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ABSTRACT

’

“Two-phase flow pressure drop in a tec-junction’

By
“Ala’ Aldeen” Tawfeek Saleem Al-1tathouli

Supervisor

Prof. Mahmoud Hammad

Co-Supervisor

Prof. Mahmoud Alhusein

In this work an experimental test loop system was designed, constructed and
investigated using horizontal inlct and branches orientation, equal sided inner
diameter (25.4 mm), sharp edge T-junction using PVC pipes at a system

pressure of 1 bar,

The experimental set up includes: centrifugal water pump, air compressor,
pipe connection, mixer, air-water separator, valves and T-junction, pressure

gauge and taps and pressure holder.

Experiments were performed in fluid mechanics laboratory of the
engineering faculty of Mu’tah University, by the aid of an instrumentation
system consisting of pressure bourdon gauge, Rotometers, Thermocouples
and digital thermometer, pitot tube and U-manometer. Experimental
observations of pressure differences at various positions for single-phase
flow and two-phase flow, and measurements of air and water mass flow

rates and temperatures are presented.

Xiv
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Single-phase loss coefficient, single phase and two-phase flow pressure

difference values were determined.

The results show that the two-phase flow pressure difference depends on the
inlet mass flux, inlet quality, and extraction rate. Pressure difference
increases with increasing these parameters. Comparisons show good

agrecment, with some existing modcls.

Several conclusions and recommendations were drawn to enhance research:

in two-phase flow field.

Xy
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1. INTRODUCTION

1.1 Introduction

Phase is simply one of the states of matter and can be either a gas, a liquid or
a solid. Two-phase flow is the simultaneous flow ol two phases within the
piping system and it obeys all the basic laws ol fluid mechanics. The
equations associated with two-phase {low are merely more complicated than

those of single-phase flows, the major complications in comparing two-phase

flow with single-phasc flow is the variety of flow patterns that can be .

produced in a gas-liquid system.

Branching junctions arc common features of the piping networks used for
single-phase flow and two-phase flow distribution systems. These networks
are essential components for many facilities in the power and process
industries, such as boilers, condensers, refrigerators, air-lift pumps, natural
gas pipelines and nuclear reactors. Knowledge of the phase separation and
pressure drop in two-phase flow systems are of primary important to the
system designer to select pumps minimize pressure losses in the sysicm
piping, since they have a significant cffects on the opcration and efficiency of
all components downstream of the junction and it leads to safe the labors and

industrial fluid dynamic systems.

547467
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1.2 Literature Review

The phenomenon of two-phase flow is important in the ficlds of mechanical,
chemical and aerospace engineering. Owing to the inherent complexities of
the physical process of two-phase flow only simplified analytical and
experimental studies have had some success. Most investigations, among that
available in the literature, have been experimented in nature because of the

limitations of existing thcoretical modcls.

Seeger et al. (1986) and Reimann et al. (1986) investigated the phase .

separation and pressure drop of two-phase flow in a T-junction with
horizontal inlet, equal pipe diameters (d=50 mm) for air-water and stcam-
water flow at a horizontal, vertical upward or downward branch orientations,
Their experiments were performed with air-water flow (maximum pressure

7 < 1MPa), steam-water flow (p,, <10 MPa) and an inlet mass flux range

nax

500<G,<7000 kg/m? s.

From plotting the ratio of branch to inlet qualities (x/x;) versus their mass
flux ratio (Gy/G)), they found that their results are very close to the total
separation curve for upward branch orientation. In horizontal orientation, all
curves are quite close to the total separation curve for high values of G3/G, as
shown in figure (1.1). A maximum of vicinity at Gy/G, = 0.3 and then
decreases quite rapidly with decreasing G;/G;. Downward branch results
showed that there is a range where only liquid enters the branch and this range
increases the more stratified the flow pattern is. At constant superficial gas
velocity, they found that the branch to inlet quality (x3/x;) increases with
increasing the superficial liquid velocity. Their results were compared with
other works, showed good agrecment with Saba & Lahey (.1982), Honan &
Lahey (1981), Zotzmann (1982) and McCreery (1984) at high mass flux ratios
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and lacking in the lower parameter range, at which Azzopardi & Whalley
(1982) and Azzopardi and Backer (1981) proposed a model based on void

fraction and phase velocity distribution in the cross section together with focal

momentum flux that agree well at these low values.

An improved model for two-phase flow pressure difference in a T-junction
was proposed. Comparing their results with other known models such as Saba
& Lahey slip and homogeneous models (1984), Chisholin model (1967) and

the homogeneous model, shows good agreement with superior results in air-

water data for horizontal and downward branches, but fail for the case of .

upward branch due to the separation effects on the branch which increascs

with decreasing mass flux.

They suggested further investigations to include global or local void fraction
measurements, in order to obtain suitable model for upward branch. They also
influenced clarifying the dependency of the results on the system pressure

through increasing number of experiments at each pressure level.

Ballyk et al. (1988) investigated separation phenomena and pressure drop of a
steam-water annular flow in equal leg flow areas, horizontal dividing T-
junction covering a range of operating conditions of 400< G;< 1200 kg/m’.s,
0<x,<0.15 and 0.0<my/m;<l. They measured pressure and void fraction
distributions as well as the total flow rates and quality along the inlct and
branching legs in order to determine the phase separation and pressure
characteristics. They also improved the mechanical energy based model for
calculating the branch pressure drop lo be able 1o account for the inlel

dynamic head of the branching flow. They found that at low branch flow

splits (m s/ m , ), the branch quality (x;) increases very rapidly with
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increasing flow splits crossing the equal phase distribution line at close to 90°.
This supports the finding of Azzopardi & Whalley (1982) and Henry (1981)
and suggests that the liquid is first removed from the low velocity film
flowing at the tube wall in the line will the branching port. The effect of inlet
mass flux variation on the branch phase separation ratio is found to be less
significant than that of inlet quality, where the point of total separalion is
some what independent of mass flux. And there is a strong interdependence
between separation phenomenon and pressure distribution, where it was clear

that as the total phase separation was approached a significant increase in the

run pressure rccovery was encountered. This was referred to flow regime .

transition from annular to plug flow in the run of the T-junction. Their axial
pressure recovery data obtained in their work demonstrated similar trends as
Shoukri e al. (1987) and poor agreement with Ricmann & Sceger (19806)
particularly for low split ratios. Based on their results they recommended their

model for evaluating the branch pressurc changes.

Rubel et al. (1988) investigates phase distribution of low pressure steam-
water mixture in a horizontal T-junction with equal sided (37.6 mm) inner
diameters, the purpose of therc investigation is to develop new phase
distribution data under certain operating conditions and enhancing the current
understanding of the phenomenon. The range of conditions is of low inlet
mass flux 15 ( G ( 50 kg / m’.s and low pressure of 100 {(p (250 kPa,
wide range of inlet qualities (20 ¢ x; ( 90 % ) werc uscd and extraction rates
of 0.15(w3/w,(0.8. The operating conditions corresponding to their test
groups were plotted on the flow pattern map of Mandhane et al. (1974) from
which their visual observations of inlet flow patterns are in good agreement
with Mandhane predictions. Rubel and his colleagues found that as a gencral

rule, there is uneven phase distribution at the junction where preferential
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liquid flow into the branch occurred for all the data of stratified flow, whilc
most of wavy flow data showed preferential vapor flow into the branch. They
also studied the individual effects of important independent parameters such
as inlet quality, inlet mass flux and the inlet superficial liquid velocity on the
phase distribution. They found that at the same high mass flux and different
inlet qualities the ratio of branch to inlet qualities (x3/x,) decreases with x,
increasing, while an opposite trend were obtained at the lowest mass {lux. At
the same inlet quality but different inlet mass {lux (Gy), G, doesn’t appcar to
influence (x3/x;) within the same inlet flow pattern but the main influence is

rclated to the inlet flow pattern transitions.

At fixed values of inlet superficial gas velocities (Jgs) the effect of inlet
superficial liquid velocity (Jis) indicates that the ratio of the branch to inlet
liquid extraction rates (Wy3/Wy,) decreases continuously with increasing (Jis),
and shows an important effect of the velocity ratio on phase distribution

irrespective of flow pattern.

Comparisons with other models show a remarkable agreement with Seeger et
al. (1986) for the data corresponding to G3/G,;> 0.4 and x,240% and
encouraging results for other ranges. Azzopardi & whalley (1982) model is
based on annular flow shows that the data is generally out
side £20% prediction accuracy and it becomes increasingly better as x, and
Jo/Jis increase, which moves the flow to fully-established annular flow.
Hwang et al.(1988) developed his model based on a dividing streamline
concept shows that the predicted values of x3/x, are within £30% of the

corresponding measured values [or all points .

Buell et al. (1994) investigated two-phase pressure drop and phasc

distribution at a horizontal T-junction of low pressure (1.5 bar) air-water
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mixture and equal sided (37.6mm) inner diameters. Inlet flow regimes of
stratified, wavy, slug and annular with inlet liquid vclocities J; ;< 0.2 m/s at
which limited pressure drop information is available. Data consist of both
phase distribution and pressure drop at different extraction rates and a wide
range of inlet condition is obtained. The effect of superficial liquid velocity
J11 on the phase distribution for annular flow was found that the preference of
gas to exit through the branch increases as J,, increases at a fixed super facial
gas velocity Jg,. This explained using the ideas suggested by Hwang et al.

(1988) and Azzopardi et al. (1988), whereby an increase in J;, results in an

increase in the average axial momentum of the liquid phasc as consequently, a

decrease in the probability of the liquid to enter the branch. But the effect of
varying Jg, at fixed Jy; failed to produce consistent trends due to flow reginic
transition encountcred with changing J;. Good agreement for the phasc
distribution of ms/m, 203 has been demonstrated against the analytical

models of Hwang et «l. (1988), empirical correlation of Seeger ef al. (1986)
and Azzopardi & Whally (1982),

Comparisons of pressure differences AP, (inlet-run) and AP, ; (inlet-branch)

of their data with different empirical models, developed for significantly

higher values of J{, showed that best prediction of APQ data was produced

by a separated flow model, originally proposed by Fouda & Rhodes (1974)

and less satisfactory predictions were obtained for APy;. For high extraction

rates m ,/m, >03 scparaled flow model recommended by Saba & Lahey

(1984) gave the best prediction while for m ,7m: < 0.3 the model
recommended by Reimann & Secger (1986) gave better predictions. Tihey
expected that obtained results could guide the future search for generalized

methods of correlation the pressure results. The performance of the above
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models in predicting the pressure drop in slug flow regime is summarized and

given in table (1.1)

Table (1.1) Summary of model performance for branch pressure

drop
Yeof data predicted correctly
Modecl Interval
Slug flow rcgime{inlet)
+50% 0
Homogcneous Flow
+30% 0
Model (HFM)
+20% 0
+50% 62
Separated Flow Model
+30% 31
(SFM)
+20% 8
+50% 62
Reimann and Seeger
+30% 39
Model (RSM)
+20% 31
+50% 39
Ballyk Model
+30% UJ 15
(BM)
+20% 8
+50% 0
Hwang and Lahey
+30% 0
Model (HLM)
+20% 0

Schmidt and Loth (1994} discuss scveral predictive methods for two-phase
flow pressure loss calculation in T-junctions with combining conduits. Based
on known methods, three predictive methods for pressure loss were
developed; these are “loss cocllicient model”, “contraction cocllicient

model” and “momentum coefficient model”. The flow loop is shown in
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annular for both test sections plus slug for the larger branch test section. The
objective of their investigation is to generate data concerning the effects of
branch diameter using two sets of data where the branch-to-inlet diameter

ratios (D3/Dy) were 0.200 and 0.5.

They found that data of stratified llow regimes for Dy/D,=0.5 shows greater
tendency for the gas to enter the branch than for D3/D=1.0 as in Buell et al.
(1994). That it is reasonable to expect that smaller fraction of liquid could be

taken off into the branch as the branch diameter decreases. But the trends for

D3/D;=0.206 is not as consistent, because at high extraction rates the tendency -

for liquid preferentially to enter the branch begins to increase and the phase
distribution data approach the case of (D3/D;=1.0), this related to the fact that
the branch ofDJ/DFO.?.OG is much smaller than that of Dy/D;=0.5. Therclore,
for similar values of fraction of gas entering the branch Fpg, the branch gas
superficial velocity of D3/D;=0.206 is considerably larger than that for
D,/D;=0.5. Due to Bernoulli effect, it is possible that liquid entrainment into
the branch is responsible for this phenomenon. These trends are consistent in

the stratified wavy, wavy, semi annular and annular flow regimes.

Comparison with other phase distribution models showed that the
geometrically based model by Azzopardi (1988), using the correlation of
Kataoka and Ishii(1983) for entrainment, gave the best results for both
diameter ratio for annular flow, and the deviation between data and any of the
models is highest at (wo extraction rates, and this deviation decreases as the

extraction rate increases. The effect of Dy/D; on a p,(inlet-run) pressurc drop
is minimal while A p,, (inlet-branch) pressure drop increasce significantly with

a decrease in D3/D,, these results are consistent with the single-phase flow.
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Their results were compared against homogeneous flow model by Saba &
Lahey (1984), the separated flow model by Fouda & Rhodes (1974), the
model by Riemann & Seeger (1986) and the model by Hwang and Lahey
(1988). The performance of the various A P, A P,, models showed that the

separated flow model (SFM) has the best over all predictive capabilities and
the lowest deviations for both diameter ratios. However, in the semi-annular
and annular flow regimes the models by Reimann & Seeger (1986), Hwang &
Lahey (1988) and the homogeneous flow model all perform better than the

separated flow model.

Despite the above studies related to two-phase flow discussed in the literature
survey, which intensively covered phase distribution in a T-junction at
different flow regimes, test leg diameters, inlet qualitics and extraction rales, a
lack in pressure differences studies were observed. Only limited pressure drop
data for slug flow regime is available. All models presented were failed in
obtaining a model describes this pressure difference through a T-junction
generally. They referred this to the lack of pressure drop data and the number

of parameters affect their values.

1.3 Objective of the present work

This study aimed at the following objectives:

1. to build a two-phase flow facility that participatcs in the research in the
two-phase flow field.

2. to study the two-phase flow pressure differences through a T-junction
of air and water mixture in slug flow regime with cqual sided diameters, at

different inlet qualities and extraction rates.

10
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3. to provide new pressure differences experimental data to the
researchers, helping them in their efforts to obtain a general modcl

describes the two-phase flow pressure differences through the T-junction.

1.4 Out line of the Report

Following this introduction, a theory is presented in chapte two. Chapter threc
is a description of experimental setup and procedure. The results and
discussion of the pressure difference in a T-junction are presented in chapter

four.

Finally conclusions and recommendations are summarized in chapter five.
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2. THEORY

2.1 Introduction

A phase is simply one of the states of matter and can be cither a gas, a liguid

or a solid. Multiphasc flow is the simultaneous {low of scveral phases.

The term two component is sonetimes used to describe flows in which the

phases do not consist of the same chemical substance. For example, steam-

water flows are two-phasc, while air-water are two component. Since the

mathematics which describe two-phase or two- component flows are
identical, it doesn’t really matter which definitions are chosen. The two

expressions will therefore be treated as synonyms. (Wallis, 1969)

Two-phase flow obey all the basic laws of fluid mechanics, the equations
associated with two-phase flow are merely more complicated than those of
single-phase flow. The major complications in comparing two-phase {low to
single-phase {low is the variety of flow patterns, that can be produced in a
gas-liquid system. In an attempt to simplify these complexities researchers
have conducted empirical testing in an effort to develop correlations that are
easy for the average design engineer to utilize in solving practical problems.
Other than correlation method, researchers have developed additional

techniques to predict {low patterns and quantify pressure drops.
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2.2 Flow Regimes

There are various flow regimes or “patterns” that are common in any two-
phase flow system, each having different characteristics and associated
pressure drops. The flow patterns also vary between horizontal and vertical

piping runs,

In horizontal pipe, the flow regimes are (in order of lowest gas velocitics (o

highest) bubble flow, plug flow, stratified flow, wavy flow, slug flow, annular

flow and mist flow. In vertical pipe there are bubble, slug, churn, ripple, .

annular and mist flow.
2.2.1 Horizontal flow regimes

For two-phase flow in horizontal pipes, the flow patterns shown in
figure (2.1) classificd as bubble, plug, stratified, wavy, slug, annular and mist

flow these patterns can be clarified as follow:

Bubble flow: - This flow is prevalent at high ratios of liquid to gas flow rates.
The gas is dispersed as bubbles that flow along the upper surface of the pipe
at approximately the same velocity as the liquid. At high liquid rates, bubbles

may be dispersed throughout the liquid, a pattern referred to as froth flow.

Plug flow: - Plug flow describes a pattern in which alternates plugs of gas and
liquid move along the upper part of the pipe. This pattern develops when the

gas bubbles coalesce due to gas flow rate increases.

Stratified flow: - This flow pattern is very common in typical multi-phase

systems. In stratified flow, the liquid flows along the bottom of the pipe and
14
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the gas flows at the top of the pipe over a smooth liquid/gas interface. This

paticrn occurs at lower liquid flow rates than bubble or plug flow.

Wave flow: - This flow pattern is also very common in typical multi-phasc
systems. Similar to stratified flow, the liquid flows along the botiom of the
pipc. However, increased gas velocities above the liquid produce waves on
the liquid/gas intcrface. Increasing gas low rates produce waves of increasing

amplitude,

Slug flow: - This flow pattern is also common in typical multi-phase systems.
When the wavy flow wave crests become sulTiciently high to bridge the pipe,
(hey form frothy slugs which move much faster than the average liquid
velocity. Slug flow is also formed from plug flow as the gas flow rate is
increased at a constant liquid flow rate. Slug flow can cause severe and
sometimes dangerous vibrations in piping and equipment because of the

impact of the high velocity slugs apainst bends and other fittings.

Annular flow: - In annular {low, the liquid flows as a thin {ilm along the pipc
wall and gas flows in the core. The gas moves at high velocity in the core and

carries with it some of the liquid as a spray.

Mist flow: - This flow pattern occurs at very high gas velocitics at which nearly
all of the liquid in the pipe is entrained as smali droplets. More and more
liquid is carried in the gascous core at the expense of the annular film, until

nearly all of the liquid is entrained in the gas. (Peramaki, m. p., 2001)

15
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Figure (2.1) Flow patterns for horizontal Mow of a liquid and a

gas.(Mills, 1993)
2.2.2 Veddical flow repimes

Visual delinitions of (Tow paticras in vertical flow appear (0 cause more
difliculty than do those in horizontal flow. Figure (2.2) illustrates the vertical
How patterns and they can e deseribed as Toflow:

Bubble low: - In bubble Tow pattern the gas phase is ncarly unilormly
distributed in the form of bubbles in a continnous liguid phase with some
tendency to concentrale towiard (he ceater ol the pipe. As (he gas flow rale
increases  the bubbles steadily increase in size and numbers. This (low pattern
has a high relative pressure drop due to the hydrostatic losses resulting liom

very low air to waler ralios.

Slug flow: - In this patiern pas bubbles coalescee o form Larger bullet shaped

bubbles. Mosl of (he gas is contained in Tarpe bullet shaped bubbles whichy

IO
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have a diameter nearly equal to the pipe diameter. These bubbles arc
commonly called “Taylor Bubbles”. Taylor bubbles move uniformly upward
and are separated by slugs of liquid which bridge the pipe and contain small
gas bubbles. Between the Taylor bubbles and the pipe wall, liquid flows
downward in the form of a thin falling film. Taylor bubbles increase in length
and diameter and their upward velocity increases with an increasing gas flow

raie.

Churn flow: - Churn flow is similar to slug flow, although much more chaotic
and disorderly. The Taylor bubbles narrow and become distorted. The
continuity of the liquid in the stug between bubbles is repeatedly destroyed by
a high local gas concentration within the slug. As the liquid slug is destroyed,
it falls. This liquid accumulates, forms a bridge and is again lifled by the gas.
The elements of this structure are in a continual process of collapse and
reformation, This activity results in a pattemn-less turbulent mixture. Churn
flow is characterized by strong intermittent and intense mixing, with neither

phase casily described as continuous or dispersed.

Churn flow at low air to waler ratios has the highest relative pressure drops
common to multi-phase systems. The interaction between the gas and liquid
phases increases the pressure drop compared to other flow patterns. For this
reason this f{low pattern should be avoided. Additionally, the slugging

produces strong vibrations in piping.

Ripple flow: - Ripple flow is characterized by an upwards-moving, wavy or
ripply layer of liquid on the piping wall, far less chaotic that of churn ftow.
The zone of ripple flow is narrow and actually forms a transition region

between chuen and annular flow. The pressure drop associated with this

17
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transition is  a rclative low and il possible, designers should attempt lo

produce this fTow pattern in vertical pipe runs and drop tubes.

Ammlar (film) Now: - The annular Tow pattern  consists of an annular liquid
layer  moving on the pipe wall with a gas core moving al much higher
velocitics. This  ow pattern tesults from the smoothing out of the waves and
ripples  of Ripple Now by the altrition of higher gas low rates. Some liquid is
entrained as droplets within the gas core. Gravitational (hydrostatic) forces
become  less important than interphase lorees, and the liquid is mainly carried

as a thin film a long the pipe wall.

Mist llow: - Annular How becomes mist [Tow when the gas flow rate becomes
high cnough to capture the water droplets from the gas liquid interface,
removing the annular liquid layer. Mist low occurs when all the liquid is

carried as {ine drops within the gas phase. (Peramaki, m. p., 2001)

Huhbly Sl Chutn Wispy Aunulae | Annalar

Figure (2.2) Flow pallerns for vertical flow of a liquid and a gas.

(Mills, 1995).

h
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2.2.3 Flow Patterns Maps

Numncrous authors have presented flow-regime maps in which various arcas

are indicated on the graph for which there are two independent coordinates.

The two-phase fow pattern map such as Mandhane showa in figure (2.3)
serve a very usclul purpose in atlowing designers (o prediet the nature of the
(low patlern that might be expected in a piven case. Ihis can assist in
sclecting the most suitable correlation Tor calculating the pressure drops.
Otherwise, his information can be used to avoid slug Tow in the horizantal

piping and carly churn low in the vertical piping.

I e Bt el ["41 'T["""“_l"—'!""'l”‘["l"'l"l'l']"—‘""‘l"‘""f‘ l“‘]"l"l'l'!_'
SLUG
1% ] Q.1 - S -
~. . :
& - :
-3 STRATIICD \\-w\vr AHNULLAR

Q.01 ..
Q00 b bevndd o bvesad o e doreas,

0.1 f 10 100

'J(;I N i /’S

Figure (2.3) Row regime map showing inlel conditions. (Mandhare, 1974)

2.3 Method Of Analysis

Two phase low obey all the basic laws ol ffuid mechanics, the equations are

mercly more complicated or more numerous than those of single-phase low.

]
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Several characteristics make them more complicated, such as: the difference
in the fluid characteristics (especially the phase density differcnce) creale
flow patterns that can be dramatically different when only the pipe orientation
changes. In addition to the fact that flow pattern description is not mercly an

identification of laminar, transitional or turbulent flow.

2.3.1 Simple Definitions
The two phase are distinguished by subscripts 1 and 2 in general, or by ¢ and

g lor a liquid-gas system or ¢ and s for a liquid-solid system.

The total mass flow rate is represented by the symbol W or m . The total

flow 1s the sum of the component flows:

Mepp=ny+m 2.1

the ratio of gas {low to total flow x,

x= Mg/ N 2 ph (2.2)
is somctimes called the dryness fraction or the quality .
For a channel with cross sectional area A, the mass flux or mass velocity G is

defined as,

G=Mzph | Ay | (2.3)
The void fraction «is defined as the ratio of the gas-[fow cross-sectional arca
A.to the total cross sectional area,

a=Ag! Ay (2.4)
where A, must equal the sum of the cross sectional areas occupied by the
two phascs :

Agn=Agt Ay (2.5)

It follows that the liquid volume fraction a,is given by,

a,=l-a = Ag [/ Ay (2.0)

20
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It is also uselul to define superficial gas and liquid fluxes, J¢ and Jg
respectively as,

Jo=Gx/p, 2.7

Je =G (1-x)/ p, (2.8)
Although these parameters have units of velocity, they can also be thought of
as the volume flux of each phase through the channcl. Numerically they are
equal to the velocity that each phase would have if it flowed at its specificd

mass flow rate through the channel alone.

Simple analytical models can be quite successful, both for organizing -

experimental results and for predicting design parameters. For example,
homogeneous flow theory provides the simplest technique for analyzing two-
phase (or multiphase) flows. Suitable average properlics arc dclcrmincd.and
the mixture is treated as a pseudofluid that obeys the usual equations of
single-phase flow. All of standard methods of fluid mechanics can then be
applied. But separation flow theory takes the account of the fact that the two
phascs can have differing propertics and different velocitics. Scparate
equations are written for each phase and the interaction between the phascs is
also considered. Drift flux model is essentially a separated-flow model in
which attention is focused on the relative motion rather than on the motion of

the individual phases. (Wallis, 1969)

2.3.2 Two Phasc Pressure Dr0p' Fundamentals

Two-phase flows obey all the basic laws of fluid mechanics, the equations
associatcd with two-phasc flow arc mcrcly more complicated or more

numerous than those of single-phase flows. Inan attempt to simplify these

complexities researchers have conducted empirical testing in an effort o
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develop correlations that are easy for the average design engineer to utilize in
solving practical problems, Other than the correlation mcthod researchers
have developed additional techniques to predict {low patterns and quantify

pressure drops.

Pressure drop calculations for two-phase flow are more complex than for
single-phase flow. The introduction of a second phasc causes a sharp risc in
pressure drop due to the following:
1)the cross-sectional area available for the flow of onc phasc is
reduced by the infroduction of the second.
2)the flow boundary is no longer a relatively smooth pipe was, but is a
rough, irregular, mobile interface between phascs.
3)the introduction of a second phase can cause a very unsteady fow
accompanicd by intense turbulence.
Powers, 1992 states that the actual pressure drop in horizontal construction
dewalering pipe containing both water and air can be from 150 to 200 percent

of the drop duc to watcr flowing in the pipc a lone. (Peramaki, 2001)

2.3.2.1 Single Phase Flow

For single-phase incompressible flow in a T-junction, a correlation for the
inlet-to-run  pressure difference is normally derived from a momentum
approach as {ollows:

Branch 3

Inlet 1 Run 2

Figure (2.4) Test scction shape of the T-junction considered in Theory.

22
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Api=pi-p2=ki2 (G3-G})/p (2.9)
Where Py and P; are the average pressures at the junction from the inlet and

run sides. G; and G, arc the inlet and run mass fluxes, k)3 is the momentum

correction factor and p is the density.

An cnergy approach has been frequently adopted for the inlet-to-branch
pressure difference, subdividing Apy; into a reversible component (AP 3)ry

and an irreversible component (AP3)irr, thus

AP3=P-P3=(AP3)icv H{AP13)irr (2.19)
where, (AP13)ev=(G2-G?)/2p (2.10.1)
(AP)3)ie= K];Gf 2 p (2.10.2)

Py is the pressure at the junction from the branch side, Gj is the branch mass
flux and Ky3 is a loss cocfficient. (Buell, et al., 1994, Reimann and Seeger,

1986, Wallers, et al. 1997)

The loss coefflicient were correlated by many authors, their results gives
different correlations suminarized as follow |

- Buell et al.(1994) correlation:

Kis= 1- 0.982(G,/G)) + 1.843 (G3/G)*-0.717 (Gy/G, ) (2.11)

- Ballyk, et al.(1988) correlation:

Ky3=1.081 - 0.914 (n3/ m1)+1.05(ms/ m)? (2.12)
- Reimann and Seeger (19806) correlation:
K135=1.036 - 0.9546(Gy/G1)+1.2123(Gy/G)? (2.13)

- Saba and Laley curve obtained from Bucll, ct al., 1994,

23
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2.3.2.2 Two-Phase flow

The available correlations for AP;; and AP;; during two-phase flow arc
mostly modifications of the single-phase flow correlations. In general, most of

these correlations can be agglomerated into these forms:

AP =K ((G3/p,)- (G}/p)) (2.14)
and  APy=222((G31 p}) - (Gi1 o} ) K ; ¢ (2.15)
e

Where p,,p, and p, are mixture densities in the inlet, run and branch sides
respectively, p,, is the homogeneous density in the branch, ¢ is a two-phasc
loss multiplier and p, is the liquid density. ( Buell et al., 1994, Reimann and

Secger, 1986, Walters et al. 1997 )

Diflerent models were computed, the particular specifications some of these
modcls are as follow:

- lHomogeneous flow model (HFM): the two-phase loss multiplicr, as
suggested by saba & Lahey (1984), was corrclated by
6= P! Pin (2.16)
K;; and K;; estimated from single phase flow experiments, and the

homogeneous densities were determined from:

pu= (425 Z @.17)
Pe Py

Where 4 is the gas density and [ =1,2and 3 for the inlct, run and branch

respectively.
~ Scparated flow model (SFM): the momentum-weightcd densitics were

used forpandp, in equation (2.14), as proposcd by Fouda & Rhodes
(1974), where

24
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2 2 .
=25 X p =23 (2.18)
pt(l_a:) aipg

where p,, isthe momentum density and a is the void fraction evaluated

[rom the corrclation of Roubani (1969), ¢ = £ and the cnergy
Afl

weighted densitics were used for p, and p, in cquation (2.15), as

proposed by Saba & Lahley (1984), where
3 -
pu=l 2(1-—x,)32+ S i=1,2,3 (2.19)
pll-a) a’p’

where p, isthe energy density and « is the void fraction calculated from the
Rouhani’s (1969) correlations, as
X,

ai= i
% +(5; 1 R)A~x)

where, S, is the velocity ratio and R=g/ bh.

(2.20)

(—l-'—l~8~(g><cr><(p -P
p_ (+0120-5)) pi i

(- x;) Pu, G,

)

X.
S ~—)(2.21
i P ( )

as g is the acceleration due to gravity and & is the surface tension.
- Hwang & Lahey (1988) model (HHLM): in equation (2.14), this modcl
employs p, = p,,,, £,=p,,. The correlation of Zuber & Frindlay (1965)

was used in calculating the void fraction, as recommended by Hwang &
Lahey. In equation (2.15), the HLM spccifies p, = p,,, p, =p,, and
¢ = P Ous ! Py

- Ballyk et al., (1988) model (BM): in equation (2.14) this modcl specifies
P =P Pi=pn and Kz = 1. In equation (2.15), the BM spccilics

7, = p,,, anequivalent density for p, and an empirical formulation for ¢

as a function of extraction rate.
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- Reimann & Seeger (1986)model (RSM) : for AP;3 , this model uses
equation (2.15) with p, = p,,, 2, =pus and $=0Pp! Pin - A difTerent

method was proposed for AP;, by splitting it into a reversible pressure
difference between the inlet and the throat of a venacontracta in the run
and a second pressure difference between the venacontracta and a position

down stream in the run.

26
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J. EXPERIMENTAL SET UP AND PROCEDURE

3.1 Introduction

The two-phasc Iow test loop has a lot ol connections using different type of

fittings  (tce, bend, clbow, valve...) at dilferent branch  orientations
(horizontal, vertical upward and down ward), and different flow entrance
positions or may be more than one inlet. For the purposc of the present study,
a two-phasc flow test loop was designed and built using a ‘F-junction oriented

horizontally, this loop is shown in figure (3.1).

This chapter is divided into live scetions, Scetion (3.2) describes the
experimental set up. Scction (3.3) describes the building steps of the test loop.
The instrutents used in the measurements was described In section (3.4).
Lastly, section (3.5) presents the experimental procedure. Two tests were

carricd out, these include: single-phase flow and two-phase low,

Figure (3.1) The experimental test system,
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3.2 Experimental set up

The test loop shown in figure (3.2) was designed and constructed in order to
be used in the present experimental program involving a T-junction with a
horizontal inlet and branches orientation. The test loop consists of water filtcr,
centrifugal pump, mixer, air compressor, way valves, PVC pipes and T-
junction, pressure taps and one pressure gauge, air-waler separator and water

tank.

The following sections will describe the components of the test loop and

summarize the manufacturing processes that were applied to build them.

3.2.1 Water pump

A centrifugal pump (type 2CPm, 2900 rpm) with the following specifications
10-80 £/min flow rate, 40-15 m head, Hypa=41m, Qmax=80 £/min has been
used o supply water (o the test loop. The inlet duct conducts the fluid into the
center of the impeller, duc to impeller rotation, the fluid is centrifuged

outwards, towards he outside diameter of the impcller.

The high velocity of the fluid at the exit from the impeller is converted into
pressure energy by velocity reduction in the volute, which acts basically as a
fluid collection channel, the high pressure fluid that passes through the pump

discharged to the test loop.

28

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



Compressed e
Air Test Section X ) (k)\
Dl —————— ] g Sl'/

| |‘l—| I@ _J‘ } _..l_
— M ] . . [#[ l | \
l WF ‘ [
FM - HHH e 7y - _l

Legend
M Ilow incler - D‘Q - Way valve
r Pump -- M-— Control valve
ST Scparation tank |>|— Non-retuen valve
WF  water fiter \I/ Thermocouple

}'D Pressure gauge

WT Water tunk
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Figure (3.2) Experimental test facility.

3.2.2 Air compressor

“Gilkes tutor reciprocating air compressor” used in this study which is
basically a simple mechanical device, that supplics air to the test loop. It can
be operated at a maximum pressure of 10.3 bar nominal, 425 rpm minimum

speed and 850 rpm as a maximum speed.
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shown in figure (3.3), a photograph for the mixer is also shown in figure

(3.4).
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Figure (3.4) Photograph of the mixer.
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3.2.5 Air-Water Scparator

An air-water separator was designed and manufactured from 1.25mm
thickness galvanized metal sheet as shown in figure (3.5). It is an essential
clement that enables us to separate air from waler at outlets. It has simply a
sink at the lower end and a vent at the upper one. The sink was connecied to
the rotometer, where the outlet water mass flow rate was measured, whtle the
air velocity was measured by a pitot (ube placed at the vent. Separation
phenomena depends on a free vorlex principle. Phologrph of the air-water

separator is shown in figue (3.0)

RPR2

L]

Figure (3.5) A schematic plot of air-waler scparator.
3.2.6 Valves and T-Junction:

Two valves and a sharp edge T-junction that made from PVC 32-1", UNE

53112 and PN-1.6 werce used to control the flow rates and the systemn
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pressure. The T-junction is the vital element at which the pressure drop within
is studied. A non-return valve was set in the compressor supply line to avoid

water entering to the compressor.

e B g . 5 1 - -~ -
Figure (3.6) Photograph ol the air-water scparator.

3.2.7 Pressure Gauge and Taps

A 1 bar scale bourdon gauge, figure (3.10), is used to justify the system
pressure, placed at a distance of (60X diameter)from the center of the T-
junction. Thirty two pressure taps were manufactured from copper, with
1.5mm inner diameter distributed regularly at (2d, 5d, 10d, 20d and 40d) from
the center of the T-junction, at the inlet and the branches as shown in figure

(3.7). A schematic plot of the pressure tap is also shown in also shown,
3.2.8 Pressure taps holder:

This device was designed and manufactured in order to measure the pressurc
drop through the 15 taps. A pressure holder as shown in fig(3.8), was
manufactured from a 60cim long PVC pipe closed from one end and have a

valve from the other. 15 drills (6mm diameter) were arranged on the upper

e
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face, connected to the pressure taps at the test loop and one on the other face

connected to the U-manometer

branch-2 {
- covh |
c‘t, I 5 40xD !
1 202D
J |l
g |l
o Emm
pressure tap
[ ——— —— e e e e T e s e e — —— —f ————-Ee——j] S ———— — = —— — A&
Inlet-1 .
1=254 mm Tap #1 -
| 10+D )
l
branch-3 |l

Figure (3.7) Layout of pressure taps.

D F[r“—% ey JT

i S
i 0

Figure (3.8) Layout of the pressure taps holdcr._
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3.3 Building the test loop

The following steps were followed 1o build the test section shown in figure

(3.1), used in this study :

[, three stands (420x30x120,120x30x120,120x30x120) length, width

and height, were manulactured and fixed to the ground.

2. thirty two pressure taps were manufactured from copper and placed

at regular displacements at the PVC pipes and holder.
3. Two rotometers were placed at the stand legs.

4. PVC pipes were connecied and glued with the T-junction and placed

at the stands.

5. two way valves were connected to the ends of the branches to

control the mass [low rales.

6. The pressure taps holder was fixed at the branch stand legs.

7. Silicon pipes with 1.5 mm inner diameter were connected to the
pressurc aps at the PVC pipes with the pressure taps holder, as
shown in figure (3.9).

8. a lbar pressure gauge was placed at the stand and connected with

the system pressure tap through a tee, while the other side of the tee

were connected with the U-manometer.
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9. the mixer was placed at the inlet to the test section.

10. a centrifugal pump was placed to supply the system with water

from the water tank.

11. a rolometer was sct at the stand legs after the pump {o mcasure

the inlet mass flow ratce.

12. a way valve was placed at the rotometer outlet to control the inlet

mass flow rate and connected with the mixer.

13. the air compressor was connected with the mixer by hose of one
inch diameter having non-return valve at its cnd to avoid water

entering to the compressor.

i4. one of the branches rcturns water 1o the tank directly, while the

other connected to the air-walter separator.

15. air-water separator was manufactured from 1.25mm thickness,
galvanized metal sheet, and connected to another rotometer 1o
measure the outlet water mass flow rate. While the outlet of the

rotometer returns water to the tank directly.

16. Pitot tube connected with the manometer was set at the air-water

separator vent {o measure air mass flow rate.

17. a digital thermometer was used 1o measure the femperature at the

inlet to the T-junction.
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18. a 5/-”71 water filter was connected to the pump inlet, to assure

pure water enfcring to the loop.

Figure (3.9) Photograph of the test section.

3.4 Measuring instrumentation

The instrumentation used during the test are introduced bricfly in the

following :

1. Pressure bourdon gauge: Bourdon gauge shown in [igure (3.10) is typical
of the devices used for measuring gauge pressures. The pressure element is
a hollow, curved, flat metallic tube, closed at one end with the other end
connected to the pressure to be measured. When the internal pressure is
increased, the tube tends to straighten, pulling on a linkage to which is
attached a pointer and causing the pointer to move. The dial reads zero
when inside and outside of the tube are at the same pressure, regardless of

its particular value. A lbar scale gauge was used to mecasure the system

e
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pressurc, sct at the inlet pipe at (60X d) from the centerline of the T-

Junction, the minimum reading of the gauge is 10 Pa.

Figure (3.10) Bourdon gauge

2. Rotometers: Two rotomicters were used, the first measures the inlet mass
llow rate of water to the mixer, with a range of (900-9000L/hr), with
mtinimum reading of 100 L/, And the other measures the water flow ouf
from the separator with a range of (180-1800L/hr) with minimum recading of
20 L/hr. The principle of rotometers as shown in figure (3.11), is to maintain
the float in cquilibrium and as it is of constant weight, the pressure dilference
is independent of discharge. The cause of the pressure difference is the head
loss associated with {he high velocity of water around the {loat periphery.,
Since this head loss is constant then the peripheral velocity is constant. To
maintain  a constant velocity with a varying discharge rate, the cross-scetional
arca through which this high velocity occurs must vary. This variation of
cross scctional arca will increase as the float moves up and down the tapered
rototneter {ube.
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Figure (3.11) Principle of the rotometer

3. Thermocouple and digilal thermometer: One copper constantan
thermocouple wire type was used to measure the temperature at the inlct to
the T-junction. It was connected to a digital thermometer (305) type with

0.1°high resolution, maximum record and offset adjest.

4. Orifice : It is used to measure the inlet mass flow rate according to BS

1042 with d,=12.7mm and D=25.4um :

- - ,AP.P
m=6.574x107 —1—3— Kg/s [3.1]
3

where AP= orifice differential head mmwg
P; = orifice plate down stream pressure bar abs
= P':, + P, barabs
where  Pi= pressure gauge reading bar abs

P, = atmospheric pressure bar abs

And Ti= T,+273.15 K

9
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5. Pitot tube; The outlet air mass flow rate at the separator was calculated
from the air velocity measured by means of a pitot tube. If h is the liquid

dynamic head in mm then the velocity is given by :

V= 2.p,8h
- T m/s (3.2)

then the mass flow rate, # , is given by

m= V. A (3.3)

where, A, is the air-water separator vent cross sectional area.

6. U-manometer: U-tube containing mercury was used to measure the
pressure loss across the test section points. Considering fig.(3.12) since the
pressure difference was taken at the same elevation and pipe diameter then

from Bernoulli’s equation :

P-p, -
—==h 3.4
P08 ) G4

pressure in both limbs of the U-tube are equal at level 00. Therefore

equating pressures at 00:

];—pn,og(X"'Y)"‘pnggX =1} "pu,o( gh) (35)

arrange above equations taking the specific gravity of mercury as 13.6

gives:
h =126X (3.0)
AR, =126gp,,,X (3.7)

where X = Head loss at the inlet or branches taps
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Figure (3.12) mercury U-tube manometer used to measure the

pressure loss.

3.5 Experimental tests and procedure

The experimental test facility used in this study was placed in the Fluid

Mechanics Laboratory of Mechanical Enginecring department of Mu’tah

University. The test facility was allowed to operate at different air and water

mass flow rates. The data collected are:

1. Inlet and outlet water mass flow rates.

2. Inlet and outlet air mass {low rates.

3. System pressure (Ps).

4. Temperature at the inlet of the T-junction (T)).

5.Pressure difference values at the filleen pressure tap locations.
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3.5.1 Single-Phasce Flow Test

The objective of this test is to obtain the loss coeflicient (K) for the material
(PVC) used in this study.

Single-phase (liquid) pressure drop data were obtained in this investigation
using seven test runs, corresponding to a mass flux of 709.8 Kg/s.m? and 0.0 <

G,/G1<1.0. Magnitudes of the loss coellicient (K) were calculated from the

measured values of Af,.

Obtained results are tabulated in table (B;-B3), at which pressure differences
at different extraction rates were taken from the U-manometer. The inlet and
outlet water mass fluxes were taken from rotometers. Details of procedurc is

the same as in section (3.5.2) except that there is no atr low.
3.5.2 Two-Phase Flow Test

The objective of this investigation is to find the pressure diflerence across the

T-junction.

The test system shown in figure (3.2) consists of a 5 wn water filter that filters

the water enters to the system. A rotometer was set aller the pump to measure
the water flow rates (1000, 1100, 1200, 1300, 1400 and 1500)L/hr entering
the mixer. Air compressor supplies air to the system at which an orifice is
used to measure the air mass flow rates. A non-return valve was set on the

compressor supply line to avoid watcr entering to the compressor.
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Mixer was used to mix air with water, and supply regular stream lines of the
mixture (air & water) to the inlet of the test loop. This flow is divided into the
two branches, during the flow the pressure difference was measured by using
pressure taps at 15 points along the inlet and branches with respect to the
system pressure, which was measured by a pressure gauge.. The 15 pressure
taps were connected to the U-manometer through a pressure holder. In order
to read the pressure difference directly from the U-manometer a line from the
system pressure was connected to the other edge of the U-manometer. The
outlet air and water mass flow rates were measured by a means of a pitot tube
and a rotometer at the outlets of the air-water separator, The data collected are
tabulated in tables (A.2.1-A.3).
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4. RESULTS AND DISCUSSION

4.1 Introduction

In this chapter, the pressure differences arc studied with detailed analysis.
This study is based on the experimental results, obtained from the performed

tests.

Results and sample calculation are presented in section (4.2), and the final

part deals with the discussion and analysis of the results obtained.

4.2 Calculations and Results

The calculations and curves presented in this study were performed by using

Excel package.

The data collected during all tests are tabulated in appendix A. All measured
pressure difference values (four to six readings within one minute) at each tap
location were averaged to ensure low errors due to fluctuations in head
measurements. The calculations are based on the equations presented
previously in chapters two and three. The results and sample calculation of all

tests are presented in the following sub-sections.

357457
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4.2.1 Single-Phase Flow Test

This test was performed at inlet mass flux of 709.8 kg/s.m* and extraction rates

of 00x<G,/G, s1.0. The data collected during the test are presented in tables
(A.1) in appendix A. From obtained data the pressure difference (AP)3) and
the loss cocfficient (K) were obtained and listed in tables (13.1-B.3) in
appendix B,

At each extraction rate (Gy/G,), the U-manometer heads of the taps at the inlet
and at branch-2 (H;, H;) in mmHg and the inlet temperature to the T-junction
(T)) were recorded. Each head measurement is a group of five readings for the
taps distributed along each test leg. The pressure differences (Af,), was
estimated from cquation (3.7), where subscripts s, tand /i are representing
sysicm pressure, tap pressure and test leg number, respectively. For the
purpose of simplifying calculations in order to be consistent with others data,
the pressure diflerences were transformed to be (Af},);, which is the pressure
difference between each tap against tap#l as indicated in the sample
calculation. The values of (A, ); were plotted against tap position as shown in

figure (4.1), the average pressures and then the pressure differences across
the T-junction can be taken by extrapolating the fully developed values to the

cenlerline of the T-junction.

From obtained results the loss coefficient values (K) can be calculated from

equation (2.10) and plotted against the extraction rates (G/G,) as shown in

figure (4.2). The cquation that represents the loss cocflicicnt as a function ol

extraction rates can be oblained from the available Excel polynomial curve
fitting as:
K=1.0799(G»/G,)*-0.6686(G»/G)+1.1321 4.1)
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This rclation was compared with previous results as shown in figure (4.3).
The values of water density and the acceleration due to gravity were assumed
{o be constant at given temperatures as (996 kg/m’, 9.81 m/s?) Mills, 1995,
respetively, since the variation of temperatures is relatively small. The inlet
volumetric flow rates (£/hr) were taken in term of mass flux directly in the
calculations according to the following relation:

1hr 1m? ke o1
* *Puo (_!;_)*_(mz) 4.2)
m A

G=V(LIhr)*
3600sec 10001,

=0546* V 4.3)

Sample calculation

Relerring to table (A.1)the measured values of average pressure heads (11,

H,) at each pressure location for the extraction ratc G,/G;=0.3846 arc

tabulated in table (4.1)

Table (4.1) average pressure head for extraction rate G»/G1=0.3846

G, Gy/Gy Distance at H, Distance at H,
(kg/s.m?) inlet (mm Hg) | branch-2 | (mm Hg)
 (m) (m)
-1.016 1.5 0.0508 4
-0.508 2.75 0.127 4.25
273 0.3846 -0.254 3.5 0.254 4.5
-0.127 3.75 0.508 4.75
-0.0508 35 1.016 5

The pressure difference valucs (AF,) can be calculated from cquation (3.7):
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(AL)), =126gp, ,X, where X=I1;0r 1
=12.6 *9.81 * 996 * 0.0015
= 184.6674 Pa
(A8,), =12.68p, X
=12.6 * 9.81 * 996 * 0.00275
=338.5568 Pa
This value is used to find the pressure difference with respect o tap #1 as
follows:
(AL = (Al - (AL, 44
(AD,)1= 184.6674 - 338.5568
=-153.887 Pa
Results are presented in table (4.2)

Table (4.2) pressure dilferences for G;/G,=0.3846

Distance (AP (A1), |Distanceat| (AP, (AR,
at inlet bar bar branch-2 bar bar
(m) (m)
-1.016 | 184.6674 0.0 0.0508 |492.4463 | -307.776
-0.508 | 338.5568 | -153.887 0.127 523.2242 | -338.554
-0.254 | 430.8905 | -246.221 0.254 | 554.0021 | -369.332
-0.127 | 461.6684 | -276.998 0.508 584.78 | -400.11
-0.0508 | 430.8905 | -246.221 1.016 615.5579 | -430.888

The values of pressure difference with respect to tap #1 (Af},) were ploticd

against taps positions, as shown in figurc (4.1) and the pressure dillerence
across the T-junction can be obtained directly from the plot at this extraction

rate to be
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Al =55 Pa

Rearranging equation (2.10) gives the loss coefficient value as:

2 AIJ v
K= —‘o”L--(f-’,i)2 +1 4.5)

GG

_2%996*55
709.8°

= 1.069553

The loss coefficient values (K) were computed for each extraction rate and

~0.3846° +1

plotted against it, as shown in figure (4.2). For the purpose of comparison, the
loss coefficient values (K) from prcvious works are also estimated using
equations (2.11-2.13) and plotted against extraction rates as shown in figure

(4.3). Results obtained are listed in table (B.1-B.3).

4.2.2 Two- phasc Flow Tests

These tests were performed at different inlet water mass {luxes of (547, 601,

656, 710, 820) kg/s.m® and air mass flow rates of (0.000452, 0.000586,
0.000641, 0.000642, 0.000786)kg/s, respectively.

The data collected during the tests are shown in table (A.2, A.3) in appendix
A. The average pressurcs (P;, P;and P5) and the pressure difference valucs

across the T-junction (AP,,AP,) were obtaincd. These results are shown in

table (B.7)in appendix B.

Five tests were carried out with conslant air mass low rate and different
waler mass fluxes for each test. During each test, the U-manometer heads of
the taps at the inlet and branches (1;, H and [13), the infet temperature to the

T-junction (T)), the orifice dillerential head AP, the orifice plate downstream

43

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



pressure, the atmospheric pressure, the dynamic pressure at the air-water

separator vent and the inlet and outlet water volume flow rates were recorded.

The values of the pressurc heads were substituted in equation (3.7) to obtain

the pressure differences (A,); and then the pressure difTerences against tap# 1

(AB); from ecquations (4.4). Resulls were plotted against mcasurement
positions as shown in figures (4.4-4.32). The average pressures (Py, P2 and Ps)
and the pressure differences (Al},, Alj;) were obtained from these figures for

all tests.

The total (air and water) mass fluxes (G, G2 and G3 ) and the qualities (xi, X2

and x;) were estimated from equations (2.2, 2.3). The pressure diflerences

(AP,, Ay) were plotied against inlet mass flux (G;) and extraction

rates(G2/G1, G3/Gy) at constant inlet qualities, and against inlet quality(x,) at
constant inlet mass flux, as shown in {igures (4.33-4.38). Here, due to the lack
of repeatability of the same values of inlet mass flux and inlet quality, values
within +5%error were taken the same. The superficial gas and liquid

velocitics are also estimated and used to determine the flow regime caused

due to two-phase flow according to Mandhane, 1974.

For the purposc of comparison with other models, the reproductive accuracy
(Schmidt, 1997) of obtained results is found on the basis of dimecasionlcss
statistical number: standard deviation Sy, of the logarithmic ratios of measurcd
(subscript meas.) and predicted (subscript SFM or RSM) pressure dilferences
and ploted on the parity plot as shown in figurc (4.39), according to the

following definitions
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The logarithmic ratio between measured and predicted pressure difference

(Xln,i)

AJ
Xln i~ lIl ('—ﬂi‘ (4'6)
! N)l.pred.

The standard deviation of logarithmic ratios (Sp)

Sl (4.7)

S, =exp

Where n = number of experimental values, f = number ol variables

Sample calculation

Referring to table (A.2.1-A.2.5), the mcasurcd valucs of average pressure
heads (H;, H; and Hs) for each pressure tap on the test leg, at inlet water
volume flow rale of 1000 ¢//r and inlet air mass flow rate of 0.000641 kg/s at

system pressure P; of 1 bar are listed in table (4.3).

Table (4.3) Average pressure heads for Vi =1000 ¢/hr, ma=0.00064]kg/s

v, v Measureme i, Measure H; I1;
(ehr) (e/hr) nt positions | (mm Hg) [ ment (mm Hg) | (mm Hg)
(m) positions
(m)

-1.016 3.83 0.0508 7.33 9
-0.508 6 0.127 8 10.67
1000 370 -0.254 6.67 0.254 8.67 11.33
-0.127 7 0.508 9 11.67
-0.0508 6.67 1.016 933 12.33
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The pressure difference values (A7) can be calculated from equation (3.7)

as.

(Ar,), = 1268911,0){

where, X=H,, ll;and Hj
(Nil)l =12.6*9281 *996 * 0.00383

= 471.5173 Pa

(AP,); =12.6 * 9.81 * 996 * 0.006
=738.6692 Pa

These values are used to find out the pressure difference with respect to tap #1

{from equation {(4.4) as follows :

(A= (M) - (A

(AP),=471.5173 — 738.6692
=.267.1521 Pa

Results are shown in {able (4.4)

Table (4.4) Pressure diflerences for Vi =1000¢/hr,

ma =0.00064 kg/s

(A (M) (A (A ), (A ) (AL
bar bar bar bar bar bar
471.5173 0.0 902.4079 | -430.8905 | 1108.004 | -636.4869
738.6695 | -267.1521 | 984.8926 | -513.3753 | 1313.601 | -842.0832
821.1542 | -349.6369 |1067.377 -595.86 1394.854 | -923.33069
861.781 | -390.2637 | 1108.004 | -636.4868 | 1436.712 | -9065.1948
821.1542 | -349.6369 | 1148.631 | -677.1137 | 1517.966 | -1046.4484
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The values of pressure diffcrence with respect to tap #1 (A/},) were plotted
against the tap positions, as shown in figures(4.4-4.32). The pressure
difference across the T-junction can be obtained directly from the plot as :
AIL,=95  Pa

AP, =390Pa

Results are tabulated in table (B.7)

For the purpose of comparison with other models, number of parameters
( homogeneous, momentum, energy densities and two-phase loss multiplier)
must be estimated first. The parameters are calculated in the followings,
from table (A.2, A.3), the inlet and outlets air mass flow rates can be
calculated using equations (3.1, 3.2, 3.3), given in tabic (B3.4.1-B.4.5). From

equation (3.1) the inlet air mass flow rate is:

Py=P,+ P,
—0.942 + 0.058
=1 bar
. > I
ma =6.574x107 {M
13
_6.574x107 =2
31515

= 0.000641 kg/s

Tlie air mass flow rate of branch-2 is found from equations(3.2, 3.3)

,2.p g.h
V= e m/fs
Pa

_ J2x787x9.81x1x10'-‘
1177

=3.622 /s

i
1
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then the mass flow rate, M a2 , is given by

ma2=F4 V. A,  where, A, is the vent pipe cross sectional area.

=1.177 X3.622 X —Ex(SXIO")’

=0.000214 kg/s

Ma3=Hlal - mMy2
=0.000641 - 0.000214
= (.000427 kg/s

The water mass flow rate can be found from the following equation

: : 1hr 1m? kg
Mw =V (L1hrY* * * —
=V by S osee Tooor, £ G

where, g, =996kg/ m’

M = 0.000276666* V1

=0.000276666*1000

= (0.276666 kg/s
Equation (2.3) is used to find out the total mass flux as :
Gi=Giw+Gijq i=12,..

where subscript w represents for water

Mia

= 0.546XV1+ y for i= 1
0.000214
G=0.546X 1000 + ~—
(zx8x 107%)?

= 547.2658 kp/s.m?
The same is done for G,, G; at the outlets, results are shown in

table (B.5.1-B.5.5).
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The inlet and outlet qualities can be obtained from equation (2.2) as follow

g

X= . .
Mat+My
0.00641
X1™0.00641+0.276666
~0.002313

and the same procedure is followed for the remain qualities. Results are listed
in table(B.7).

The homogeneous densities (2., Py, » Py, )can be estimated from equalion
2.17)

_d=x) x, 41
m_[ =+ ']
p[ pg

=1 (1-0.002313 ) N 0.002313 ]-l
996 1.177

=344.8235 kg/m’

the results are given in table (B.8).

In order to evaluate momentum density values the void fraction should be
estimated first. The velocity ratio (S,) and then the void fraction (e, ) were
obtained using equations (2.20,2.21). Results substituted in cquation (2.18) in

order (o obtain the momentum density values that shown in table (B.8).

1.18 v

(= (gxox(p =P
g = 2 ((l+0.12(1—x,.))+ VA 3 x,)
f (1-x,) Pu, G, P

x, =0.002313, p,,, =337.0609%g/ n?, p, =996, = 0.0819N /m

For
G, = 547.2658kg /s.m*, p;, =1.17Tkg/m’, g =9.81m/s*

54

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



$,=1.705633

X

a =
' 'x}+(Sf/R)(l_xf) ’

R=LL _ 84622
P
0.002313

L =
' 0.002313+ (%965—652-3-)(1 ~0.002313)

a, =0.534926

1-x)? x? 1
| ( ) + ! 1
p(-a) aQ,p,

(1-0.002313)* 0.002313?
Pun =1 + ]
996(1-0.534926) 0.534926x1.177

oy = 463.5315 kg/m’®
Equation (2.19) is used to find another term called Energy density, which is
also required in calculations. Results are tabulated in  table (B.9).
p*(,l K if)z * a; oS I’

(1-0.002313)° . 0.002313° 103
996%(1-0.534926)*  0.534926% x1.177°

pls'.l = [

P =1

=463.2663 kg/m’

the two-phase loss multiplier ¢has different correlations, results shown in

table(B.9). According to the scparated flow model (SFM) and the Riemann &

Sceger model (RSM) the values of @ can be estimated as follow
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Psrar = f" this valid for the two branches (2,3)
M1

996
" 463.6893
=2.14799
(Basse )y = P X P
P
996 x 360.4426
@ro )2 =537 0609
=3.159939
996 x 324.6952
@rsne)s = =337 0609
=2.846547

Afler these calculations, the pressure differences (A5,,AR3) for the above

models are :

2

G,
(BPa)si= £22 [(G3/ph) - (Gl Pa)I Kiz 3 b

4

2 2 2
_ 360.4426 202 44232 547.26582] 1 0325453472658 ) o0
2 '559.6064> 4632663 2x996
= 105.6608 Pa

(AP)smi= £ [(G3/Ph) - (G*/pm)1+Ku ¢W

2
324 6952[344 82352 547. 2658:] 13955354'7 2658 214799
2 4789547 463.2663 2x996

=225.7379 Pa

GZ
(BPusyi= £3% [G3/phn) = (G Pl Kz 5= (B
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3604426[20244232 54726582] 103254 172658’3159939
2 3604420° 337.0609

=72.31312 Pa

G}
(AP 3)rsm= pé” (G2 /pin) = (G P )+ Kia E:;": (Prsas )3

_ 3246952[(20244232 _ 5472658 1+1.1395 53547.26582 0 846547
32469527 3370609 2x996
== 242.8258 Pa

Results are tabulated in table (B.10).

Determining the inlet flow regime of each test requircd estimating the
superficial liquid and gas velocitics. These superficial velocitics can be
calculaied using equations (2.7, 2.8). Calculated valuecs were used to
determine the inlet flow regime using Mandhane map, 1974.

Jei=Gixi/p,

_ 947.2658x0.002313
1.177

=1.075448 /s

Jo1 =G (1-x)/ p,

_ 5472658«(1-0.00231)
996

=0.548193 m/s

The flow regime obtained at this value is slug flow regime, and the same

result is obtained for the remaining calculations.

The standard deviations between measured and predicted pressure difterence

values can be calculated {rom equations(4.7), sample calculation for measured
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4.3 Discussion of the results

4.3.1 Single phase flow :

The average pressurcs Pp,P%;  at the T-junction inlet and branch-2 at different
exiraction rates 00<G,/G, <1 and constant inlet mass flux G,=710 kg/s.m’
are shown in figure (4.1). These average values were obtained by
extrapolating the fully developed pressure gradients at the inlet and branch up
to the centerline of the tee, since a constant pressure gradient due to wall
friction will be assumed on each leg, where the pressurc drop along a straight

pipe can be calculated from the following equation:

ap= P
2D
where;, f, D, b and p (the friction factor, pipe diamcler, average velocity,

acceleration due to gravity and fluid density) are taken 1o be constants for the
same material, constant inlet mass flux, constant temprature. and equal pipe

diameter, then the pressure drop will proportional directly to the pipe length,

Referring to figure (4.2), it is clear that the pressurc drop (AP) will be
increased with increasing G,/G, which is consistence with Bernoulli
principle. Here the loss coefficient (K) is assumed to be the same for the two
branches due to many reasons such as equal branch diameters, equal branch

lengths and similar oricntation (horizontal).

The variation of the single phase flow loss cocllicicnt (K) against G, /G, is
shown in figure (4.3). It is clear that the trend of the present data agrees well

with similar reported results. However, the values of K become much larger
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for G,/ G, > 0.6, this difference can be rclated to the diffcrence in the nominal
diameter (50, 37.6 mm) uscd in Saba, Buell and Sceger experiments while
25.4mm inncr diameter were used in the present study, the difference in the
material type since PVC were used, but Saba and Secger used carbon stecl.
Buell used commercial Type k-copper and Ballyk used stainless steel. On
other hand, there is a difference in the {low dircction through the T-junction,
where in the present study the flow is divided into two branches while in their

study the flow divides into run and branch.
4.3.2 Two-Phase flow :

Two-phase flow pressure difference depends on many parameters such as: the

inlet flow regime, inlet quality and extraction rales.

Generally, the pressure drop values associated with two-phase [low arc
significantly higher than those for single-phase flow. This is cleared from
comparing the results obtained for single-phasc flow experiments atinlet
mass flux G;=709.8 kg/s.m?, shown in figure (4.1) and those for two-phasc
flow experiments at G,= 710 kg/s.m’* shown in figures (4.12, 4.18,4.24,
4.30), at the same extraction rate, where the two-phasc flow pressure
difTerence is about twice of that for single-phase flow. This result is consistent
with that reported by Powers, 1992, who states that the actual pressure drop
in horizontal construction dewatering pipe containing both water and air can
be from 150 to 200 percent of the drop due to water flowing in the pipe alone,
The difference between the two flow types referred to the introduction of a
second phase which causcs a sharp risc in pressure drop due to the following:
1) the cross-sectional arca availablc for the flow of one phase is reduced by
the introduction of the second; 2) the flow boundary is no longer a relatively

smooth pipe, but is rough, irrcgular, mobile interface between two-phascs; 3)
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the introduction of a second phase can cause a very unsieady flow

accompanied by an intense turbulence.

Figures (4.4-4.32) obtained at different inlet flow rates, extraction rates and
inlet qualities but at the same system pressure (Ps= | bar) were used {0
estimate for the average pressures _P., >, and P; at the inlet and branches by
extrapolating the fully developed pressure gradients to the centerline of the T-

junction, as explained previously in the single phase flow discussion.

One can see from figures (4.4-4.32) that the pressure drop along the inlet test
leg is increased with increasing the inlet mass flux, taking in consideration the
effect of inlet quality, which is consistent with fundamentals of single-phase
flow. The pressure differences AP, AP, were taken from these figures and
plotted against the inlet mass flux(G;) figures (4.35, 4.30)), the inlet quality x;
figures (4.33, 4.34) and the extraction rates (G»/G1)& (Gy/Gh), figures (4.37,
4.38).

The variations of AP,,AP, with the inlct quality x,, at constant inlet mass flux

are shown in figures (4.33, 4.34), from which the pressure diffcrence is
noticed to be increased with increasing the inlet mass flux (Gi). The
difference in the trend shape between figure (4.33) and figure (4.34) were
related to the influence of the branch qualities on the pressure drop along the

branch legs.

The elfect of the inlet mass flux (G;) on the branch pressure diflerences

AP, AP, at constant inlet qualities is shown in figuscs (4.35, 4.30). From
these figures, the pressure differences AP, AP, increases for a given X, with

increasing Gy, and also increases at a given G with increasing x;.

100

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



From the above discussion it is clear that the inlet mass tlux (G))and the inlct
quality x; are not enough to describe the two-phase flow pressure differences
at a given flow pattern. The extraction rate (G/G)) or (Gy/Gy) are the other
significant parameter. Figurcs (4.37, 4.38) shows that AR, AP, increase with
increasing x; at a given extraction rate, while Figurc (4.37) shows that Ar,
increases with increasing (G2/G;) which is an expecied result. An opposite
trend for that can be noticed in figure (4.38). But, actually, they are the same,
at which for high values of (G3/G,), the trends fall down due to Iow inlet mass

flux (G;) which consequently reduces the pressure differcnce value.

From obtained results it is clear that the pressure differcnce values at branch-3
(Ar,) is larger than that at branch-2 (AP,). These differences can be related to
the high extraction rate at branch-3 with respect to branch-2. Low extraction
rates at branch two rclated to the existence of the air-water separator, which

cause a back pressure and then preference of the flow to branch-3.

The statistical mean predictive accuracy of the measured pressure difference
values with the separated flow modcl and Riemann & Seeger modcl arc
plotted in the parity plot as shown in figure (4.39), from obtained results of
the logarithmic standard deviation and the scatter of the results, Reimann &
Sceger model shows beller predictions of the present data than that of the

scparated flow model.
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CHAPTER S
CONCLUSIONS AND RECOMMENDATIONS
5.1 Conclusions

In this work, a two-phase flow test loop was designed, constructed.
Experimental investigations for slug flow regime with variable inlet mass
fluxes, extraction rates and qualities were carried out. The following

conclusions can be stated:

1. The experimental set up designed in this work was sufficient to

study the slug flow characleristics and two-phase {low in gencral,

2. The obtained resulis for the pressure differcnces associated with
two-phase flow in a horizontal orientation was found to be twice

that of single-phase flow.

3. Experimental results showed that the pressure dillercnce is
a function of inlet mass flux (G,), the inlet quality (x;), and

the extraction rates (G2/G; and G3/Gy).

4. There is a strong intcrdependence between the separation

phenomena and the pressure distribution.
5. Results obtained were betier fiticd with Reimann and

Secger model than that of scparated flow model. using

Reimann and Seeger model.
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o ) )
e test loop that constructed through this study is
w J p g Y

;sed for further studies as:
Pl

e
W
oMow pattern on the pressure difference phenomenon,
e P p

f,f"distdbution phenomena on the T-junction with horizontal
and branches orientations.

/

gtifdying the effect of diameter ratio (Duranch/Dimet) on the phase

/ distribution and pressure difference phenomena.

4. Studying the phase distribution and pressure difference phenomena
at diflerent branches orientation(horizontal, vertical upward and
down ward), different types of fittings (elbows, bends, values, ...),
different types of fluids asa working fluid, using another material

types such as stainless steel, copper, ... .

5. Studying the phase distribution and pressure drop phenomena using

two inlets and one outlet.
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