Azzopardi and Herviet (1994), and Azzopardi (1999). By contrast, a much smaller

number of studies have been reported in the literature on the geometry of impacting

tees. As a consequence, serious gaps in knowledge currently exist for this type of

junction, particularly on the issue of two-phase pressure drop. The focus in this

literature review will be on two-phase flow in impacting tee junctions.

Table 2.1 gives a sunmary of previously published experimental work on two-

phase flow through impacting junctions. Most of the previous work correspond to air-

water flows at low pressure; however, some work has been done for wet-steam and R-

11 two-phase flows. Table 2.1 includes the previous work for all the inlet orientations

and junction geometries. This table indicates a serious lack in pressure-drop data for

two-phase flow in impacting junctions with only one reference (IIwang, 1986)

reporting such data for bubbly and bubbly-stratified inlet flow regimes. Both the phase

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

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

map. The rest of this chapter has as its primary focus two-phase flow through horizontal

impacting tee junctions.



Author(s)

Hong
0978)

Angle
BehYeen
Inlet and
ônrlar I

Junction Geometry and Orientation

Hwang
fl986)

Lightstone et al.
(199r)

Angle
Between
Inlet and
Outlet 3

Table 2.1 summary of the previous experimental work on impacting junctions

90'

Chien and Rubel
(1992)

135
qn'

\o

Inlet
Orientation

Ottens et al.
/r q05\

90-
120'
I 35"
I {n'

90'

Hong and Griston
(le9s)

45
oô'

Horizontal

Outlets
Orientation

90
120'
l 35'
I <n'

90'

Fujii et al.
(1e95)

Horizontal

90"

Horizontal

Fujii et al.
(ree6)

Dt
(mm)

Horizontal

90"

90'

Horizontal

Asano et al
(r9e7)

90'

Dz= Dt
(mm)

90"

Horizontal

Azzopardi et al.
(1986a)

9.5

90'

Horizontal

I 50'
120'

90'

Horizontal

Azzopardi et al.
I I 986bì

38

90'

9.5

Test
Fluids

Horizontal

Horizontal

150

120"

90"

Wang and Shoji
(2002ì

30
60'
90'

38

20

Horizontal

Horizontal

Wang et al. (2003)

Air - Water

90'

30

60'
on'

Horizontal

An=Annular,An-Mt=Annular-Mist,Bub=Bubbly,Bub-St=Bubbly-Stratified,Ch=Chum,Pl=Plug,Sl=Slug,St=Stratified,St-\ry:Stratified-Wavy,\il=Wavy.* They provided data on the distribution of void fraction upstream and downstream of the junction.

49.3

20

Horizontal

&
(bar)

Air - Water

90'

Horizontal

29.5

*tc

***

90"

49.3

90"

Horizontal

Air - Water

Jc,
(r/s)

l9

t.22

Horizontal

90"

29.s

90"

{'êtt+ They provided data on the root mean square of the fluctuation in the pressure drop and the outlet gas flow rate.

They reported limited data on the pressure distribution including two locations both upstream and downstream of the junction.
They provided data on the total rate of mechanical energy loss due to the junction.

Vertical
(Upward)

1.3 -2.0

Steam - Water

90'

l0

Vertical
fl Inw¡rdì

t9

Horizontal

Air - Water

27.4

90'

Ju
(nI/Ð

10.5

Vertical
fI Inwer¡l\

l0

0.9 - 6.3

Horizontal

Air - Water

28.6 - 42.4

Vertical
fI Inwar¡ll

Nitrogen - Water

Horizontal

10.5

l0

0.1 -2.65

0.024

Horizontal

3 1.8

1.35 -2.6

l0

Air - Water

.Xl

Horizontal

12-40

3 r.8

0.01 -0.r8

3l

R-ll
(Saturated
mixture)

.8

l5

0.62

l5

0.002 - 0.004

.8

4.6 -22.86

3l

0.052 - 4.17

Ilzlllt

.8

l5

Air - Water

0.00063 - 0.03

l5

0.03 - 12

0.0007 -0.24

Air - !ffater

0.0 - 1.0

Inlet Flow
Regime

l5

0.023-1.46

Air - Water

0.02 - 0.96

0.1 -7

0.2 - 0.8

Air - Water

0.0s - 0.s

Inlet flow
regimes are

specified
based on

t.7

0.38 - 0.97

0.07 - l9

0

An

t.7

0.018 - 0.19

0.05 - 0.5

t0.4 - 2t

St
Bub-St

Fsc=0.2-0.5

Bamea et al.
fl983)

0.00007 -0.22

An,Pl
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St.V/
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Phase
Dist

.9

0.0 - 1.0

Visual
observation

0.09 - 7.08

Fsc=0.05-0.95

0.0002 - 0.r4

0.032 - 0.079

Press.
Drop

0.03 - 9.4

An
An-Mt
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observation

Yes

0.08 - 0.8

0.00t - 0.3

0.0 - r.0

0.09 - 0.19

St-w
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Chien, S.-F
(1990)
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An-Mt
St
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observation
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An,Pl
Sl,St,W

0.004 - 0. r
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observation
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0.00008 - 0.1 1
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,Pl

No
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Visual
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No

0.0 - 1.0

Yes
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Yes
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ch
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observation
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ch
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Visual
observation

Yes

No

Visual
obseruation

Yes

No
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2.2 Phase-Distribution and Pressure-Drop Data

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

tee junction. The experiment was conducted with air-water flow in a 9.5-mm I.D. tee

with an inlet mass flux of 63.1 (kgim2.s) and an inlet quality of 0.62. The data indicated

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

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

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

later researchers. It was suggested by other researchers that Hong's data may have been

affected by strong surface-tension forces due to the small tube diameter and the

hydrostatic head of the fluid in the pipes leading to the phase separators (Hwang et a1.,

1e8e).

Hwang (1986) and Hwang et al. (1989) presented data for phase distribution and

pressure drop through horizontal impacting junctions. Measurements were taken for air-

water flows through a 38-mm I.D. tee and a wye at various inlet conditions. The system

pressure ranged between 0.13 and 0.2 MPa. Three inlet mass fluxes (1350, 2050, and

2700 kg/m2.s) were considered with an inlet quality range of 0.1-0.4 %. These inlet

conditions resulted in stratified and bubbly-stratified inlet flow regimes. The extraction

ratio was varied over a range of 0.02 to 0.96. For the impacting tee, the data indicated

that over the whole range of the extraction ratio, there were three distinct zones. The

first one started from W3lW1= 0.02 up to a value between 0.3 and 0.4 in which only

liquid was diverted into outlet 3. The second went up to a value of %/Wt between 0.6

and 0.7 in which mixtures of gas and liquid were diverted into both outlets. The last one

went to the end of the extraction-ratio range in which all the gas \Mas diverted into

10



outlet 3. For the impacting wye, the data had the same trend as those of the impacting

tee. The only difference was that the zone over which mixtures of gas and liquid were

diverted into both outlets started at %lWt = 0.03 and ended at WlWt = 0.3. Using

seven pressure taps on the inlet and eight taps on each of the outlets, Hwang (1986)

obtained pressure-distribution data for the above operating conditions. These data were

used to obtain the three average junction pressures, P1, P2, aîdp3 Gigure 1.1).

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

drop for air-water two-phase flow. Four different test sections were used; an impacting

tee, and 120",90", and 60o (total angle between the outlets) wyes all positioned

horizontally. The experiments were conducted using 20-mm I.D. tubes and results were

obtained for equal mass split at the junction, i.e., W3/W'1: 0.5. Observations of the

flow-regime transitions were also reported. Flow-regime maps were developed at four

different locations along the test tubes. Two of these locations were upstream of the

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

diameters. Void fraction measurements were also taken at these locations. These

measurements indicated that alarge increase in void fraction occurs just downstream of

the junction due to the splitting of the fluid mass flow rate. Two pressure taps on the

inlet and another two on each of the outlets were used to obtain pressure measurements.

It was reported that an impacting tee junction always produces pressure loss contrary to

impacting wyes which may produce pressure recovery. The momentum equations (one-

dimensional and separated-flow model) for both phases were developed and used to

predict the pressure disfribution around the junctions. The model included empirically-

determined quantities. The model predictions were compared against the pressure

11



measurements taken at the above-mentioned locations. The model did not converge for

some cases and appeared to predict results inconsistent with the experimental

measurements. The model was not presented in enough details to make it executable.

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

horizontal impacting tee junctions. The tee junction diameter was 49.3 mm. The inlet-

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

vapour extraction ratio ranged from 0.2 to 0.5. The inlet superficial vapour velocity

ranged from 12 to 40 m/s, which gave annular and annular-mist inlet flow regimes. The

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

if the vapour extraction ratio was not equal to 0.5. The difference between the inlet and

outlet-3 qualities increased as the vapour extraction ratio deviated from 0.5. This

difference decreased as the inlet quality increased. For a given inlet quality, outlet-3

quality decreased slightly with increasing inlet vapour velocity. Inlet steam pressure

was not found to have a significant effect on the data.

Ottens et al. (1995) reported an experimental and analyticai investigation of two-

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

for four sets of inlet conditions were reported. A superficial gas velocity of 15.8 m/s

with four superficial liquid velocities of 0.00063, 0.00302, 0.012, and 0.03 m/s

represent the four sets. The inlet-quality range was approximately 0.38 to 0.97. The

data indicated that at high qualities, no liquid was diverted into outlet 3 up to a certain

gas extraction ratio (Fs6 of around 0.4). At ,FBc : 0.5 the qualities at the inlet and both

outlets were equal, as expected. For gas extraction ratios above a certain value (around

0.6), all the liquid was diverted into outlet 3. At low qualities, no gas was diverted into

t2



outlet 3 up to a certain liquid extraction ratio (Fsr of around 0.2). Again, the three

qualities were equal at the point of Fer:0.5. For liquid extraction ratios above a

certain value (around 0.8), all the gas was diverted into outlet 3. This trend of data at

low qualities agrees with the hend obtained by Hwang et al. (1989).

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

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

an empirical method for predicting phase splitting. They also tested different t1'pes of

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

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

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

22.86 m/s and liquid volume fractions ranged from 0.005 to 0.06. The presswe at the

junction was near atmospheric. The liquid volume fractions tested corresponded to inlet

qualities between 0.19 and 0.018. These are low qualities and one would expect the

trend of the data to be similar to that obtained by Hwang (1986) and Ottens et al.

(1995). Indeed, this was the case and the only differences were the values of Fsl up to

which Fs6 was equal to zero and the value of ,Fsr beyond which .Fsc reaches i. The

data showed that, at low gas superficial velocity (e.g., 4.6 m/s) and low liquid volume

fraction (e.g., 0.01), equal phase splitting occurred over the entire range of the

extraction ratio. Also, as the liquid volume fraction increased (or the inlet quality

decreased) the data points approach a horizontal line passing through the "point of 0.5"

on an Fgr vs. Fs6 plot. It may be noted that the data obtained by Ottens et al. (1995)

showed that as the inlet quality increased the data points approached a vertical line

passing through the 'þoint of 0.5" on an Fs¡ vs. Fs6 plot. Data for tees modified with
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insert devices showed that the greatest improvements for equal-quality splits were

obtained with the preseparator vane, downstream nozzles, and vane/nozzles

combination. These devices were tested in the field with wet steam to verify their

effects. Field wet-steam tests were done with pipe tees that had diameters of 50 and 100

mm. The inlet steam velocity and the liquid volume fraction ranged from I .5 to 2I.3

m/s and from 0.01 to 0.1, respectively. The data for the 50-mm diameter tee showed

that the outlet with the lower vapour flow received a disproportionately higher liquid

flow. For the 100-mm diameter tee, the data showed that the liquid and vapour phases

split proportionately to each outlet for nearly the entire range of test conditions. The

data obtained with the modified tee designs showed that the mixer stratifier did not

improve phase separation, the preseparator vane slightly improved phase separation,

and the nozzle reducer greatly improved phase separation so that liquid and gas phases

split evenly over the entire range of extraction ratio.

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

of nitrogen-water flow through horizontal impacting junctions. The possibility of using

the junction as a separator was the main objective. A 10-mm I.D. tee was used with

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

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

r¡/avy flow regimes. For plug, slug, and annular flows, the data followed the same trend

obtained by Hwang (1986), ottens et al. (1995), and Hong and Grisron (1995). No gas

was diverted into outlet 3 up to a certain value of the extraction ratio II4lWt This value

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

divert into outlet 3 and data points passed through the 'þoint of 0.5" up to a certain
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value where all the gas was diverted into outlet 3. The only exception to the above-

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

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

the extraction ratio. For stratified and \ilavy flows, the data did not follow the same

trend. Instead, gas and liquid were diverted into the two outlets for all values of the

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

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

Experiments were also conducted under microgravity in order to investigate the

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

control systems in space applications. These two-phase systems have been proposed to

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

compactness and reduced weight.

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

flow through horizontal impacting junctions. Experiments were conducted using a tee

and wyes of 10.5-mm I.D. with liquid superficial velocities of 0.05 to 0.5 m/s and gas

superficial velocities of 0.1 to 7.0 m/s. It was reported that these flow conditions

correspond to annular and plug flow regimes. For the impacting tee, the data obtained

follow the same trend obtained by Hwang (i986), Ottens et al. (1995), Hong and

Griston (1995), and Fujii et al. (1995). No gas was diverted into outlet 3 up to a certain

extraction ratio (below 0.5). lncreasing the extraction ratio, the data points passed

through the "point of 0.5". For extraction ratios above a certain value (higher than 0.5),

all the gas was diverted into outlet 3. For the impacting wyes, the data have the same

trend as those of the impacting tee. It was found that as the angle between outlet 3 and
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the inlet decreased from 90o, the extraction-ratio rarrge over which all the inlet gas was

diverted to outlet 3 increased. This is consistent with the impacting wye results of

Hwang (1936). The pressure-drop data were reported in terms of the energy loss due to

the presence of the junction. For impacting tees, the energy loss was minimum at

W3/lh:0.5 and 1.0 while for impacting wyes the minimum occurred at %/14\ between

0.0 and 0.2.

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

flow through horizontal impacting junctions. The inlet mass flux ranged from 63.7 to

828 kglm2.s and the inlet quality ranged from 0.001 to 0.3. Refrigerant R-l1 was used

as the working fluid through a tee and wyes of 10-mm I.D. For the impacting tee, at

low qualities, the results followed the same trend obtained by Hwang (1986), Ottens et

al. (1995), Hong and Griston (1995), and Fujii et al. (1995). This was the case with

differences in values of the "gas take-off point" which is the value of %lWt at which

gas starts to be diverted into outlet 3. For the same inlet conditions, the value of the

"gas take-off point" for R-l1 was higher than that for air-water. Also, values of the "gas

take-off point" for impacting wyes were lower then that of the impacting tee.

Azzopardí et al. (1986a) reported phase-distribution data for air-water flow through

an impacting tee with a vertical inlet and horizontal outlets. The flow regime in the

vertical inlet was annular. Experiments were conducted using a 31.8-mm I.D. tee with

liquid superficial velocities of 0.032 to 0.079 m/s and gas superficial velocities of 10.4

to 21.9 m/s. The pressure at the jturction was maintained at 1.7 bar. The results showed

that for extraction ratio less than 0.5, the outlet with the lower air flow has

proportionately more liquid. For extraction ratios higher than 0.5, the data were mirror
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image of the low-extraction-ratio data. Azzopardi et al. (1986a) presented a phase-

distribution model and compared the model predictions against the experimental data.

The predictions followed the data accurately at the low inlet liquid velocity while they

deviated from the data at the high inlet liquid velocity. The model can be used for

horizontal inlets if the circumferential variation of the film flow rate is known.

Azzopardi et al. (1986b) reported phase-distribution data for air-water flow through

an impacting tee with a vertical inlet and horizontal outlets. The flow regime in the

vertical inlet was chum. The tee junction used was the same as the one used for annular

flow. The liquid superficial velocities varied from 0.08 to 0.8 m/s and the gas

superficial velocities varied from 1.61 to 4.02 m/s. The pressure at the junction was

maintained at 1.7 bar. The trend in the results was very similar to those obtained by

Azzopardi et al. (1986a) for annular flow. The model used in Azzopardi et al. (1986a)

for annular flow was modified and its predictions were compared against the data for

churn flow. There was a good agreement between the data and the predictions.

'W'ang and Shoji (2002) investigated the fluctuation characteristics of two-phase

chum flow splitting in an equal-sided impacting tee junction (15 mm I.D.) with a

vertical inlet and horizontal outlets. Air-water mixtures at atmospheric pressure and

temperature were used with various combinations of inlet gas superficial velocity, inlet

liquid superficial velocity, and extraction ratio. The fluctuating nature of the chum flow

in the inlet pipe caused fluctuations in the differential pressure APp and the outlet gas

flow rate lV'æ. The root-mean-square amplitude of the fluctuations in /P13 and Wç3

were calculated from measured signals. It was found that the root-mean-square

amplitude of these fluctuations increased with increases in inlet gas superficial velocity,
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inlet liquid superficial velocity, or extraction ratio. Later, Wang et al. (2003) used the

same flow loop and extended the test conditions to include bubbly, churn, and annula¡

flows of air-water at atmospheric pressure and temperature. Several measurement

methods of chaos dynamics were employed to analyse the fluctuations in the APp

signal. Their results suggest that chaotic behaviour exists and that two-phase flow

splitting at impacting tees is a complicated nonlinear dynamic system. The averaged

data for phase separation and pressure drop were not reported in these two

investigations.

Hatziawamidis et aI. (1997) analysed the phase separation in branching and

impacting tees using conformal mapping and Computational Fluid Dynamics (CFD)

modelling. The conformal-mapping approach assumed inviscid, incompressible, and

irrotational flow, which limits the results to conditions of high gas flow rate and low

volumetric fraction of liquid (where inertia forces dominate). The CFD model assumed

two-dimensional flow with a specific formation for the interfacial drag. A commercial

code called K-FIX was used in the simulations and the resulting system of algebraic

equations was found to be ill-posed in most conditions. A few comparisons were

presented between these predictions (whenever the numerical results were reasonable)

and experimental results from the literature showing reasonable agreement.

2.3 Phase-Distribution Models

2.3.1 Hwang (1980 Model

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

distribution at horizontal impacting tees (the model is also reported in Hwang et al.,

1989). The model is claimed to work for all the flow regimes and is based on the
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dividing-streamline approach. That is, a" zone of influence" exists for each phase and

that each "zone of influence" is bounded by a dividing streamline, as shown in Figure

2.I.In Figure 2.1, all liquid entering the inlet of the junction on the left hand side of the

liquid dividing streamline, line (b) in Figure 2.1, will exit through outlet 3 of the

junction and the remaining liquid will exit through outlet 2. The gas phase behaves in a

similar manner with its split between outlets 2 and 3 defined by the gas dividing

Figure 2.1 Zone of influence and the dividing st¡eamline for the Hwang (1986) model

Outlet 3

<- D3

Outlet 2

Dz --+

1
Inlet
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streamline, line (a) in Figure 2.1. Figure 2.2 shows the dominant forces acting on the

gas and liquid for a typical junction with streamlines crossing with an angle /. In Figure

2.2, Vq and Vyl are the average velocities of the gas and liquid phases, respectively,

Fnc and Fnr are the drag forces generated due to the phasic slip and acting on the gas

and liquid, respectively, R6 and Rl are the radii of curvature of the gas and liquid

streamlines, respectively, Æ md Æ are the gas and liquid densities, respectively, and

(po VatzlRa) *d Qot h,ÎlRr) are the centrifugal forces acting on the gas and liquid,

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

model can be divided up into three distinct parts:

Pt Vu

Gas
Streamline

Figxe2.2 Balance of forces at a streamline crossing for the Hwang (1986) model

of
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1- To calculate the value of the slip ratio, S: V6 I Vy1.

2- To solve for å and the correspondíng 6t, with reference to Figure 2.1.

3- To convert values of ft and är to values of Fsc and,Fs¡.

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

data of Azzopardi et al. (1986a). Comparisons revealed that model predictions were

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

procedure are dependent on the flow regime, while the second one is coÍtmon for all

the flow regimes. In the present study, for stratified, wavy and arurular flow regimes,

the physical and geometrical models given in Shoham et al. (1987) were used for the

first and third parts of the procedure. A justification for using these models is given in

Section 4.2.1 and the models are described in detail in Appendix A. The inlet

conditions Grcr and -rr-r), fluid properties (pa, pr, ¡4, and p¡), junction geometry (Dt

and D3), and the inlet flow regime, are required as input data for the model. The

following steps demonstrate how the model was executed:

1- Using models given in Appendix A, the value of the slip ratio, 
^S, 

can be determined.

2- Initiate a value for (b6lD) that may be from 0 to 1; usually a value of 0.05 is

recommended as a start.

3- Calculate (R6/D3).i" , (RJDù-¡¡ , âil.d,Rc/D¡ from

(,R6/D3)6n: [ 1+ (2 Dtll|,)2 ]t'' I (z Dtlh) : (R/D¡),in, (2.r)

(2.2)RalDt: (.R6/D3)n';n I (bclDùN,

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

4- Solve for the value of mç iteratively from

RclDt: [ 1+ (*a bc /h)2 ]t'' I l*o (ma-t ) bc I hl

2t

(2.3)



where m6 is a coefftcient that has a value between 1 and 2 and is related to the

shape of the gas dividing streamline.

5- Calculate Tmin aîd T^^* from

Tmin: cos-111/,S ¡, (2.4)

and

Trrøx: n:3.14159. (2.5)

6- Assume a value for y betweert lmin artd y^^*.

7- Calculate þ, RJR1, RJD¡ andbulDt from

ú: y- cos-r1 
^S 

cos (/ ), (2.6)

R/Rc: { [ cos (fl - sin (ô) I tn(ù) ll pc *tptl], Q])

RJDt: (A/Ac) (Rçl\), (2.8)

and

bJDt: I (RJDù^¡, I (RrlDù fltN. (2.9)

8- Solve for the value of my iteratively from

Rt/|t: I I + (mtbylDs)']t'' llmy(my-r) bJDil. (2.10)

where mt is a coefficient that has a value between 1 and 2 and is related to the

shape of the liquid dividing streamline.

9- Calculate bJDt from

br[Dt: tan I tar[t(mç bclDt) - ø] ((DtlDù/mr)1. (2.11)

10- Compare btlù calculated from step (9) with the one calculated from step (7). If

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

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

achieved.
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1 1- From the converged value of bulDt

& from

6y: (D112) ((bJDt) +1 ),

and

& : I t + (b6tD1) - ( ãJDt) ] rr.

and the initiated value of bçlD¡ calculate âr-and

(2.r2)

(2.t3)

12- Using models given in Appendix A, and with the calculated values of ár and &,

values of ,Fs6 and the corresponding,Fs¡ can be determined.

13- The value of bclDt initiated in step (2) was increased and the steps from (3) to (12)

were repeated. The stopping criterion was that neither Fs6 nor F's¡ should exceed

1.0.

It should be mentioned that the Hwang (1986) model as described above generates

values of ,Fsc and l7s¡ within the range from 0.5 to 1. "Symmetry of prediction" was

used in order to complete the curve.

2.3.2 Ottens et al. (1995) Model

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

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

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

up less than 0.06 in the inlet. The double-stream model was derived from the steady-

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

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

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

Fs6, geometry of the junction, and the ratio rdefined as the ratio of the kinetic energies

of the gas and liquid per unit volume in the inlet. Ottens et al. (1995) discarded some of
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the assumptions assumed earlier by Hart et al. (1991) in order to develop their own

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

whole range of liquid hold-up in the inlet, from 0 to 1. Ottens et al. (1995) compared

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

against their experimental data. Comparison revealed that there was satisfactory

agreement between the experimental data and the double-stream-model predictions.

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

the agreement between the experimental data and predictions. In the present study, we

shall focus only on the double-stream model. For given inlet conditions (.,Iç1 and -I¡1),

fluid properties (p6, pL, FG, xñ pr), and junction geometry (D1), the value of .Fer at a

certain value for l7s6 can be determined using the following set of equations:

Aesrr : PrJu Dt / ltt,

en : ((1 lLQu /-rcr){1+10.4 (,Resu ,-o'tøt Qnt pùos)l) + I )-t,

dt: | - €Lr,

V6: J6l a1,

(2.t4)

(2.ts)

(2.16)

(2.r7)

(2.18)

(2.re)

(2.20)

(2.21)

(2.22a)

(2.22b)

(2.22c)

(2.22d)

Vu: Ju I eLt,

0u:0.52 (ut)o't'o + 0.26

Rett: R4y1l 0y1,

Rect: Pc Dt Vat I ltc,

þc:1.54 if .Recr < 1500 ,

þt:1.54 if Reu < 1500,

{ Jt2 pt- I et-t2 g Dt (pt - po) }o 
*,

Bç: 1.54 - 0.54 [( Recr - 1500 ) / 500]

þr: t.54 - 0.54 [( Reg - 1500 ) / 500]

1500 < Req<2000 ,

1500 < Rey112000 ,

if

if
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þc: I.0 if Recr > 2000,

þr 1.0 if -Reg > 2000,

K: þc pcVotz l(hprVytz),

lo:0.5 (I + Kp- Kn):0.5 ( on average ) ,

and

Fer: )a+ rc(Fsc- 1Õ),

where,

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

¿Lr is the liquid hold-up in the inlet,

ø is the void fraction in theinlet,

(2.22e)

(2.22Ð

(2.23)

(2.24)

(2.2s)

Vs and Vt; àre the average inlet velocities of the gas and liquid, respectively,

4r is the fraction of the pipe wall wetted by the liquid in the inlet,

.Re61 and Reyl are the inlet Reynolds numbers for the gas and liquid, respectively,

þa at d þr are constants dependent on the velocity distribution of the corresponding

phase,

,?¡ is the junction energy dissipation factor, and

K12 and Kp are frictional loss coefficients between the inlet and outlets 2 and 3,

respectively.

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

regime. Also, with a value of 0.5 for Ån Equation (2.25) would be a straight-line

equation.
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2.3.3 Concluding Remarks

Two empirical correlations (Hong and Griston (1995) and Chien and Rubel

(1992)) and two analytical models (Hwang (1986) and Ottens et al. (1995)) have been

developed for predicting the phase distribution at impacting tee junctions with

horizontal inlet and outlet sides. An extensive study of these models and correlations

was reported in El-Shaboury (2000) and El-Shaboury et al. (2001). It was found that the

Hong and Griston (1995) correlation does not satisfli mass balance and produces

unreasonable values of .Fs¡ at small values of ,F'ec. Also, it is not capable of good

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

correlation was found to be insensitive to x1. The correlation is also limited to the

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

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

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

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

water; and it \ryas recommended as the best available prediction tool for air-water data

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

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

this flow regime. However, it was recommended as the best available prediction tool

for air-water data with bubbly and wavy flow regimes. Based on the above, the Hwang

(1986) model and the Ottens et al. (1995) model were described in the previous

sections. These models will be compared against the data to be generated in this study

in order to test their validity for the present conditions.
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2.4 Pressure-Drop Models

To date, and to the best of the author's knowledge, no pressure-drop model for

two-phase flow in impacting tee junctions exists. On the other hand, there are some

correlations for single-phase pressure drop in impacting tee junctions. The following

sections describe two of them.

2.4.1 Ito and Imai (1973) Correlation

Ito and Imai (1973) carried out an experimental study where they investigated the

pressure drops caused by the combination and division of flow at smooth tees with a

diameter ratio of unity. Ito and Imai (1973) also studied the effect of the radius of

curvature of the tee junction on the pressure drops. One of the configurations tested was

an impacting tee junction with a zero radius of curvature. The working fluid was water

and the inlet Reynolds number, J?e1, wâs in the range of 1x10s to 2x10s. In that range, it

was found that Reynolds number has little influence on the loss coefficients. Ito and

Imai (1973) gave empirical formulae that were in good agreement with their

experimental results. The formula given for equal-sided sharp-edged impacting tee

junctions (i.e., zero radius of curvature at pipe intersections) is

Kß:0.59 + l.r8 (%lw.) - 0.6s 1rylwùz (2.26)

where Wt and W are the mass flow rates in the inlet and outlet 3, respectively, and K13

is the pressrre loss coefficient between the inlet and outlet 3, defined as

Kß: (PrPz)¡./ (p\t2lz)

where h is the inlet velocity, and (Pr-P¡)i' is given by

(vl v,'\Pt-Ps:r[?-;)+(4-&)i*

(2.27)
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Here P1 and & are the junction average pressures in the inlet and outlet 3, respectively

(see Figure 1.1). Equation(2.26) was recommended for the range 0.2 < (W3lWt) < 0.8.

2.4.2 Hwang (1986) Correlation

Hwang (1986) carried out an experimental study where he investigated phase

distribution and presswe drop in equal-sided tee junctions with a diameter ratio of

unity. Hwang also conducted single-phase tests and obtained the pressure loss

coefficients for different tee configurations. For the single-phase tests, the working

fluid was water and the inlet Reynolds number, Re1, w?s approximately in the range of

51,300 to 102,600 (assuming a temperature of 20'C). The formula given for impacting

tee junctions is

Kß : 1.1ss - 1 .809 (%lWù - 0.4686 (%lw)z

where Wt artd % are the mass flow rates in the inlet and outlet 3, respectively, and K13

is the pressure loss coefficient between the inlet and outlet 3, defined as

(2.2e)

(2.30)Kr, =
[,t - 

r,¡+f;ev,' -rÐ]

,+
Here, as above, Pr and P3 are the junction average pressures in the inlet and outlet 3,

respectively (see Figure 1.1). It can be easily verified that the pressure loss coefficient,

Krs, defined in Equation (2.30) is the same as that defined by Equations (2.27) and

(2.28). As well, Equation (2.29) does not show any dependence on the inlet Reynolds

number, .l?e1, similar to Equation (2.26), the correlation by Ito and Imai (1973). Figure

2.3 shows the variation of Kr¡ with W3lWt given by Equations (2.26) and (2.29).It can

be seen that the two correlations give completely different results in terms of trend and
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magnitude. These different results suggest that more work is needed even for single-

phase flow in order to confirm the junction pressure drop.

Ito and Imai (1973) correlation
Equation (2.26)

Hwang (1986) correlation
Equation (2.29)

2

1.5

1

Kn 0.s

0

-0.5

-1

0 0.2 0.4 0.6 0.8 1

WtlWt

Figure 2.3 Single-phase loss coefficients K13
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Chapter 3

EXPERTMENTAL TEST FACILITY

3.1 Overview

One of the objectives of the present study is to generate phase-distribution and

pressure-drop data for air-water two-phase flow through a horizontal impacting tee

junction. The test facilify constructed to achieve this objective incorporated a horizontal

impacting tee junction with the three sides having equal diameters (37.85 + 0.03 mm

I.D.), and was designed for the following operating conditions: pressure (Pr) of about

150 kPa (abs) at the junction, near ambient temperature (Tù, inlet superficial gas

velocities (.,161) ranging between 0.5 and 40 m/sec, inlet superficial liquid velocities

(.4-r) rangrng between 0.0026 and 0.18 m./sec, and extraction ratios (%lWù between 0

and 1. These conditions were selected for the following reasons:

1- To cover ranges of -Icl andJu that were not covered before. Figure 3.1 shows the

inlet conditions proposed in this study and the areas previously covered for the

phase dishibution of air-water flows plotted on the Mandhane et aI. (1974) flow-

regime map. Figure 3.2 shows the same map with the areas covered in previous

work on pressure drop (see Section 2.2 for details on the phase-distribution and

pressure-drop data obtained before). The present inlet conditions shown in Figures

3.1 and 3.2were labelled according to the visually observed inlet flow regime. The

three major flow regimes (stratified (S), wavy (W), and annular (A)) were identified

using the descriptions given in Mandhane et al. (1974). The description used in

identiffing the transitional stratified-wavy (SW) flow regime was as follows: the
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gas-liquid interface appeared smooth most of the time with intermittent small waves

appearing on the surface.

2- To test relatively high-inlet-quality flows, as most of the work done earlier on phase

distribution was for low-inlet-quality flows (see Table 2.1).
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Figure 3.1 Range of inlet conditions for phase-distribution experiments (past and present)
with horizontal impacting tee junctions plotted on the Mandhane et al. (1974)
flow-regime map
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3.2 Air-Water Loop

3.2.1 Overview

The flow loop that was designed for this study is shown in Figure 3.3. The

foilowing paragraph describes briefly the flow through the different components of the

loop. A more detailed description of the design and construction of the main

components of the loop is given later.

Distilled water used in the system was stored in the water reservoir. Water, fed

from the reservoir by a centrifugal pump, was metered by one of two turbine meters in

parallel (Wrù 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 losses \Ã/as removed by a cooling coil installed inside the

reservoir. Air flow from the building supply passed through an aír filter and a pressure

controller for cleaning and pressure control, respectively. The air flow was metered

using one of two turbine meters in parallel (Waù before flowing into the mixer. A

developing length of 67.5 tube diameters was allowed before the two-phase mixture

entered a visual section, and a fuither 66 tube diameters was provided before entering

the tee junction which was made from acrylic for visualization. Forty-one pressure taps

were installed along the test-section inlet and the two outlets in order to determine the

pressure distribution a¡ound the junction. Each of the two outlet two-phase mixtures

was directed to its respective separation tank. The flow rate of liquid from each

separation tank was metered using a combination of five rotameters, a:ranged in

parallel, to give individual measurements of each outlet liquid flow rate, Wy2 and Ws.

The two outlet liquid lines were then rejoined before returning to the water reservoir.
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The gas phase exited each of the two separation tanks through its respective throttling

valve, which were used to control both the extraction ratio þTglWt and the test-section

pressure, before being metered by one of two turbine meters in parallel (for high flow

rates), or a combination of four rotameters arranged in parallel (for low flow rates).

This gave individual measurements of the two outlet air flow rates, W62 aîd Wæ. B,oth

air flows were then discharged into the atmosphere. The control valves appearing in

parallel in Figure 3.3 were of different sizes, allowing, with appropriate selection, fine

control of the flow.

3.2.2 Water-Flow-Rate Measurement

The inlet water flow rate, Ví/y1, wãs metered using one of 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

FTO-4C1YW-LHC-1
FT6-8C1YW-LED-1

Calibrated Range

0.457 - 4.645 Vmin
3.065 -16.075 Vmin

Depending on the inlet flow conditions, the turbine with the appropriate range was

selected. Ouþut from each turbine meter was fed into its respective signal converter

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

into a 0 to 10 volt DC signal. This DC signal was then fed to a channel in the data-

acquisition system where a calibration curve was applied.

These two turbine meters were calibrated using a collection tank, scale, and timer.

By collecting the water that passed through a turbine meter over a measured period of

time and weighing the collected water, the mass flow rate was obtained and compared
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against the meter reading. In the working ranges, the calibrations obtained were

typically within +3 o/o of the manufacturer's values.

The water flow rates from the two separation tanks, Wn and Wy3, wera metered

using rotameters. Each flow-measurement station consisted of a bank of five rotameters

a:ranged in parallel to give a wide measurement range, as shown below.

For the outlet-2 bank of rotameters:

Model

Cole-Parmer, tube number N082-03 ST
Cole-Parmer, tube number FMI 02-05ST
Cole-Parmer, tube number N044-40C
Cole-Parmer, tube number N044-40C
Fisher Porter, 10435554

Thus, this flow measurement station was

range of 3 to 12647 mVmin.

For the outlet-3 bank of rotameters:

Model

Cole-Parmer, tube numb er FM082-03 ST
Cole-Parmer, tube number FM1 02-05 ST
Cole-Parmer, tube numb er FM044-40C
Cole-Parmer, tube numb er FM044-40C
Fisher Porter, I 0435554

Thus, this flow measurement station was

range of 0.81 to 13019 mVmin.

Calibrated Range

3.0 - 44.3 mUmin
ll.4 -260 mUmín
74.2 - 1903 mVmin
77.8 - 1895 mVmin
2661- 12647 mVmin

capable of flow-rate measurement over the

Calibrated Range

0.81 - 46.6 mVmin
6.2 -209 mVmin
73.1 - 1915 mVmin
95.6 - 1925 mVmin
2636 - 13019 mVmin

capable of flow-rate measurement over the

Depending on the inlet water mass flow rate, Wy1, and the extraction ratio, W3lW1,

the flows through the two outlets were directed to the appropriate rotameter or group of

rotameters. The reading of the rotameter in use was entered manually into the data-

acquisition system where a calibration curve was applied.

36



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

same method as the inlet water turbine meters. In the working ranges, the calibrations

obtained were typically within +4 %o deviation from the manufacfilrers' vaiues.

3.2.3 Air-Flow-Rate Measurement

The inlet air flow rate, Wç1, was metered using two turbine meters manufactured

by Flow Technology Inc. These turbine meters were arranged in parallel with the

following standard-conditions calibrated ranges :

Model

FT-12C1YA-PEA-1
FT-24CIYA-GEA-1

Calibrated Range

0.062-0.597 m3/min
0.673 -3.413 m3lmin

Depending on the inlet flow conditions, the turbine with the appropriate range was

selected. Ouþut from each turbine meter was fed into its respective signal converter

(Flow Technology Inc., RC5l-1-C-0000-6) which converted the turbine meter output

into a 0 to 10 volt DC signal. This DC signal was then fed to a channel in the data-

acquisition system where a calibration curve was applied.

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

tubes of varying sizes. The venturi tubes were manufactured by Fox Valve

Development Corp. and have throat diameters of 0.375,0.625, and 1.00 inches. In the

working ranges, the calibrations obtained were typically within +6 yo deviation from

the manufacturer's values.

The air flow rates through outlets 2 and 3, Wcz and W6, were measured by either

turbine meters (for high flow rates), or rotameters (for low flow rates). For each outlet,

two turbine meters were ¿Ilranged in parallel, as was a bank of four rotameters. The four
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air turbine meters were manufactured by Flow Technology Inc. The calibrated ranges at

standard conditions are given below.

For the outlet-2 turbine meters:

Model

FT-12C1YA-PEA-1
FT-24C1YA-GEA-1

For the outlet-2 bank of rotameters:

Model

Cole-Parmer, tube number FM082-03 ST
Cole-Parmer, tube number FMl 02-05ST
Cole-Parmer, tube number FM044-40C
Cole-Parmer, tube number FM044-40C

For the outlet-3 turbine meters:

Model

FT-12C1YA-PEA-1
FT-24C1YA-GEA-1

For the outlet-3 bank of rotameters:

Model

Cole-Parmer, tube number FM082-03ST
Cole-Parmer, tube number FM1 02-05ST
Cole-Parmer, tube number FM044-40C
Cole-Parmer, tube number FM044-40C

Calibrated Range

0.062-0.662 m3lmitt
0.725 -3.372 -3l-itt

Calibrated Range

47.5 - 1474 mVmin
630 - 8209 mVmin
2929 - 48290 mVmin
3057 - 48941 mVmin

Calibrated Range

0.062-0.646 m3lmin
0.691 - 3.302 m3/mitt

Calibrated Range

47.5 - 1528 mVmin
650 - 8797 mUmin
3096 - 5T412 mVmin
2772 - 52570 mVmin

The air leaving through each of the two outlets was directed through the

appropriate turbine meter, rotameter, or combination of rotameters, depending on the

inlet air mass flow tate, Wç1, and the extraction ratío, W3lW1. If a turbine meter was

selected, its ouþut was fed into its signal converter (Flow Technology Inc., RC51-1-C-

38



0000-6), which converted the turbine meter ouþut into a 0 to 10 volt DC signal. The

DC signals were then fed into individual channels in the data-acquisition system. If a

rotameter was selected instead, its reading w¿rs entered manually into the data-

acquisition system.

The outlet air turbine meters were calibrated using the same method as that for the

inlet air turbine meters. In the working ranges, the calibrations obtained were t1pically

within +6 o/o deviation from the manufacturer's values.

The rotameters were calibrated using a combination of large and small wet test-

meters. The wet test meters were manufactured by Elster-Handel GmbH. At standard

conditions, the small and large wet test meters have a maximum flow rate of 0.6 and 15

m'fi)r, respectively. In the working ranges, the calibrations obtained were typically

within t3 % deviation from the manufacturers' values.

3.2.4 Temperature Measurement

Eight thermocouples, located as indicated in Figure 3.3, were used to measure the

temperature in the experimental facility. The three thermocouples used to measure the

water temperature were type T, copper-constantan. The other five used to measure the

air temperature were type J, iron-constantan. The readings of the thermocouples were

fed into prescribed channels in the data-acquisition system.

Calibration of the thermocouples and the data-acquisition system was done using a

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

temperatures corresponding to the water triple point (= 0o C), boiling point (100. C),

and some other intermediate points. The difference between the precision thermometer

and the data-acquisition-system readings were usually in the range of +0.5' C.
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3.2.5 Mixer

A schematic diagram of the two-phase mixer is shown in Figure 3.4. The entire

mixer was constructed from copper tubing and f,rttings, which were soldered together.

Air was brought in through a 51-mm I.D. tube. Water entering the mixer through a

12.7-mm I.D. copper tube was injected into the air flow through a large number of 1.6-

mm diameter holes. The resulting two-phase mixture was then discharged from the

mixer and allowed to become fully developed over a length of 67.5 diameters before

entering the visual section.

3.2.6 Test Section

A schematic diagram of the test section and adjoining equipment is shown in

Figure 3.5. The piping used for the construction of the test section was special-order

copper tubing with 37.8-mm LD. and 41.3-mm O.D. The entire test section, including

the mixer, was supported by a rigid steel frame. A differential water level (accurate to

1.5 mm) was used to ensure horizontality of the test section. The water level consisted

of two connected water columns, one of them was placed on a reference point and the

other was placed on the point to be levelled. The height of this point was adjusted to

match the height of the reference point. Once this procedure was done and repeated for

many points on the test section, the test section was assumed horizontal. Special care

was taken in levelling the tee junction using more sensitive means. The following is a

brief description of the major components in the test section:
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visual section, shown in Figure 3.6, consists of a 254-mm long glass tube supported at

both ends by special stuffing boxes. The design of the glass tube and stuffîng boxes is

such that the inside diameter of the glass tube and stuffing boxes are almost identical to

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

eliminated any disturbance to the flow. After assembly, a clear length of about 150 mm

was available for flow-regime observation. Since the inside diameter of the commercial

glass tubing did not match that of the copper tubing, custom-manufactured glass was

used. This also allowed for the selection of a thick-wall (3.a5 mm) glass tubing. In

assembling the 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 tube.

Tee Junction

In order to ensure consistency with other research laboratories, a square-edged tee

is used. The tee junction was machined in a 101.6 x 304.8 x 609.6 mm acrylic block.

Two perpendicular holes of 37.85+0.03 mm I.D. were drilled out to construct the

junction, as shown in Figure 3.7 . The three sides of the tee junction were connected to

the copper tubing using three specially-machined copper flanges 101.6 x 101.6 mm

(Figure 3.8). These copper flanges were soldered to the copper tubing and bolted to the

acrylic block. At the acrylic-copper interfaces, O-rings were used for sealing. The

inside diameters of the tee-junction holes and the copper flanges were the same as those

of the copper tubing with differences within the range 0-0.05 mm. Care was taken in

order to ensure that the junction, copper flanges, and the copper tubing were coaxial.
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Pressure Taps

Forty-one pressure taps were installed along the whole test section, as shown in

Figure 3.9. Twelve taps were drilled in the acrylic block, while the others were drilied

in the copper tubing. For those drilled in copper tubing, a 1.6-mm hole was drilted

through the tube wall. After drilling, any intemal burrs were removed from the inside of

the tube. Hose-nipple fittings were soldered onto the outside of the copper tube to

facilitate connection between the tap and the differential pressure transducers 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 the

plastic tubing pressure lines, which were filled with distilled water. For those taps

drilled in the acrylic block, a special arrangement was used in order to connect the

pressure tap hole to the pressure transducer. The details of this affangement are shown

in Figure 3.10.

3.2.7 Separation Tanks

The two-phase mixture discharging from both outlets goes into separation tanks

located downstream of the test section. The two tanks, shown in Figure 3.11, were

identical in design. They were made of type 304 stainless steel Sch. 40 pipe. All the

fittings connecting the stainless steel tanks to copper tubing were dielectric unions. A

600-mm long sight glass was used to observe visually the liquid level in the tank, and it

was equipped with a vertical scale. A pressure gauge and a safety valve set at 3.45 atrn

(50 psi) were installed on the tank top blind flange.
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Figure 3.10 Arrangement for the tee-junction pressure taps

The two-phase mixture entering from the top of each separation tank was separated

using centrifugal action. This was achieved by forcing the flow in a downward

spiralling direction. Water exiting from the nozzles flows along the tank wall where it

drained downward. Air exited through the top of each separation tank. Baffle 1 was
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located above the gas-liquid interface to isolate the interface from the flow above it so

that the interface remained reasonably undisturbed. Baffle 1 is a circular disk made of

stainless steel and perforated with many small holes (4.8-mm dia.). It has a diameter

smaller than that of the inside of the separation tank; a gap of 3.2 mm was left for the

water to flow downward through. Baffle 2 is a circular disk made of stainless steel and

located 6.35 mm beneath the air outflow elbow to protect the air outflow from tiny

water droplets expected to be formed due to the impact of the incoming two-phase flow

on baffle 1. Baffle 2has a diameter of 239 mm, which makes its area almost half of the

tank cross-sectional area. Baffle 3 is an annulus made of stainless steel and located 63.5

mm beneath baffle 2. The inside diameter of baffle 3 is 2L3 mm and therefore, there is

an overlap between baffles 2 and 3 of 13 Írm on the radius. The outside diameter of

bafÍle 3 is 305 mm, which leaves a gapof 15 mm between baffle 3 and the inside wall

of the separation tank for the water to flow downward. The function of baffle 3 is the

same as baffle 2, i.e., to prevent the exiting air from entraining water droplets.

The tanks incorporate two abrupt changes in the cross-sectional area. If the liquid

flow rate into a particular tank was low, the gas-liquid interface in the tank was

maintained in one of the smaller diameter sections. This procedure decreased the error

in measuring the outlet liquid flow rate resulting from small changes in the height of

the interface with time.

As a precaution, two secondary separators were installed downstream of the main

separation tanks on the air pipes. The purpose of these secondary separators was to

eliminate any water droplets which might have escaped from the main separators. The

secondary separators were basically air filters installed without the filhation element.
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The filters had built-in sight glasses to observe the water accumulation. For all the

experiments done in this study, water was not accumulated in the secondary separators,

i.e., complete phase separation was achieved in the main separators.

3.3 Pressure Measurement

3.3.1 System Pressure

The system (test section) pressure, Pr, is defined as the absolute pressure right at

the centre of the tee junction. This location corresponds to tap number 15 in Figur e 3.9.

The system pressure was always set to a value of about 150 kPa (abs).

The system pressure was measured using a Rosemount 1151DP6E2282C6

pressure transducer. The DP-Rosemount pressure transducers measure the pressure

difference between two compartments separated by a diaphragm. The transducer ouþut

is a current signal varying between 4 and20 mA. Using a 500-ohm resistor, that signal

was converted to a DC-voltage signal which in turn was fed into the data-acquisition

system. The Rosemount-lI5IDP6E22BZC6 pressure transducer can be set to measure

any differential pressures in the range of 0-689.5 kPa. This transducer was calibrated

and set to measure pressure differentials in the range of 0-101.6 kPa. The calibration

process was done using a mercury manometer, foot pump, and multimeter. The

calibration curve was found to be highly linear, as expected.

During the experiment, the low leg of the system-pressure transducer (transducer 0

in Figure 3.12) was open to the atmosphere. The high leg wÍts connected to either tap

15 or tap 14. The reason was that it was thought in the event of large pressure

fluctuations at tap 15, tap 14 might give more stable readings. However, in practice, it

was never necessary to measure the system pressure from tap 14.
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Figure 3.12 Pressure-drop measurement station
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3.3.2 Pressure DÍstribution

The pressure measurement station is shown in Figure 3.12. The station consists of

two banks with four Rosemount pressure transducers in each bank. The following are

their models and ranges:

Bank 1:

Model

Transducer 1, 305 I CD0A02A1AII2BLC6
Transducer 2, I I 5 IDP3E22B2C6
Transducer 3, I 1 5 lDP 4E22BZC6
Transducer 4, 1 I 5 lDP 5 A22l\ß

Bank 2:

Model

Transducer 5, 305 I CD0A02A1AH2BLC6
Transducer 6, I I 5 1DP3E22B2C6
Transducer 7, 1 1 5 lDP 482282C6
Transducer 8, 1 15 1DP6E22BIC6

Calibrated Range

+7.62 cm water
t76.2 cm water
+ 381 cm water
t 1905 cm water

Calibrated Range

*7.62 cm water
+76.2 cm water
t 381 cm water
t 1905 cm water

All the above transducers have an ouþut-current signal varying between 4 and 20

mA. Using 500-ohm resistors, these signals were converted to DC-voltage signals

which in turn were fed into the data-acquisition system.

The calibration process for the above transducers was done using a manometer,

foot pump, and multimeter. Depending on the calibrated range of the transducer, one of

the following manometers was used: water micromanometer, water manometer, or

mercury manometer. The calibration curves were all found to be linear.
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The valving system shown in Figure 3.12 allowed the pressure taps to be connected

to selected transducers that have the appropriate ranges. A detailed description of the

pressure measurement procedure is given in Section 3.5.1.

All pressure lines shown in Figure 3.12 were filled with distilled water. The

pressure lines were clear 3.2 mm Tygon tubing that allowed for visual inspection to

ensure that no air bubbles were trapped within the lines.

The purge line shown in Figure 3.12 allowed for purglng the system (removing the

air from the lines) using pressurized water. Purging was done, and repeated if

necessary, before the start of all the experiments done in this study.

3.4 Data-Acquisition System

The data-acquisition system consists of a multifunction VO board with its driving

softwate, shielded connector block, shielded cable, and data-acquisition software. The

system components were manufactured and developed by National Instruments Corp.

The board model is PCI-6033E and it was plugged into the motherboard of a Pentium

m PC computer. The board cari manage up to 32 differential analog inputs and can

work with a sampling rate as high as 100,000 samples/s. The driving software was NI-

DAQ version 6.8.1.

The shielded block was SCB-100 with a 100 screw terminals for signal connection.

A cold-junction compensation temperature sensor was included to use with

thermocouples. The DC voltage signals coming from the turbine meters,

thermocouples, and pressure transducers were connected to the block. The shielded

cable connecting the block to the board carries those signals to the board where they

were digitised.
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The data-acquisition software was LabView base package version 6.0. The

software receives the voltage signals from the board and the rotameters readings, which

were entered manually. All the voltage signals were averaged for 120 seconds at a rate

of 1000 samples per second. The calibration curves of the different devices were

applied in order to convert the voltage signals and the rotameters readings into the

corresponding physical quantities. The software was programmed to enable the user to

monitor the independent parameters during the experiment, and do calculations of the

dependent parameters.

3.5 System Operation and Data Reduction

3.5.1 Two-phase Flow

Start up and steady state

Several steps were required to start up the flow loop. 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 3.3, except where noted):

1. The turbine meter and pressure transducer po\¡/er supplies were switched on.

2. The barometric pressure was noted and fed into the data-acquisition system.

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, outlet-2, and

outlet-3 air turbine meters (3a,13, and 18) were closed. The by-pass valve to the

inlet-water turbine meters (6a) was closed. The inlet-water control valves (5a-b)

were partially opened and the water by-pass control valve (4) was fully opened.
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4.

5.

6.

7.

Control valves to the air turbine meters (2a, 14a-b, ffid 19a-b) were partially

opened. Valves of the large air turbine meters (3c-b, 24a-b, and25a-b) were fully

open. Air calibration valve 8 was fully closed and valve 9 was fully open.

The valve to the air supply (valve 1) was slowly opened. The pressure controller

outlet pressure was adjusted to approximately 38 kPa gauge.

The inlet-air control valve (2a-c) was gradually adjusted to give approximately the

desired air flow rate through the loop. The proper inlet-air turbine meter was

selected according to the desired flow rate (3b-d).

Control valves to the outlets air turbine meters (l{a-b and 19a-b) were adjusted

simultaneously with the inlet-air control valve (2a-b) to give the desired air flow

rate at a test section pressure of 1.5 bar abs, and at the proper extraction rate. Ifthe

flow rate through either outlet-2 or outlet-3 small turbine meter was too low

(ouþut from the turbine meter below approximately 1.0 volts), then that turbine

meter was shut down. The appropriate air rotameters were then activated to

measure the air flow rate. This was achieved by opening either valve 12 or valve 17

and then opening the appropriate valves 23a-d or 24a-d.

Valves of the large inlet-water turbine meter were opened and the water pump was

switched on.

Valves 4 and 5a-b were adjusted to give the desired water flow rate.

The proper inlet-water turbine meter was selected according to the desired flow

rate (6b-e).

8.

9.

10.
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11. When the liquid levels in the separation tanks began to rise the appropriate water

rotameters were activated (by opening the combination of valves l5a-e and 20a-e)

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 21.0"C.

13. If the test-section pressure was not at the desired value, then it was restored to 1.5

bar abs by slowly adjusting the air control valves (valves l4a-b and 19a-b for

turbines; valves 23a-d and 24a-d for rotameters). 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 water flow rates using valves

15a-e and20a-e.

14. With the inlet flow rates and test-section pressure now set, and with the liquid level

in the separation tanks steady, the extraction ratio was checked. If W3lW1 was

different from the desired value, then it was adjusted by using the air control valves

(valves l4a-b and 19a-b for turbines; valves 23a-d arñ 24a-d for rotameters).

Adjustments were done in such a \ryay as to maintain the correct test section

pressure of 1.5 bar abs and the correct inlet flow rates. The liquid level in the

separation tanks was kept steady by adjusting the outlet water flow rates using

valves 15a-e and 20a-e. The extraction ratio was checked again, and if it was still

incorrect, then it was re-adjusted using the above procedure.

Tlpically, the system required about 1% hows of continuous adjustment to achieve

the desired test conditions. After the desired test conditions were set, and before
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recording any data, a steady-state condition had to be met. The following parameters

had to remain the same for at least 15 minutes before taking any data:

1. The test-section pressure, Pr.

2. The extraction ratio, W3l W1.

3. Superficial velocities, ./61, Jt-t, Jcz, Jtt, Jct, arrd Ju.

4. The liquid level in the separation tanks.

5. The air and water temperatures throughout the system.

The above parameters were continuously monitored while data were being recorded.

Two other parameters were also monitored, which are the air and water mass balances.

Fine adjustments were made as needed to ensure that the above-mentioned parameters

did not vary by more than approximately +2 percent of the initial set values. If any of

these parameters varied by more than this amount, the test was performed again.

Usually, the system required an additional three hours of operation to record all phase-

distribution and pressure-drop data.

Recording of Phase-Distribution Data

Once the system achieved steady-state condition, the phase-distribution data were

recorded. Using the data-acquisition software, these data were written into a Microsoft

excel worksheet þhase.xls). The data consisted of the following parameters:

1. The atmospheric pressure in Pa.

2. The absolute test-section pressure, Pr, in Pa.

3. The temperature immediately downstream of the inlet air turbine meters, 71, in"C.

4. The inlet superficial gas velocity, Jct, in m/s.

5. The inlet superficial liquid velocity,../u, in rnls.
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6. The extraction ratio, lltlWt, and also %/QItt+Wr¡.

7 . The air and water mass flow rates in the inlet and the two outlets, WGl, Wtt, Wcz,

Wyz, Wct, and W'6 in kgls.

8. The percentage aír and water mass balances.

Reduction of Phase-Distribution Data

The above recorded phase-distribution data were used to calculate some other important

parameters as follows:

1. The total inlet, outlet-2, and outlet-3 mass flow rates were calculated by

l4l: W's * W;, (3.1)

Wz: Vïcz+ Wtz, (3.2)

and %: Wæ + Wn. (3.3)

2. The inlet, outlet-2, and outlet-3 qualities were calculated by

x1: Vls I W1, (3.4)

xz: lV'az / Wz, (3.5)

and 4: W6l ffi. (3.6)

3. The fraction of total inlet gas entering outlet 3 and the fraction of total inlet liquid

entering outlet 3 were calculated by

,Fec: lVæ / Ws, (3.7)

and FsL: Wu I Wn. (3.S)

4. The ratio of outlet-3 to inlet quality, x3/x1,wls calculated.

5. The density of inlet air was calculated by

pct: P" / (287(Tt+273.15)) (3.9)
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The above calculations were done automatically in the same excel worksheet where the

phase-distribution data were recorded.

It should be mentioned that among the data sets investigated in the current study,

there were two data sets with relatively high -161 and low -I¡1 values. For these two data

sets, the inlet temperature Tl and the mass flow rates V[/ct, Wrt Wcz, Wrz, Wcz, and Wu

were corrected for evaporation using the procedure outlined in Appendix A of Buell

(1992). The procedure accounts for the evaporation of the tiquid phase that occurs in

the mixer, test section, and the separation tanks. At higher values of Jy1, the corrections

were ¿Nsumed to be insignificant, consistent with Buell (1992).

Recording of Pressure-Distribution Data

Once the phase-distribution data were recorded, the pressure distribution in the test

section was measured. The following is a description of the procedure used to measure

the pressure distribution. The layout of the pressure taps is given in Figure 3.9, while

the pressure transducers and the associated valving are given in Figure 3.12. The

following description assumes that all valves shown in Figure 3.12 (except those

connected to transducer 0) were initially closed.

1. The voltage ouþut from each transducer was adjusted to zero with an applied

differential pressure of zero. This was accomplished by separately monitoring the

instantaneous voltage ouþut from each transducer, with the blpass valve around

each transducer opened and all other valves closed. The voltage ouþuts from the

transducers were adjusted to zero using the approprtate "zeÍo adjustment" screw for

each transducer.
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4.

The outlet-2 and outlet-3 pressure-distribution data were obtained first. The procedure

is described in steps 2 through 9 below.

2. Tap 1 in the inlet was opened. The pressure at tap i was taken as the reference

pressure.

3 Valve D was opened to connect the high sides of transducers 1-4 to the inlet

pressure taps (taps 1 to 15). As the inlet pressure taps are always connected to the

high sides of transducers 5-8, tap 1 is now corrnected to the high sides of

transducers 1-8.

Valve B was opened to connect the low sides of transducers 5-8 to outlet-2

pressure taps (taps 16 to 28). The low sides of transducers l-4 are always

connected to outlet-3 pressure taps (taps 29 to 4l).

Tap 16 in outlet 2, and tap 29 in outlet 3 were opened.

The pressure signals from tapl in the inlet and tap 1,6 in outlet 2were directed to

transducers 5-8, and by monitoring the differential pressures sensed by those

transducers, the transducer with the optimum range was selected.

The pressure signals from tapl in the inlet and tap 29 in outlet 3 were directed to

transducers 1-4. The optimum-range transducer to read the signal was obtained

using a similar procedwe to step 6.

Once the optimum-range transducers were found, the pressure value was recorded

in a Microsoft excel worksheet þressure.xls). A chart showing that value versus

the tap location was also displayed on the screen using the data-acquisition

software. Taps 16 and 29 were closed and the next taps in outlet 2 (tap 17) arñ,

outlet 3 (tap 30) were opened.

5.

6.

7.

8.
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9. Steps 6 to 8 were repeated until all presswe taps in the two outlets were measured

with respect to tap 1 in the inlet.

The inlet pressure-distribution data was obtained next. The procedure is given in steps

10 through 14 below. Úr the following steps, the pressures at the inlet taps were found

with respect to tap 28 in outlet 2 and also with respect to tap 4l in outlet 3. Thus, for

each inlet tap, two values for the pressure were measured. If the agreement between

those two values \ryas unacceptable, then all previously measured data were rejected and

a new set of data was taken. Measuring the inlet-taps pressures with respect to two

different taps verifies the operation of the transducers and their associated connections.

10. Tap 1 was closed and tap 2 was opened. Tap 28 in outlet 2 and tap 41 in outlet 3

were already open from step 9 above.

1 1. The pressure signals from tap 2 in the inlet and tap 28 in outlet 2 were directed to

transducers 5-8,. and by monitoring the pressure differences sensed by those

transducers, the transducer with the optimum range was selected.

12. The pressure signals from tap 2 in the inlet and tap 4I in outlet 3 were directed to

transducers 1-4. The optimum-range transducer to read the signal was obtained

using a similar procedure to step 11.

13. Once the optimum-range transducers were found, the pressure values at tap 2

determined from steps 11 and 12 were compared and if the agreement was

acceptable (< 1.5 %o for 80 % of the runs and < 2.5 o/o for the rest), the value

corresponding to the higher pressure differential was recorded. If not, all the

previously recorded data were rejected and a new set of data was recorded starting
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from step 1. The pressure value was recorded in the same excel sheet þressure.xls).

Tap 2 was closed and the next upstream tap in the inlet (tap 3) was opened.

14. Steps 11 to 13 were repeated until all pressure taps in the inlet were measured with

respect to tap 28 in outlet2 andtap 4l in outlet 3.

Reduction of Pressure-Distribution Data

The pressure-distribution data recorded in the previous section were plotted against

taps locations in the same excel sheet where the data were recorded (pressure.xls). Using

the data-acquisition software, this plotting process was done automatically at the same

time the pressure-distribution data were recorded. Using least-squares analysis, linear

equations were fit to the fully-developed data in the inlet and the two outlets. Details of

this analysis are outlined in Appendix B of Buell (1992).By extrapolating the futly-

developed pressure gradients in the inlet and the outlets to the centre of the tee junction,

the pressure at each face of the junction (as shown in Figure 1.1) could be determined.

These three junction average pressures, Pr, Pz, and P3 were recorded in the excel sheet

(phase.xls). The values of these junction pressures were also monitored on the

computer screen during the experiment, and they were updated every time a new

pressure-distribution data point was recorded.

The presswe drops due to the tee junction were defined as

AP¡: Pt - P¡

where i: 2 for outlet 2 and i : 3 for outlet 3.

(3.10)
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3.5.2 SÍngle-Phase Flow

Start-Up and Steady-State

Single-phase air and water tests were conducted in order to obtain presswe-drop data.

These data were used to calculate the loss coefñcients given by the pressure-drop

correlations in Chapter 2. The following steps were performed each time the loop was run

for single-phase air tests (refer to Figure 3.3):

1. Steps 1 through 7 ofthe two-phase start-up and steady-state routine were followed.

2. When the required inlet flow rate and test-section pressure were achieved, the

extraction ratio was checked. If W3lWt was different from the desired value, then it

was adjusted using the outlets control valves (valves 74a-b and 19a-b in the case of

air, and 15a-e and 20a-e in the case of water). If this adjustment resulted in a

change in the test-section pressure and./or the inlet flow rate, they were adjusted

back to the desired values. This procedure was repeated iteratively until the inlet

flow rate, test-section pressure, and the extraction ratio were correctly set.

For single-phase water tests, steps 1 and 2 described above were performed without

setting the test-section pressure. For water, the test-section pressure was left as

determined by the mass flow rates in the inlet and the two outlets. Typicall¡ the system

required about t hour of continuous adjustment to achieve the desired inlet flow rate,

test-section pressure, and the extraction ratio. Before recording any data, these

parameters had to remain steady for at least 15 minutes in order to assume steady state.

During data recording, the same parameters were monitored and fine adjustments were

made, if needed, to ensure that the parameters did not vary by more than approximately

L2 petcent of the initially set values. If any of these parameters varied by more than
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this amount, the test was performed again. Usually, the system required an additional

two hours of operation to record all phase-distribution and pressure-drop data.

Recording and Reduction of Data

Once the system achieved a steady-state condition, inlet-flow data were recorded.

Using the data-acquisition software, these data were written into a Microsoft excel

worksheet (phasel.xls). The data consisted of the following parameters:

1. The atmospheric pressure in Pa.

2. The absolute test-section pressure, Pr, in Pa.

3. The temperature immediately downstream of the inlet air turbine meters, 21, in oC.

4. The inlet average velocity, ../cr or J¡1, in m/s.

5. The extraction ratio, %lWt, and also %l(m+W2).

6. The air or water mass flow rates in the inlet and the two outlets, WGt, Wcz, aîd

Vf/ç3, ot Wtt, Wrz, and lVu in kg/s.

7. The percentage air or water mass balance.

The single-phase pressure-distribution data were measured and reduced in a manner

similar to that of two-phase flow, which was described earlier.
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Chapter 4

EXPERIMENTAL RESTILTS AND DISCUSSION

4.1 DataRange

The present experimental investigation consists of two components: single-phase

presswe-drop experiments, and two-phase pressure-drop and phase-distribution

experiments. For the single-phase component, a total of 18 test runs were performed.

Four of these runs were performed using water and the remaining were performed using

air. For the air runs, two nominal inlet-air velocity were tested;20 arñ 40 m/s with the

actual values within +0.6 % of these values. The test-section pressure was kept

nominally at 1.5 bar (abs) with the actual values within +0.02 bar. The average test-

section temperature was 23.5 "C with the actual values within +3.5 oC. For each

nominal inlet-air velocity, the extraction ratio was set to 0.0, 0.1, 0.3, 0.5,0.7,0.9, and

1.0. For the water runs, the nominal inlet-water velocity was 0.18 m/s with the actual

values within +L.I o/o of this value. The test-section pressure was not set to a specific

value but it was within the range 1.04 - 1.1 bar (abs) for all the runs. The average and

actual values for the test-section temperature were close to those of the air runs. The

extraction ratio was set to 0.0, 0.1, 0.9, and 1.0. In case of the extraction ratio of 0.5,

values of APpand APp (see Equation 3.10 in Section 3.5.1) were very small which

resulted in large uncertainty. As a result, it was decided not to include the extraction

ratios of 0.3, 0.5, and 0.7 for the single-phase water runs. Table 4.1 shows the range of

operating conditions for the single-phase air runs while Table 4.2 shows those for the

single-phase water runs. Values of APp and APp for the single-phase pressure-drop
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runs are tabulated in Appendix B. The mass-balance errors correspond to the

percentage deviation between the inlet flow rate and the sum of the two outlet flow

rates. The mass-balance error is positive when the sum of the two outlet flow rates is

greater than the inlet flow rate and vice versa. The inlet Reynolds number \Mas

calculated from

Re, = 44 
(4.r)

fr Dtlt

where Wt is the inlet mass flow rate, ¡l is the dynamic viscosity of the phase, and D1 is

the inlet diameter.

Table 4.1 Ranges of operating conditions for the single-phase air runs

Total number of runs t4

Inlet gas velocity, -Icr, in rnls 20 and40

Inlet Reynolds number,,Rel 72,850 andI45,700

Test-section pressure, Pr, in bar 1.48 - 1.51

Extraction ratío WIW 0.0 - 1.0

Air mass balance errors -4.9 to +05 Yo

Table 4.2 Ranges of operating conditions for the single-phase water runs

Total ntunber of runs 4

hrlet liquid velocity, -I¡1, (rnls) 0.18

Inlet Reynolds number Re1 7170

Extraction ratto %lWt 0.0,0.1,0.9 and 1.0

'Water 
mass balance errors 0.0 to +0.9 o/o
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It should be mentioned that before conducting the single-phase experiments, and in

order to test the accuracy of the pressure transducers, a no-flow experiment was

conducted. In this experiment a water level, with a trapped air bubble on top of it, was

achieved in the test loop in all the three sides of the junction. With no flow, the water

level should be horizontal and as a result the relative-pressure measurements at ali the

pressnre taps should be equal to zero. The most sensitive transducers (numbers I and 5

in Figure 3.12) were used in this experiment. Figure 4.1 shows the relative pressure
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Figure 4.1 Pressure measurements for the no-flow experiment

measurements for the no-flow experiment. The pressure measurements were taken

relative to the pressure attap 1 (PJ. The figure shows that the maximum deviation from

the zero value is approximately 2.2 Pa. It was thought that for pressure-drop

measurements in impacting junctions, a value of 2.2 Pa (- 0.2 mm water) is very small.
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Based on that, Figure 4.1 was considered as an indicator that the pressure transducers

used in this experiment were very accurate. Another no-flow experiment was conducted

and results similar to the ones in Figure 4.1 were obtained.

Eleven data sets were generated in the two-phase component of the experimental

investigation. Each data set corresponds to a fixed combination of -Icr andJyl. A data

set consists of data points that correspond to different exfraction ratios, %/Wt. The

number of data points varied from one data set to another. The total number of data

points generated was 55 with 10 more data points generated for repeatability purposes.

The nominal test-section pressure \ilas 1.5 bar (abs) and the average test-section

temperature was 24.5 "C. The actual pressure values were within +0.2 bar of the

nominal value while the actual temperature values were within *4 "C of the average

value. The nominal values of -rcr and Ju for the 11 data sets generated are shown in

Figure 4.2 on the flow-regime map of Mandhane et al. (1974). The transition

boundaries shown in Figure 4.2 were plotted using the coordinates given in Mandhane

et aI. (1974) without any corrections for the physical properties. The boundaries shown

are tlpical for systems with low pressures, air-water flows, and small-diameter pipes

(less than 51 mm). For 87 %o of the data points, the actual values of -/ç¡ and Jyl varied

within +3 %o of the nominal values. For easier future reference, data sets in Figure 4.2

are labelled according to the observed inlet flow regime. It can be seen that there is a

very good agreement between the visual observations and the map predictions for the

inlet flow regime. Mass-balance errors were calcuiated for both phases for all the two-

phase tests. The air mass-balance error was within t3.5 % for 66 Yo of the data and all

the data were within +5.3 Yo. The water mass-balance error was within +3.5 o/o for
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Figure 4.2 The inlet flow conditions on the Mandhane et al. (1974) flow-regime map

70 % of the data and all the data were within 1.5.2 %. Table 4.3 lists the range of

operating conditions for the two-phase runs while Table 8.1 in Appendix B gives the

complete set of phase-dishibution and pressure-drop data. For data sets with -16¡ : 0.5

m/s, the mass flow rate of the inlet air was too small to be measured as it was outside

the range of the small turbine mater installed at the inlet. In these cases, the mass flow

rates of the air leaving outlets 2 and 3 were measured using the appropriate rotameters

and it was assumed that the sum of the two outlet flow rates was equal to the inlet flow
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rate. For cases of WzlWt: 1.0, 0.92, and 0.81 within data set ,{4, there were large

pressure drops occurring at the junction and between the junction and the separation

tank of outlet 3. As a result, the air leaving the separation tank of outlet 3 had to be

released just downstream of the tank before being measured by the turbine meters. In

order to push the air through the turbine meters, a presswe higher than 1.5 bar would

have been required at the junction, which was not desirable in the experiment. In these

cases, the mass flow rate of the air leaving outlet 3 was assumed to be equal to the

difference between the measured mass flow rates of the inlet air and the air leaving

outlet 2. For all the cases when the air mass flow rate could not be measured either at

the iniet or one of the outlets, the air mass balance error in Table 8.1 was not entered.

Table 4.3 Ranges of operating conditions for the two-phase runs

Total number of runs 55

Inlet flow regimes Strati fi ed, Shatifi ed-Wavy,
Wavy, and Arurular

Inlet superficial gas velocity,./cr, in rnls 0.5 - 40

Inlet superficial liquid velocity, .4_r, in rnls 0.0026 - 0.18

Test-section pressure, Pr, in bar r.49 - 1.52

Inlet quality, x1 0.02 - 0.96

Extraction ratto %/Wt 0.0 - 1.0

Air mass-balance errors -5.3 to +5.3 o/o

Water mass-balance errors -5.2to +4.8%o

4.2 Phase-Distribution Data

Before starting the experimental part for the two-phase component of this study, there

were two options to choose from. The first one was to cover the whole range of %lWt
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from 0.0 to 1.0 and the other option was to cover only half of the range from 0.0 to 0.5 and

use syrnmetry to infer the data for the other half of the range from 0.5 to 1.0. It was

decided that covering half the range only would allow for more data sets to be covered on

the Mandhane et al. (1974) flow-regime map. However, the test loop had to be proved

symmetric around the inlet centreline before proceeding further.

In order to test the syrnmetry of the test loop, two experiments were done for data set

V/l with %lWtequal to 0.3 for the first experiment and 0.7 for the second one. The values

of Fec and,Fs¡ for the first experiment were 0.311 and 0.281, respectively. For the second

experiment, they were 0.690 and0.723, respectively. The values of ßp and ÁPs for the

first experiment were 22.2Pa and -41.3 Pa, respectively. For the second experiment, they

were -43.5 Pa and 21.3 Pa, respectively. The above-mentioned values of Fs6, FsL, APn,

and APp for the two experiments indicate that the test loop is symmetric around the

inlet centreline.

To further examine the symmetry of the test loop, the pressure distribution in the

inlet and the two outlets for the above-mentioned experiments were compared against

each other. The comparison is shown in Figure 4.3. The ordinate in Figure 4.3 is P-P,

where P is the absolute pressure at a given location and P, is the absolute pressure at tap

1 (see Figure 3.9). It can be seen that the pressure distributions in the inlet and the two

outlets for the two experiments conducted obey the expected behaviour imposed by

symmetry. This is further proof that the test loop is symmetric around the inlet

cenheline.

After the symmetry was proved as mentioned above, it was decided to cover only

half the range of %lW from 0.0 to 0.5, always including the condition %lWt: 0.5 in
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Figure 4.3 Pressure distribution for data set V/l with%/Wt:0.3 and 0.7

every data set. The experiments with %lW: 0.5 are themselves further tests of symmetry

for each combination of J61 and -I¡1. For this exfraction ratio, it is expected that the

pressure distribution in both outlets to be nearly identical vnrh ÁPn= APp,and Fs6= ¡b,

= 0.5.

The phase-distribution data obtained from this study are presented in this section. All

the data are presented on graphs of Fs¡ (FsL : Wsl(\tr/s + Wrù) versus Fsc (FBc :

Wosl(\trlog + Waz)).The parameters lVs and ll'yl were not used in calculating Fs6 and

Fs¡ to avoid getting values of more than 1 for ,Fsc and Fs¡. In these graphs, the data

points shown for ranges of Fs6 and Fer from 0.0 to 0.5 are the actual measurements for

outlet 3. The data points shown for the ranges from 0.5 to 1.0 are the actual measurements

for outlet 2 but were used in the graphs for outlet 3 based on symmeûT/. As will be seen
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later, graphs of .Fer versus Fs6 show clearly the phase that preferentially exits through

outlet 3 and also the relative quality (xslxù in outlet 3. The complete set of data is given in

Table B.1 of Appendix B.

4.2.1 Data of the StratifÏed Flow Regime

Figure 4.4 shows the phase-distribution data for the stratified flow regime. It can

be seen that for the four data sets there is a preference for the liquid phase to exit

through outlet 3 over the range 0.0 < Fec < 0.5. This can be translatedto 4lxl values that

are less than 1.0 over the range 0.0 < Wjlwr < 0.5. In the range 0.5 < Fsc < 1.0, the gas

phase has a preference to go through outlet 3. This can be translated to 4lxl values Í}rat are

higher than 1.0 over the range 0.5 < Wglwt < 1.0. It should be noted that data sets S1, 52,

FeL

0.8

0.6

0.4

0.2

0

r S1 Jat:2.5 nús,Jtt:0.01 m/s

X 52 Jat:2.0 tt:ls,Ju:0.01 m/s
o 53 .,Icl :0.5 nt/s,Jy1:0.01 m/s
r 54 .,161 :0.5 nils,Jy1:0.04 m/s

0.2 0.4 0.8

Fsc

Figure 4.4 Phase-distribution data for the stratified flow regime
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53, and 54 have inlet-quality values of 0.31, 0.26, 0.08, and 0.02, respectively. Figure 4.4

shows that there is a continuous fend in the data such that as x1 decreases, the data line (or

curve) moves around the point (0.5,0.5) in a clockwise direction. 'W.e may recall from

Chapter 1 that the data should approach the line FsL:0.5 as xi approaches zero and the

data should approach the line FBc : 0.5 as Jr1 approaches 1.0. The trend in the data with

respect to x1 (seen in Figure 4.4) is consistent with these limits.

A parameter that was reported by different researchers (e.g., Ottens et al. (1995) and

Azzopardr (1999) to be important in determining the phase split in impacting tee

junctions is the inlet-momentum-flux ratio r11B, which is defined as follows:

-))
Mn: pcVã I prVu (4.2)

where Vat and Vt; are the average inlet velocities of the gas and the liquid, respectively. In

order to calculate these average velocities, the void fraction in the inlet, cr1, has to be

calculated. The void fraction is defined as

a1=461/41 (4.3)

where 161 is the area occupied by the gas phase in the inlet and 11 is the whole cross-

sectional area of the inlet pipe. After calculating the void fraction, the average velocities

Vat and Vucanbe calculated as follows:

VGt = Jo, /a, (4.4)

and

Vu = Jrt l(l-a,,) (4.5)

In this study the void fraction ar \ilas calculated using the equilibrium models

proposed by Shoham et al. (1987); these models are described in detail in Appendix A.

There is certainly a large number of theoretical models and empirical correlations
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available in the literature for calculating the void fraction. One advantage of the Shoham et

al. models is that they are flow-regime specific, in which case one would expect more

accurate predictions relative to models and correlations that are flow-regime independent.

Using Equations (4.2) to (4.5) resulted in values of lTpof 1.15, 1.11, 0.966, and

0.394 for data sets 51, 52, 53, and 54, respectively. Figure 4.4 shows that there is a

continuous trend in the data such that as Mn decreases, the data line (or curve) moves

around the point (0.5,0.5) in a clockwise direction. According to the definition of My,

when x1 approaches 0.0, IZp approaches zero arñ Mpapproaches infinity when xi

approaches 1.0. As mentioned earlier, when x1 approaches zero the data approach the line

of .FeL: 0.5 and when x1 approaches 1.0, the data approaches the line of Fs6 : 0.5. Based

on that, the trend seen in Figure 4.4 ín terms of the effect of Myis consistent with the

limiting values forMy.

It is possible to explain the importance of Mx^ determining the phase split at

impacting tee junctions from physical reasoning. Consider for example a situation where

mlm is less than 0.5. For this condition, the pressure on outlet 3 will always be higher

than the pressure on outlet 2, í.e., there is a positive pressure gradient from outlet 3 to

outlet 2. This pressure gradient causes the phase with the lower momentum to go

preferentially through outlet 2 while the phase with the higher momentum will go

preferentially through outlet 3. Therefore, for mlm < 0.5 and Mp<< 1.0, such as the

case for data set 54, we expect that the liquid will preferentially flow into outlet 3, as

shown in Figure 4.4. FurttrerTnore, it is expected that the liquid preference to exit through

outlet 3 will decrease a. Mn increases (with Wl\maintained below 0.5). This trend is
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also confirmed by the fow data sets in Figure 4.4.It is important to point out that Mp is

not the only parameter affecting the FsL- l7s6 relation, as will be shown in the next

chapter.

Ia Figure 4.4, the effect of varying Jy1, at a fixed ,/cr on the data can be assessed by

looking at data sets 53 and 54. It can be seen that as -/u increases, the data line (or curve)

moves around the point (0.5,0.5) in a clockwise direction. The effect of varying J6, at a

ftxedJt;, on the data can be assessed by looking at data sets S1, 52, and 53. It can be seen

that as -/61 increases, the data line (or curve) moves around the point (0.5,0.5) in an anti-

clockwise direction. This effect is the exact opposite of the effect of increasing -I¡1. Also,

these effects are consistent with the trend seen in the data in connection with.r1. These

observed effects of -/cr and -Irr are consistent with the observations made on the data of

other researchers, which were reported by El-Shaboury et al. (2001).

In Figure 4.4, at the take-off points on the Y-anis, there was only liquid flowing in

outlet 3 and above it there was a stagnant air layer that has the same pressure everywhere.

Thus, the flow became similar to the flow in open channels and the amount of the liquid

flow rate was dependent on the difference in elevation between the separation tank intake

and the water surface inside the tank. As a result, no data points could be obtained on the

Y-axis below the take-off points.

4.2.2 Data of the Wavy Flow Regime

Figure 4.5 shows the phase-distribution data for the wavy and stratified-wavy flow

regimes. It can be seen that for data set SW with an inlet quality of 0.87, there is a

preference for the gas phase to exit through outlet 3 over the range 0.0 < mlm < 0.5.

Data set V/l with an inlet quality of 0.64 shows essentially an even phase split over the
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whole range of W3lW1. For data set W2 with an inlet quality of 0.31, there is a

preference for the liquid phase to exit through outlet 3 over the range 0.0 < WlWt< 0.5.

It can be noted that there is a continuous hend in the data such that as x1 increases, the data

line (or curve) moves around the point (0.5,0.5) in a counter-clockwise direction. The

three data sets shown in Figure 4.5 have a -161 of 10 m/s. Thus, the effect of Jy1, at a fixed

.-/61, oll the data can be assessed by examining the three data sets. It is clear that increasing

../u results in turning the data line (or curve) around point (0.5,0.5) in a clockwise

direction. All the observations made on Figure 4.5 are consistent with those made on

Figure 4.4 for the stratified flow regime.
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Figure 4.5 Phase-distribution data for the wavy and stratified-wavy flow regimes
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In order to see the similarity or differences between the data of the stratified and

wavy flow regimes, the data shown in Figures 4.4 and 4.5 were plotted on one graph,

Figure 4.6. Values of xr and Mpare given on the figure for each data set. It can be seen

that the data for data sets S1 and W2 are very close to each other and that both data sets

have an inlet quality of 0.31. Keeping that in mind, it may be said that the trend related

to the effect of xr is continuous within the stratified and wavy flow regimes. In terms

of MB, there is a continuous trend within the data of each flow regime separately.

However, the trend is not continuous within both flow regimes. This may be attributed

Fsr

FBc

Figure 4.6 Phase-distribution data for the stratified and wavy flow regimes

0.2 0.80.6o.4
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to inaccuracy in the void-fraction values used in calculating I[p, or the existence of

other important factors influencing the phase distribution besides iZp.

4.2.3 Data of the Annular Flow Regime

Figure 4.7 shows the phase-distribution data for the annular flow regime. The

figure shows that for data set A1 (where x1:0.96), there is a preference for the gas

phase to exit through outlet 3 over the range 0.0 < l44lwr < 0.5. For data sets 42, 43,

and A4 with inlet qualities of 0.87, 0.64, and 0.28, respectively, there is a preference for

the liquid phase to go through outlet 3 over the range 0.0 < %/lh < 0.5. Figure 4.7 also

shows that there is a continuous tend in the data such that as x1 increases, the data line (or

Før

O A1 Js: 40 nt/s, Ju: 0.0026 m/s

X A2 Jat: 40 tn{s, Ju: 0.01 m/s
r A3 Jq: 40 nt/s, Jy1: 0.04 m/s

^ A4 Js : 40 ttils, Ju: 0.18 m/s

0 0.2 0.4 0.6 0.8 1

Fec

Figure 4.7 Phase-distribution data for the annular flow regime
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curve) moves around the point (0.5,0.5) in a counter-clockwise direction. As the four data

sets shown in Figure 4.7 have a Js of 40 m/s, the effect of varying x¡ ma/ be viewed as

the effect of varying Jt¡ at a fixed /cr. ln Figure 4.7,the trends seen in the data in terms of

the effects of xl and Jrt are consistent with the trends found in Figures 4.4 and 4.5 for the

stratified and wavy flow regimes.

4.3 Comparison Between Current Data and Other Researchers' Data

Some of the current phase-distribution data were compared against data generated

by other researchers. The two data sets were selected such that they have reasonably

close inlet conditions. Figure 4.8 shows data set SW compared against a data set of

Offens et al. (1995). The data of Ottens et al. were generated with atmospheric

Figure 4.8 Comparison between data set SW and the data of Ottens et al. (1995)
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pressures at the junction and a smaller diameter than the current study. The two values

of Jyt are close while values of J61 are somewhat different. The figure shows good

agreement between the two data sets for Fs6 < 0.5. For Fec > 0.5, large deviations can

be seen; however, the data of Ottens et al. do not seem to follow the symmetry

conditions. Another comparison is shown in Figure 4.9, where data set W2 is compared

against a data set generated by Ottens et al. The figure shows good agreement between

the two data sets.
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Figure 4.9 Comparison between data set V/2 and the data of Ottens et at. (1995)
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The current data for the annular flow regime were compared against the date of

Hong and Griston (1995). Hong and Griston used a smaller diameter tee junction with

atmospheric pressures at the jrurction. Figure 4.10 shows a comparison between data set

A4 and a data set of Hong and Griston. Surprisingly, the figure shows good agreement

between the two data sets even though the values of -/cr are considerably different. It

cannot be determined whether the change in the inlet presswe and/or diameter

contributed to the agreement between the two data sets. Due to a lack of data in the

literature, the effects of the inlet pressure and the diameter on the phase-distribution

FBr

0.2 0.6

Fnc

Figure 4.10 Comparison between data set A4 and the data of Hong and Griston (1995)
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data are not well investigated. A comparison was also made against the data of

Azzopatdi et al. (1986a) for annular flow in a junction with a vertical inlet. Figure 4.ll

shows a comparison between data set A3 and a data set of Azzopardi et al. (1986a). The

two inlet pressures and diameters are close. The figure shows a good agreement

between the two data sets even though the ratio of the ,161 values is almost 2:1.

However, for data set 43, Both -/cr and -I¡1 are higher than those of Azzopardi et al.

data set. Increasing -161 and Jyl have opposite effects on the phase-distribution data and

that might be the reason that the two data sets compare very well as shown.

0.8

0.6

Fsr

0.4

0.2

o.2 0.4

Fsc

0.6 0.8

Figure 4.11 Comparison between data set A3 and the data of Azzopardi et al. (19S6a)
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4.4 Pressure-Drop Data

4.4.1 Single-Phase Pressure-Drop Data

Single-phase pressure-drop data were obtained under the operating conditions

described in Tables 4.1 and 4.2. These dafa arclisted inTables B.3 and 8.4.

Figures 4.12 and 4.13 show typical pressure distributions obtained during single-

phase runs. Figure 4.12 shows the pressure distribution for a single-phase-air run with

%lWt:0.1, while the pressure distribution shown in Figure 4.13 was obtained for a

single-phase-water run with %lW: 0.9. The ordinate in these figures is (P-P), where P

is the absolute presstue at a given location and P, is a reference pressure, selected in this

study to be the absolute pressure at tap I (see Figure 3.9).
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Figure 4.12 Pressure distribution for a single-phase-air run with %/Wt:0.I
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Figure 4.13 Pressure distribution for a single-phase-water run vnth l|¡glWt: 0.9

As shown in Figures 4.I2 and4.13, values of the three junction average pressures, p1,

Pz, attd P3, were obtained by exhapolating the fully-developed pressure gradients in the

inlet and the two outlets to the junction centre. The linear equations for the inlet and the

two outlets were obtained using least-squares analysis as outlined in Appendix B of Buell

(teez).

The measured pressure gradients in the inlet for all the single-phase experiments were

compared against the predicted presswe gradients obtained from the following equation:

(dP/dx) :.f pvz /(2Dù (4.6)
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where I p, V, and Dl are the friction factor, density, velocity, and inlet diameter,

respectively. The friction factor was obtained from the following empirical correlations

(Incropera and DeWitt, 2002):

f:0.316 Re;1/4

f:0.784 Relt/s

Retl 2x104

Ret) 2xl0a

(4.7)

(4.8)

where .Rer is the inlet Reynolds number given by Equation (4.1).

Using Equations (a.6) to (4.8), the predicted pressure gradients for all the single-

phase experiments were calculated. For single-phase-water nuts, the average predicted

pressure gradient was I4.7 Palm while the average measured pressure gradient was 14.6

Pa/m. For single-phase air runs with -rcr of 20 and 40 m/s, the average predicted

pressnre gradients were 182.7 and 636.7 Pa/m, respectively, while the average

measured pressure gradients were 168.8 and 586.7 Pa/m, respectively. Therefore, the

measured pressure gradients are in good agreement with the predicted ones with a

maximum percentage deviation of 7.8 %o.

Values of the three junction average pressures were used to calculate the pressure

loss coefficient Kr¡ and its counterpart for outlet 2, Ktz,using Equation (2.30). Figure 4.14

shows the variation of Krg with the extraction ratio %llh for the two nominal air

velocities and the nominal water velocity. The empirical correlations of Ito and Imai

(1973) and Hwang (1986), Equations Q.26) and(2.29),respectively, are also shown in the

figure. Also in the figure, values of Ktzevaluated at(WW) are shown in order to confirm

the symmetry of the test section. The figure shows that values ofKr¡ at%/W and thoseof

Ktz at (WWù are very close to each other. As mentioned before, this confirms the

symmefiry of the test section. It can also be seen that, for the two different air velocities,
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Figure 4.14 Single-phase loss coefficients, Kl¡ and Kp

values of K13 and K12 are very close to each other. Also, values of Kr¡ and K12for the air

flow are close to those of the water flow except at lltElWt: 1.0. The experimental data fit

the correlation of Ito and Imai (1973), Equation (2.26), very well over the whole

conelation range. It should be mentioned that Equation (2.26) was based on experimental

data for single-phase-water flow over the range 10s < Ret < 2(10s). However, the

correlation by Hwang, Equation (2.29), does not follow the experimental-data ûend of Ito

and Imai or the present investigation. Figure 4.14 suggests that values of the pressure loss

coefficients Kr¡ and Ktzare dependent only on the extraction ratio %llh. No dependence

on the fluid properties or the inlet Reynolds number is observed.

0.80

Ito and Imai (1973) corelation,
Equation (2.26)

dl
n

f Ktz(air, 20 m/s) /Z Kn (aî,20 mls) t
A Kr¡ (air, 40 m/s) Hwang (1986) correlation,

L Kn(air,4O m/s) Equation (2'29)

a K13 (water, 0.18 m/s)
O K12(water,0.l8 m/s)
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4.4.2 Two-Phase Pressure-Drop Data

Two-phase pressure-drop data were obtained under the operating conditions described

in Table 4.3. These data arelisted in Table B.1 of Appendix B.

ln the following sections, samples of the pressure-distribution data for different inlet

flow regimes are given. These data are presented on graphs of (P-Pr) versus the distance

from the junction centre, similar to Figures 4.12 and 4.13 for single phase.

Pressure-Distribution Data for Annular Flow

Figure 4.15 shows pressure-distribution data for data set A1 with W3lWt: 0.5. The

figure shows that the pressure distributions in the two outlets are very close to each other

which is further evidence of the symmetry of the test loop around the inlet centreline. As a

0
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W3llV\:0.5
P, : 1.5 bar
APp:489.8 Pa
APs:475.0Pa
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Figure 4.15 Pressure distribution for data set Al with l4\ll4rr: 9.5
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result, values of APp and APn are very close to each other with a percentage difference

of 3 o/o. Also, the figure shows that the pressure gradient in the inlet is larger than those in

the outlets, which is expected due to the larger mass flow rate in the inlet. In the inlet, the

last three taps before the junction cenhe have pressures that slightly deviate from the

straight line due to the slight change in diameter between the copper pipe and the acrylic

piece. That difference in diameter is approximately equal to 0.05 mm or 0.13 % of the

diameter. It can be seen that for both outlets, the flow becomes fully developed at

approximately 50 cm away from the junction centre. The developing length in both outlets

was always close to 50 cm for all the data sets except for data set 44, as will be seen later.

Figure 4.16 shows pressure-distribution data for data set A4 with mlm: 0.g. The

figure shows that in outlet 3 the flow becomes fully-developed at approximately 130 cm

from the junction centre. As mentioned before, that developing length is larger than those

found in other data sets. Data set A4 has the highest values for -/cl and Jyl in the current

study. As a result, for large values of Wslwt,the mass flow rate in outlet 3 becomes very

large and consequently requires large developing lengths.

Outlet 3 had originally 15 pressure taps (see Figure 3.9) with the last tap at a distance

of 144.78 cm from the junction centre. V/ith this configuration, there will not be enough

data points for determining the slope of the straight line that represents the fully-developed

pressure distribution in outlet 3. Determining the correct slope for that straight line is very

important because the value ofP3 greatly depends on that slope. As a result, it was decided

to drill two additional pressure taps in outlet 3. These two taps are 12.7 cm apart and the

first one of them is 12.7 cm away from the last original tap (tap 41 in Figure 3.9). With the

two additional taps, the staight line for outlet 3 is based on four points and as a result the

90



(Ë
Êr

À,
I5

0

-2000

-4000

-6000

-8000

-10000

-12000

-14000

-200 -1 50 -100 -50 50 100 150 200

Distance from the junction centre, cm

Figure 4.16 Pressure distribution for data set A4 with W3/14t, : g.g

value of P3 was determined with more confidence. All other data were gathered using the

original configuration of taps as shown in Figure 3.9.

Pressure-Distribution Data for Wavy and Stratified-Wavy Flows

Figure 4.17 shows pressure-distribution data for data set w2 with %lwt: 0.1. The

figure shows that when 90 % of the inlet flow goes through outlet 2, it reaches frrlly-

developed conditions at approximately 50 cm from the junction cente. As mentioned

before, this distance was consistent for all the data sets except data set 44, as seen in

Figure 4.16. T};re figwe also shows that the inlet pressure gradient for data set W2 is much

lower than the values in Figures 4.15 and 4.16 for data sets A1 and A4, respectively. This

is of course due to the lower mass flow rate that goes through the inlet for data set W2. In
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Figure 4.17 Pressure distribution for data set W2 with l|tzlWt: 0.1

Figure 4.l7,the inlet has the highest pressure gradient and outlet 3 has the smallest one.

All these observations on Figure 4.17 are consistent with those for Figures 4.15 and

4.16.

Pressure-Distribution Data for Stratified Flow

Figure 4.18 shows the pressure-distribution data for data set S 1 with WlWt: 0.1 . The

values of P1, P2, and P3 are shown in the figwe. These values were obtained by

extrapolating the pressure data from the straight-line regions in the three sides of the

junction, as was done for annular and wavy flows. The figure shows that the presswe-

drop values (APn and APß) are considerably smaller than those for wavy and annular

flows. In Figure 4.18, the maximum dif[erence in pressure between any two taps is

50

x-i....r..\. 1..

Outlet 3

i\t-::_-ç: Inlet i

i; P3

.,/61 : 10 m/s
Jy1:0.04 mls
ll'zllh:0.1
Pr: 1.5 bar

APp:115.9 Pa

AP3: -92.8Pa
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Figure 4.18 Pressure distribution for data set S1 with ffil¡4rr: 9.1

approximately 65 P4 a value that is much smaller than its counterpart for wavy and

annular flows. This observation was found to be consistent in all the data for stratified

flow. The reason for these small values is that for stratified flows, the value of J6¡ is

relatively small leading to a small inlet mass flow rate and as a result the pressure-drop

values become very small. Another observation that can be made on Figure 4.l8 is that the

pressure-distribution data in the inlet deviate from the linear behaviour at a large distance

from the junction centre (approximately 120 cm in Figure 4.18). This observation was

also found to be consistent in all the data for stratified flow. However, the location at

which the data start to deviate from the linear behaviour was found to vary with the inlet

conditions, as will be seen later.
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The possible reasons for the deviation of the inlet pressure-drop data from the

linear behaviour were investigated. Figure 4.19 shows apicture taken from the back of the

junction for data set 51 ,lu:i¡h ll4lWr: 0.1. ln the figure, the inlet appears as an ellipse and

the interface, outlet 2, and outlet 3 are marked as shown. The figure shows that there is a

swelling of the interface level at the junction. The figure also shows that the heights of the

interfaces in outlets 3 and 2 are different with outlet 3 having a lower interface due to the

smaller mass flow rate in it. The fact that the interface height swells at the junction may be

explained by looking at the junction as an obstruction to the incoming flow. The visual

observation shown in Figure 4.19 was consistent for all the data of sftatified flow;

however, it was found that the magnitude and shape of the interface swelling at the

junction varied with the inlet conditions and the split ratio.

Figure 4.19 Back picture ofthejunction for data set S1 with %lIh : 0.1

T
DI
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The visual observation shown in Figure 4.19 together with the pressure measurements

shown in Figure 4.I8 gave rise to the question about the effect of the interface level in all

three sides of the junction on the magnitude and form of the pressure distribution. A

difference in elevation of 2 mm results n a20 Pa pressure difference, which is significant

when the difference between the highest and lowest pressures is 65 Pa. On the other hand,

differences in elevation have little impact in annular and wavy flows because of the much-

higher pressure differences.

It should be mentioned that in the current study, values of the pressure measurements

consist of two parts; the static pressure and the hydrostatic pressure. Thus, for the current

pressure-distribution data such as the ones given in Figure 4.18, the parameter P can be

defined as follow:

P:P"t+ Ægh (4.e)

where Prt is the static pressure of the gas phase, p¡ is the density of water, g is the

gravitational aeceleration, and å is the vertical height of the interface above the pressure

transducer comparfnent. The height h gsvenin Equation (4.9) maybe expressed as:

h: hr-f L (4.10)

where år is the liquid height in the tube and Z is the vertical height of the bottom of the

tube above the pressure transducer compartrnent. Consequently, the parameter P can now

be defined as:

P: Prt+ Æg (hL+ L)

Similarly, the parameterP, is defined as follow:

(4.rla)

P, : (Prù, + Æg LØL), + Ll
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where (PrÐ, and (ht-), are the static pressure and the interface height, both at tap 1,

respectively. The height Z is the same for all pressure taps. Thus,

(P-PJ:P,I-(P,ù, + þ-glh-(hr),] (4.12)

Equation (4.12) emphasizes that the pressure dishibutions shown in Figures 4.15 to 4.18

have static and hydrostatic components.

In order to investigate the possible effect of the height change of the interface in the

three sides of the junction, an experiment was conducted with the following conditions:

Jct:0.0, -[-r :0.04 m/s, and %lWt: 1.0. The value of ,./rr was small enough so that

the water did not frll the entire pipe. Instead, a stagnant air bubble existed on top of the

flowing water. The pressure-distribution data obtained for this experiment are shown in

Figure 4.20,while Figure4.21 shows aback pictureof thejunction. Since thereisno
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Figure 4.20 Pressure distribution for the no-gas-flow experiment
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Figure 4.21 Back picture of the junction for the no-gas-flow experiment

gas flow, the static pressure above the interface is expected to be uniform throughout

and according to Equation (4.12), the measured pressure distribution shown in Figure

4.20 indicates the height of the interface in the three sides of the junction. Figure 4.20

indicates that a change in the interface level occurs not only at the junction but also

along the three sides of the junction. In the figure, the maximum pressure difference is

40 Pa and, when compared to its counterpart in Figure 4.1S (65 Pa), the signifrcant

effect of the interface level change on the pressure distribution for shatified flow

becomes evident. As will be seen later, for the no-gas-flow experiment, the change in

the interface level is the only driving force that helps the flow overcome the wall

friction. Figure 4.20 shows that a horizontal interface was established in outlet 2, which

is expected because there was no flow in that outlet. The figure also shows that there is

approximately a 25-Pa pressure drop along outlet 3, while only a 6-Pa pressure drop
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exists along the inlet. The fact that the pressure drops along the inlet and outlet 3 are

different even though WtlWt: 1.0 is discussed in Appendix C.

Figure 4.22 shows pressure-distribution data for data sets Sl to 54 vnthWrllyr:

0.5. The figure shows that the location at which the data start to deviate from the linear

behaviour in the inlet varies with the inlet conditions with -161 being the dominant factor

(compared to Ju) in determining that location. The figure also shows that for all the data

sets, the data in the two outlets are syÍrmetric, which is expected with a WslIYt: 0.5. That

symmetry of the data in the two outlets was achieved even though for statified flow, the

pressure-distribution data are very sensitive to any slight variation in the interface level.
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Based on the discussion given above on Figures 4.18 and 4.20,it was concluded

that there were changes in the interface level occurring in the three sides of the junction

for stratified flow and that these changes had a significant effect on the shape and

magnitude of the pressure-distribution data. As pointed out by Equation (4.12), the

pressure differences measwed by the transducers consist of two parts; a static

component and a hydrostatic component. These two components had comparable

values and it was not possible to determine the value of each component from the

measured pressure dishibution. As a result, it was decided not to report any pressure-

drop data (APn and AP¡¡) for the stratified flow. However, all the current pressure-

distribution data for stratified flow are given in Appendix C.

Assessment of the Measured Fully-Developed Pressure Gradients

The fully-developed pressure gradients measured in the inlet were compared

against the predictions of the correlations proposed by Lockhart and Martinelli (1949)

and Chishokn (1967). This was done for all the experiments of the wavy, stratified-

wavy, and annular flow regimes. Also, the pressure gradients for the experiments of the

wavy and stratified-wavy flow regimes \¡/ere compared against the model of Grolman

and Fortuin (1997). This model was developed to predict the pressure gradients for the

following conditions 1.5 < Jcr < 35 m/s and 0.0001 < Ju < 0.1 m/s. As mentioned

before, for the stratified-flow experiments, it was not possible to determine the pressure

gradient in the inlet and therefore these experiments are excluded from the current

assessment. Dukler et al. (1964) tested five pressure-drop correlations and concluded

that Lockhart and Martinelli (1949) correlation gave the best agreement. Also,

Mandhane et al. (1976) assessed a total of sixteen pressure-drop correlations and they
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concluded that Lockhart and Martinelli (1949) correlation is the third best for annular

and wavy flow regimes. Chisholm (1967) correlation was the second best for annular

flow regime. Table 4.4 shows the predicted and the average of the measured values of

the pressure gradients in the inlet. The percentage differences shown in the table were

calculated as follow:

o/o difference : ((measured-predicted)/measured)*100 (4.13)

Table 4.4 Measured and predicted values of the pressure gradients in the inlet

The table shows that the correlation of Lockhart and Martinelli (19a9) gives the

better predictions of the pressure gradients for annular flow. For wavy and stratified-

wavy flows, the predictions of Lockhart and Martinelli (1949) and Chisholrn (1967) are

in good agreement with the measured pressure gradients.

Data
Set

Measured
pressure
gradÍent
(Palm)

Predicted pressure gradient (Palm)

Lockhart and
Martinelli fl9491

% diff. Chisholm
flg6Tt '/. diff. Grolman and

Fortuin {-1997)
% dirf,

SV/ 77.36 73.53 4.95 68.21 11.83 54.43 29.64

w1 86.02 94.06 -9.34 98.89 -14.96 57.32 33.36

w2 r49.2 192.8 -29.25 169.2 -13.41 89.57 39.97

A1 750 707.8 5.62 357.t 52.39

A2 1054 778 26.2 587.1 44.3

A3 t29r 1118 13.41 1070 17.14

A4 209t 244t -t6.78 2095 -0.22
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Examination of the Two-Phase Pressure-Drop Data

Figure 4.23 shows the variation of the measured pressure drop with the split ratio

lI4llI4 for the annular-flow experiments. In the figure, the data points shown for the

range of WtlWt from 0.0 to 0.5 are the actual measurements for outlet 3. The data points

shown for the range of %lWt from 0.5 to 1.0 are the actual measurements for outlet 2 but

were used in the graphs for outlet 3 based on symmetry. The figure shows that for all the

data sets, as the split ratio increases the pressure drop also increases. However, the rate

of change of the pressure drop with respect to the split ratio varies from one data set to

another. Data set A4 has the highest rate of change of the pressure drop with respect to

the split ratio and data set A1 has the smallest one. For data sets A1 and A2, the rate of

change of the pressure drop with respect to the split ratio is almost constant over the
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Ftgne 4.23 Variation of the pressure drop with the split ratio for the annular flow regime
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entire range of the split ratio, i.e., the data points can be fit with a straight line. For data

sets A3 and A4, the rate of change of the pressure drop with respect to the split ratio

varies with the split ratio.

As the four data sets shown in Figure 4.23 have the same Js (40 m/s), the effect of

varying Ju (at a constant -/61) on the pressure drop may be concluded. The figure shows

that at a fixed split ratio, the absolute value of APp increases with the increase in -rrr.

Figure 4.24 shows the variation of the measured pressure drop with the split ratio

Wzllh for the wavy and wavy-stratified flow regimes. Similar to Figure 4.23, the data

points shown in Figure 4.24 represent the measurements taken for outlet 3 and outlet 2.

The figure shows that for data set SW, as the split ratio increases the pressure drop

increases. For data sets'Wl and'W2, the pressure drop increases with the increase in the
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Figure 4.24 Variation of the pressure drop with the split ratio for the wavy and
stratified-wavy flow regimes
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split except in the range of 0 < %lIü < 0.1. It should be mentioned that the pressure

drop values at thlWt: 0 have no physical meaning and that is why they were not

shown in Figures 4.23 and 4.24.The three data sets shown in Figure 4.24havethe same

-rç1 (10 m/s). Thus, the effect of varying Jy1 (at a constant -161) on the pressure drop may

be concluded. The figure shows that at a fixed split ratio, the absolute value of App

increases with the increase inJrt. The observations made on Figure 4.24 arc consistent

with those made on Figure 4.23.

The effect of varying Jat (at a constant J¡1) on the pressure drop may be seen in

Figure 4.25. Data sets A3 and W2 have the same -I¡1 (0.04 ms) and -Icl values of 40 and

10 m/s, respectively. Data sets A2 and V/l have the same J¡1 (0.01 ms) and -161 values

of 40 and 10 m/s, respectively. The figure shows that at a fixed split ratio, the absolute
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Figure 4.25 Effect of..I61 on the pressure drop
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value of lPn increases with the increase in the value of -/61. This effect is similar to the

effect of Ju on the pressure drop. Therefore, it may be concluded that the absolute

value of ÁPs increases with the increase in-/cr andlor Jy1.

4.5 Experimental Uncertainfy

An uncertainty analysis was conducted for both the phase-distribution and pressure-

drop data. The analysis was done based on the methods of Kline and McClintock (1953)

and Moffat (1988). These methods are explained in detail in Appendix E of Buell (1992).

A summary of the analysis is given here and a complete set of the results is given in

Appendix D. All uncertainties given in the current study are at "odds" (as used by the

above-given authors) of 20 to 1. The uncertainties are meant to accommodate:

discrimination uncertainties in the measuring instruments, the error in fitting an equation

to the calibration dat4 and the accuracy of the calibrating devices.

The uncertainties in the values of Jcr, Ju, andxl worê found to be within l.4.4 %o.For

%/Wt x3/x1, Fsç, and .Fs¡, the uncertainties were within +1I.7 Yo except for one

measurement of .Fer at 14.8 To. The uncertainty in the test-section pressure was found to

be within +l o/o.

For APp and APp, 82 % of the data had uncertainties less than +30 o/o. The

experiments A1-4 and A4-5 had very large values for the uncertainty of APp. For both

experiments, the urcertainty values for Pr and P¡ were very small (< 2.8 o/o). However,

because the value of AP3 was very small relative to the values of Pl and P3, the

uncertainty value of APpbecame very large.
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Chapter 5

MODELLING OF PHASE SEPARATION AND PRESST]RE DROP

5.1 Comparison Between Current Phase-Distribution Data and Models

The predictions of the models proposed by Hwang (1986) and Ottens et al. (1995)

(see Section 2.3) were compared against the current phase-distribution data. As

mentioned in Section 2.3.3, these models were found to be the best available tools in

the literature for predicting phase distribution in horizontal impacting tee junctions.

5.1,.1 Hwang (1986) Model

Figure 5.1 shows predictions of the Hwang (1986) model against the phase-

distribution data for the annular flow regime. The figure shows that the predictions

Fer
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Figure 5.1 Predictions of the Hwang (1986) model against the current data
for annular flow
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follow the correct trend in terms of the effect of -Ir_r. The predictions rotate around the

point (0.5,0.5) in a clockwise direction as Ju increase from data set A1 to 44.

Qualitatively, for data sets A3 and 44, the predictions are in very good agreement with

the data. For data sets A1 and A2, the model underpredicts the values of l7s¡ in the

range0<thllh<0.5.

Figure 5.2 shows predictions of the Hwang (1986) model against the phase-

distribution data for the stratified-wavy and wavy flow regimes. The figure shows that

the predictions follow the correct trend in terms of the effect of Ju. For data set SW,

the predictions are in very good agreement with the data. However, for data sets V/l

and W2, the data are poorly predicted as the model significantly underpredicts the
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Figure 5.2 Predictions of the Hwang (1986) model against the current data
for stratified-wavy and wavy flows
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values of FsL in the range 0 < %lWt < 0.5.

Figure 5.3 shows predictions of the Hwang (1986) model against the phase-

distribution data for the stratified flow regime. In the figure, the model predicts the

correct trend in terms of the effects of varying Jcr and ..Ir-1. However, all the data in the

figure are poorly predicted as the model severly underpredicts the values of Fnl in the

range 0SWzlWt <0.5.
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Figwe 5.3 Predictions of the Hwang (1986) model against the current data
for stratified flow

5.1.2 Ottens et al. (1995) Model

Figure 5.4 shows predictions of the Ottens et al. (1995) model against the phase-

distribution data for the annular flow regime. The figure shows that the model predicts

the correct trend in terms of varying ..I¡1. For all the data sets, the predictions are in
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Figure 5.4 Predictions of the Ottens et al. (1995) model against the current
data for annular flow

reasonable agreement with the data. For data sets A1 and A2, the model slightly

underpredicts the values of FeL in the range 0 3lTglWt < 0.5. For data sets A3 and 44,

the model overpredicts the values of Fer in the range 0 < Wzlth < 0.5.

Figure 5.5 shows predictions of the Ottens et al. (1995) model against the phase-

distribution data for the stratified-wavy and wavy flow regimes. The figure shows that

the predictions are in good agreement with the data in magnitude and trend with a slight

overprediction of FsL in the range 0 < W3lWr < 0.5 for data set SW.
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Figure 5.5 Predictions of the Ottens et al. (1995) model against the current
data for stratified-wavy and \¡/avy flows

Figure 5.6 shows predictions of the Ottens et al. (1995) model against the phase-

distribution data for the stratified flow regime. In the figure, the model predicts the

correct trend in terms of varying 4-r. However, the model does not predict the correct

trend in terms of varying Ju.Data sets S1, 52, and 53 have the same..Iu and different

-Icl. The predictions for these three data sets lie on the same straight line. The overall

poor predictions seen in Figure 5.6 may be attributed to the fact that the Ottens et al.

(1995) model was developed for two-phase flows with an inlet liquid hold-up of less

than 0.06. This might explain why the model works best for data set Sl which has the

lowest liquid hold-up amongst the data sets in Figure 5.6.
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Figure 5.6 Predictions of the Ottens et al (1995) model against the current
data for stratified flow

5.1.3 Concluding Remarks

From Figures 5.1 to 5.6, the following (applicable only to the current phase-

distribution data) conclusions may be drawn:

o The model of Ottens et al. (1995) produces better predictions (in general) than

the model of Hwang (1986), particularly in the wavy and annular regions.

r Neither model is capable of predicting the shatified-flow data.

. There are no models or correlations available yet for predicting the two-phase

pressure drop in impacting tees.

In view of the above observations, the need for further modelling efforts for

predicting the pressure drop and phase distribution of two-phase flow in impacting tees

is clearly apparent.
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5.2 Proposed Model

One of the objectives of the current study was to develop a model capable of

predicting the phase distribution and pressure drop dwing two-phase flow in horizontal

impacting tees. This model should work for all the flow regimes investigated in the

current study. In the following sections, this model will be presented and tested against

the current data and data ofother researchers.

It should be mentioned that a numerical study of single-phase flow in two-

dimensional tee junctions was done as part of the current study. The results of this

numerical study are given in Appendix E. The objective of this numerical study was to

gain some insight into the physics of the flow splitting in tee junctions. That in turn

should help when developing a model for the case of two-phase flow. Reference will be

made to this work in some of the following sections.

5.2.1 Overview

For the analysis of a steady-state flow in a horizontal impacting junction, many

parameters are involved. Assuming known geometry (Dr Dz, and D3) and known

properties (Qu pa, /tr,lta,....), the remaining parameters may be categorized as follow:

mass flow rates (W1, W2, and Z3), qualities (h, xz, and.r3), and pressure drops (APn

and APn). Tlpically, three independent parameters are specified (e.g., Wt, xt, and Wù.

In order to determine the remaining five unkno\iln parameters, five equations are

required. Tlpically two continuity equations and two energy equations are used. The

two continuity equations are selected from among three possible equations, one for the

mixture and one for each phase. Only two continuity equations should be used because

the third equation would be redundant (if used). The two continuity equations used in
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the current study were the continuity equations for the mixture and the gas phase. The

two energy equations may be selected from among many possible equations. Energy

balance equations can be applied to the inlet-to-outlet-3 stream, the inlet-to-outlet-2

stream, or the inlet to both outlets. Also, energy balance equations can be applied for

the gas phase, liquid phase, or the mixture. Thus, there are nine energy balance

equations that can be applied to the flow. Only two energy equations should be used

because any other equation would be redundant (if used). The two energy equations

used in the current study were the energy equations for the gas phase applied to inlet-to-

outlet 3 stream and inlet-to-outlet 2 stream. The fifth equation used in the current study

was a momentum balance applied on a control volume within the junction.

5.2.2 Model Equations

From an overall mass balance, we get

W, =ll| +W3

A mass balance on the gas phase gives

(5.1)

xtWt=xrWr+xtW,t (s.2)

Assuming equilibrium conditions, the pressure drop experienced by the gas from inlet

to outlet 3 of the junction is equal to the pressure drop experienced by the liquid from

side 1 to side 3. From energy considerations, this pressure drop can be expressed as:

/P* = ?<rå, -vå)* Kc,,¡ ?rå, (s.3)

where the first term on the right hand side of Equation (5.3) represents the reversible

component and the second term represents the irreversible component of the pressure

drop. Similarly, for the pressure drop on the gas phase from inlet to outlet 2, we have

tt2



(s.4)

where, p6 is the density of the gas phase, Zc is the average gas velocity, Kc,tz is the

inlet-to-outlet 2 mechanical-energy loss coefficient for the gas phase, and K6,¡3 is the

inlet-to-outlet 3 mechanical-energy loss coefficient for the gas phase.

The average gas velocity Z6was calculated fromthe following equation:

Vc¡ = ,i =1,2,3 (s.s)
Pca;A

where, Wc is the gas mass flow rate, A is the cross-sectional area of the pipe, and a is

the void fraction calculated using the model of Shoham et al. (1987).

The fifth equation of the proposed model is the momentum-balance equation at the

junction. Figure 5.7 shows a control volume situated at the junction with the relevant

momentum rates and forces indicated at the control surfaces. In the figure, the

parameter .F'o is the net drag force acting on the control volume at the back wall of the

Figure 5.7 Momentum-balance parameters at the junction

lPtz = ff-frrå, 
-rå)t Kc,tzlrå,

Wci

r--::=::---a
tt

WVn i i wzv^z
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junction and V^is the momentum velocity of the mixture to be defined later. This force

can be positive or negative depending on the value of WzlWt. Due to symmetry, when

%lWt : 0.5, .Fo must be equal to zero. The results of the numerical study given in

Appendix E indicate that the back wall of the junction is a region charactenzed by

relatively high values of the wall shear stress. These high values indicate that the

control volume located at the junction experience friction forces of considerable values.

Consequently, these friction forces should be taken into account when applying a

momentum balance at the junction.

Plots of streamlines given in Appendix E indicate that as the inlet flow approaches

the junction, the part of the inlet flow going through outlet 2 deviates towards outlet 2

outlet and similarly, the part of the inlet flow going through outlet 3 deviates towards it.

Thus, close to the junction, the inlet flow deviates from the y-direction. This deviation

occurs for all the split ratios except for %lW : 0.5. The effect of the inlet-flow

deviation from the y-direction is accounted for by using the term W1V¡¡¡1cosB. For the

flows in outlets 2 and 3, it was assumed that the momentum rates of these flows in the

x-direction are Wz Vrra and % V^2, respectively. The angle B shown in Figure 5.7 is a

hypothetical angle between the inlet flow and the positive x-direction. According to the

definition of B, when tl4/th:0.5, Bmust be equal to 90o. Thus, when Wllh:0.5,.F¡

aîd P must be equal to zero and 90o, respectively. This guarantees that the momentum

equation satisfies the symmetry irrespective of the formulation ofFo and P.

From a simple momentum balance in the x-direction, we get

PrA+ FD - P2A=WzV^z -WsV^t -WtV^tcos p

where Z- is the momentum velocity of the mixture defined as

tr4

(5.6)



r''r w'
/ mi - --+ ,i =1,2,3 (5.7)

pmiA

where W¡ ís the total mass flow rate in side i, and p^ is the momentum-weighted

density defined as

p^i =[ ,Ít - 
rr)' * r,' l-t ,i:1,2,3 (5.8)

l\t-a;)h u;Pc )

where p¡ is the density of the liquid phase and x is the mixture quality.

The force Fema! be formulated as follows:

Fo = A* r, (+ p^, v3,) (s 9)

where l* is the area of the back, top, and bottom walls of the control volume shown in

Figure 5.7, and Gis a friction coefficient. The parameter A* can be approximated as

A*:tD-D - Aco (5.10a)

where .4çe is the surface area cut out of the control volume wall by virfue of the

intersection with the inlet pipe. The parameter Aç6 can be expressed as

, _ 7t _2
¡rco - a:D- (5.10b)

4

where a is a constant. Equation (5.10a) can then be written as

A* =ttD.D -^iD2 =(-a)io' (s.loc)

Substituting the expression forl* into Equation (5.9) and rearranging gives

ro=lD2 p^tv^tlrycrv^t'l tr.ttl

Using Equation (5.7), Equation (5.11) can be re-written as
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(s.t2)

Substituting in Equation (5.6) and rearranging yields

PtA- PtA- PrA+ P1A =WzV^z -WtV^t -WtL^tcos B -^r^rff ,rf

(s.13)

The formulations for the angle B and the friction coefficient G have to be determined

empirically. In order to reduce the empiricism in the proposed model, it was decided to

sum up the effects of the friction forces and the deviations from the main directions in

one term only as follows:

(/42 - /4)A = WzV^z -WtV^t -WtV^tþ' (s.14)

Fo=wt^rYr,l

where þ' (= cos B.ryCr ) is a parameter that will be determined empirically as

will be seen later.

It should be mentioned that for the symmetry of an equal-sided horizontal

impacting junction to be satisfied, the following equation applies:

/ P"l */*,= ¿ = / Prrl 
*r/*,=,- u

(s.ls)

Equation (5.15) implies thaf APn can be obtained from Equation (5.3) by replacing the

outlet-3 parameters with outlet-2 parameters. Consequently, the second energy

equation, (Equation (5.4)), may be eliminated and the model reduces to four equations

only. These equations are the two continuity equations (Equations (5.1) and 5.2)), the

energy equation (Equation (5.3)), and the momentum equation (Equation (5.14)). These

equations and the symmetry condition @quation (5.15)) will hereafter be referred to as

the model main equations.
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5.2.3 Evaluation of Model Coefficients (Ke,tt and, p' )

The coefficient K6,13 appears in terms that represent the ireversible component of

the pressure drop. This coefficient can be determined from an application of the full

Navier-Stokes equations (as was done in the numerical study in Appendix E). Another

way of determining this coefficient is empirically via the correlation of the two-phase

pressure-drop data. For the current modelling approach, the latter method is the only

available option. It should be mentioned that in some previous studies dealing with

branching junctions, the single-phase energy loss coefficient (Kr¡) with various

correction factors was used to replace the coefficient K6,13.

The current data, together with Equation (5.3), were used to determine values of

the gas- phase mechanical-energy loss coefficient, Kc,r¡. These results are shown in

Figures 5.8 and 5.9 for \¡/avy and annular flows, respectively. Figures 5.8 and 5.9 show

that Kc,rg versus %lWt follows approximately a parabolic curve for each inlet

condition. The cwves seen in Figures 5.8 and 5.9 passing through the experimental data

are parabolas that were obtained by least-square fitting of the experimental data. Figure

5.10 shows a comparison between values of K6,13 obtained in the current study for data

sets SW and A1 against the correlation for Kr¡ developed by Ito and Imai (1973) for

single-phase flow. Data sets SV/ and A1 were selected as they represent two different

flow regimes and they have the highest values for the inlet quality rt (compared to

other data sets in the current study). Figure 5.10 shows that the correlation forK¡3 is in

very good agreement with values of K6,13 for data set 41, which is expected since A1

has an inlet quality of 0.96. The figure also shows that there is no agreement between

the correlation for Kl: and values of K6,13 for data set SV/. A possible reason for this
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disagreement is that data set SW has an inlet quality of 0.87. However, Figure 5.9

indicates that values of K6,13 for data set A2 (with x1 : 0.87) are very close to those of

data set 41. Consequently, values of Kc,r¡ for data set A2 are expected to be in good

agreement with the single-phase correlation for Kn. This indicates that the

disagreement seen in Figure 5.10 between values of K6,13 for data set SW and the

single-phase correlation for K¡3 is not due to the inlet quality value. Instead, this

disagreement is probably due to the type of the flow regime.

Based on the results shown in Figures 5.8 and 5.9, we can write

KGrt: Ct+ Cz (%lW) + Q (W3lt/)z (s.16)

For single-phase flow, the coeffrcients in Equation (5.16) are independent of fluid

properties and flow rate, as confirmed by our results and other data in the literature.
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Figure 5.10 Mechanical-energy loss coefficients
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However, for two-phase flow, these coefficients appear to depend on the flow regime

and the flow rate within the flow regime. For both flow regimes, C¡, Cz, and C3 are

assumed to be functions of the inlet Reynolds number,,Re1, defined as follows:

Ret = 4w' (5.17)' T Dtþc

The data of stratified-wavy and wavy flows were found to correlate well with the

following equations:

Cr: -4.5688 [1og(Rer)]2 + 43.569 [og(Ae1)] - T03.28 (5.18)

Cz: 14.469 [1og (R"r)]' - 139.51 [1og(Re1)] + 335.44 (s.1e)

C¡: -11.424 fiog(Àe1)]2 + II2.I4 fiog(Re1)] - 273.69 (5.20)

For annular flow, the following equations were found to give good correlations for the

coefficients C1, C2, and C3:

cr: 0.1908 [og (R"t)]' - 2.ggl7 [1og (Rer)] + T0.924

Cz: 1.601211og(R"r)l'- 20.249 flog(Ae1)] + 63.446

Ct: 9.1961 [og (R"r)]'- 89.465 lloe(rRer)] + 215.72

(s.2r)

(s.22)

(s.23)

Correlations for the parameter p'inEquation (5.14) were obtained for stratified,

stratified-wavy, and wavy flow regimes using the following steps. In the following

steps, the current phase-distribution data were used whenever necessary.

1- Equations (5.18) to (5.20) were substituted into Equation (5.16) to get the correlated

values for K6,13. It should be mentioned that Equations (5.18) to (5.20) were

developed for shatified-wavy and wavy flows only. For reasons mentioned in

Section 4.4.2, it was not possible to determíne APn and APp from the current

pressure-distribution data for shatified flow. As a result, values of Kc,r¡ for

t20
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J-

stratified flow were not available. It was decided then to use Equations (5.18) to

(5.20) for the stratified flow regime as well.

With the calculated values of Kc,r¡ and the current phase-distribution data, Equation

(5.3) was used to determine the values of APp.

Values of APn were determined from Equation (5.3) with outlet-3 parameters

replaced by outlet-2 parameters.

4- The values of APp and ßn were used in Equation (5.1a) to determine values of

the parameter p'.

For the annular flow regime, Equations (5.21) to (5.23) were used instead of Equations

(5.18) to (5.20) in step 1 above. Steps 2 to 4 remained unchanged.

Values of P' obtained in step 4 are shown in Figures 5.II,5.12, and 5.13 for the

stratified, r,¡/avy, and annular flows, respectively. In these figures, the data points that

corresponded to values of .Fsc or Fsr less than 0.05 or higher than 0.95 were not

included. Excluding these results enabled the model predictions to be in better

agreement with the current phase-distribution data. In the figures, straight lines were

fitted through the data using least-square analysis. These figures show that B'versus

WzlWt follows a nearly linear relation for each inlet condition. The figures also show

that for all the inlet conditions, B'is approximately zero at WW : 0.5. This is

expected according to the definition of P'. In Figures 5.11 to 5.13, there are two

opposite trends in the data with the increase in WlWt: a decrease and an increase in the

value of P'. Recalling that B is measured with the outlet-2 direction (see Figure 5.7), it

is expected that the value of p increases with the increase in %lWt As a result, cosB
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Figure 5.13 B'values for annular flow

decreases with increasing W3lW1. Recalling that ,Fo is the net drag force at the junction

in the direction of outlet 2 (see Figure 5.7),it is expected that Fo increases with the

increase in %/Wt. Thus, increasing Wlþh has opposite effects on the two terms that p'

is composed of.

As mentioned before, straight lines were fitted through the data in Figures 5.11 to 5.13.

These lines were given the following form:

þ': Y (ffifiTr- 0.5) (s.24)

where Iis the slope of the straight line.

Equation (5.24) ensures that p'is zero when %lWt : 0.5. The following set of

correlations were obtained for the slope I:

For the stratified flow regime:

2.0

1.0

p'

0.0

-1.0
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Y = -L3137 (log(M oilelx))2 + 1 1.94 ( log (M oRerxr)) - 27 .696

For the stratified-wavy and wavy flow regimes:

Y = -0.5347 (log(M oRer))2 + 6.5693 ( log (n7oÀ e)) -19.63

and for the annular flow regime:

y = I I .7 3 5( log (Àe1 
I 5 

", 
o't ))' - 263 .44 (log q-Re, l'5 

", 
0'8 

¡; 
2

+1971.4(log (Re¡l srçr0'8 
)) - 49I8.38

where.Rer and Mo are defined by Equations (5.17) and,(3.2),respectively.

5.3 Calculation Procedure

(s.2s)

(s.26)

(s.27)

As mentioned before, for the proposed model, three inputs, Wt, x1, àîd Whave to

be specified and then the model main equations can be solved to obtain the following

parameters:. W2, x2, x3, AP72, and APn. When solving the model main equations, values

of K6,13, and p'were obtained from the appropriate correlations. It was found that the

model could not obtain a solution when solving for phase-distribution data with a zero

value for l7ec or.Fs¡. This might be attributed to the reason that for such data, the term

W.V*s in Equation (5.1a) was very small in magnitude. As a result, the percentage

balance in Equation (5.1a) was not small enough to meet the convergence criterion

even though the difference between the right and left hand sides of the equation was

small in magnitude. As a result, it was decided to specify the value of Fgc (or lrs¡) as

an input instead oî %. This ensures that .Fs6 and FeL will always have f,rnite values,

i.e., nonzero values. The following steps demonstrate how the model was executed:

1- Values for the three parameters W1, x1, ãïtd Fs6 along with values of D¡, pr, pc,¡tr,

and pç were specified.

124



2- For values of Fs6 that are less than 0.5, a solution can only exist within the range

0.0 < l7el < 0.5. For values of Fs6 that are greater than 0.5, a solution can only exist

within the range 0.5 < .FsL < 1.0 (see Figure 1.2(a)). Therefore, according to the

specified value of l7sc in step 1, values of ,Fs¡,,n¡n and J7sL,,,.,u* can be determined as

follows:

.FBL,rnin : 0.0 and Fs¡,rnÐ(: 0.5 0.0 > Fsc > 0.5 (5.28a)

l7sL,*in : 0.5 and .Fs¡,rn¿x: 1.0 0.5 > .Fsc > 1.0 (5.28b)

3- Select a value ofFsrwithin the range where a solution can exist.

4- Calculate x3 from

x3: (s.2e)

5- Calculate Wfrom

lVl = WrxrFrc +W{l- ¡r) FsL

6- Calculate Wz from Equation (5.1).

7- Calculate x2 from Equation (5.2).

(s.30)

8- Determine -/61 and -/¡1 using values of W1, xt, Dr, py, andp6. Determine the inlet

flow regime using Mandhane et al. (1974) map.

9- Repeat step 8 for outlet 2 and outlet 3.

10- V/ith the flow regimes known in the three sides of the junction, calculate ø1, d2, àfld

ø3 using the model of Shoham et al. (1987) grven in Appendix A.

1 I - Calculat a VGt, Vç2, and 263 from Equation (5.5).

12- Cals:Jate pmr¡ poa, andAo¡ from Equation (5.8). Calculate V^t, V,ra, and V6 from

Equation (5.7).

x,l

I
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13- Calculate Rer from Equation (5.17).

14- For stratified, shatified-wavy, and wavy inlet flow regimes, calculate C1, C2, and

C3 from Equations (5.18) to (5.20). For annular inlet flow regime, calculate Ct, Cz,

and C¡ from Equations (5.21) to (5.23).

15- Calculate K6,13 from Equation (5.16).

16- Calculate APp from Equation (5.3) and ÁPnfrom the same equation with outlet-3

parameters replaced by outlet-2 parameters.

17- For stratified inlet flow regime, calculate I from Equation (5.25). For stratified-

'wavy and wavy inlet flow regimes, calculate I from Equation (5.26). For annular

inlet flow regime, calculate )'from Equation (5.27).

1 8- Calculate p' fromEquation (5.24).

19- Substitute the values obtained above into Equation (5.14). Convergence was

assumed if the two sides of Equation (5.14) were within 0.01 %o of each other. In

that case, the value of Fs¡ was assumed to be the correct value. If the deviation

between the two sides of Equation (5.14) was higher than 0.01 o/o, a new value of

.Fs¡ w¿rs chosen and steps 4 to 19 were repeated till convergence.

Figure 5.14 shows the three possible types of ,FsL-,Fec relations that could be

obtained depending on the inlet conditions, geometry, and fluid properties. The above

calculations procedure was found to work for curve tlpes (a) and (b) in Figure 5.14. For

curve type (c), the above procedure was found to produce solutions only within the

range CL <Fsc< CH.

t26



Fsr

Figure 5.14 Possible types of Fsr.-Fec relations

5.4 Results and I)iscussion

5.4.1 Pressure-Drop Predictions

The calculated values of APn and APp obtained from steps 2 and 3 in Section

5.2.3, respectively, \ilere compared against the current experimental values. These

calculated values of APp and APp were obtained using the measured phase-distribution

data. The comparisons are shown in Figures 5.15 and 5.16 for wavy and arurular flows,

127



respectively. The figures show that most of the predicted values of AP are within

+20 yo of the corresponding measwed values.
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Figure 5.15 Comparison of measured and predicted values of AP for
stratified-wavy and wavy flows

5.4.2 Phase-Distribution and Pressure-Drop Predictions

Stratified Flow

Figure 5.17 shows the current phase-distribution predictions against the current

measured phase-distribution data for stratified flow. The figure shows that there is good
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Figure 5.16 Comparison of measured and predicted values of AP for annular flow

agreement between the predictions and the data in terms of magnitude and trend. The

trend in the data is such that as .,/cr decreases and./or.,I¡¡ increases, the data line (or curve)

moves around the point (0.5,0.5) in a clockwise direction. Figure 5.18 shows the current

pressure-drop predictions for stratified flow. These pressure-drop predictions were

obtained using the phase-distribution predictions and not the measured phase-

distribution data. In the figure, the predictions are plotted against ,t's6. The pressure-

drop predictions can be obtained in terms of %lWt using Figure 5.17 and Equation

(5.30). In the current study, the pressure-drop data (values of .LPp and APp) were not
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Figure 5.17 Phase-distribution predictions of the crurent model against
the current data for shatified flow
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Figure 5.18 Pressure-drop predictions of the current model for stratified flow
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obtained for stratified flow for reasons mentioned in Section 4.4.2. Figure 5.18 shows

that for each data set, values of APn increase with increasing Fs6. Also, at a fixed.Fec,

the magnitude of ÁPn increases with the increase in the inlet quality x1. The figure also

shows that the magnitudes of the pressure-drop predictions are very small, which is

expected for stratified flow.

Stratified-\ilavy and Wavy Flows

Figure 5.19 shows the current phase-distribution predictions against the current

measured phase-distribution data for stratified-wavy and wavy flows. The figwe shows

that in terms of magnitude, there is a good agreement between the predictions and the

data for data sets SW and Wl over the whole range of lltlWt. For data set W2, there is

a reasonable agreement between the data and the predictions in the range 0.2 < l44lll1<

Frl.-

Fec

Figure 5.19 Phase-distribution predictions of the current model against
the current data for shatified-wavy and wavy flows
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0.8. Figure 5.19 also shows that the predictions follow the same trend as the data.

Figure 5.20 shows the current pressure-drop predictions against the current

measured pressure-drop data for stratified-wavy and wavy flows. Again, the pressure-

drop predictions shown in Figure 5.20 were obtained using the phase-distribution

predictions. Also, Figure 5.20 was obtained such that the predicted pressure-drop values

(APnand APp)and their measured counterparts have the same Fsc, but not necessarily

the same FsL due to the deviation between the measured and predicted phase-

distribution. The figure shows good agreement between the predictions and the data

0t

./P¡rr.*rr"¿, Pa

Figure 5.20 Pressure-drop predictions of the current model against

the current data for stratified-wavy and \¡iavy flows
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with 73 %o of the data predicted within *,20 % while 83 % of the data were predicted

within +30 Yo.

The predictions of the current model were compared against the data of other

researchers for wavy flow. Figure 5.21shows the current phase-distribution predictions

against the phase-distribution data of Hong and Griston (1995) for wavy flow. Values

of J61 and -I¡1 for the wavy-flow data sets of Hong and Griston (1995) arc: (4.57,

0.046), (9.14,0.092), and (4.57,0.093) m/s. For easier future reference, the three data

sets of Hong and Griston will be referred to as HGl, HG2, and HG6, respectively. The

numbering of the data sets is such that it is consistent with the numbering in El-

Shaboury (2000). It should be mentioned that, while all three data sets fall in the wavy

FeL

Fec

Figure 5.21 Phase-distribution predictions of the current model against
the data of Hong and Griston (1995) for wavy flow
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region of the flow-regime map of Mandhane et al. (1974), data sets HG2 and HG6 are

very close to the wavy-slug boundary. Figure 5.21 shows that in terms of magnitude,

there is a good agreement between the predictions and the data for all the data sets. In

Figure 5.21, there is a change in the slopes of the prediction lines, which can be seen

clearly for data set HGl. This might be attributed to the reason that the flow regime in

one (or both) of the outlets was near a transition line. Treating the transition lines on the

flow regime map as sharp lines, the regimes in both outlets changed abruptly rather

than gradually as physically happens. These abrupt flow-regime changes caused the

changes in slope in the prediction lines in Figure 5.21.

Figures 5.22 arÅ 5.23 show the current phase-dishibution predictions against the

phase-distribution data of Ottens et al. (1995). The data of Ottens et al. (1995) have a

fixed value of -Icr: 15.8 m/s, while values of -Ir-r were 0.00063, 0.00302,0.012, and

0.03 m/s. For easier future reference, the four data sets of Ottens et al. will be referred to

as 01, 02, |.3, and 04, respectively. Figure 5.22 shows the curent predictions against

data sets Ol and 03 while Figure 5.23 shows the current predictions against data sets

02 and 04. It should be mentioned that Ottens et al. reported a stratified-wavy flow

regime based on visual observation. In terms of magnitude, Figures 5.22 and 5.23 show

reasonable agreement between the predictions and the data for all the data sets. The

trends seen in the predictions are consistent with the expected effect of varying -I¡1.

Annular tr'low

Figure 5.24 shows the current phase-distribution predictions against the current

measured phase-distribution data for annular flow. The figure shows that there is good

agreement between the predictions and the data in terms of magnitude and trend. In
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Figure 5.22 Phase-distribution predictions of the current model against
data sets 01 and 03 of Ottens et al. (1995)
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Figure 5.24,the predictions for data set Al experience a slight change in the slope at

approximately Fs6 : 0.4 and 0.6. This is attributed to the reason that the flow regime in

one (or both) of the outlets experienced a sharp change, as mentioned in the discussion

on Figure 5.21. Figure 5.25 shows the current pressure-drop predictions against the

current measured pressure-drop data for annular flow using the phase distribution

predicted by the model. Also, Figure 5.25 was obtained such that the predicted pressure-

drop values (APnand APn) and their measured counterparts have the same Fec, but not

necessarily the same FsL due to the deviation between the measured and predicted

phase-distribution. The figure shows good agreement between the predictions and the

data with 79 % of the data predicted within !20 % while 85 % of the data were

predicted within t30%.

Fsr

Figarc 5.24 Phase-distribution predictions of the current model against
the current data for annular flow
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Figure 5.25 Pressure-drop predictions of the current model against
the current data for annular flow

The predictions of the current model were compared against the data of other

researchers for arurular flow. Figures 5.26 and 5.27 show the current phase-distribution

predictions against the phase-distribution data of Hong and Griston (1995) for arurular

flow. Values of ..Icr and -I¡1 for the annular-flow data sets of Hong and Griston (1995)

are: (13.7,0.139), (18.3, 0.185), (22.9,0.231), (18.3, 0.373), and (22.9,0.467) m/s. For

easier future reference, the five data sets of Hong and Griston will be referred to as

HG3, HG4, HG5, HG9, and HGl0, respectively. The numbering of the data sets is such

that it is consistent with the numbering in El-Shaboury (2000). While aII data sets fall in
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Phase-distribution predictions of the current model against
data sets HG3, HG4, and HG9 of Hong and Griston (1995)

the annular region of the flow-regime map of Mandhane et al. (1974), data sets HG9

and HG10 are very close to the annular-slug boundary. Figure 5.26 shows the current

predictions against data sets HG3, HG4, and HG9 while Figure 5.27 shows the current

predictions against data sets HG5 and HG10. In the figures, reasonable agreement exists

between the data and the predictions for all the data sets. The changes in the slopes of

the prediction lines shown in Figures 5.26 and 5.27 are attributed to two reasons. First,

the flow regime in one (or both) of the outlets was predicted to change abruptly, as

mentioned in the discussion on Figure 5.21. The other reason is that, for some cases the

flow regime in one (or both) of the outlets was predicted as slug or plug. ln the current

model, for void fraction calculations, slug and plug flow regimes were assumed to be

wavy and stratified flow regimes, respectively. These assumptions might have affected

the accuracy of the void-fraction values and consequently caused the sudden changes in
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Phase-distribution predictions of the current model against
data sets HG5 and HG10 of Hong and Griston (1995)

the slopes seen in Figures 5.26 and 5.27.In Figures 5.26 and 5.27,the trends in the

predictions are consistent with the expected effects of varying J6 andJyl.

Figures 5.28,5.29, and 5.30 show the current phase-distribution predictions against

phase-distribution data from Azzopañi et al. (1986a) for annular flow in an impacting

tee with a vertical inlet. The data sets of Azzopardi et al. (1986a) have two values for

J¡-1: 0.0317 and 0.079 m/s. For the first value of Jyt, values of J6¡ were 10.39 , 17 .55,

and 21.92. The corresponding data sets will be referred to as AZl, AZ2, and AZ3,

respectively. For the second value of Jy1, values of ../cr were 9.94, 13.18, 15.96, and

21.92. The corresponding data sets will be referred to as AZ4, AZ5, AZ6,and AZ7,

respectively. Figures 5.28, 5.29, and 5.30 show that, in general, there is reasonable

agreement between the predictions and the data in terms of magnitude for all the data

sets shown, excepting data set AZl where the predictions deviate considerably from the

0.8

0.6

0.4

0

0 0.2 0.80.6

Data Predictions

rHG5 ..--.HG5

x HG10 _ HGl ii
I

t" -t
i x Y-r'

".*.' x "'YL1=l¡ :'1'1'. - " "' "

139



Fsr

Data Predictions
O AZ2

tAZ6 -A26

Figure 5.28

Fsc

Phase-distribution predictions of the current model against
data sets AZ2 and A26 of Azzopardi et al. (1986a)

data. The predictions for data set AZ5 (not shown because of overlap with other data)

were also found to be in reasonable agreement with the data. In Figure 5.28, data sets

AZ2 and A26 have different values of Ju; while they have very close values of -161.

The figure shows that the data, as well as the predictions, follow the expected trend for

varying../rr. The same observation can be made on Figure 5.29 where data sets AZ3 arñ

AZ7 have the same -/cl but different values of Ju and both the data and predictions

follow the expected trend. ln Figure 5.30, data sets AZI and AZ4 have very close

values of -Icl but different values of -Il-1. The figure shows that the data follow the

expected trend for varying,.[-r, while the model does not. As well, data sets AZ4 and

AZ7 have the same -Ir-r but different values of -161. Neither the model, nor the data

appear to follow the expected trend for -/61-variation. It must be commented though that

the magnitudes of the shift due to variation in ./cl and -/¡1 in both data and predictions

are small. Based on the results in Figures 5.28 to 5.30, it is fair to conclude that the
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present model succeeded in producing satisfactory predictions of the data of Azzopardi

et al. (1986a).
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Phase-distribution predictions of the current model against
data sets AZ3 and AZ7 of Azzopardi et al. (1986a)
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Chapter 6

CONCLUSIONS AND RECOMMMEIIDATIONS

6.1 Conclusions

In the current study, phase-distribution and pressure-drop data were obtained

for air-water flows in a horizontal impacting tee junction with equal-diameter

sides and a system pressure of 1.5 bar. The inlet and operating conditions for the

current study are given in Figure 4.2 and Table 4.3, respectively. The current

phase-distribution data were compared against data of other researchers and also

against the models of Hwang (1986) and Ottens et al. (1995). Based on the current

results and the aforementioned comparisons, the following conclusions can be

drawn:

l- Even phase split is obtained only at the point (0.5,0.5) on an FeL - Fec graph.

2- At a fixed Jyt,and within the same flow regime, as../61 increases, the data line

(or curve) moves around the point (0.5,0.5) on an Føt -,Fs6 graph in an anti-

clockwise direction. This effect is the exact opposite of the effect of increasing

Ju at a fixed -161. These effects of varying -Icr and ./¡1 v/ere found to be

consistent in the current data and the data of other researchers for horizontal

impacting junctions. Also, these effects of -Ir-r and -16¡ on the phase

distribution were found to be valid within each inlet flow regime. The effect

of varying the inlet quality .x1 orr the phase-distribution data can be easily

deduced using the aforementioned effects of varying -Icr and-Ig.
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J- Based on observations on the current phase-distribution data, the effects of

varying Jct,Jrt, andxr mentioned above were found to be continuous within

the stratified and wavy flow regimes. However, these effects were found to

be not continuous at the boundary between wavy and annular flow regimes.

In general, the absolute value of APn increases with the increase in the split

ratio %lWt and also with the increase in the inlet mass flow rate Wt.

For annular flows, the absolute values of APnare much gfeater than those for

wavy and stratified flows (Even though for stratified flow, values of APpwere

not reported in the current study it is thought that the part of the

aforementioned conclusion regarding stratified flows, is true). For data set 44,

the highest inlet mass flow rate in the current study, for high values of WlW,

the flow in outlet 3 needs a considerable amount of length before it becomes

fully developed.

For stratified flow, a change in the level of the gas-liquid interface occurs in the

inlet pipe. This change in the level of the interface might also occur in the

outlets of the junction. Those changes in the levels of the interfaces have

significant effects on the magnitude and trend of the pressure-distribution data

for stratified flow. These changes in the interface levels are found to be

insignificant forwavy and annular flows.

In general, the phase-distribution model developed by Ottens et al. (1995)

produces better predictions than the model of Hwang (1986), particularly in

the wavy and annular regions. Neither model was found to be capable of

predicting the stratified-flow data. To the best of the author's knowledge,

4-

5-

6-

7-
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8-

there are no models or correlations available yet for predicting the two-phase

pressure drop in impacting tees.

The proposed model in the current study is capable of predicting phase-

distribution and pressure-drop for two-phase flows in horizontal equal-

diameter impacting tee junctions. The model has been tested for air-water

systems at pressures ranging from 1.0 to 1.7 bar, with junction diameters

ranging from 19 to 37.8 mm, and for the three inlet flow regimes of stratified,

wavy, and annular. In general, comparisons between the model predictions and

the current phase-distribution data as well as the data of other researchers

showed good agreements in terms of magnitude and trend.

Using the predicted phase-distribution data, the proposed model predicted

pressure-drop values (ÁPn and APn) for 79 o/o of the data of annular flow

within :l20 %. Also, 73 o/o of the data of stratified-wavy and wavy flows were

predictedwithin X20%.

6.2 Recommendations For Future Work

The current study generated phase-distribution and pressure-drop data for air-

water flow in an equal-diameter horizontal impacting tee junction. The operating

conditions were near atmospheric temperature and pressure and the inlet

conditions were such that stratified, wavy, and annular flow regimes were

observed in the inlet. More experimental investigations are required at untested

operating and inlet conditions. Future investigations should generate both phase-

distribution and pressure-drop data as there is a severe lack ofpressure-drop data

in the literature. Also, other junction geometries (e.g., vertical inlet and/or

9-
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unequal-diameter junctions) should be tested with other fluids. The following

recoÍrmendations for future work can be made:

1- More phase-distribution and in particular pressure-drop data should be

generated under wide ranges of inlet and operating conditions. This should

aid in the development of more accurate empirical correlations to model the

mechanical-energy loss coefficient K6,13 and the pararneter B' .

2- The effect of the inlet orientation, the outlets/inlet diameter ratio, and the

orientation of the outlets should be investigated. Studying the effect of the

orientation of the outlets on the phase-distribution data would be helpful in

determining the possibility of using the junction as a phase separator.

3- The effect of the system pressure on phase-distribution and pressure-drop

data should be investigated.

4- More data should be generated for different tlpes of fluids (e.g., steam and

water).

More void-faction measurements should be taken particularly in the flow

regimes transitional regions. This should help in developing models to

calculate void-fraction values at these transitional regions.

The pressure-drop data for stratified flow should be taken with the pressure

taps located at the top of the pipes. This would eliminate the effect of the

interface level change on the data. If additional pressure-drop data can be

taken with the taps located at the bottom of the pipes, then the effect of the

interface level change can be isolated and identified.

5-

6-
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7- Accurate methods for measuring the gas-liquid interface height would be a

great help in understanding the mechanism of the interface level change in the

inlet for stratified flow.

8- Detailed measurement of the velocity of the phases would be a great help in

analyzing the experimental results and determining the size and location of

the re-circulation zones that occur in the vicinity of the junction-

g- Different tlpes of geometries should be tested (e.g., impacting wyes with

different angles). The effect of the junction geometry on the size and location

of the re-circulation zones should be investigated. This would be of great

interest in some biomedical applications.

10- Data should be generated for industrial- and biomedical-size junctions to

determine if any scale effects exist.

11- Data should be generated for a series of junctions set up in series to see

whether a required even-phase split and/or separation of phases may be

obtained.
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Appendix A

GEOMETRICAL AND PI{YSICAL MODELS F'OR
DIFFERENT FLO\ry REGIMES (SHOHAM et al., 198Ð

The geometrical and physical models proposed by Shoham et al. (1987) are given in

this appendix. These models were used in association with the Hwang (1986) model to

calculate the slip ratio (,T), Fsc, and .FeL (See Section 2.3.I). They were also used to

calculate the void fraction in Section 5.2.2.

Stratifïed, Wavy, and Annular Flow Regimes

In order to calculate the void fraction in case of the annular flow regime, the liquid-

film thickness (fl must be known. Also, for the stratified and wavy flow regimes, the

liquid level (å) must be known. The following is a physical model, given in Shoham et

al. (1987), that applies a momentum balance on the two phases in order to get the

previously mentioned values. The model uses the geometrical models, given also in

Shoham et al. (1987) and shown in Figures 4.1 and 4.2 for stratified and annular flow

regimes, respectively.

A momentum balance on the liquid and gas phases yields

- At-(dpldx) - crSr.+ zi Si : 0

and

- A6 @pldx) - tc ,Sc + q ,Si : 0

where, Ar and Aç Tre the cross-sectional areas

respectively, tL, îG, and r, are the liquid, gas, and

(,{.1)

(A.2)

occupied by the liquid and gas,

interfacial shear stresses acting on
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the perimeters ,Sl, 56, and S¡, respectively. Equating the pressure drop (dpldx) ín

Equations (,A..1) and (4.2) yields the following:

øc ( Sc I Aù- t(&l At-) + r, S¡ l(tl/r-) + (llAc) I :0. (A'3)

The shear stresses are evaluated as follows:

rt:fr( p¡-Vy12 I 2), (4.4)

rc:fc ( p6Vç;12 I 2), (A'5)

and

ri:f,(p6vç12 l2). (4.6)

where,

ft,fa, andfi are the friction factors of the liquid, gas, and interface, respectively, while

vtt aîd vø arc the average velocities of the liquid and gas, respectively.

The füction factors;f¡ ^dfo 
are given by:

.fr: cr(Dtvu I vò-" (4.7)

and

fc: ca(DcVs I vc)-^ (A'8)

where,

Dr and D6 are the hydraulic diameters of the liquid and gas, respectivelY, V, aîd vç ãÍa

the kinematic viscosities of the liquid and gas, respectivelY, and cL, cc, m, and n are

empirical coefficients given as follows:

for turbulent flow ; cL: cc :0.046, m: n:0.2

and

for laminar flow : cL: cc : 16, m: n: 1.0. (A'9)
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The hydraulic diameters Dr and D6 are given by:

Dt:4Arl& (4.10)

and

Da:4 Aa I (Sc + Si).

The frictionfactor,fr, is givenby:

for annula¡ flow:/ :-fo (1.0+300&D),

for stratifi e d flow : f, : fç,

and

(4.11)

for wavy flow:/: 0.009. (A.12)

It should be mentioned that Equations (4.1) to (4.12) are valid for annular, stratified,

and wavy flow regimes with the only difference that ,S6 : 0 in case of the annular flow

regime.

For given inlet conditions (.,/61 and Jy1), fluid properties (p6 md pr), and tube

diameter (D1), the inlet gas and liquid mass flow rates may be calculated by the

following equations:

Wct: (ndÐ Dtz Ju po (,A..13)

and

Wrt: (7dÐ Dtz Ju pr (A.14)

Then the void fraction in the inlet at for stratified and wavy flow regimes may be

calculated by executing the following steps:

(1) Assume a value for the liquid height (å), see Figure 4.1.

(2) Calculate Ayusing Equation (A.25).

(3) Calculate Aç from:
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A6: Qd4) D''2 -A' (4.15)

(4) Calculate Vs andVu from:

Vct: Wa I (Aa pa) (4.16)

and

Vu: Wrt I (At- pr) (4.17)

(5) Calculatefy,fc, andfr using Equations (4.7) to (4.12).

(6) Calculate tL, rc, and ausing Equations (4.4), (4.5), and (4.6), respectively.

(7) Calculate,S6 from:

sc:Dr cos-t 1 2h-1,.0), (4.1S)

^Sr- 
from:

Sy: trDl - 56, (4.19)

and

,Si from Equation (A.27).

(8) Check that Equation (4.3) is satisfied. If Equation (4.3) is not satisfied, change the

value of h and repeat steps 2 to 8.

(9) 'When Equation (4.3) is satisfied, the void fraction in the inlet q is calculated

from:

dt: Ac I ((1dÐ Dtz ) (4.20)

(10) For Hwang (1986) model, the slip ratio in the inlet (Ð may be calculated from:

S: Vs / Vn. @.21)

After calculating the slip ratio (,9), the second part of the Hwang (1986) model may

be executed to solve for å and the correspondíng 6r, see Section 2.3.1 for more details

155



on the Hwang (1986) model. The value of è is converted to a value of .Fs6 using

Equations (A.25) to (4.33) with parameteÍ a, in the equations, replaced by å. Similarly,

the value of âL is converted to a value of .Fs¡ using Equations (A.25) to (4.34),

excluding Equation (4.33), with parameter a, in the equations, replaced by 6t

For the annular flow regima, Wct and llLt may be calculated using Equations

(4.13) and (4.1a), respectively. Then void fraction in the inlet ø may be calculated by

executing the following steps:

(1) Assume a value for the film thickness (ä), see Figure 4.2.

(2) Calculate Ayusing Equations (4.36) and (4.38).

(3) Calculate Aç using Equation (4.15).

(4) Calcul ate Vs and Vu from Equations (4. 16) and (4. I 7), respectively.

(5) Calculatefy,fc, mdf,using Equations (4.7) to (4.12).

(6) Calculate îL, rc, and t using Equations (4.4), (4.5), and (4.6), respectively.

(7) Calculate,S6 from:

56:0.0, (A.22)

,Sr- from:

Sy: 7rD1, (A.23)

and

,Si from:

Si: lTDç. (A'24)

(S) Check that Equation (4.3) is satisfied. If Equation (4.3) is not satisfied, change the

value of äand repeat steps 2 to 8.
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(9) When Equation (4.3) is satisfied, the void fraction in the ínlet q is calculated from

Equation (4.20).

(10) For Hwang (1986) model, the slip ratio (^1) may be calculated from Equation

(A.2t).

After calculating the slip ratio (,9), the second part of the Hwang (1986) model may

be executed to solve for å and the corresponding õt, see Section 2.3.I for more details

on the Hwang (1986) model. The value of & is converted to a value of Fs6 using

Equations (4.35) to (A.al with parameteÍ a, in the equations, replaced by å. Similarly,

the value of 6L is converted to a value of ^Fs¡ using Equations (4.35) to (4.43),

excluding Equation (A.42), with parametet a, in the equations, replaced by õr.

It should be mentioned that Equations (4.1) to (4.20) can also be used for outlet 2

and outlet 3 in order to calculate the void fractions da and ø3, respectively.
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A¡-: As,iAøu:0.25 DJ ln- cos-t1çzhtD)-r)+((2hlDr)-1) sqrt{1- ((zhlDtYÌ\l (4.25)

As: Asç-r/.eu:o.z5 DJ ln- cos't1ç2o/D1l\+((2alDrþ1) sqrt{1- ((zalDù-Ð\l (A.26)

si : Dr sqrr {l- ((zhlDù -D2} (A.27)

b :0.5(Dr - Si) (A'28)

A6:0.25 Dr'ln- cos-'112b/Dr) -l)+(2b/Dù-1) sqrt {l- ((2blDr) -1)2}l (A.29)

su:Dr sqrr {l- ((zblD)-Dz} (4.30)

AsL:0.5(,48- @-b)Sv-A") (4.31)

ABc: As- Aer @.32)

FsG: AsclAa (4.33)

FBL: AsJAu (4.34)

Figure 4.1 Geometrical model for the stratified and wavy flow regimes
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As: As6i4sy:0.25 Dr' lo- "os''çç2olDrF1)+(( 
2alDù-l) sqrt{1- ((zalDtYÐz)) (4.35)

Do: Dt - 2õ (A'36)

Ac: Anc* Aec:1fl4) Dcz (4.37)

Ar: Asr* A,Àr: Qd4) (Drz - Dcz ) (4.38)

b:a-õ (4.39)

Asc: 0.25 Daz [ø- cos-1((2blDcYI)+((2blDcYl)sqrt{1- ((2blDcYD\] (4.40)

Asr: As - A¡3c (4.41)

Fsc: AsçlAç (AA2)

FsL: AilJAr (4.43)

Figure 4.2 Geometrical model for the annular flow regime
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Symbol

Nomenclature for Appendix A

Description Units

a Parameter in the geometrical models given in FiguresA.l andA.2

Aç

Ay

b

that is equivalent to ôr and/or &

Area occupied by the gas at the inlet

Area occupied by the liquid at the inlet

Parameter in the geometrical models given in Figures 4.1 and 4.2

Empirical coefficient; see Equation (4.I3)

Empirical coefficient; see Equation (4.13)

Empirical coefficient in the drift flux model; see Equation (4.1)

Diameter of the inlet

Hydraulic diameter of the gas at the inlet

Hydraulic diameter of the liquid at the inlet

Friction factor of the gas at the inlet

Friction factor at the gas-liquid interface at the inlet

Friction factor of the liquid at the inlet

Fraction of inlet gas exiting through outlet 3

Fraction of inlet liquid exiting through outlet 3

Liquid level at the inlet in case of stratified and wavy flow regimes

Superfi cial inlet- gas velocity

Superficial inlet-liquid velocity

Empirical coefficient; see Equation (4.13)

Empirical coefficient; see Equation (4.13)

m

m'

m'

cc

Cy

co

Dt

Dç

Dy

.fa

f,

ft
Fsc

Fsr

h

Jat

Ju

m

n

m

m

m/s

m/s
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S Slip ratio : Vs I Vy1

^Sc The part of the circumference of the inlet pipe that is adjacent to gas m

S, Length of the gas-liquid interface at the inlet m

,Sr- The part of the circumference of the inlet pipe that is adjacent to liquid m

Vs Average inlet gas velocity m/s

Vu Average inlet liquid velocity m/s

Ws lnlet-gas mass flow rate kds

Wu Inlet-liquid mass flow rate kds

x1 Inlet quality: lTq I Wt

Greek Symbols

õ Liquid-film thickness in the inlet pipe in the case of annular flow m

& Parameter defining the location of the gas dividing streamline in the inlet

pipe, as in Figure 2.1

6L Parameter defining the location of the liquid dividing streamline in the

Pc

PL

îç

îi

ty

Vç

w

inlet pipe, as in Figure 2.1

Gas density

Liquid density

Shear stress acting on Sc

Shear stress acting on,S¡

Shear stress acting on S¡

Kinematic viscosity of the gas

Kinematic viscosity of the liquid

m

kd*'

kd^t

Pa

Pa

Pa

m/s

m'ls
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Appendix B

PHASE-DISTRIBUTION AND PRESST]RE-DROP DATA

Table B.1 provides a listing of the operating conditions and the corresponding phase-

distribution and pressure-drop data for all the two-phase experiments conducted in the

current study. For some experiments in Table 8.1, values of the mass balance errors for

air were not entered. For these experiments, the air mass flow rate was not measured

either at the inlet or one of the outlets (See Section 4.1). Also, the pressure-drop data for

the stratified data sets were not reported for reasons mentioned in Section 4.4.2. Table B.2

provides a listing of the mass flow rates of air and water in the three sides of the junction.

As mentioned in Section 3.5.1, the mass flow rates for data sets S'W and A1 were

corrected for evaporation. Tables 8.3 and 8.4 provide a listing of the operating conditions

and corresponding pressure-drop data for the single-phase-air and water runs, respectively.

Legend

Test Test number

,F'sc Fraction of inlet gas entering outlet 3

Fsr Fraction of inlet liquid entering outlet 3

Gt Inlet mass flux, kg/m2s

Js Inlet superficial gas velocity, m/s

Ju Inlet superficial liquid velocity, m/s

P. Test-sectionpressure, bar

Ret Inlet Reynolds number for single-phase flow using Equation (4.1)

Tt Temperature at the tee junction inlet, oC

W lm Extractionratio

xr Inlet qualitY, Percentage

lPn Pressure drop from inlet to outlet 2, Pa

lPn Presswe drop from inlet to outlet 3, Pa

Error o/o:

Afu Mass balance error for air, percentage

Water Mass balance effor for water, percentage
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Test

s1-1
s1-2
s1-3
s1-4
s1-5
s1-6
s1-7

s2-1
s2-2
s2-3
s2-4

s3-1
s3-2
s3-3
s3-4
s3-5

Jct
(m/s)

2.50
2.49
2.50
2.50
2.50
2.48
2.50

2.00
1.96
2.04
2.00

0.50
0.49
0.51
0.48
0.50

0.50
0.50
0.49
0.50

Table 8.1 Two-phase phase-distribution and pressure-drop data

o\
(¿)

Ju
(m/s)

0.0100
0.0105
0.0100
0.0100
0.0101
0.0097
0.0100

0.0101
0.0100
0.0097
0.0099

0.0101
0.0098
0.0097
0.0100
0.0100

0.0403
0.0404
0.0395
0.0400

P" T1 X1

(bar) ("C) (%)

1.50
1.50
1.52
1.50
1.49
'1.50

1.50

1.50
1.50
1.51

1.51

1.52
1.52
1.51

1.51
1.51

1.51

1.5'l
1.50
1.50

21.6
21.4
23.8
21.5
22.4
21.6
21.6

21.7
21.6
21.6
21.4

21.7
21.4
21.5
21.4
21.4

21.8
21.5
21.6
21.5

30.8
29.5
30.9
30.8
30.5
31.2
30.8

26.1

25.9
27.5
26.5

8.19
8.27
8.63
7.93
8.23

2.16
2.16
2.15
2.17

s4-1
s4-2
s4-3
s44

thlWt

0.000
0.000
0.100
0.1 15
0.281
0.487
0.499

0.000
0.1 80
0.342
0.500

0.000
0.429
0.398
0.488
0.499

0.000
0.466
0.491
0.498

Fnc

0.000
0.000
0.000
0.027
0.239
0.499
0.499

0.000
0.000
0.262
0.502

0.000
0.163
0.000
0.506
0.499

0.000
0.000
0.500
0.501

.Fnl

0.000
0.000
0.144
0.1 56
0.299
0.482
0.499

0.000
0.243
0.371
0.499

0.000
0.454
0.437
0.487
0.499

0.000
0.477
0.491
0.497

ÁPn
(Pa)

ÁPn
(Pa)

-

-

:

Error (7o)

Air

1.6
0.3
2.4
0.8
0.8
-0.9
-0.2

2.7
2.3
2.6
0.2

Water

-0.9
4.4
0.4
3.4
3.1

0.8
0.2

-1.4
2.2
1.5
3.1

-4.0
0.0
3.7
0.5
-0.1

-0.4
-0.7
-0.9
-0.2



Test

SW-1
SW-2
SW-3
SW-4
SW-5
SW-6
SW-7
SW-8

w1-1
w1-2
w1-3
w14
w1-5
w1-6

w2-1
w2-2
w2-3
w24
w2-5
w2-6
w2-7

Jet
(m/s)

10.01
10.00
10.03
10.00
10.00
10.00
10.00
10.02

10.03
10.01

10.03
10.02
9.97
10.02

10.04
10.00
10.00
10.03
10.04
9.99
10.04

o\å

Jrt
(m/s)

0.0026
0.0026
0.0027
0.0026
0.0026
0.0026
0.0026
0.0026

0.0101
0.0104
0.0102
0.0103
0.0102
0.0104

0.0406
0.0403
0.0406
0.0403
0.0404
0.0402
0.0403

P"
(bar)

1.50
1.51

1.51

1.50
1.49
1.50
1.50
1.50

1.51
1.50
1.50
1.50
1.50
1.51

1.50
1.50
1.50
1.50
1.50
1.50
1.51

Table B.l (continued)

T1 x1

ec) (%\

22.0
24.9
24.0
22.5
25.3
25.3
23.6
24.0

21.4
24.9
21.5
21.3
21.6
21.6

21.0
23.1
21.2
21.2
20.5
21.5
23.5

87.1

87.0
87.0
87.2
87.0
87.0
87.1
87.0

63.9
62.8
63.5
63.4
63.4
63.3

30.6
30.6
30.5
30.7
30.8
30.7
30.6

%/tvt

0.000
0.097
0.097
0.307
0.294
0.401
0.501
0.500

0.000
0.037
0.099
0.299
0.497
0.703

0.000
0.049
0.109
0.300
0.300
0.502
0.503

F¡c

0.000
0.111
0.111
0.347
0.338
0.437
0.501
0.500

0.000
0.043
0.107
0.311
0.496
0.690

0.000
0.000
0.028
0.234
0.234
0.496
0.503

Fnl

0.000
0.001
0.001
0.029
0.001
0.1 55
0.499
0.499

0.000
0.026
0.087
0.281
0.497
0.723

0.000
0.070
0.144
0.329
0.330
0.505
0.503

ÁPn
(Pa)

84.2
33.1
29.8
6.6
5.7
-8.3
-18.4
-18.7

109.7
69.8
71.5
22.2
-24.8
-43.5

157.2
134.6
1 15.9
58.9
58.5
-24.9
-27.7

/Pn
(Pa)

48.4
41.4
-45.4
-39.0
-36.9
-36.5
-16.7
-17.9

-27.6
-41.5
-54.5
41.3
-22.7
21.3

-82.9
-87.6
-92.8
-76.7
-77.2
-27.2
-27.1

Error (%o)

Air Water

4.0 4.4
0.1 4.6
-0.3 3.8
-5.2 -3.9
-4.4 -0.6
-5.1 -4.2
-5.2 -2.1
-5.3 -2.9

-1.4 0.4
-4.3 -5.0
1.9 0.2
4.9 -3.3
4.5 0.8
4.8 -2.2

-5.0 3.8
0.7 0.0
-1.0 -0.9
4.5 -3.6
-3.9 -3.4
3.9 -2.8
2.7 -2.9



Test

A1-1
A1-2
A1-3
p.14

A1-5

M-1
M-2
M-3
A2-4
M-5
A2-6

A3-1
A3-2
A3-3
A3-4
A3-5
A3-6

A4-1
A4-2
A4-3
p.44

A4-5
A4-6
A4-7

Jct
(m/s)

40.01
39.99
40.01
40.01

40.03

39.99
39.93
40.00
40.00
40.00
39.98

39.94
39.91
39.89
40.00
40.01
40.04

39.45
39.52
39.71
39.55
40.07
40.00
40.09

o\
Ll¡

Jtt
(m/s)

0.0027
0.0026
0.0026
0.0026
0.0026

0.0104
0.0104
0.0099
0.0100
0.0102
0.0101

0.0406
0.0404
0.0409
0.0399
0.0399
0.0399

0.1795
0.1795
0.1800
0.1 798
0.1 808
0.1 807
0.1 809

P"
(bar)

1.51

1.50
1.51

1.50
1.51

1.51

1.50
1.51
1.50
1.51

1.50

1.51

1.52
1.49
1.51
1.51

1.51

1.52
1.51

1.50
1.51

1.50
1.51

1.51

Table B.1 (continued)

T1 .Í1

('c) (%\

25.3
25.5
28.5
26.4
25.2

26.5
23.3
26.2
26.5
24.9
24.0

27.0
24.3
28.3
22.6
22.7
24.7

20.7
22.2
24.6
27.3
21.6
22.8
24.8

96.4
96.4
96.4
96.4
96.4

87.1

87.2
87.6
87.5
87.4
87.5

63.3
63.7
62.8
64.1
64.1

63.9

28.4
28.3
28.0
27.9
28.3
28.2
28.2

ltslth F¡c

0.000 0.000
0.101 0.104
0.196 0.201
0.338 0.343
0.495 0.495

1.00 1.00
1.00 1.00
0.045 0.043
0.099 0.092
0.300 0.295
0.503 0.503

1.00 1.00
1.00 1.00
0.962 1.00
0.118 0.049
0.309 0.267
0.503 0.505

1.00 1.00
0.923 1.00
0.806 0.989
0.744 0.899
0.399 0.320
0.503 0.50s
0.498 0.498

Fw-

0.000
0.001
0.001
0.166
0.500

1.00
1.00

0.062
0.152
0.334
0.501

1.00
1.00

0.900
0.241
0.385
0.500

1.00
0.892
0.735
0.683
0.430
0.502
0.499

lPn ÁPp
(Pa) (Pa)

1583.4 -604.2
1358.0 473.9
1044.4 -209.4
766.4 8.3
489.8 475.0

-663.0 1742
-665.2 1752
1548.4 -662.3
1409.4 -539.1
1012.7 -1 18.9
395.1 408.2

-949.4 2538
-988.3 2625
-851.4 2283
1995.1 -768.2
1 106.0 -302.9
217.6 238.6

-1482.0 6881
-1245.2 6872
-1142.3 6614
-1048.1 4236
1450.9 -100.1
469.2 468.8
471.4 449.8

Error (7o)

Air Water

-4.8
0.5
5.3
2.6
5.1

-1.3
-0.5
-0.1
2.7
-3.5
-3.2

-1.0
0.2
-0.8
1.1

-2.5
-3.7

-io
-1.7
-2.1
-1.7

4.4
-1.0
-3.2
-5.2
-3.4

4.8
3.6
4.6
2.9
3.5
0.6

-1.6
-1.5
-3.9
1.0
-0.1
-4.0

2.5
-0.1

-1.1

-0.2
-0.7
0.4
-0.1



Table 8.2 Two-phase mass flow rates

Test

s1-1
s1-2
s1-3
s1-4
s1-5
s1-6
s1-7

s2-1
s2-2
s2-3
s24

s3-1
s3-2
s3-3
s3-4
s3-5

s4-1
s4-2
s4-3
s44

SW-1
SW-2
SW-3
SW-4
SW-5
SW-6
SW-7
SW-8

w1-1
w1-2
w1-3
w1-4
w1-5
w1-6

h
(kg/h)

40.39
42.62
40.25
40.39
40.59
39.21
40.30

40.61
40.43
38.99
40.07

40.77
39.71
39.30
40.24
40.24

162.7
163.0
159.4
161.4

10.31
10.32
10.41
10.21
10.19
10.22
10.23
10.33

40.92
42.12
41.31
41.66
41.20
41.85

llct
(ks/h)

17.95
17.83
17.99
17.97
17.80
17.81
17.93

14.37
14.12
14.78
14.46

lv¡2
(ks/h)

40.75
40.75
34.30
32.96
27.56
20.16
20.15

41.17
29.93
24.13
19.45

42.39
21.70
21.31
20.54
20.17

163.4
85.88
81.82
81.27

10.77
10.81
10.81
9.526
10.15
8.272
5.021
5.023

40.75
43.04
37.63
30.96
20.57
11.83

17.66
17.77
17.55
17.34
13.43
9.006
9.006

13.99
13.80
10.63
7.176

3.636
2.998
3.712
1.712
1.811

3.599
3.599
1.751
1.786

75.04
63.76
63.88
44.51
44.87
38.04
33.94
34.00

73.46
70.81
63.11
47.27
34.39
21.29

Wc,
(ks/h)

l/6 lVet
(ks/h) (kg/h)

0.0000 0.0000
0.0000 0.0000
5.786 0.0000
6.073 0.4875
11.78 4.227
18.75 8.957
20.08 8.960

0.0000 0.0000
9.605 0.0000
14.26 3.771
19.38 7.246

0.00 0.0000
18.01 0.5818
16.53 0.0000
19.49 1.752
20.11 1.800

0.0000 0.0000
78.20 0.0000
79.01 1.752
80.45 1.791

0.0000 0.0000
0.0000 7.998
0.0000 8.004
0.2821 23.63
0.0000 22.88
1.519 29.49
5.005 34.04
5.013 34.05

0.0000 0.0000
1.166 3.214
3.588 7.524
12.08 21.29
20.31 33.89
30.96 47.43

72.16
71.68
72.10
71.89
70.84
71.15
71.74
71.84

72.43
70.97
72.01
72.07
71.52
72.15
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Table 8.2 (continued)

Test

w2-1
w2-2
w2-3
w24
w2-5
w2-6
w2-7

A1-1
A1-2
A1-3
A1-4
A1-5

M-1
M-2
M-3
M-4
M-5
A2-6

A3-1
A3-2
A3-3
A3-4
A3-5
A3-6

A4-1
A4-2
A4-3
A4-4
A4-5
A4-6
A4-7

llut
(kg/h)

164.0
162.7
163.9
162.8
163.2
162.4
162.8

9.471
9.264
9.145
9.205
9.241

42.01
41.96
40.14
40.22
41.06
40.64

163.9
163.1
165.0
161.2
161.1
161 .1

724.6
724.6
726.6
725.8
729.9
729.5
730.0

l{et
(ks/h)

72.22
71.59
71.80
72.10
72.50
71.81
71.86

286.3
284.7
283.0
284.7
286.0

283.3
285.5
283.6
282.8
285.8
284.2

283.0
286.7
278.0
287.6
287.6
285.7

287.5
285.5
282.6
280.3
288.1
286.8
286.3

10.08
9.135
8.654
7.140
4.376

ll¡2
(kc/h)

lYo, lY¡3
(ks/h) (ks/h)

157.7 75.82 0.0000 0.0000
151.2 71 .08 11.41 0.0000
141.5 70.43 23.87 2.052
113.1 57.68 55.52 17.64
113.1 57.69 55.66 17.64
82.65 34.79 84.27 34.23
83.31 34.77 84.22 35.15

Wcc
(kc/h)

272.7 0.0000 0.0000
256.4 0.0000 29.66
237.9 0.0000 60.00
192.1 1.420 100.1

151.6 4.376 148.9

0.0000 0.0000 40.02 287.0
0.0000 0.0000 40.47 286.9
35.92 271.6 2.362 12.07

33.11 249.9 5.933 25.32
26.38 208.4 13.23 87.33
20.16 145.8 20.21 147.6

0.0000 0.0000 166.5 285.8
0.0000 0.0000 165.6 286.1

17 .10 0.0000 154.3 280.3
121.2 270.5 38.40 14.08
99.21 216.3 62j2 78.68
83.71 146.6 83.88 149.6

0.0000 0.0000 706.2
78.12 0.0000 646.9
194.4 3.164 539.9
230.4 28.73 496.8 255.6
419.1 199.1 316.0 93.76
362.2 145.0 364.5 147.8
366.2 146.2 364.5 144.8
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Table 8.3 Single-phase-air pressure-drop data

Test Jet
(tr/s)

A-1 20

A-2 20

A-3 20

A-4 20

A-5 20

A-6 20

^-7 
20

A-8 40

A-9 40

A-10 40

A-11 40

A-1,2 40

A-13 40

A-r4 40

Test Jt t
(mis)

w-l 0.18

w-2 0.18

v/-3 0.18

v/-4 0.18

Gt
(kg/*tÐ

3s.6

35.6

35.6

35.6

35.6

35.6

35.6

71.2

71.2

7r.2

7t.2

7r.2

71.2

71.2

t79.5

r79.5

r79.5

t79.5

ñTtr(et ('c)

72,850 21.3

72,850 20.0

72,850 20.0

72,850 20.0

72,850 20.8

72,850 20.0

72,850 20.0

145,700 21.8

t45,700 22.1

145,700 20.3

145,700 20.0

t45,700 20.5

t45,700 20.0

145,700 20.8

llsll(t ti;;

0.000 337.8

0.102 276.r

0.299 190.4

0.498 83.1

0.702 -32.6

0.903 -t16.6

1.00 -153.4

0.000 1311

0.106 1151

0.291 752.6

0.s00 356.1

0.699 -t07.9

0.898 -466.6

1.00 -590.7

lPts Error
(Pa) Y'

-155.8 -0.4

-115.9 -2.5

-27.3 0.1

78.2 -4.9

198.8 -3.2

13.3 -0.2

337.3 -0.9

-588.0 0.4

-466.8 0.s

-107.4 -2.7

355.1 -3.0

75r.4 -0.4

tr64 0.4

t3t9 0.3

(kgi-tÐ

Table 8.4 Single-phase-water pressure-drop data

Gt
Ret

7170

7170

7170

7170

/Ptz
(Pa)

19.36

13.33

-5.51

-6.89

tål ttstwl

22.3 0.000

22.3 0.100

20.0 0.904

20.0 1.00

lPn Error
(Pa) '/"
-7.04 0.9

-5.53 0.9

13.30 0.2

r9.3s 0.0
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Appendix C

PRESSTIRE-DISTRIBUTION FOR STRATIFIED FLO\ry

This appendix gives a possible explanation to the trends seen in Figures 4.18 and 4.20

in Section 4.4.2. Also, this appendix provides all the presswe-distribution data for

stratified flow obtained in the current study. The pressure-drop data (values of APpand

APn) for stratified flows could not be obtained for reasons mentioned in Section 4.4.2.

Consider the momentum balance on a small element containing gas and liquid in

stratiñed flow with changrng interface level (see Figure C.1)

(c.1)

- pr s (hr Z, * 
fr<n, 

Ãr) d*)- (r,,,rS, + t *,oS o) dx

whereM,n,* is the inlet momentum in the x-direction, Pr, is the gas static pressure, ål is

the height of the interface, r*,, is the liquid wall shear stress, z*,o is the gas wall shear

stress, ,Sl- is the liquid perimeter, ,Sc is the gas perimeter, A is the total cross-sectional area

of the pipe, and 7, is an area multiplier for the hydrostatic pressure. Equation (C. 1) may

be rearanged to the following form:

M in,* * ry* - M,n,* = p,rA + h I hr Ã, - (p,, * þ ao n

^ +* ,, r* (hrÀr)* z*,-sr- + r*,oso *T = o

ae - P,) ôP., ôh,
^ - ^ TvL6--=-ox ox ox

(c.2)

All the figwes of pressure-distribution data given in the current study have the ordinate of

(P-P) which, according to Equation (4.L2), can be differentiated with respect to x as

follows:

t69

(c.3)



The second term of the right hand side of Equation (C.3) is different from the second term

in Equation (C.2). However, it is expected that if the interface level decreases with x, both

terms become negative and vice a versa. For easier future reference, the five terms of

Equation (C.2) will referred to as T1, T2,T3, T4, and T5, respectively. Also, the first and

second terms of the right hand side of Equation (C.3) will be referred to as T6 and T7,

respectively.

Figure 4.20 shows that there is an approximately 2.5-mm decrease in the interface

level along outlet 3. When applying Equation (C.2) in outlet 3 for the case of no-gas

flow, T1 and T4 representing the static pressure gradient and the gas wall shear stress,

respectively, have values of zero. T3 has a positive value while T5 has a zeÍo value.

Substituting in Equation (C.2) yields the following:

Stratified flow with a changing interface heightFigure C.1
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r*,t-Sl
(c.4)

Pr8

Equation (C.a) indicates that the interface level decreases with increasing x. As a result,

T7 becomes negative. With T6 being zero,Equation (C.3) indicates that values of (P-P,)

decrease with increasing x, which is consistent with the data in FigUre 4.20.

When applyng Equation (C.2) in the inlet for the case of no-g¿ts flow, T1 and T4

have zero values while T3 has a positive value. Substituting in Equation (C.2) yields the

following:

A

? (ht At) =
ox

! rrrÃr) =
ox

-l(ôM tn,* f ôx) + r*,tStl
Pr8

(c.s)

In the inlet, and contrary to the case of outlet 3, T5 might have a negative value. This is

due to the existence of the jtrnction, which forces the incoming flow to deviate from the x-

direction in order to get diverted into the outlets. It is thought that far enough from the

junction, T5 is close to zero and that the absolute value of this term increases as we

approach the junction. ln Equation (C.5), if the magnitude of T5 is less than that of T3,

then the left hand side of Equation (C.5) will be negative and according to Equation (C.3),

values of (P-P) will decrease with increasing x and vice a versa. Figure 4.20 shows that in

the inlet, values of (P-P) decrease up to tap 13 and increase slightly between taps 13 and

15. This suggests that, up to tap 13, the magnitude of T5 is less than that of T3 while the

opposite occurs between taps 13 and 15. Figure 4.20 also shows that in the inlet, the rate

of decrease of (P-P) with respect to x is less than that in outlet 3. This might be attributed

to the reason that T5 may have a negative value in the inlet while it has a zero value in

outlet 3.
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Figure 4.18 shows that in the inlet, values of (P-P,) first decrease linearly with

increasing -r (section 1), then decrease non-linearly at a lower rate (section 2), and finally

increase til| the junction centre (section 3). When applyrng Equation (C.2) in the inlet for

the case of a stratified flow with nonzero values of Jcl and .,4.r, T3 and T4 have positive

values while T1 has a negative value. It is not known for sure what values T2 and T5

would have in the inlet. However, a possible explanation to the trends seen in the inlet in

Figure 4.18 is given hereafter. In section 1, T2 is negative while T5 is zero. As T1 andT2

are both negative, T6 and T7 in Equation (C.3) become also negative. kr Figure 4.18, the

linear decrease in (P-PJ in section 1 suggests that T6 and T7 add up to a constant negative

value. In section 2, T5 becomes negative and as a result, T2 remains negative but its

magnitude decreases (assuming that T1, T3, and T4 are constants). Consequently, in

Equation (C.3), T6 remains unchanged and T7 remains negative but with a smaller

magnitude. As a result, values of (P-P) decrease nonJinearly (at a lower rate) with

increasing x. In section 3, the magnitude of T5 increases to the extent that T2 becomes

positive (assuming that T1, T3, and T4 are constants). The positive value of T2 in section

3 is consistent with the interface swelling at the junction seen in Figure 4.19'

Consequently, in Equation (C.3), T6 remains unchanged (negative) while T7 becomes

positive. The net result on the left hand side of Equation (C.3) is that it becomes positive

and as a result, values of (P-P,) increase with increasing x'

For the case of a stratified flow with nonzero values of -Icr and Ju, the discussion

given above for section 1 of the inlet is thought to be valid also for outlet 2 and 3. kt

Figure 4.18, the deviation from the linear behaviour at the first four taps in each outlet is

due to the re-circulation zones that are formed in the outlets in the vicinity of the junction.
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The pressure-distribution data for stratified flow obtained in the current study are

given in the following figures. The purpose of Figwes C.2 to C.17 is to document the

pressure-distribution data for data sets 51 to 54 at various split ratios. It can be seen that in

all the figures that correspond to a split ratio of 0.5, the data in outlet 2 and outlet 3 are

symmetric.
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Appendix D

T]NCERTAINTY ANAYLYSN

This appendix provides results of the uncertainty analysis for both the measured and

calculated quantities. The term 'hncertainty'' is defined as a possible value for the eIror,

where the error is the difference between the correct value and the reported (either

measured or calculated) one. The uncertainties are meant to accommodate: discrimination

uncertainties in the measuring instruments, the error in fitting an equation to the

calibration dat4 and the accuracy of the calibrating devices. The uncertainty analysis was

done based on the methods of Kline and McClintock (1953) and Moffat (1988). These

methods are explained in detail in Appendix E of Buell (1992). All uncertainties given in

the curent study are at "odds" (as used by the above-given authors) of 20 to 1.

Table D.l shows the results of the uncertainty analysis for the two-phase flow

experiments. For the stratified data sets, values of APnand AP6were not reported. As a

result, for these data sets, uncertainty intervals for APpand /Prgwere not given.

Table D.1 Uncertainty intervals for reduced data

Test

s1-1
s1-2
s1-3
s1-4
s1-5
s1-6
s1-7

s2-1
s2-2
s2-3
s2-4

Jet
(%)

3.1

3.1
3.1
3.1

3.1
3.1

3.1

3.1

3.1
3.1

3.1

P,
(%)

1.0
1.0
1.0
1.0
1.0
1.0
1.0

1.0

1.0
1.0
1.0

X1

(%')

3.1

3.1

3.1

3.1

3.1

3.1

3.1

3.3
3.3
3.2
3.3

.llsc F¡r
(o/o) (%)

::
*** 5,6
4.3 5.6
3.4 4.7
2.6 6.1
2.6 5.7

**
*** 4.9
3.4 8.3
2.5 5.9

Jut
(%)

4.4
4.4
4.4
4.4
4.4
4.4
4.4

4.4
4.4
4.4
4.4

lllwt xslxt
(%) (%)

**
**

5.0 ***

4.6 3.5
3.4 3.3
4.2 3.6
4.0 3.6

**
4-2 ***

6.7 3.5
4.4 3.8
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Table D.l (continued)

Test

s3-1
s3-2
s3-3
s3-4
s3-5

s4-1
s4-2
s4-3
s4-4

sw-1 2.9
sw-2 2.9
sw-3 2.9
sw-4 2.9
sw-5 2.9
sw-6 2.9
sw-7 2.9
SW-B 2.9

w1-1 3.1
w1-2 3.1
w1-3 3.1
w1-4 3.1
w1-5 3.1
w1-6 3.1

w2-1 3.1
w2-2 3.1
w2-3 3.1

w2-4 3.1

w2-5 3.1

w2-6 3.1
w2-7 3.1

x1 l%llh dxt
(%) (%) (%)

4.1 **
4.1 6.3 4.2
4.1 7.1 ***

4.1 5.4 5.1

4.1 5.3 5.0

Jet
(%)

3.1
3.1

3.1

3.1
3.1

3.1

3.1

3.1
3.1

Ju
(%)

4.4
4.4
4.4
4.4
4.4

4.4
4.4
4.4
4.4

3.9
3.9
3.9
3.9
3.9
3.9
3.9
3.9

3.9
3.9
3.9
3.9
3.9
3.9

3.9
3.9
3.9
3.9
3.9
3.9
3.9

4.4
4.4
4.4
4.4
4.4

P.
(%)

1.0
1.0
1.0
1.0
1.0

1.0
1.0
1.0
1.0

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

1.0
1.0
1.0
1.0
1.0
1.0

1.0
1.0
1.0
1.0
1.0
1.0
1.0

1.0
1.0
1.0
1.0
1.0

Fsc
(%)

3.3

2.8
2.7

4.4
4.4
4.4
4.4

0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

1.4
1.5
1.4
1.4
1.4
1.4

2.7
2.7
2.7
2.7
2.7
2.7
2.7

0.1

0.1

0.1
0.1
0.1

2.1

2.0
1.9

4.1

4.1

3.1
3.2
2.7
2.1

2.1

3.8
3.7
2.7
2.6
1.1

7.6
9.0
2.4
2.4
1.5
1.5

5.4
5.4

0.4
0.4
0.4
0.4
0.4
0.6
0.6

1.4

1.6
1.7
1.7
1.7

4.0
3.5
3.5
3.2
3.2

0.1

0.1

0.1
0.2

4.3
4.3
3.2
3.2
2.8
2.4
2.4

4.2
4.3
3.4
2.4
1.5

4.7
3.9
3.9
2.4
2.4

4.4
3.8
3.3
2.5

8.9
7.0
4.4
5.7
1.7

10.5
11.6
2.8
2.8
1.9
1.9

8.0
3.8

**
*** 2,1

2.8 2.0
2.7 2.O

" 7.1 9.7**** 15.2 g.g
**** 17.7 9.4
11.7 69.2 10.2
- 81.7 11.0

8.3 52.1 10.8
3.4 28.0 26.7
3.4 27.6 28.5

A1-1
A1-2
A1-3
A1-4
A1-5

2.6
2.6
2.6
2.6
2.6

4.3
3.7
3.2
2.4

6.6 19.9
8.9 10.9
9.9 9.4
28.6 13.4
22.2 23.4
13.5 32.2

7.1 9.2
7.9 8.6
9.4 8.5
16.6 10.3
17.O 10.4
35.5 30.2
29.4 33.3

4.6 6.1

5.2 8.9
5.8 19.3
7.3 525.7
10.1 10.5
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Table D.1 (continued)

Test

M-1
M-2
M-3
M4
þ2-5
p¿-6

A3-1
A3-2
A3-3
434
A3-5
A3-6

A4-1
A4-2
A4-3
444
A4-5
A4-6
A4-7

Jet
(%)

3.1

3.1

3.1

3.1
3.1

3.1

3.3
3.1
3.3
3.1
3.1

3.1

3.3
3.4
3.4
3.4
3.4
3.4
3.4

Ju
(%)

4.4
4.4
4.4
4.4
4.4
4.4

4.4
4.4
4.4
4.4
4.4
4.4

4.4
4.4
4.4
4.4
4.4
4.4
4.4

P.
(%)

1.0
1.0
1.0
1.0
1.0
1.0

1.0
1.0
1.0
1.0
1.0
1.0

1.0
1.0

1.0
1.0
1.0
1.0
1.0

hlxt
(%)

0.6
0.6
0.7
0.8
0.6
0.6

1.9
1.9
1.9
2.9
1.9
1.9

3.3
3.3
3.3
3.3
3.3
3.3
3.3

Fnc
(%)

4.7
4.5
3.3
2.5

0.1
0.5
3.1
2.5
2.5

14.8
5.6
9.2
5.7

x1 llJWt
(%) (%\

0.6 **

0.6 **

0.5 4.7
0.5 3.9
0.6 3.1
0.6 2.3

ÁP12 AP6
(%) (%)

41.1 5.3
41.0 5.2
5.7 7.9
5.9 9.7
7.6 47.6
17.4 16.6

7.7 5.5
9.2 7.7
10.2 3.8
1 1.3 4.7
12.4 137.3
29.8 29.7
30.0 31.4

F¡¡',
(%)

1.7
1.6
1.7
1.6
1.6
1.6

1.9
1.9
1.9
2.0
1.9
1.9
1.9

0.3
1.7

1.8
3.2
2.5
2.5

0.4
5.2
2.3
1.7

4.7
3.4
2.5

** 8.1 5.1** 8.5 5.6
1.4 9.5 6.0
10.9 6.0 10.0
2.5 9.5 27.9
1.9 43.7 39.9

0.5
2.5
2.6
4.0
3.4
3.4

* lV1:O
{c{. ITZ:0
*** wa:0
*{.¡1.* l/fS:0
'1.*,1.*.t llCZ:0
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APPendix E

NT]MERICAL STUDY OF SINGLE.PHASE FLOW AND HEAT
TRANSFER IN TWO-DIMENSIONAL TEE JT]NCTIONS

8.1 Overview

The hydrodynamics and heat transfer of a single-phase flow in two-dimensional

branching and impacting junctions were studied numerically. The flow was laminar and

forced convective. It is well understood that these conditions do not apply to the

experimental part of the current study. However, it was thought that the numerical study

would give a helpful insight into the physics of the current problem. Even though the

main focus of the curent study is the impacting junctions, the branching junctions were

also included in the numerical study in order to see if there are any similarities between

the two types of the junctions. Later, it will be very interesting to see if these

similarities, if exist, can be seen in the two-phase, three-dimensional, turbulent and

isothermal flow.

8.2 Mathematical Formulation

8.2.1 Geometry and Flow Conditions

The geometry of the two tee junctions considered in this investigation is shown in

Figure 8.1. Fully developed flow (hydrodynamically and thermally) enters the duct

through the inlet region with a mass flow rate rn'¡n þer unit depth) and a bulk

temperature 4n. At the junction region, the flow splits such that the ratio of outlet 3

mass flow rate to the inlet mass flow rate is B. The inlet, outlet 2, and outlet 3 have

lengths Lt, Lz, and Lt, respectively, and the channel height in all three sides of the

junction is ,F/. The inlet length Z1 wâs set to a value of 20 H in order to ensure that the
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Figure E.l Geometry and co-ordinate system

inlet flow remains fully developed over a significant length before the junction effects

begin. Also, Lz and I¡ \¡/ere set to a value of 100 I/ in order to ensure that the flows in
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outlet 2 arÅ outlet 3 achieve fully developed conditions over a considerable length

before leaving the duct.

Heat transfer takes place between the walls and the fluid throughout the inlet

region, a portion of outlet 2 v/ith length L21, ãnd a portion of outlet 3 with length Zgr.

The remaining portions of the walls in outlet 2 and outlet 3 are adiabatic. All walls in

the heat-transfer section of the junction are kept at a uniform temperature 7L. The

heated sections of outlet 2 arñ outlet 3 were selected as L21lH : LttlH : 30. These

lengths were found to be sufficient (under all flow conditions considered) to achieve (or

approach) thermally-fully-developed flow at the end of the heat-transfer sections in

outlet 2 and outlet 3.

ß,.2.2 Governing Equations

The flow is considered to be two-dimensional, steady, and laminar. The fluid is

incompressible and Newtonian, and the properties are assumed to be constant. Body

forces and viscous dissipation are assumed to be negligible. Under these conditions, the

goveming continuity, momentum, and energy equations can be expressed in the

following non-dimensional form :

a*^*

* Olt * tll1)-*V-
^*^+ox oy

^*at*ov *ovU-*V-
ôx* ù.

Au dv

-*-=0
^tox oy

I ôp.
--- f

¿Ox

-Ã*Lop
--'- t

2 ay-

(.å')(#.#)

tå) w.#)

(E.1)

(8.2)
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* ôT* * ôT* ( z \( a,r. a2r- Iu' 
ôx. 

*n 
ur. = [*"e'Jl.;t.æ) (E'4)

where the non-dimensional parameters are defined by

*X*!r*Lf,,-=-,1-=_-,L =-=:, (E.5a)
H'- H' H'

u* =3, v* =!, o. =---!-- T* = T -Tt , (E.5b)- - Irr' " - vr' n (pv?)/z' ' T* -Tin' \!'Jr

R"r : zHVt 
and pr = 

P',", 
(E.5c)

vk

where Zr is the mean inlet velocity given by

n = 
ùi- 

(E.sd),r- pH

rc.2.3 Boundary Conditions

The applicable boundary conditions are as follows:

1- InletFace: At x* =-(Zi +0.5)and-0.5 <y* <0.5, u* =1.5(l -4y*' ),v* =0, and a

fully developed temperature profile corresponding to a dimensionless bulk

temperature4i = 0 were imposed.

2-V/alls: u* =v* =0 onallwalls, T*:l ontheheatedwalls, andôT.f ôn*:0onthe

adiabatic walls, where n is the direction normal to the walls.

3- Outlet 2Face: A reference pressure, p: O (orp* : 0), was specified at a single node

on the outlet face, and ôT. f ôn. : 0, where n is the direction normal to the face.

4- Outlet 3 Face: At -0.5 <.r* < 0.5 and y. = (I:3+0.5), a total mass flow rate of B

ricin was specified, and ôT. f ôy* : 0.
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The mathematical formulation of the problem consisting of the governing

equations and boundary conditions suggests that the velocity, pressure, and temperature

fields (,u* ,y* , p* , arrd f* ¡ at any point (r*, y.) within the flow domain are firnctions of

the following set of independent parameters:

. The geometryparameters I;,1;,ü,lrr, andZi,'

. The flow parameters Re1 and p.

o The property parameter Pr.

All the present results correspond to Li: 20, I¿ = L; : 100, Lir = L\t :30, and Pr :

0.7. Therefore, the only remaining independent parameters are Ret and B.

The velocity and temperature fields were used in calculating some parameters of

engineering importance. These are the local (dimensionless) wall shear stress e|, the

local (dimensionless) wall heat flux q|, and the total (dimensionless) heat transfer rate

Q.. Theparameter r| is defined as

"1. 
=----5-. 1n.6)"w (p "'^)12'

where ø* is the local wall shear stress. In dimensionless form,

(8.7)

where n 
* 

is the dimensionless coordinate normal to the wall. The local wall heat flux is

given by

*Ç*
'*- k(&-TiJ4zH)'
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where ø* is the local wall heat flux, Qw = -k (ôT / ôn)*. The parameter Q* is defined

by

(E.e)

where Q is the overall rate of heat transfer from the junction and A* is the total surface

a¡ea of the heated sections in the whole domain.

E.3 Numerical Solution

The numerical solution of the governing equations was obtained using CFX-

TASCflow, version 2.10. This code uses a finite volume method (Patankar, 1980) but is

based on a finite element approach of representing the geometry. Mass conservation

discretization was applied on a non-staggered grid. The discretized mass, momentum,

and energy equations were solved iteratively using multi-grid additive correction to

accelerate convergence. The solution was considered converged when the sum of

residuals was less than 1 x 10-s. More details can be found in (El-Shaboury et a1.,2002

and 2003).

8.3.1 Computational Mesh

Four different gnd blocks were created for the inlet, junction, outlet 2, and outlet 3

regions of each tee junction. The grid blocks in the outlet 2 and outlet 3 regions were

each divided into two sub-blocks; the first one was for the heated section and the

second was for the adiabatic section. Each sub-block had uniform grid spacing in itself;

however, the two sub-blocks had different grid spacing when compared to each other.

The computational grid for the whole flow domain was then formed by attaching the

four grid blocks together. It was decided to use the finest possible grid spacing in the

^* o lrl'v 'Q.=ffi=IäJ Iq;dA
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junction region to account for the steep gradients in the solution field expected in this

area. Mesh-independence tests were carried out for both types of junction by varying

the number of nodes in the inlet, junction, outlet 2, and outlet 3 regions, separately.

Table E.l provides a detailed description of the grids used in the mesh independence

tests for the impacting junction (similar grids were used for the branching junction).

The tests were carried out for two conditions: B:0.1 and 0.9; both with Rer : 2000 and

Pr:0.7.

Table E.l Details of grids used in mesh-independence tests

Inlet
Region

Junction
Region

Outlet 2 Region Outlet 3 Region

Heated
Section

Adiabatic
Section

Heated
Section

Adiabatic
Section

tD(, nv nx ny nx ny ny tDc ny nx nv

Grid 1 40 30 30 30 30 200 30 85 30 200 30 85

Grid 2 70 60 60 60 60 400 30 170 60 400 30 t70
Grid 3 100 91 9l 9T 91 600 31 250 9l 600 31 250

Grid 4 200 rzt t21 r21 r2t 800 41 350 t2l 800 4t 350

A representative sample of the grid-independence tests is shown in Figure E.2

corresponding to þ : 0.1 in an impacting junction. The results in Figure 8.2 are in terms

of øi and q;, along x*:0.5. Figure 8.2(a) shows that the values of r| from grids 3

and 4 are nearly identical. On the other hand, Figure 8.2(b) shows that there is a

noticeable þercentage) difference in the values of øi, from grids 3 and 4, mainly in the

region 2 I y* < 8. However, it can be argued that the deviation between grids 3 and 4 is

small in absolute terms. Similar results were obtained for þ: 0.9.
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Based on the above results and other grid-independence tests (not shown), the final

mesh for the present investigation was selected to be grid 3. A t¡pical execution time

using the final mesh was about 110 CPU hours on a DEC/Compaq Alphastation 500 au.

ß,.3.2 Comparison \ryith Earlier Work

Several comparisons were made with earlier work in order to validate the

numerical method used in the present investigation. Two comparisons are shown here

as a sample; one for the branching and the other for the impacting junction. Figure E.3

shows a comparison between the computed velocity profiles and the experimental

velocity profiles reported by Liepsch et al. (1982) for a branching junction at Rer : 558

amd P: 0.44. These results correspond to water flow in a junction with the following

geometry: Lr* :109.5, Lr.* :94.5, and Lr* :81. The agreement between the numerical

and experimental results is good at the various locations shown. Direct validation for

the impacting junction was not possible due to lack of similar results. The closest match

to the present conditions is the experimental measurements of the laminar velocity

profiles in outlet 3 of an impacting junction constructed from tubes with circular cross-

sections, reported by Kreid et al. (1975). The results of Kreid et al. correspond to water

flow, an inside diameter of 9.5 Írm on all sides of the junction, V1: 0.0387 ffi's-1, artd P

-- 0.0614. Results were generated for the present (two-dimensional) geometry using

water properties, H:9.5 mm, and the same values of h and ß used in Kreid et al. It is

recognized that quantitative agreement between the two sets of results is not expected

due to the difference in geometry. Figure E.4 shows a comparison between the present

profiles of u/u"¡¡6 and the measured profiles reported in Kreid et al. along outlet 3,

where us¡¡6 is the fully developed value of the centreline velocity in outlet 3. There is a
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definite similarity in trend between the two sets of profiles. A re-circulation zone can be

seen in the top part of outlet 3 in both cases. The extent of this zone in the y direction is

longer for the planar junction. As well, a jetting zone exists underneath the re-

circulation zone in both cases'

8.4 Results And I)iscussion

Results were obtained for both flow configurations coresponding to 0.1 < B < 0.9,

and Rer : 1000 and 2000. This allowed us to investigate the effects of Rer aîd P on the

hydrodynamic and thermal characteristics. The focus here will be on the impacting tee

junctions. Representative samples of the branching junction results will be also shown.

These samples were chosen to show the similarity (or lack of it) between both flow

configurations.

n.4.1 Wall Shear Stress

Figure E.5(a) shows the variation of ø| along the wall y* :0.5 for Re1 : 2000 and

0.1 < p < g.g.Fully developed flow enters the duct and the value of r| remains

unchanged over a considerable portion of the inlet region.For B:0.1 and 0.3, as the

junction region is approached, the value of ri decreases turtil it becomes negative,

indicating that a re-circulation zone is formed. As will be seen later, this re-circulation

zone formed on the wall at y* : 0.5 is actually a tiny part of a bigger re-circulation zone

formed in outlet 3 on the wall x* : -0.5. For p: 0.5, the value of ø| remains almost

unchanged in the inlet region. However, for p>- 0.7, the value of øi increases rapidly

upstream of the junction region indicating flow acceleration near the wall y* : 0.5 for

these values of p.
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The distribution of ci along y* : 0.5 at Re1 : 1000, shown in Figure E'5(b), is

similar in trend to that shown in Figure E.5(a) for Re¡ : 2000. For all values of p, ci

increases at all locations as Rer decreases. It should be pointed out that 6 acfinlly

decreases with decreasing Re1 and the increase in ø| is only due to its definition. Also,

the probability of re-circulation decreases as Rer decreases. For example, the small re-

circulation zonethat appeared at þ:0.3 forRet:2000, disappeared at Re1 :1000.

Figure E.5(b) shows that re-circulation exists only at þ:0.1-

Figure E.6(a) shows the variation of ø| along the wall x*: 0.5 for Rer :2000 and

O.l < p < 0.9. A re-circulation zone forms on this wall for þ: 0.1,0.3, and 0.9. This re-

circulation zone will be referred to as re-circulation zone A. The size and location of re-

circulation zone A depend on p with the maximum size occurring at þ :0.9, while the

closest location to the junction region occurring at þ:0.1. For þ:0.5,the value of rj,

starts from zero at y* : 0, increases to a maximum n"* y* : 0.5, and drops gradually

towards the fully developed value. Re-circulation zone A does not form at this value of

B corresponding to even mass split; it is more likely to occur when the mass split is

uneven. The negative values of r| close to the junction centreline for B: 0.7 and 0.9

are not due to the presence of a re-circulation zone. These negative values occur

because the flow near the wall .r* : 0.5 is in the negative y* direction, as will be seen

later from plots of the streamlines.

In terms of trend, the variation of ø] with B at Rer : 1000 was found to be similar

to that shown in Figure E.6(a) for Rer :2000. However, for Re1 : 1000, re-circulation

zone A was found to decrease in size for all þ, and in some cases, disappear all together
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For example, Figure 8.6(b) shows that this re-circulation zone does not form at þ: 0.9.

At Rer : 1000, re-circulation zone A was found to exist only at þ:0.1 and 0.2.

Figure 8.7(a) shows the variation of r| along the wall x*: -0.5 in outlet region-3

for Rer : 2000 and 0. 1 < B < 0 .g .These results show that a re-circulation zone forms on

this wall for all values of B. This re-circulation zone will be referred to as re-circulation

zone B. For all value of p, the separation point of re-circulation zone B occurs at

approximately y*: 0.5. The minimum size of re-circulation zone B occurs at B:0.1,

while the maximum size occurs at þ:0'5. Downstream of re-circulation zone B for B:

0.1 and 0.9, Figure 8.7(a) shows that ri increases sharply to a peak and then decreases

to a small positive value. The decrease in r| suggests that the flow has a tendency to

separate from the wall; however, separation does not occur. This behaviour is attributed

to the formation of re-circulation zone A for B: 0.1 and 0.9. The location of the

positive peak in ø] nearly coincides with the location of the maximum width of re-

circulation zone A, and the location at which the flow tends to separate nearly coincides

with the location of the reattachment point of re-circulation zone A.

Decreasing Re1 had the effect of decreasing the size of re-circulation zone B, as

illustrated in Figure E.7(b) lor B: 0'9. As well, for the case of Ret : 1000, the

maximum size of re-circulation zone B occurred at þ:0.7. Figure 8.7(b) also shows

that the tendency of the flow to separate again from the wall x* : -0.5 downstream of

re-circulation zone B was eliminated at Re1 : 1000. This is attributed to the

disappearance of re-circulation zone A at these conditions.
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Figure E.8 shows the variation of ø| in outlet 3 of both configrrations along x :

0.5 for Rel : 2000, and P: 0.1 and 0.9. It can be seen that for B: 0.9, the distribution

of ri is almost identical for the two types of junctions. For þ : 0.1 , there is a small

difference in the results in the range of 0 < y* <3. Also, the size and the location of the

re-circulation zones (where ci becomes negative) are almost identical for both

junctions. Figure E.9 shows the variation of zi on the other wall of outlet 3 (x* : -0.5)

with similar trends to those seen in Figure E.8. These same trends were also found to be

valid at both walls of outlet 3 for Rer : 1000. This similarity in zi -distribution is very

interesting in view of the significantly different flow configuration between the two

junctions.
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For mass splits bet'ween B:0.1 and þ:0.9, the similarity in wall shear stress

illustrated in Figwes E.8 and E.9 disappeared and significant differences in magnitude

and trend were found in øi between the two junctions.
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Tw
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Figure E.9

v

Wall shear stress in outlet 3, x* =- 0.5

Figure E.lO shows the variation of r| along one of the walls of outlet 2 for Rer :

2000, aîd P:0.7 and 0.9. It can be seen that there is similarity in trend between the

two junctions. In terms of magnitudes, there are small deviations only in the range 0 <

y* <3. These exact trends were also found to be valid along the other wall of outlet? at

the same values of B.
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All the above observations (regarding the similarity -or lack of it- between the two

types ofjunctions) made for Re1 :2000 were also found to be valid for Re1 : 1000.
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Figure E.10 Wall shear stress along one wall in outlet 2

f,.4.2 Streamlines

For two-dimensional steady flow of an incompressible fluid, the stream function y

is defined by

,, - ôv 
and v = _y (E.10)

Ax

Using the already computed velocity field, values of y were determined based on

Equation (E.10) and the streamlines (lines of constant y) were plotted. A sample of
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these results is shown in Figures E.l1 and E.IZ.Yalues of r¿on the different walls of

the junction are shown in Figure E.11(a) and arbitrary steps (Ar¿) were used between

different streamlines in order to illustrate the main features of the flow field.

Figures E.11(a), (b), and (c) show the streamlines in an impacting tee junction for

Rer : 1000 and þ:0.5,0.8, and 0.9, respectively. Figure E.l1(a) shows the symmetry

of the streamlines around the junction centreline for the case of even mass split. Re-

circulation zone B forming on the wall x* : -0.5 can also be seen in the figure. Figure

E. 1 1(b) shows the streamlines for an 80120 mass split. In the outlet carrying 80% of the

inlet mass, re-circulation zone B forms on the wall x* : -0.5, while re-circulation zone

A does not appear. In the outlet carrying 20% of the inlet mass, a small re-circulation

zone A appears as well as re-circulation zone B. It should also be noted that the

separation point of re-circulation zone B exists near the end of the inlet region for the

20%o outlet, while for the 80% outlet, this point is located on the outlet wall. Similar

trends can be seen in Figure 8.11(c) for the 90110 mass split. All these results are

consistent with the r| -results presented earlier.

Figure E.12 shows the streamlines in an impacting tee junction for Re¡ : 2000

and P: 0.9. These results, along with those in Figure E.11(c), demonstrate the effect of

Re1. Re-circulation zones A and B appear in both outlets for Re1 :2000. The size of re-

circulation zone A in the 100/o mass outlet increases as Rer increases. Also, the length

required for the flow to reach full development in both outlets increases as Re1

increases. Again, all these results are consistent with the r| -results presented earlier.
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Figure E.13 shows the streamlines in both configurations for the case of Rel :

2000 and þ: 0.9. Surprisingly, the streamlines in both outlets are similar for the two

types of the junctions. The size and the location of the four re-circulation zones formed

on the walls are almost identical. The above observations are consistent with the results

in Figures E.8, 8.9, and E.10, where values of ø| are almost identical on all the walls

of the junction for the case of p: 9.9.

Figure E.14 shows the streamlines in both configurations for the case of Ret :

2000 and þ : 0.I.It can be seen that the streamlines are similar only in outlet 3, which

carries l0 % of the inlet mass flow rate. In the other outlet, the streamlines are

completely different in shape. The above observations are consistent with the results in

Figures E.8 and E.9, where values of r| in outlet 3 are very similar for the case of B:

0.1. These observations are also consistent with Figure E.10, where values of ø| in

outlet 2were found to be similar only for high values of B.

8.4.3 Pumping Power

The pumping power,E'is defined as the rate of mechanical energy loss due to mass

split at the junction. The value of E can be determined by applying an energy balance

on a control volume surrounding the junction region (excluding the three arms of the

junction). Accordingly, for both flow configurations, the value of E is given by,

(8.11)

where Pb Pz, and P3 are the average pressures at sides l, 2, arrd 3 of the junction

extrapolated from the fully developed regions of the inlet, outlet2, and, outlet 3 regions.

E =,i,in\.q,i,i"t - 

^17.+l- 
., ol3.+l
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In dimensionless form,

E. = (r- ß)l(p,. - pi)* P (2 - þ)l* þ (",. - ri )* r - P'] le.rz;
where t. = El@i^vî /z).

The definition of Pr. , Pì , and P] is illustrated graphically in Figure E.15 for the case

of branching junctions. For each combination of Rer aîd P, the fully-developed, linear

profiles of P* from the inlet, outlet 2, and outlet 3 regions were extrapolated to the

centre of the junction (r* : y* : 0), as shown in Figure E.15, to obtain the values of P¡* ,
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P| , and fj. Simitar method was used for the case of impacting junctions to get the

three mean pressures. These values were then substituted into Equation (E.12) to

calculate E*.

Figure 8.16 shows the variation of ,E- withBfor Re1 : 1000 and 2000. It is clear

from Figure E.16 that Rer has insignificant effect on E*. As well, for the impacting

junction, values of E* are symmetric around þ : 0.5 where E* reaches its minimum

value. This symmetry in the results of impacting tees is expected due to geometrical

symmetry whereby, for example, a 30170 mass split is just a mirror image of a 70130

split. For the case of branching junctions, Figure E.16 shows that the value of E* starts
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low at small þ and then increases with increasing B up to a maximum at þ:0.9. From

Figure E.16, it may be concluded that the branching junction requires less pumping

power up to B = 0.4, while the impacting junction requires less pumping power for p2

0.4.

8.4.4 Isotherms

Figures 8.17(a), (b), and (c) show the isotherms for three different cases, plotted

using a uniform interval Lt' :0.1. By definition, t' : I at all walls in the heat-transfer

sections.

Figure E.l7(a) shows the isotherms for Rer : 1000 arLd P:0.5. As expected for

this case of even mass split, the isotherms are syfirmetric around the junction centreline.

The wall areas covered by re-circulation zone B are areas of poor heat flux, as can be

inferred from the shape of the isotherms in those areas. As well, the location on the

impacting wall corresponding to -r* : 0.5 and y* : 0 appears to be the location of

maximum heat flux in the domain.

Figure E.17(b) shows the isotherms for Rer : 1000 aîd P:0.9. The portion of the

flow with high C from the area adjacent to the wall y. : -0.5 in the inlet region is

diverted into outlet 2. As aresult, poor heat transfer is expected in outlet 2. The wall x*

: 0.5 in outlet 3 appears to be experiencing high heat flux with a mCI<imum located aty*

= 0.5. It can also be seen that the wall y* : 0.5 in the inlet experiences high heat flux

values near the junction region due to the large portion of the flow diverted into outlet

J.

The effect of increasing Re1 from 1000 to 2000 on the isotherms for p:0.9 can be

assessed by comparingFigs.D.lT(b) and D.17(c).For the isotherms inoutletZ,the
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Re1-effect appears to be fairly small. ln outlet 3, the wall x* : 0.5 experiences high heat

fluxes in the initial part. The heat flux then decreases to a local minimum due to the

existence of re-circulation zone A, followed by an increase around the reattachment

point of this re-circulation zone, and finally decreases monotonically towards the fully

developed value. On the other hand, the wall x* : -0.5 experiences low heat fluxes in

the initial part due to the existence of re-circulation zone B. The heat flux then increases

around the reattachment point of this re-circulation zone, and finally decreases

monotonically. It appears from these results that a re-circulation zone formed on a

certain wall pushes the isothenns away from that wall causing them to get closer to the

opposite wall.

Figure E.18 shows the isotherms in both configurations for the case of Rel : 2000

a¿1d B: 0.9. It can be seen that the isotherms in both outlets are similar for the two

types of the junctions. The locations where the isotherms get close to each other and the

locations where they get further apart are almost identical.

8.4.5 Wall Heat Flux

The distribution of wall heat flux along y* : 0.5 in the inlet region is shown in

Figure E.19 for Rer :2000 and 0.L < P < 0.9. In the fully developed part of the inlet

region, qi decreases exponentially along 
"* 

due to the decrease in (I* - fu). This

behaviour would appear as a straight line with a slight negative slope on the semi-log

plot in Figure E.19. Close to the junction region, deviation from this behaviour occws

due to the disturbance caused by the flow split. It can be seen that for þ:0.1 and 0.3,

q:" decreases sharply near the junction region. This decrease in q| is due to the

deceleration of the flownear thewall y*:0.5 as theflowentersthejunctionregion.
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The reverse happens for B > 0.5, where qi experiences an increase close to the

junction, the magnitude of which depends ori P, as shown in Figure E'19. At Rer :

1000, the q| -distributions along y* : 0.5 were found to be similar in trend to those

shown in Figure E.19, except that the values of q;, were lower'

The distribution of wall heat flux along x* :0.5 in outlet 3 is shown in Figure E.20

for Re1 :2000 and 0.1 < p S 0.9. There are two types of behaviors in this figure

depending on whether or not re-circulation zone A exists. For B: 0.5 and 0'7, re-

circulation zone A does not exist and as result, qi decreases gradually from the high

value close to y* :0 towards the fully-developed conditions. Fot p: 0.1, 0.3, and 0.9,
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the heat flux starts with a high value at y* :0.0, decreases to a local minimum in the

area occupied by re-circulation zone A, increases to a local maximum around the

reattachment point, and finally decreases gradually towards the fully developed

conditions. The trends in the results for Re1 : 1000 were found to be consistent with

those described for Rel : 2000 with lower magnitudes of qÏ- .

The distribution of wall heat flux along x* : -0.5 in outlet 3 is shown in Figure

E.Zl for Rer : 2000 and 0.1 < P < 0.9. For all B,the heat flux starts with a high value at

y* : 0.5, decreases to a local minimum due to re-circulation zone B, and then increases

to a local maximum around the reattachment point of this re-circulation zorre.

;\ ^,- 0.5 Á= o.t 
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Figure E.21 Distribution of qw along x =- 0.5 for Rer : 2000

Downstream of re-circulation zone B, the behaviour depends on the existence of re-

circulation zone A. For B:0.5 and 0.7, q:- decreases gradually from the maximum

reached around the reattachment point to the fully developed value . For B: 0.1 and 0.9,

q| decreases again to another local minimum due to re-circulation zone A formed on

the opposite wall and then recovers around the reattachment point of this zone. It should

be mentioned that re-circulation zone A exists also for þ:0.3; however, its size is so

small that it does not affect values of qi,. Beyond the areas occupied by re-circulation

zones A and B, the value of qi decreases gradually approaching fully developed
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conditions. Again, the results for qi at Rel : 1000 were found to be consistent in trend

with these results but the values of qi, were lower.

Alt the above results of heat-flux distributions are consistent with the plots of the

isotherms shown earlier in Figures E.I7(a), (b), and (c).

Figures 8.22 andE.23 show the variation of q| along both walls of outlet 3 of the

two configurations for Re¡ :2000, arñ P:0.1 and 0'9' It is clear that for B:0'9,the

distribution of øi, is almost identical for the two junctions. For þ: 0.1, the results have

the same trend with a small difference in magnitude in the range 0 < y* < 7. These

observations are consistent with those seen in Figures 8.8, E'9, and E'10. This
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FigureE.22 Wall heat flux in outlet 3, x =0.5
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similarity in qi-distributionat B:0.1 and 0.9 was also found to be at Re¡ : 1000.

However, for values of Bbetween 0.1 and 0.9, this similarity was found to disappear, as

was the case for ei.

0.01
15

+

v

Figure E.23 Wall heat flux in outlet 3, x = -0.5

Figure E.24 shows the variation of qi along one of the walls of outlet 2 for Rel :

2000, and P: 0.7 and 0.9. It can be seen that there is similarity in trend between the

two junctions. In terms of magnitudes, there are small deviations only in the range 0 <

y* <3.It was also found that the similarities seen in Figure E.24 persisted at B: 0.5,but

disappeared for B < 0.5. These exact trends were also found to be valid along the other

x*= -0.5

Re, = 2000
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wall of outlet 2 at the same values of p. All these results are consistent with those seen

earlier in Figures 8.10 and E.13.

All the above observations (regarding the similarity -or lack of it- between the two

types ofjunctions) made for Re¡ :2000 were also found to be valid for Rer : 1000.
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Figure 8.24 Wall heat flux along one wall in outlet 2

8.4.6 Overall Heat Transfer

The overall rate of heat transfer from all walls of the junction, charactenzed by the

dimensionless parameter Q*, was calculated from Equation (E.9). The value of p. is

dependent on the selected geometry of the junction (i.e., values of 11, Lz, Lt, Lzt, and
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231, which were all fixed in the present study), as well as Re1 aîd B.Effects of Rel and

þonQ. areshowninFigureE.25.ForfixedRer,thevalue of Q* increaseswithBupto

a maximum at about þ: 0.5. The value of Q. then drops with a further increases in p.

This pattern of 8. variation with B is not surprising in view of earlier results. It may be

recalled from previous results that high or low values of Bresult in poor heat transfer in

outlet 2 or outlet 3, respectively. Figure E.25 also shows that Q. increases considerably

with an increase in Re1, consistent with the observations made earlier on the Rer-effect

on qi.

Re, = 1000

Re, = 2000
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Figure E.25 Values of Q

þ
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8.4.7 Excess lleat Transfer

Another important parameter that can be used in evaluating the performance of the

junction is the excess heat transfer p. defined as,

Q": Q -Qn (E.13)

where p is the total rate of heat transfer from all sides of the junction, and 0r¿ is the

total rate of heat transfer assuming fully-developed flow in all sides of the junction.

Thus, p" reflects the effect of the junction on the rate of heat transfer. The value of Qn

was calculated assuming fully-developed conditions over the lengths Lt, Lzt, and Zgr

(see Figure 8.1) with mass flow rates ritin, (1 - P)rit'i", and p ùin in sides 1, 2, and3 of

the junction. Under these conditions, Nusselt number has a value of 1.5407 (Shah and

London, 1978). The value of p was calculated by integratíng q* over the whole surface

area of the heat-transfer sections of the junction. FigureB.26 shows the variation of Q!

e Ollk Ø * ïr, * t]rr)(r* - 4" )]¡ witrr B for Re1 : 1000 and 2000. It can be seen that

Q! irpositive over the whole range of B except for the branching junction with B:9.1.

The fact that Qi is positive indicates that the junction enhances the rate of heat transfer

over fully-developed conditions. The magnitude of this enhancement increases as Re1

increases. The impacting junction produced the expected symmetrical behaviour with a

maximum at þ:0.5. Finally, Figure E.26 shows that the impacting junction has higher

values for Qi in the range 0.1 < P < 0.4 while the opposite is true in the range 0.4 < P <

0.9.
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Figure E.26 Excess heat transfer for both configurations
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Symbol

Nomenclature for Appendix E

Description Units

A*

cp

E

H

k

L

m

p

Pr

O

q

Re

T

T1

u

V

v

x,!

p

v

p

Total surface area of the heat-transfer sections

Specific heat

Pumping power

Duct size in the inlet, outlet-2, and outlet-3

Thermal conductivity

Duct length

Mass flow rate per unit depth

Pressure

Prandtl number

Total rate of heat transfer per unit depth

Local heat flux

Reynolds number

Temperature

Úrlet temperature

Velocity component in the x direction

Cross-sectional average velocity

Velocity component in the y direction

Cartesian co-ordinates

Ratio of outlet-3-to-inlet mass flow rates

Kinematic viscosity

Density

2m

Jlkg.k

w

m

W/m.k

m

kg/m.s

Pa

V//m

Wlrr]

K

K

m/s

m/s

m/s

m

m'ls

kd*3
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t Shear stress

Subscrípts

1,2,3 Lrlet, outlet-2, and outlet-3

2T Heat-transfer portion of outlet-2

22 Adiabatic portion of outlet-2

3t Heat-transfer portion of outlet-3

32 Adiabatic portion of outlet-3

in Inlet face

w At the wall

Superscrípt

* Dimensionless quantity

N/m2
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