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LIOUID PHASE VELOCITY OF TURBULENT DISFERSED BUBELES FLOW IN
LARGE DIAMETER HORIZONTAL FIFES

ABRSTRACT

Measurement methods of impact pressure in two-phase bubble
flow are discussed leading to the design of a liguid phase
isclator. This simple device, with & miniature pressure
transduéer makes it poﬁsibles'to measure the impact pressure of
the liquid phase in gas—liguid mixture flow from which , the
liguid velocity can then be deduce knowing the local void

fraction.

Using & measured void fraction, pressure drop, mixture and

,
=
ra.l
Hi
hil

velocitiss and liguid phase distribution can be predicted
by either finding new correlations or by a developed numerical

modeal.

Experiments were performed in 8-in. diameter horizontal .

pipes with a 0.30 maximum flow volumetric quality. It was found
that in high turbulence (R. = 2 = 10%), the liquid velocity
profile behaves like that of single ligquid flow, the symmetry of
the profile being changed when flow volumetric quality varies

From about 12% to its maximum value.



vii

The uniformity of radial pressure distribution in fully
developed dispersed bubbles flow is due to that of the void
fraction, which in  turn strongly influences the radial phase
distribution. Liguid velocity distribution was found to be
wuniform in the radial plane. Irm the transversal plane owing to
a large concentration of bubbles in'the upper part of the pipe
and their velocities beirmg generally lower than those of the
liguid phase‘in the actual case, the ligquid wvelocity decreased
because the drag effect of local displaced bubbles. Liqgquid

velocity was distributed non—uniformly in the transversal plane.

The effects of gravity (assuming it is stabilized in steady

fully developed flow), interfacial forces and the turbulenc

i

structure of the continucus phase sesm to have a great influence
on the liguid phase velocity distribution in & large horizontal

pipe.
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NOMENCIL_ATURE

NMominal diameter of the pipe.

Static pressure of midture Tlow.

Imitial volumetric flow rate of liguid.
Flow volumetiric guality (Lo’ OGeo + Dol
Friction veloocity.

Friction velocity of two-phase flow.
Single phase liquid velocity (water flow).
Ligquid phasé velocity of an air-liguid flow.
Superficial or initial phase velocity.
Superficial or imitial liguid velocity.
Velocity of mixture flow.

Average velocity.

Transversal direction.

Longitudinal direction.

Local void fraction.

Eddy diffusivity.

Density of fluid.

Finmematic viscosity of fluid.

Absolute or dynamic viscosity of fluid.

Differential pressure of liguid phase in a mixture
flow.

Turbulent shear stress of two-phase Tlow = Tine

Wall shear stress.
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Wall shear stress of two-phase flow.

Non—dimensional velocity of liguid.
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INTRODUCTION

Liguid velocity plavs an  important role in physicsal
modeling of both single and two-phase flows. If a liguid is the

continuous phazse of a mixture flow, knowledge c

i

f its velocity
distribution permits & better understandin the turbulence
] g

atructure of the flow and the phase distribution mechanism.

The linear velocity of liguid in & gas-—liguid mixture Tlow

may be determined in the same way as that in a liguid =ingle

jd

phase Tlow. Methods currently used inmclude the injesction into
the flow of a solution énd the measuremsnt the of transit time
of Fluid particles between two successive electrodes (Sodium
chloride, Jepsen and Ralph [11; salt water or hot water,
Kobayashi Andirino [2], Serizawa et al. [Z1), or measurement of
the oxvygen reduction velocity appearing at the surface of the
glectrodes. this wvelpocity varies with that of the leQ
(electrochemical method, Mitchell and Hanratty [413
electrodiffusion, HKozmiemko et al. [5], the power law of 1/46 to
1/7 being found.in the turbulent case which indicates that the
prcfiles are very close to those noted in turbulent single phase

flow. In squalizing the static pressure just at the entrance of

'
dve lw

he probe and at the same axial positiomn in the flow (isockinetic

sampling method), Alia et al. [&]1, Jepsen and Ralph [1]1 the



liguid velocity of a vertical dispersed annular flow may be
deduced from the data of pressure, mass flow rate and void
fraction. Using the signél analysis method proposed by Delhave
[71, Serizawa et ai. [8]1, [} and Galaup [10] have obtained the
ligquid velocity with a hot film anemometer and  the amplitud&
histeogram of a multichanmel analyzer. The power law of 1/7 for
liguid velooity distribution was also reported in Ohba =t al,
[11id with & laser Duppler velocimeter in a vertical

Cupward/dovwnward bubble flow. Brown et al. [12] suppose that the

liquid velocity profile can be represented by a parabolic
function in which & correction factor varyinmg from O to 10 is
added. The numerical model of Bato and Sekoguchi, [13] verifies

axperimental work carried ocut in a vertical rectangular tube of

-4 L

25 x B mm, wherz the =shear stress of the liguid phase
{(air—water Tlow) is separated into two parts: orne  related  to

the inherent turbulence of the liguid independent of the
existence of the bubble, the other to the supplemantary

turbulence of the liquid by bubble agitation. HBankott [143]

proposes a power law of distribution for each velocity amd wvoid
fraction profile, whére the shear =stress is presumed to be
uniform aveir all sections of the pipe. Brown and Eranich [133,
on the other hand proposs a logarithmic distribution for the
velocity of an air-water bubble flow. Firashchesey and Muranov

[16] calculate the velocity of arn annular dispersed water vapour

flow by replacing the flow by a homogenecus mediun, shear stress

P

arcd  the core Tilm interface velocity are of the same order of



magnitude. ﬁppliéation of Frandtl’'s mixing length theory in the
analytical treatment of velocity distribution is also adopted by

Bankoft [147, Levy [17] and Gorin [18].

The general consesnsus is that most investigations have dealt
with local liguid phase distribution and mixture velocity which

ig reliable for two-phase flow in small diameter pipe.

In this investigation, we first develop a measuring
technigue for the liguid phase velocity of a dispersed bubble
flow in largs diamster horiéontal pipes. Secondly, the
relationship between the phase distribution mechanism and the
turbulence structure in the continucus phase will be expressed
initially in terms of linear iiquid valocities (in single phase
and two~yua5é flows) and the measured void fractiomn. Finmally,
velocity distributions between experimental data and those
predicted numerically will be compared, where the numerical work

was developed based on the model of Satoc and Sekoguchi L1317

which has been proposed for bubble flow.



EXFERIMENT DESCRIFTION

Thiez horizontal alr—water flow facility is shown
schematically in Figure L. This facility has been installed
ard used by Lakis [19] for studying wall pressure fluctuations
in an annularly dispersed bubbly flow.

Eriefly, water flows from a 13000 USE open reservoir tank
through the loop at a rate of 2000 ta 3000 USePM and mixes with
compressed air to produce a two-phase flow. Edxperiments were
conducted in a series of horizontal pipes of 8-in. nominal
diameter and 1340 ft total distarce from the mixer. Fipelines

consist of interchangeabl

HH
i
<

imstalling the wall pressure transducers), and a plexiglass
pipe. The evolution of the flow can be visually monitored by

moving the clear section along the pipe.

i

The piezometric lines were picked up using several pressur
‘taps located along and arcund the pipes. Fressure drop was
measured with Bourdon or pressure transducers which were used to

evaluate the friction velocity in two-phase flow.

The maximum flow volumshtric guality {(ratio of gas volumetric

flow rate to total volumetric flow rate) is J0% due to the loop



capacity. This results in the following three observable flow
regimes: slug flow, dispersed slug waved flow and stratified

dispersed bubbles flow as shown in Figure 2.

Experimental conditions summarized in Table 1 clearly refer

ton the case of stratified disperged bubbles flow.

wperimental and numeri;al analyses are carried out fully
developed flow conditicons. preliminary edamination of some Tlow,
paraneters and visual observation at the clear section suggests
that the flow. is supposed to be completely developed at 130 D
from the mixer, whers D is the nominal diameter of the pipe.
More detail on experimental apparatus and procedure may be Fournd

in Trinh [20].



FRINCIFLE OF MEASUREMENT OF LOCAL LIQUID FHASE VELOCITY

.1 Use of FPitot tube and pressure bransducers

Application o f Fitot tube and differential pressure
tirransducers in twa—bhaae flow has been adopted by ssveral
investigators, notably Halbromm [217, Gill et al. [22]1 for
studying annularly dispersed flow; Kinoshita et Murasaki {231 for
analysing. pulsating phenomena; Zigami et al. [23] for measuring
liquid phase variables; Fincke and Deason [247, lLakis and

Mohamed [25%]1 for experimenting with dizpersed bubbles flow, etc.

In ge=neral, the interpretation of measured impact preassurs
is some difficult urless the measured variable is well
gsepcified. the isckinetic sampling method was then adopted by

Arderson and Manzouranis [26] in  studying the flow with air
predominating; Jepsen and Ralph [11, Shires and Riley [27], Alia
et al. [&] in obtaining information about one phase in  an

annularly dispersed flow.

The use of the Fitot tube in two-phase flow is efficient
whern its opening diameter is smaller to a reasonable extent
tharn that of the elements in the dispersed phase. the presegnce

of bubbles i the Fitot tube itself or in the connsction tubes

fy



forms empty spaces, the next bubbles tending to accumulate
there before yielding their own. energy to the static fluid
filling the tube. The accumilation of bubbles increases over
time and caussed misinterpretation ﬁf the mutpuE readings.
However, a small opening dimensiorn of the Fitot tube results in

& very long measuring time. The currently adopted method is the

i

wse of current of water uwnder pressure with & set of thre

!

rozzle taps in which flow remains constant in the direction  of

the manometzr tap. Anothsr approach suitable for this study is

-

't

an air current constantly flowing in the directionm of the

'

manomater Dressurs aps at a given pressure. The current must
ke adjusted auvtomatically in such & what as  to maintain

equilibrium with the pressure exercised during the expesriment.

il

The difference hetwesn imitial and finm cemnt e

m

1 valuess reor

i
i

ifi

In this investigation, *the average impact pressure of a
two—phase flow is initially determined by means of a Fitot tube
with a diaphragmatic differential pressure transducer. Air is
purged in two clear cylindrical containers, which are always
filled with water befors entering both sides of the pressure
tramsducer. Alr bubbles can labter be fresly sevacuated to  the
atmosphere by means of a wvalve situated on the top of =ach
container or  alr-purger. the diagram of measuremsnt is

illustrated in Figure I.



Unfortunately, this method is unsuccessful in actual flows
due to the presence of bubbles in the measurement system after
some  measuring periods as  the photographs in Figure a shown.
Also, the use water current under pressure could not guarantee
the absén:a of bubbles in  the Fitot tube itself at the over
actual range of flow volumetric guality.

=r

.2 Isclation of liguid in two-phase gas—liguid flow

fssuming that the pressure signals obtasined at stagnation
point resualt uniquely from the liguid phase, the deduced
velocity will be that of the liguid phase in  the mixture. Im

order words, it involves minimizing of neutralizing the kinetic

energy of the geas phase at this point without disturbing the

dynamic behaviour of the liguid phase.

f so-called ligquid isolator has been designed for this
purpose . Using such an isolator mounted on a miniatwre
differential pressure transducer, air bubbles are eliminatea
whan passing the stagnation point. The rectilinear opening of

the isolator is in contact simultanecusly with the

pressure—sensitive area of the transducer and suwrrounding fluid.

In single phase water flow, this corntact makes it possible
to state  thalt the measuwrsd pressure 1s the same type as that

obtained by the tramsducer alone, although its magnitude would



be corrected by a calibration procedure.

In two—-phase flow, it the form and dimension of tHe isolator
are designed in such & way as to elihinate te the maximum the
impact of bubbles in front of the sensor with a minimum
fluctuaticon arcound this point, it may be concluded that the
major part of the kinetic energy received come from the liguid
phase. Liguid velocity would be calculated from the known local

density of the liguid phase and the calibration procedure of

izolator in single water Tlow.

According to visual observations of pressure signals traced
on a menorized oscilloscope, the conical form with a rectilinesr
opening  width of  0.0Z20 in. offers minimum Fluctuation esvern at

maximum Tlow to volumetric gquality (30W).

The dimensions of the pressure btransducer and its  suppport
are given 1in Figure . The optimum design of the liquid

isolator and the measuwrement device for liguid phase impact

pressure are given in Figures 4.a and &.b, respectively.

Examples of recorded pressure signals and their broadband
frequency spectrum obtained by the isclator an transducer system
in single and two-phass flows are shown in Figure 7.a and 7.b,

respectively.

o e [ — e o
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.3 Equipment and calibration

The principle of the average dynamic pressure measurement of
a mixtwre and liguid phase is illustrated schematically in

Figurs 3.

Calibration of the liguid igsolator is carried cut in single
water flow for various water flow rates. The transducer is
first placed at the pipe axis and at sach given flow rate the
impact pressures is noted at the output of am integrating digital
voltmeter. - The same procedure is repeated with the fransducer
and liguid isolator system. A comparison resulting measured
pressures  may be made in the graph which is shown in Figure 9,
whare a linear relationship was round over the range of water
flow rates under consideration. OF course, the messuring period
in the latter cases is longer and it usuwally takes abouwt 10

mirnutes to generate each average value.

If the local density of the liquid is given at each point by
(1i-x), where o is the local void fractiom, (l-«) represents the
probability of the existence of & liguid phase in the mixtuwre.
Krowing that the density of the liguid is the same in single or
in  two-phase flow under adiabatic conditions, the constant of

calibration in single phase flow may be ﬁrmfiled.



11

The liguid velocity will be determined finally by:

-
AF'

| ) .
UL_:,:\rm = 11.639 § —— (1)

1-w

where ULzt liguid phase velocity (ft/sec).

AFI

differential pressure given by the system of
transducer  XCO0-080-3%0D and  liguid idsclator

0.020 in. (psid).

The equipment used to measure liguid phase velocity in

cross—-sectional planes is photographed in Figure 10.

The procedure and equipment for measuring the local wvoid

fraction has been previously described by Lakis and Trink [Z81.
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CHAFTER 4

EXPERIMENTAL RESULTS

4.1 Lonaitudinal distribution of average velocities i fully

develoned conditions

Irm order to facilitate the cbservation of flow development
along the pipe, measured velocities at the pipe awis, Ue , are
normalized with ths mean velocities deduced from a given initial

flow rate, Ue or with still superficial velocities.

Longitudinal distributions of velocity ratice Uliee/Ule and
Ume/Ume arsz shown in Figures 1l.a and 1l.b for single phase and

two—phase Tlows, resoectively.
P 3 F ;

In single phass water flow, the normalized velcoccities tend

to increase when the flow moves far downstream. in accordance

with other previous experiments in which the develcpment of a
turbulent boundary laver normally accelerates fluid motion near

pipe axis as far as axial location =/D = 100,

Inm the presence of air bubbles, the normalized velocities

~h

are  rather arbitrary from one low wvolumetiric quality to

arncther. However, the viclent miging actiorn almost completely

disapp

ih

ars afher z/D = 110 as shown in Flgurese Ll.b.



By definition, the flow is supposed to be fully devéloped
when:
¥ The longitudinal wvelocity distribution is unchanged.

(single phase flow).

k.

The longitudinal void fractiom distributions and mixture
and phase vaelocities are stabtistically unchanged.

{two—phase flow).
The latter can be understood as it the forms of void
fraction and velocity profile remain relatively constant

through out the pipe length.

The variation im liguid velocity profiles messured st 3

axial locations downstream is  alsc given heve in Figure 12,
whers measurements were taken at the highest liguid Fflow rate

(25000 USGEFM) with 11.58% and 248.4% as the chosen Tlow volumetric

Examination of velocity ratios in single and two-phase flows

(Figures 11l.a, 1l.b, 12), and of void fraction ratios (Lakis

.~

I-J
8]
]
bt
i

arnd Trinh eads to the following comclusions:

~ in single phase water flow, the flow is fully developed

at axial location z/D X 100,

- in  hwoe-phass flow, the flow is fully developed at axial

location /0D > 100,

e S
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4,2 Distribution gf continuous phase velocities

In a gas—liguid flow with liquid predominating, the initial
liquid flow rate, U.e, plays an  important role in producing
turbulence and phase separation, and then local conditions of
flow. Because of ©the importance of the use of the same
measurement eqguipment im both  single and two-phase flows, we
will present first the verification of velocity distribution in

both cross—sectional planes in two-phase flow.

4,2.1. Averade velociby distribution laws in singls ohsse f1:

i

¥

Measurements of velocity in single phase water flow may be
verified by referring to the existing lws distinguishing the flow
in a two regionms: the corg region and the small region right at

the pips wall.

In the core region, the big vortex lengthened in  the axial
direction controls almost all of the pipe cross—-section, and the
small vortexes formed within the big one reduce, next to %
smaller stirring towards the pipe wall, fluid particles poor in
ernergy. the intensity of the turbulence iz almost unchanged and

it iz supposed that the turbulent viscosity is practically

constant.

In the neighboring reqion of the wall, the Tlow is

imfluenced by trhe viscozity and nature of the wall.



The principal product of twrbulent energy is related to the
pressure drop. Emperiments in the past have shown that the
ratio of average velocity to friction velocity, U/u*, does not
depend on  plpe rédius, and that the low of the wall can be
applied. In cother regions, the distribution of +the ratic
iUE—G)/u* no langer depends orn the nature of the wall and'hardly
at all on the viscosity, and the velocity defect law ‘may be

applied.

At & high Reyrmolds number, experiments have also indicated
that there is a "recovery zone” where the two laws mentioned
above  are simultanecusly applied. In this zone, the velocity

distribution obey a logarithmic or universal law.
$FPower lam:

The determination of velocity distribution in  turbulent

flow is narmally hbased both on 1ogicai hypothesis and

experimental verification. In fully developed turbulent flow,
the time—averaging velocity is unvaried with radial positions.
The independent variables which are supposed to affect the
valogcity arai fluid density, dynamic viscosity of fluid, pipe
diameter, radial position pipe wall roughness and average wall
shear stress. Experiments by Nikuradse in  water flow have
demonetrated that the velocity profile may be approdimated by &

power law.

S
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Experiments performed in this study agree very well and the

firmal results of regression analysis are Tinally:

Y

—— = (1 - i :3"/* - i ‘)c».cw-?.l. (:)
Ug

{Re = 2%10*, arithmetic mean deviation = —~1.3%, standard

deviation = 0.2 % ).
where U itime—averaging ligquid velocity.
U sligquid velocity at pipe axis.
v* :v/D, normalised radial position measured from

pipe wall.

The effect of viscosity on flow is moticesble only in the
near wall region where the velocity gradiemt is much greater
than that near the pipe akis, while the wall roughness which

affects the friction velocity, u*, for a given flow rate has a

slight influence on the flow near the pipe axis. It may be

supposed that the difference, UWmesx — W, depends uniquely on

radial position, as:

Um.mx - U R
———— = 10(3.1.0 {—)
L ¥

N



where Umesx: madimum velocity attained at pipe adis = Ug

U t local liquid velocity

U* 1 friction velocity (=dt./1.)

R 1 Pipe radius

Y : distance measured from pipe wall.

A H uriknown constant.

The wall shear stress is determined either by measured
pressure difrop or existing friction coefficient correlations.

Our experimental results unable us to obtain:

Ug — U 1
= 4,83 logio {3)
1 1 - {2y* - 1}
(Re = 2%10¢, arithmetic mean deviabtion = 19.4 %, standard
deviation = 4%).
¥ Universal distribution of velocities {in the

neighborhood of the smooth wall, high Re)

The experimental works treating the case where the pipe
radius has no effect on the velocity near the wall for very high
Revrnolds number - velocity whose average in the time at the
same radial position depends only on Tw, g and u - have shown
that the distribution of the velocity may be predicted by =&

"logarithmic profile” such that:
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U
= A In 1 + B
u*
whiesr e
{1 —~ |2y* - 11} Ru*
n =
v
v @ kinematic viscosity of fluid;
U : local velocity
u* : friction velocity (= ~Nrtw/p)
R : pipe radius
A and B are detsrmined by linear regression such that:
U -,
= 2.07 In n + 6.42 (43
w*
{Brithmetic mean deviation = -8.84, standard deviation =

0. 2%)

RPN LW

¥ QOthers:

In integrating expression () over the pipe cross—-section,

the average velocity of flow is obtained in the term:

U = UQ - au*
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where:
T average velocity in the cross—sectiong
Ug: measured velocity at the centre line pipe.
w*: Frictiom velocity.

a urnknown constant

The constant "a" is determined empirically, from where

U= U(E - 3.82 u* (5

(Arithmetic mean deviation = 1.4 4L standard deviation =
Tab A).

Rewriting (3) in the form:’

+ 2,11 In (1 - f2y* - 11}

and by substituting (4) in (3):



[ ———

20

U Ru* ]
= 2.11 1In -+ 2.60 (7)
w* v
A comparison of the principal laws (Eguations (2), (3)Y and
(4)) with the literature (Schlichting [32]) is given in figure
.2.7? Cross—sectional distribution of liguid velocities in
two-phase gas—-liguid flow
4,2.2.a Transversal plane:
By supposing that the flow is stationary and ergodic,
substitution of the average values of liguid phase dynamic
pressure, &F, and the void fraction, «, at & radial position,

v/D, in Eguation (1)
UL.ZF-‘ L]
Ligquid phase velocity profiles in

shown in Figures 14.a. The profiles

Uioer/ULzres with a different flow v

different measurement stations, z/D,
1.%.8 and 1.5.b respectively. U_zaerc
the liguid phase measured at the pipe

gives the average velocity of

this phase,

the transversal plane are

of normalised velocity,
plumetric quality, Xao, and
are also shown in Fig.

is the average velocity of

AHNLE .



The profile is more or less uniform at the beginning and

becomes more and more asymmetrical as Z/D lengthens.

The asvmmelbry remains unchanged, sven while the sSeparation
of the phases is in equilibrium with the diffusion rate in the

erntrained phase,

For a constant water fTlow rate, every increase in  the
injected air Flow rate leads to an acceleration of the liquid
nhase in the upper part ef the pipe, especially in the passages

whare there exists a strong concentration of void

—h

T
fae

raction.
This displacement is, however, less rapid in  the other half,
particularly at the bottom of the pipe, where the order of size

i

HH

amaller than that for a simple phase when the air fTlow rate

is sufficisntly low, and nearly egual for high injected air Flow

rates.

As the flow rate increase;, acceleration is generally more
important in  the upper part of the pipe. This observation waé
also dome by Ohba and coll. [11] in the study of a vertically
ascending Tlow, where the bubbles are corncentrated much more at

the periphery of the pipe as air flow rate increases.

At a constant air flow rate, the increass of the water flow

rate always acceleratese the ligquid pha=se.
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For the low flow rates, the profiles measured before Z/D =
20 may be calculated (or evaluated) by a power law; beyond this

distance, its form resembles that of the void fraction.

4,22, Radial plans:

Ligquid phase velocity distribution in the radial planes is
uniform throughout the pit cross-ssction, as illustrated in Fig.

i4.b.

In this place, the separation of phases by gravity has no

influence on  the determination of the paramester profiles only .

the turbulent diffusion of the entrained phase affects the homo—

geneity of the phase distribution, and the void fraction profile

is therefore unitorm and affects that of the phase velocity.

1
i

Although the void fraction has a tendency to disperse toward
the wall when the flow rate increases, the difference between
values near the wall and thoss near the pipe axiszs ares not
sufficiently impaortant for the acceleration of the bubbles to

affect the ligquid velocity near the pipe axis.

The void fraction distribution, x. being nearly constant,
the liquid velocity increases like that of a simple phase. The
distribution form may be approximated by a power law as in  the

case of a vertical flow (Berizawa and al. {91, Ohba and coll.

L1113y,



If the characteristics of the profile (U/Uec for example) are
compared with those of a simple phase,vthe difference 1is very
aemall, which agrees particularly well with the results of
Kozmienko and coll. [29]. {(Re = 13400), where the wvelocities
are determined by the electréchemical method, and the exponent

ig situated betwesn 1/6 and L/77 (Fig. 1&).



CHAFTER &

FREDICTION OF LIQUID PHASE VELOCITY IN DISFERSED BUERBLES FLOW

5.1 Proposed correlalbion

fs  has been seen, liguid phase velocity profiles may be
approximated by a power law, an approach which has been employed
by several researchers. The analysis of velocity profiles in
the proceeding section permits the deduction of the relationship
Ueoep = T (Xos ® Yy in which the void fraction, w, is already &

function of the flow volumetric gquality. Xs. and the radial

position, v/D.

Appirodimation by the power law does not seem valid

1]

Hoept in
the radial plane where profile symmetry exists. In addition,
the prediction of the liguid phase velocity of a predominatly
liiquid flow may be more direct and easier toc achieve, if the
liquid velocity of a simple phase is considered as an enplicié

variable in the correlation.

in order to verify this hypothesis, the ratic between the
lncal  liguid velocities of a two-phase flow and those of a
simple phase are expressed in  terms of wvoid fraction, as
illustirated in Fig. 17 where we note the existence of a linear

dependence between the ratics of velocities Ulze/Uiar and  vold



e

franction «.

4

The linear regression gives a relation of the form:

U zae B
———— = 1 + 0,842
UL..J.F"
This correlation is valid for all the values of o, © & « &
0.5, The estimated values and the experimental results are

compared in figure 18 (arithmetic deviation 2%, standard

deviation = 1.1%).

5,2 HNumerical analysis

The force balance which acts on trhe  liguid phass of a
statistically permnanent flow permits the obtaining of the
equaticons of movement of this phase whose radial gradient of
velocity in the ligquid phase is related to the eddy diffusivity

of liguid and the interaction stress betweern the two phases.

The profile of the shear stress, Ti;ce— void fraction
function, of the radial'position of the wall shear stress -—is
obtained by calculating & numerical imtegral over the pipe
diameiter. Furthermore, in the case where the static pressure
gradient is constant, the simplified expression is obtained for

a fully developed flow,

DA S
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According to Sato and Sekoguchi [133, the shear stress of
the liguid phase may be separated into two parts: one
corresponding to the components of velocity due to the inherent
turbulence of the liguid only, fhe other a velocity component
givent by the supplementary turbulence of liquid resulting in

the agitatin of the bubbles.

In using the expression of the eddy diffusivity of the
liquie, &, proposed by Travis et al. [I0] for & simple phase
flow, where & is calculated in the case of two-phase flow by
(1-w)e, where (l-w) represents the probability of the presence

of a liguid phase at a given point.

A was the case with Time o« 2 the liguid phase wvelocity

profile is obhtained in adimensional form.

il
i

%.2.1 Eguations of moticn for two—-phase dispersed bubbles flow

5.2.1.a Unsteady flow
The governing equation for an unsteady two-phase dispensed

flow may be written as (Trinh [20]):
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5.2.1.b Gteady flow
If the flow is

accelaration of the fluid equals zero,

zlement of fluid must
Gas:
R
d |
@ri— — |aFm Z2rede +
dz .
<
R
d [
@R1~ — JaFm Znrdr +
dz
<
Liguids:
Er:
-
- — H{1-0)Fm Zrrde -
dz J
[~}
@R
=
. g f
- {(1=)Fm 2rrde -
dz . .
<

3
3

statistically steady, the time average
the forces acting on an
ke in halance, and we then cobtain:
(e I |
] due dulee |
2nrTime fo 1e2rrdr e — + Uan — |
o Lod= =
(11.1)
= r 1
] due duer |
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] r 1
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Liquid phase velocity in one dimensional

=0

5.2.2 horizontal and
steady flow
5,.2.2.a Statistically steady and partialily developed
turbulent flow
Concerning the ligquid phase, we consider only equations
f
{(12.1) and (12.2). The sum of (12.1) % - | (1—-w) Frrdr and
f J
(12.2) % {(i-a) Z2yrdr yields:
Y
J
[ 1
1 d iy !
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: r d=z d |
L o ]
-
- - P
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i d P ) | Jeo
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ko= 4 R=® - 2 | wrdr
J
L)
-
— P )
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R Jo
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R= - 2 | wrdr
J
o
Furthermore, from Equation (A.5):
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'''' m— FR e = - - - (13
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Multiplying Equation (13) by (1/Twae) (1/Twme) and define
fE
Tw=r * £ ompe ™
= u . ——— ==
P ZF Froa Koz e
(XTI (L) *
. = Oy g e 2 =
Ll*zp I L.L!*;:.’r-? [
- (143
re - 2] wrdr
: FE*2 - 2| or*der®
i'lFQ = T4
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I - z
where: r* = —— | % = w—— | dr = Rdr*, dZ = LdI*
R L
' The liquid phase velocity finally becomes:
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Statistically steady and_ _fully developed turbulent

flow

If the flow is Fully developed all variable relative to
fluid (velocity, pressure, void fraction, etc.) do not change in
the flow direction. This proposition implies that, from

equation (135):

d N
5:* [ I {158)
We then have:

{ 1
‘ K |
! r f R
i ! F*2 - 2 | wr* dr* P
TR - N
| dr* E*om | % p o
| | 1 - 2 | w r* dr* i
] b . A4
| @ {
{ |
: ! {172
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(]
e

Shear stress in two phase flow one dimensional horizontal

steady flow

5.2.3.a Statistically steady and partially developed

turbulent Tlow

Substituting Equatiorn {(14) into Eguaticn (1Z) we obtain:

* #* d ibl—-

Lt prod o di-*

{13)

o]
il
|

m




where:

* Tinmt
T = i
PR Puu*ﬁp
dih

and: — is given by Egquation (135)

>

5,2.3%.b Statistically steady and Ffully developed turbulent

-t

lo

z

Ferforming the same operatiorn as above with Egquations (14),

(15) and (13), we obtain:s

|
H
|

{12}

dip

where: is given by Equation (17)

dr*

5.4.2., Numerical soglution of liguid veleocity profile

S.2.4.a Distribution of liguid veleocity in two—-phase flow

This presents a mathematical development of a statistically
steady and fully developed flow. Rewriting Egquation (17) in the
other form:

1 Ay~ ¥

d¢L = . - - gy *
b (1-w) r® (=0 1790 r*4 4 OL1192r%*= o+ F (2
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where: * . . .

aﬂp= (1~} (~0.1790 r*2 + Q. 1192 r*= + f,)
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Y I":“l"ca ch [+ 4
fa = + + 0,06
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! 1
i
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|

According to the steplike arrangement shown in Figure 18.b,

We obtain, from The integration of Eguakicn (20) in the new

coordinates:

p*o= | Zy* —- 1 |
Y
where: y¥ = —

'31)1.1. roow ” 1
Fdl 1 {lﬁ’"i.-«n. &y dr* P a1 r* dir* {
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J L1 4 d
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z
o
m
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U
I
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~0.1790, B = O.1192, Cy = F.
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We obtain, finally. for filly developed flow:
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S.Z2.4.b istribution of liguid velocity in single phase flow
Making wae = O, we have, according to Egquabtion (23,
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Comparison of the numerical model and experimental resulis

is given in Figures (2Z0) and (21) for velocity and shear stress

4

distributions in two-phase flow, respectively.

Graphs indicate that the numerical model offers better

results in the radial plane.

in the tramsversal plane, numerical results are still
comparable at low air flow rates; discrepancies start to appear

wher Tlow volumebtric gugality Ko & 204,

In order to obtain better results in the tranmsversal plane,
it will be suggested that analysis of flow in two dimensions and
consideration of 1ift, drag, and mass forces be galien into

account in the future formulations.



Local liguid phase velocity may b

g determined in several
WayS: among them, the uwse of th@ ligquid disolator (or bubble

@liminator? with & miniature pressure transducer or even the

tot tube to facilitate the measurement and irnterpretation  of
impact pressure  in two—-phase  flow. Its design ftakes into
cornsideration minimuh perturbation at local measuring points,
maximum. efficiency in eliminating bubbles and a reasonable
mesuriﬁg perind. Liquid phase velocity may then be deduced

tnowing local liquid density. the reliability of this indirect

method decends sssantl

&

11y on calibration procedure.

’I

Experimental results indicate, in a raidal plane, that the
velocity profiles behave like those of single phase flow for
varlous chosen values of flow volumetric gquality. It was also

found that their form is quite similar in bu?n emall and ldrne

diameter pipes.

in the tramsversal plane, the asymmbtry af the profiles
appears fram X : 12 % and remains unchanged from axial location

2/D : 100 where the two-phase flow is assumed to be completely

developed; fe 15 the flow volumetric gquality



=9

The velocity of the continuous phase (liquid) and the void
fraction stromgly influence phase distribution in the pipe. The

ratin of velocity in two-phase flow to that of single phase was

-+
N
-t

v

Fround o b2 oa linear function of the vwoid Fractiam., in the range

af O F K, 4 0.5,

Eassd on the assumptions of turtulent shear stress in bubbly
flow given by Sato and Sekoguchi [131, a numerical model was
developed to predict the distributions of ligquid wvelocity and
shear stress  the present in despersed bubbles flow. the
numerical model includes eddy diffusivity relaticnship inm single
phass water flow proposad by Travis et al. [30], measured values
of pressure drop, mean local velocity of bubbles, mean bubble

diamater and local void fracticn in fully developed Tlow.

Numerical results agres well with measursmants in raaial
plane. Discrepancies in comparsd valuss in  the transversal
planeg QEFE noted at low volumetric guality X 3 20 %. Lift,
drag, mass forses, etc... sesm to be important "in harizcntai

Flow and suggested taht these be included in the next stesp in

the numeirical analysis.
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TUREBULENT SHEAR STRESS AMD EDDY DIFFUSIVITY OF TWO-FHASE
DISFERSED EUBELES FLOW

Referring (M Tigure 1%.a, momentun  equations  of  a
Rorizontal flow in cylindrical coordinates may be wiritten as:
oy ANt
g Wz A Ll =
Z 3
1 oF 1 3 Bz ‘= e
- + (i, = = g U = poou_ )
pu 2z Ao Oz Dz z z
l E-' -::l-z )
§omm—m e (41 s = pp FU 2 - po FU eu e .
Foe ar ar (8.1
_ 2U- Sh e
2 Uz + - =
Z o
1 oF 1 2 uz -
- + — (Mo el [ F R . P R RN ey
pu'az A ¢z Sz :
i 3 U~ = . U
+ (o el I o SR RN ol D Bl T
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where: ux: Tlow velocity in the axial direction

u-: Tlow velocity in the radial direct;on

Considering the flow inm the axial direction 2, ths mean
veloeitize are in the sameg direction and parallel to the I anisg
the szquaation (A.1) is reduced to:

Aix — —_— oF
rol M — — pe Wt e —ope iz ) = v (A3)
ar or 3z

Integration of equation (A.I} gives:

A= T Pooar . . A
(g, —" = fu W U= T o u"-u"e) = j - wdi~ + Const. (&.4)
or ) 3z

Considering the force balance of an element of fluid and

a,

if (1 - ®) repressnts the probkability of the existence of
liquid phase at a point in the mixture, the local shear shress

5f the liguid phase is:

r —— -
l L P ‘
Tew = (1 - @) lpe = pn ueuz gl uteuts |
- @i A

™
s
iy



Moreoveli ,

flow.

ﬁcéurding to the Framdtl's mixing length theory, the

ST

whers:

{1 - «)

(1 - w)

S S
S

=28

TLw is still the Reynolds stress

af the liguid phass can ba «

of the

W

npressed as:

o
r
+
e
[ S—

Eddy diffusivity of

phase.

Eddy diffusivity of

rhass.

duz to momentum sxicha

particles between two

A7

turbulent

local

liguid

gas

nge of

adjacent

due to momentum exchange of

particles between two adjacent

lavers, caused by gas phase fluctuatiaon.

r
Tem = (1 - ®) puo L«,;,_ +
duz oz
&' = pt=E = -
dr dux/dr
duz otz
i.“a - P”"‘ = -
dr du /dr
duz
pu &L —— shzar stress
‘ dr i
liquid phase
layers.
duz
po &"e —— i1shear stress
dr ) )
liquid phase
didz
D Vo ishear stress
- dr

visoosity.

due to laminar liguid
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Ty = = pfu. Eme O
.

Therefore:

(e et s e s iy

Where

i
au

fomp = (1 — @) (v + &'l £ @)

two phase Tlow.

6.7 Evaluation of eddy diffusivity terms

A.2.1 Eddy diffusivity in zimple phass Tlow

Eddy diffusivity in

{(A.H)

Bl
S
~§

Taking the model far prediction of eddy diffusivity in fully

developed turbulent isothermal single phase flow

al., [307 (4%10% < Re <« 3IXL0®), which is the modifl

model [I1] adapted to correspond  to

the central region and for Re x 2X10% in this study,

»® Eip

e Ru*

where: tip = 0.1790 Ru*,p (1 — r*=) (0 ITF + r*=)

-
*
i

Ill"’i

Travis et

., F iz measured fram the pipe centre line.
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| Twair r 0 r_. "
Wesp = N e Ty JF/LE ] o po oz [FTE/LS
L o L 4
P .
A.2.2 Eddy diffusivity in fwo-phase Tlow
I is known to be applicable foir 4%10% < Re < 3%10% we

suppose that ¢'C = fie Tor Reaw. = SK10® where REmax 1S

calculated for liguid phase velocity, and the friction velocity

U*,p is replaced by U* Zp, Eguation (&.2) becomes:
-, . *
£'L = 0.1790 Ru (1 = r*2) (Q.IIT + r*=) (A.7)
=2

' = K —— Us {8.10)

~
a

Unknown constanmt.

de @ mean diameter {(spas average) of bubbles across
the pipe section.

Ge :  mean local velocity of bubbles (spaces average).

o : wveld fraction.
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gubstituting Equations (A.9) and (A.10) and Equation (A.7),
we obtain the eddy diffusivity if a two-phase flow in
non—-dimensicnal form:

i - 1
o= : |
Pe = (1= @) (01790 % 4 01192 Fx*E o+ fa) |
P I (A1)
wheare: | _
' i Vi K're O «

i . fa = + + 0. 04

% Ru*=e Ru™* op

|

| N

! | Twmze

| u =

| =r '

i

i

]

§ _ £2p

} Tme =

|

i

|

|

[ ¥ o=

}



AIR

Ts

Q ‘lé5-.n; U (ft/sec)

= 4°C & 2°C,P, = 50 psig, €= 0,259 tbasit}

6.6
73.8
147.6
209.8
202.2

Q

Ga
X =————-——.0G°at9.02-u5°.0L°-thz.26~uL°.(h-

0
0Go°oLo

lo
116
131
219
. 264
292

WATER

m——

19 £ 2°C,= 1 ata, 0= 62.4 Iba/ft]
Y= 1.068 ¥ 107% it/ sec.

-
r
]

0, o (USGPH) U (ft/sect

4313 30.74
3666 25.77
3340 21.69
4373 30.74
Jobb 25.71

2.698 3(PSIG)

———————————————

459,69+ F

ID = 1,623 in, ReLlaax) =2t 10? Nach(aax)= 0,014 (€0.2,incoapressible)

Entrance (2/D=0) Exit (2/D=170)

-

& 24 axial locations,

+ 9 radial positions (tranversal plane A
and raoal plane B).

Table 1

Experimerital conditions

=]

-
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Figure 1 Morizontal test lo

Coapressed air

Fump (150
Fump (73 HF) .
Closed pressure
vessel (43 psi).
Orifice meter.
Hg U—-manometsr.
ARir-Water mixer.
Fressurs gauge.
Thermomneter.
Test section. -
Measurement
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apparatus
{Fitot,
DIrobe. .. )

Open ressrvolir

tank
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. Clear connections
N

~

Underpressure vater

Output signal

Tk

uy‘“‘g

"Z?.

[\.

ALLLILLARALR A Y ALRALR AR R BYD 35§
— HHE"™ —
2 =
—— P

S SOSANESIANAANASN NN SR N Y

=> Statis press .
— Dynamic pressure.
=> Total pressure. .
1Y Pitot tubke {(model 310,
S55I-TAYLOR, SYEBROM CORF.).
2) Air purger.

) iffarential pressurs

transucer (CIJVR-1LOFSI.S7N
17830 .

4) Carrisr modulator (modesl
CJICD-30%1, ser. 1l793).

%Y U=manometer.

Figuee = Measuwrement of dynamic pressuwwre in two-phass flow
with Fitot tube arid differsntial pressure

transduecer.,
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Fresence of bubbles in static and total pressure
comnection tubes. .
d.a At y/D = 0.278, Ao = 0.114, after X 12 minutes.
dolm At v/D = 00278, Xg = 0.282, after X 07 minutes.
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1}y Mirniature pressure  btransducer (LCE-080-320D,
with or without isolator)

2} FPowsr suppy (3 Y D).

F) Amplifiers, Filters (ACCUDAIA).

4 Oscilloscope (TEETROMIC).

2 NVeoltmeter (TSI 1074).

Figuire 3 Frinciple and equipment for measwement of the
dynamic pressures in two-phase flow.
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