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LARGE DIAMETER HORIZONTAL PIPES

ABSTRACT

Measurement methods o'f impact pressure in two-phase bubble

•flow are discussed leading to the deisign o'f s. liquid phase

isolator. This simple device, with a miniature pressure

transducer makes it possibles to measure the impact pressure of

•bhe liquid phase in gas-liquid mi>;ture -flow fram which , the

liquid velocity can then be deduce knowing the local void

fraction.

Using a measured void fraction, pressure drop, miî-iture and

phase veloci'l-.ies and liquid phaise distribution can be predic'fced

by either finding new CDrrelations or by a developed numerical

mode l•

Expérimenta were per-formed in 8-in. diame-fcer horizontal

pipes with a 0.30 ma;-!imum flow volumetric quaiity. l'b was -found

that in high turbulence (R.. = 2 >; 10''') , the liquid velocity

profile behaves like that o-f single liquid flow, the symmetry of

the profile being changed when flaw volume'tric quai ity varies

•from about 12% to its ma>;imum value.
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The uniformity o-f radiai pressure distribution in •fully

develcsped dispersée! bubbles •flow is due to tha'fc of the void

•fraction, which in tum stmngly in-fluences the radiai phase

distribution. Liquid velocity distribLition was -found ta be

unifurm in the radiai plane. In the transversal plane owing to

a large concentration of bubblesi in the upper part of the pipe

and their velocities being générally lower than those of the

liquid phase in the actual case, the liquid veîlocity decreased

because the drag e-f-fect o-f local displëtced bubbles. Liquid

velocity was distributed nQn-uni'fomrily in t'ne transversal plane.

The e-ffects o-f gravity (assuming it is stabilisée! in s-teady

fully devsloped flow), in'berfacial forces and the turbulence

structure o-f the continuons phase seem to have a great influence

on -the liquid phase velocity distr-ibution in a large horizont.al

plpe.
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NOMENCLATURE

D Nominal diameter o-f the pipe.

PM Static: pressu.re of mi;-;ture flow.

Qi_u Initial volumetr'ic "flow rate oi liquid.

Xa Flow volume'tir-ic: quai ity (Qi_c.->/ Ocgo + Qi-ca)..

U* Friction velocity.

»

U Friction velocity oi two-phase flow.
—ît^iai

UL..LP. SinglE3 phase liquid velocity (water -flow).

UL.ZP. Liquid phase velocity of an air-liquid -flDW.

Uo Supsr-ficial or initial phasse velocity.

Ui_o Superficial or initial liquid velocity.

DM Velocity o-f. mi;-;ture -flow.

U Average velc:'city.

Y Transversal direction»

s Longitudinal direction.

oc. Local void fraction.

E, Eddy dif-fusivity.

p Density of fluid.

v Kinematic viscosity o-F fluid.

p Absolute or dynamic viscosi'by of -fluid.

AP Differential pressure of liquid phasse in a mi;-;ture
tlow.

T|_O Turbulent shear stress of two-phase -flow := T,i.rn-.

"Cw Wall shear stress.



T^zp. Mail shear stress of two-phase -flow.

(|> Non-dimensional velocity of liquid.
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CHûEIÊB.-i.

INTRQDUCZ1QN.

Liquid velocity plays an impartant rôle in physical

rnodeling of both single and two-phase flows. l-F a liquid iss the

continuous phase o-f a mi;-;ture -flow, knowledge o-f its velocity

distribution permits a better understanding the turbulence

structure of the flow and the phase distribution mechanism.

The linear velocity o-f liquid in a gas-liquid mi;:-;ture flow

may be déterminée! in the same way as 'fcha'fc in a liquid single

phase flow. Methods currently used include the injection into

•the flow of a solution and the measuremsnt the of •bransit -time

o-f fluid particles between two successive électrodes (Sodium

chloride, Jepsen' and Ralph Ci]; sait water or ha't water,

Kobayashi Andirino C2], Serisawa et al. [33), or measurement of

•the o>;ygsn reduc'fcion velocity appearing <5'b •fche surface af the

électrodes, this velocity varies with that of the flaw

(electrochemical methad, Mitchell and Hanrat-by C4]

electrodi'f'fusion , Kosmienko et al. ES] , the pawer law of 1/A to

i/-7 being found in the turbulent case which indica'tes that the

pro-files are very close to those noted in turbulent singlE? phase

flow. In equalizing the static pressure just at the en'brance o'f

the probe and at the same a>;ial position in the flow (isakinetic

sampling method), Alia et al. [À], Jep'sen and Ralph [1] ths



liquid velocity of a vertical dispersed annular flow may be

deduced from the data o-f pressure, mass flow rate and void

fraction. Uïîinçj the signal analysis me'fchod propuse-'d by Delhave

[7], Serizawa et al. [S], [(] and Galaup C10] have obtained the

liquid velocity with a hot film anemometëîr- and the ampli-tude

hiistogr-am o-f a mul tichannel analyser. The power law of 1/7 for

liquid velacity distribution was also reported in Ohba et al,

[113 with a laser Doppler velocimeter in a vertical

upward/downward bubble flow. Brown et al. C12] suppose that the

liquid velocity pro-file can be represented by a parabolic

•func'bion in which a corr-ection factar varying from 0 •to l is

added. The numerical model of Sato and Sekoquchi, C13^ vérifies

e;-; péri mental work carried out in a vertical rec'fcangular tube of

25 ;•; 50 mm. where the shear stress o-f the liquid phase

(air-water flow) is separated into two partsi one related ta

the inhérent -burbulence of the liquid independent o-f the

e>;istence of the bubble, the ather ta the supplementary

turbulence o-f the liquid by bubble agl'fcation. Bankott [14]

proposes a power law of distribution for each velacity and void

-fraction profile, where the shear stress is présumée) to be

uniform over all sections of the pipe. Brown and Kranich [15] ,

on the other hand propose a logari-fchmic distribution for the

velocity of an air-water. bubble flow. Krashcheov and Muranov

CIÀ] calculatfâ the velac.ifcy o-f an annular dispersed water vapour

•flow by replacing tl-ie flow by a homageneous mediLim, shear- stress

a n d t h e e or-e -;'il en interface velocity are o'f t h e s a m e order o'f



magnitude. Application of Prandtl's mi;-!ing length •theory in the

analytical treatment o-f velocity distribution is also adopted by

Banko-Ft [14], Levy [17] and Barin [1S].

The général consensus is that most investigations have dealt

with local liquid phase distribution and mii-itur'e velocity which

is r-eliable -for two-phass flow in small diameter pipeî.

In this investigation,, we -first develop a measuring

technique for the liquid phase velocity of a dispersed bubble

-flow in large diamster horizontal pipes. Secondly, ths

relationship be-tween -fche phase distribution mechanism and the

turbulence structure in the continuous phase will be e;-;pressed

initially in terms ai linear- liquid velocities (in single phase

and two-phase flows) and the measured voici -fraction. Final ly,

veloci'by distributions between e;-;perimental da-fca and those

predicted numerically will be compared, where the numerical work

was developed based on the model o-f Sato and Sekoguchi C 13]

which bas been proposed for bubble flow.



CHAPTER__2

EXPERIMENT DESCRIPTION

The hor-isontal air-wa-ter -flow facility is. shown

schematically in Figure l. This -facility has been installed

and used by Lakis Clc?3 'for studying wall pressure -fluctuations.

in an annularly dispersée) bubbly flow.

Brie-fly, water -flows -from a 15000 USG open réservoir tank

thraugh the loop at a r-ate of 2000 ta 5000 USGPM and mi;.;es with

compressée! air to produce a two-phase flc'w» Eî-iperiments were

conducted in a séries oi horizontal pipes at 8-in. nominal

diame-ter and 1360 f t total distance -from the mi;-;er. Pipelines

consist o-f interchangeable F'VP pipes, a stoel pipe (for

ins'balling the wall pressure transducers ) , and a ple;-;iglass

pipe. The évolution o-f the flow can be Visually monitored by

moving the clear section along the pipe.

The piezometric lines were picked up using several pressure

taps located along and around the pipes. Pressure drop was

measured with Bourdan or pressure transducers which were used to

evaluate the friction veloci'ty in two-phase -flow.

The maximum flaw volumetric quali/by (ra'bio af g.as volumetr-ic

"flow rate ta total volumetric •flaw rate) is 30",. due to the loop



capacity. This results in the following three observable -flow

régimes: slug flow, dispersed slug waved flow and stratified

dispersée! bubbles flow as shown in Figure 2.

Eî-iperimental conditions summarized in Table l clearly rs-fer

to the case o-f strati'fied dispersed bubbles -flow.

E>;perimental and numerical analyses are carried out fully

developed -flow conditions, preliminar-y e;-;amination o-f some -flow.

parameters and visual observation at the clear section suggests

that the flow is suppc'sed to be completely developed at 130 D

•from the mi;';er, whers D is -bhe nominal diame'fcer of the pipe.

More détail on e;-;perirnen-tal .apparatus and procédure may be found

in Trin h C20].
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CHAPTER 3

PRJNCIPLE 0F MEASUREMENT aF LOCAL L l QU l D PHASE V.ELOCITY.

3 . l Use c'r Pi tôt fcube a n d pressure- _:ll.f_a.asd..y_ç.ej'_s.

Applicaticsn o-f F'itot tube and di'f-feren'tial pressure

transducers in two-phase flaw has been adopted by several

investigators, notably Halbronn [213 ? Gill et al. [22] for

studying annularly dispersed flow; Kinoshita et Murasaki [2] -for

analysing pulsating phenomena; Zigami et al. [-23] -for measuring

' liquid phase variables;; Fincke and Deason C24] , L.akis and

Mohamed [25] -for e';';perimenting with dispersed bubbles -flow, etc.

In général, the interprétation o-f measured impact pr-essure

is some di-f-ficult unless -the measured variable is well

sepcified. the isokinetic sampling method was then adopted by

Anderson and Mansouranis C26] in studying the -flow with air

prsdominating ; Jepsen <and Ralph C13? Shires and.Riley C27], Alia

et al. ÇA] in obtaining information about one phase in an

annularly disper-sed flow.

The use of the F'itot tube in -bwo-phase flow is et'-ficient

when its apening diameter is smaller- •bo a reasonable e;-;'ben'b

than that of the éléments in the disperssed phase, the pressnce

o'f bubblss in t h e Pi-ta-t tube itself or in t h H e an née t ion tubes
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•forme empty spaces, the ne;-;t bubbles tending ta accumulate

there be-fore yielding their own energy to the static fluid

•fi 11ing the tube. The accumulation o-f bubbles increases over

timfâ and caused misinterpretation of the output readings.

However, a small opening dimension of the Pitot t.ube results in

a very long measuring time. The currently adopted method is the'

usie o-f current of water under pressure with a se'fc. o'f three

nossle taps in which -flow r-ernains constant in the direction of

the manometer- tcip. Another approach suitable -foi" this study is

an air current constantly flowing in the direction of the

manomster pressîurs -taps at a given pr-essu.r-s. The current must

be adjusted autc-iTiatical ly in such a what as to maintain

equiiibrium with the pressure e';-;ercised during the eïîperiment.

The di'f'ference between initial and finsil values repre'sents the

d s s i T e d t o t a l p \" e s. s u r e.

In this investigation, the average ii-npact pressure. o-f a

two-phase flow is initially de'fcennined by means of a Pitot tube

with a diaphragmatic di-f-feren'bial pressure transducer. Air is

purged in two clear cylindrical containers, which are always

filled with water before en'fcering both sides of the pressure

•fcransducer. Air bubbles can later be freely evacuated to tho

atmosphère by rneans o'f a valve situated on the top of each

container or air-purger. the? diagi'-am of measur-sment is

illustratod in Figure 3,.
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Unfortunately, this method is unsuccessful in actual flows

due to the présence o-f bubbles in the measurement system a-fter

some measuring periods as the photagraphs in Figure a shawn.

Also, the use water current under pressure could not guar'c-Ante'e

ths absence; of bubbles in the F'itot tube itself at the over

actual range o'f flow volumetric quaiity.

3.2 Isolation o'f licn-iid in two-phase gas-liquid flow

Assuming that the pressure signais ob-tained at stagnation

point result uniquely from the liquid phase, the deduced

velocity will be that of the liquid phase in the mi;-;ture. In

oràer words, it involves minimising of neu'bral izing the kinetic

s-nergy of the gas phase at this point wi-thout disturbing the

dynamic behaviour o-f the liquid phase.

A so-called liquicl isolator has been designed -for this

purpose. Using such an isolator moun-fced an a miniature

di-f-ferential pressure transducer, air bubbles are eliminatsd

when passing the stagnation point. The r-ectilinear opening of

the isolator is in contact simultaneously with the

pressure-sensitive area of the transducer- and surrounding fluid.

In single phase water -flow, this contact makes it possible

ta state tha'l: the measursd prsssure is the same type as that

obtained by the tr'an<=.ducer alone, although ils magnitude would



be corrected by a calibration procédure.

In two-phase -flow, it -the form and dimension of the isolator

are désignée) in such a way as to eliminat.e to the maximum the

impact of bubbles in -front of thc-î sensor with a minimum

fluctuation cirounci this point, it rnay be concluded that the

major part of thsî kinetic energy received come f mm the liquid

phase. Liquid veloci-by would be calculated from the known local

density o-f the liquid phase and the calibration procédure of

isolator in single water flow.

According to Visual observations at pressure signais traced

on a memorized oscilloscope, the conical -form with a rectilinear

opening width of 0.020 in. offers minimum fluctuation even at

ma>;imu.m flow ta volumetric quality (30",.).

The dimensions of the pressure transducer and its suppport

are given in Figure 5. The optimunri de<5ign o-f the liquid

isolator and the measLiremen'fc device for liquid phase impact

pressure are given in Figures 6.a and 6.b, respectively.

E;-;amples of recorded pressure signais and their- broadband

frequency spectrum obtained by the isolator an transducer sys'bem

in single and two-phase flaws are shown in Figur-e 7. a and 7.b,

respective l y.
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3.3 Eauipment and çalibration

The principle o-f. the average dynamic pressure measurement o-f

a mi;-;ture and liquid phase is il lusstra'beîd schematical ly in

Figura 3.

Calibration of the liquid isolator is carried out in îîingle

water flow for various water flow rateas. Theî transducer is

first placed at the pipe a;-;is and at each givesn -flow rate the

impact pressure is noted at the output of an in-fcegrating digital

voltmeter. - The same procédure is repeated with the transducer

<and liquid isolator sys-tem. A compar.ison resulting measured

pressures may be made in the graph which is shown in Figure 7,

where? a linear rela'fcionship was round over the range of water

-Flow rates u.nder considération, 0-f course, the measuring period

in the latter case is longer and i'fc usually takes about 10

minutes ta generate each average value.

If the Local density of the liquid is given at each point by

(l-'x), where ot. is the local void fraction, (l-<x.) reprEîssnts the

probability of the existence of a liquid phaise in the miî-iture.

Knowing that the density o'f the liquid is the saine in single or

in two-phase flow under adiabatic conditions, 'the constant of

calibration in single phase -flow may be profiled.
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The liquid velucity will be determined -finally by ;

i AP
UL.sif» = 11.639 \J -— (l)

1-OL

where Ut.zr-s liquid phase velocity (-ft/sec).

AP ; di-fferential pressure given by the System of

transducer XCQ-030-50D and liquid isoiator

0.020 in. (psid).

T'ne equipment used ta measure liquid phase velacity in

cross-sectional planes is photographed in Figure lOr

The procédure and equipment -for measuring the local void

-fraction bas been previously described by Lakis and Trinh [28].
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CHAPTER 4

EXPERIMENTAL RESULTS

4. l Lonaitudinal^distributiDn of averaqs' velocities in, fyU_y

çLeveloped conditions

In order ta -facilitate the observation of -flow development

along the pipe, measured velocities at the pipe a;-;i5, Uu ? ar-e

normalised with the mean velocities deduced from a given initial

-flow rate, Uo or with still super-ficial velocities.

Longitudinal distributions o-f velocity ratios UL.j.F»c//Ui_c3 and

UMC/UMO are shown in Figures il.a and 11.b for single phase and

two-phase flows, respective l y.

In single phase water flow, the narmalised velocities tend

to increase when the flow moves -far downs'fcream, in accordance

with other previous e;';periments in which the develapmen'fc o-f a

turbulent boundary layer normally accélérâtes -fluid motion near

pipe a>;is as far as a;-;iâl location z/D ^ 100.

In the présence o'f air bubbles, the normalized velocities

are rather arbitrary fr'om one flaw volumetric quaiity to

another. However, the violent rni;-;ing action almost completely

disappe.ar-5 3.'f ter z/ D =; i10 as show n in Fi qu re 11. b.
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E^y définition, the flow is supposed to be fully develaped

when :

lu The longitudinal velocity distribution is unchanged.

(single phase -flaw).

Ï The longitudinal void fraction distributions and mi;';ture

and phase velaci'hios are s'batis'fcical ly uncharnged»

( two-phase -f low)•

The lat-ter can be understood as it the forms o-f void

fraction and velocity profile remain relatively constant

•bhrough eut the pipe length.

The variation in liquid velocity pro-files measured at 3

a>;i.al locations downstream is alsîo given here in Figure 12,

whers measurements were taken at the highest liquid flow rate

(•^5000 USGPM) with 11.67. and 26.47. as the chosen flow volumetric

qualifies.

Eî-;amination o-f velocity rdtios in single and two-phase flows

(Figures il.a, 11.b, 12), and o'f void -fraction ratios (Lakis

and Trinh [23]), leads ta the following conclusions;

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

at a;-;ial location z/D ^ 100.

in two-phase -flow, •bhe •flow is -fully developed at a;-;ial

location z/D ^ 100.
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4 .2 D i s t rjbyj:ion _o f _ç::.orrt..i,n,ypy_s_p.h^.s_e...._ye,l_oci_ti.es_

In a gas-liquid -flow with liquid predominating, the initial

liquid -flow rate, Ui._o, playsî an important rolc-î in producing

•turbulîînce and phase séparation, and then local conditions o-f

flow. Bscause of the impîortance o-f the use o-f the same

measurement equiprnent in bo'fch single and two-phase -flows, we

will présent firs'b the vérification of veloci'fcy distribu-fcion in

both cross-sectional planes in two-phase -f Ion.

4.2.1. Avéra o e velocity di_str-ibution laws in si_nqle phase flow

Me-asurements o-f velocity in single phase wa ter "flow may be

verified by referring to the e;-;is1:ing Iws distinguishing the flow

in a two régions ; the cars région and the small région right at

•fche pipe wall.

In the core région, the big vorte;-; lengthened in the a;-;ial

direction contrais almost al l of the pipe crass-section, and the

small vorte>;ss formed within the big one rsduce, ne>;t •fco a

smaller stirring towards the pipe wall, fluid par-bicles poor in

energy. the intensity o-f the turbulence' is almost unchanged and

it is supposée! that the turbulent viscosity is practically

constant.

In the neighboring région o'f the wall, the -flow is

in'fluenced by tl-ie viscosîity and nature of •fche w<all.
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The principal product of tur-bulent energy is related to the

pressure drop. E>;periments in the past have shown that the

ratio of average velqcifcy to fr'ictian velocity, U/i.i1*, does not.

dépend on pipe r-adius, and thafc thî-î low oi the wall can be-

applied. In other rEsgions, the distribution o-f the ratio

(Uq:-U)/u"1 no longer dépends on the nature o"f thc:- wdll and hardly

at al l on the viscosity, and the velocity defect law may be

applied.

At a high 'Reynolds number, e;-;periments have also indicated

that there is a "recovery zone" where the two laws mentianed

above • are sirnul taneously applied. In this zonEa, the velocity

distribution obey a lagarithmic or universal law.

ÏFower law;

The détermination of velocity distribution in turbulent

fiaw is normally based bath on logical hypothesis and

expérimental vérification. In -fully developed -turbulent flow,

the time-averaging velocity is unvaried with radiai positions.

The independent variables which are supposed -bo a-f-fect the

velocity are.' -fluid donsi'ty, dynamic viscosity of 'fluid, pipe

diacneter, radiai position pipe wall roughness and average wall

shear stress. E;';per-iments by Mikuradse in water -flaw have

d e m o n s t r a t e d t h a t t h e v e l u e. i t y profile m a y b e a p p r o ;•; i en a t e d b y a

power l s. w.
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E;-;periments performed in this study agrée very well and the

-final résulte of régression analysis are finally;

u
(1-1 2y'K - l l ) ° -c-^1 (2)

Uç

(Re = 2;iil0*', arithmetic mean deviation = -1.3%, standard

deviation == 0«2 7. ).

w'nsre U : time-averaging liquid velocity.

Ur^ sliquid velucity at pipe a>;is.

y* sy/D, normalised radiai position measured •frc'm

pipe wall.

;|i Vs l oc i tv __d_e_te_ct___l_a,w_s

The e-ffEîct of viscosity on flow is noticeable only in the

near 'wall région whers the velocity gradien'fc is much greater

than that near the pipe a>;is, 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 a;-;is» It may be

supposée! that the différence, Un,»», - u, dépends uniquely on

radiai position,.as :

U^»>, - U . . _ R
= Ai logj.o (—)

n* y
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where Un,.»,,: ma;-;imum velocity attained at pipe a;-;is == Uc:

U : local liquid velocity

D* ; fric.tion velocity ( =ï\l ïr,/ IL. )

R : F'ipe radius

Y ; dis-tanceî measureîd from pipe wall.

A j. : unknown constant.

The wall shear stress is determined either by measured

pressure drop or e;-;isting friction coefficien'fc correla'tions.

Our e;-!perimental results unable us to obtain;

U<B - U l
=4.35 log.i.o " • (3)

u!* ~ l - 12-y* - l l

(Re = 2'ïlO^, arithmetic mean deviation = 19.4 '/., standard

deviation = 4"/.).

Ï Uniye_rsaL_ di5t_rJ.-DytAo_n__ _of____;\/el^.çitie£^ (in the

neighborhood o-f the smooth wall, high Re)

The eî-iperimental works treating the case where the pipe

radius has no e-f f set on the velocity near •the wall far very high

Reynolds number - velocity whose average in the time at the

saine radiai position dépends only on Tw? P anct ,u - have shown

•fchat the distribution o'r the velocity may be predicted by a

"logarithmic profile" suc h t ha t s
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u
= A In T| + B

u'

where

(l - 12Y» - l l Ru*
•H =

v ; kinematic viscosity of fluid;

D i local velocity

u* : fric'bion velocity ( = \iïw/p)

R s pipe radius

A and B are déterminée) by linear régression such that;

u
= 2.07 In T| +6.42 (4)

u»

(Arithmetic mean deviation = -5.8",., standard deviation =

0,2% )

Ï Otherss

In integrating e;-!pression (3) over the pipe cross-section,,

the aver.age velocity o-f 'flow is obtained in the term:

U = U^ - au*
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where;

D ; average velocity in the cross-section;

LJ(C: measured velocity at the centre line pipe.

n*; frictian velocity.

a ; unknown constant

Th~e constant "a" is detennined eîmpir-ical ly , from where

U = U,^ - 3.82 u"c (5)

(Arithme-tic mean deviation = l. 4 "/. standard deviation =

7.6 •/. ).

Rewriting (3) in the -form:

U<^ D

U* Lt*
+ 2.11 In (l - |2y;<l - l l)

we obtain, by substituting Uc: /u.* in (4)

U(B Ru*
2.11 In — + 6.42 (6)

u'

and by substituting (à) in (5)3
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U Ru»
^t -11 1 ^ _^„_._ _.._ ^ J^ '"I
•i_ • JL -L 111 ' ~ ~T~ A. • 01-'

Ll'

A comparison o-f'the principal laws (Equations (2), (3) and

(4)) with the literature ( Schl icl-rfcing C32]) is given in figure

13.

4.2.2 Cr-DS5-ssctiona_L ctlstnbution o-L liqyid yelpcities_ in

two-.ohase qas-liquid flow

4.2.2.a Transyerssl plane;

By supposing that the flow is stationary and ergodic,

substitution or the average values o'f liquid phass dynamic

pressure, AP,, and the void fraction, «.,, at a rddial position,

y/'D, in Equation (l) gives the average velocity of this phase,

LL=,».

Liquid phase velocity profiles in the transversal plane are

shown in Figure 14.a. The profiles a-f normalised velocity,

Ui-sîp/Ut.zp-cî with a différent flow volumetric quality, Xa, and

di-f-ferent meaasuremen-'c stations, s/D, are also shown in Fig.

l. 5. a and l. 5. b r-espec-1-.iveîly . U|_=ÎF--C: is 'bhe average velocity of

the liquid phaise measursd a't:- the pipe a;'!is,
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The profile is more or less unifar-m at the beginning and

becomes more and more asymmetrical as Z/D lengthens.

T h e asymmetry re main î3 un changée), ev e? n whil&î t h e séparation

o'f the phasiEîs is in eîquilibrium with the di-f-fusion rate in the

entrained phase.

For .a constant water -flow rafe, every increase in the

injected air flow rate leads ta an accélération of the liquid

phase in the upper part o-f the pipe, especially in the passages
•

where there e;-;istîi a strong concentration of void fraction.

This d.isplacement is, however, less rapid in the other hal-f,

particularly at the bottom of 'fche pipe, where the order o-f size

is sma 11er than that -for a simple phase when the air flow rate

is su-r-ficiently low, and nearly equal -for high injected air •flow

rates.

As the flow rate increases, accélération is générally more

important in the upper part of the pipe. This observation w.as

also dane by Ohba and coll. [il] in the study of a vertically

ascending flow, where the bubbles are concentrated much more afc

the periphery o-f the pipe as air flow rate increases.

At a constant air flow rate, the increase of the wa'ter flow

rate always accelerat&s the liquid phase.



For the low flow rates, the profiles measured be-fore Z/D :=

90 may be calculated (or evaluated) by a power law; beyond this

distance, its form resembles that o-f the void fraction.

4.2.2.b Raa i a l pl an e :

Liquid phase velocity disîtr-ibution in the radiai planes is

uniform throughout the pit d'-ass-SEîction, as illustrated in Fig.

14.b.

In this place, the séparation of phases by grsvity bas no

influence on the détermination of the parame'ter profiles only

the? turbulent diffusion o-f the &ntrained phase affects the homo-

geneity ol: the phase dis'tribution, and -fche void -fraction profile

is therefore uni-fom-i and af-fects that of fche phase veloci-by.

Although the void fraction bas a tendency to disperse toward

the wall when the flow rate increases, the différence between

values near the wall and those near the pipe a;-;is are not

su-fficiently important "for the accélération o-f the bubbles to

affect the liquid velocity near the pipe a;.;is.

The void -fraction dis-bribu'fcion, oc, being nearly constant,,

•fche liquid velocity increases like -bhat af a. simple phase. The

distribution -form may be appro;-;ima'bed by a power law as in the

case of a vertical -flow (Serizawa and al. C9], Ohba and coll.

EU]) .



If the charac'fceristics of the profile (U/Uc: for e;-;ample) are

comparée) with those of a simple phase, the différence is very

small, which agrées particularly well with the results of

Kozmienko and coll. [27]. (Re == 13400), where the velocities

are detsrmined by the electrochemical method, and the e;-;ponent

is si tuated between 1/6 an d 1/7 (Fig. 16).
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CHAPTER 5

PREDlCTION 0F LIQUID PHASE VELOCITY IN DISPERSED BUBBLES FLOW

5 . J- Pi'-opQsed çpr-relatior!

As has been seen, liquid phase velocity pro-files ms.y be

appr-oî-iimated by a poweîr law, an approach which has been employsd

by several researcheTS. The analysis of velocity pro-files in

the proceeding section permits the déduction oi the relationship

U|_s;p. = f (Xa, «. ) , in which the void -fraction, K, is already a

-function of the -flow volumetric quali-fcy, Xa.i and the radiai

position, y/D.

Approï'iimation by the power law does not seem val id e>;cept in

•ths radiai plane where profile symmetry e;-;is'fcs. In addition,

the prediction o-f the liquid phase velocity of a predaminatly

liiquid flow may be more direct and easier •fco achieve, if the

liquid velocity o-f a simple phase is considérée! as an e>;plicit.

variable in the corrélation.

In order to verify this hypothesis,, the ratio between the

local liquid velocities o-f a two-phase flow and those o-f a.

simple phase are e>;pressed in terms o-f void fraction, as

illustrated in Fig. 17 where we note the e;-;is'l:!ance of a. linear

depsndence between the ra'tios of velocities Ui_3r.».-''Ui_xr-- and void



•franction a.

The linear régression gives a relation at the form;

L-sa p*
l + O.S42K.

Ui

This corrélation is valid for al l the values of oc, 0 <, a. ^'.

0.5. The estimated values and the e>;perimental resul-fcs are

compared in figure 18 ( arithmet.ic deviation = 1.27., standard

deviation = 1.1'4).

5.2 Numerical analysis

The -force balance which acts on the liquid phase o-f a

statistical ly permanent flaw permi'ts 'the obtaining o'f the

équations o-f movement o-f this phase whose radiai gradisnt of

velocity in the liquid phase is related ta the eddy diffusivity

o-f liquid and the interaction stress between the two phases.

The profile of the shear stress, TAn-t- void fraction

function, of the radiai position of -bhe wall shear str-ess -is

obtained by calculating • a numerical intégral over the pipe

diameter. Furthermore, in the case where the static pressure

gradient is constant, the simpli-fied eî-ipres'aion is obtained -for

a f n 11 y d ev e l a ped f l aw .
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According ta Satc3 and Sekoguchi [13],, the sshear stress of

•the liquid phase may be separated into two partes one

cor-ressponding ta the components of velocity dueî •fco 'fche inhérent

turbulence o-f the liquid only, the other a velocity component

givent by the- yupplementary turbuleînce af liquid resulting in

the agitatin o-f the bu.bbles.

In using the ei'ipression u-f the eddy di-f-fusivity of the

liquieî, s., proposed by Travis et al. [30] for- a simple phase

-Flow, where E. is calculated in the case o-f two-phase flow by

(l-a)£., where (l-o;.) represents the probability of the présence

o-f a l.iquid phase at a given point.

As waa the case with Tjin-t ? the liquid phase? velocity

profile is obtained in adimensional form.

5.2.1 Eouations o-f mot ion •for two-phase dispersed bubbles -flow

5.2.1.a Unsteady flow

The governing équation -for an unsteady two-phase dispensed

-flaw may be written as (Trinh [20]);
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Gas;

d r
@r-; - — | a. PM 2nrdr + 2iTrT.i.,^

dz Je,

d Lies f 3Us F
Uo — l OL 2rrrdr + ps -— l a 2rrrdr

dz j ' '" 3t J

d r
+ Pca (Uca - Ui..) . — (Uo - UL.) . | ot. 2rrrdr

dz "~ ~' J

9 . f'

+ PCS —-— (Uo - UL-) . l OL 2nrdr
9t ' - - J

d f'R
@R; _ — | (^ p^, 2nrdr - 2rrRTuo

dz .Jo

Pï R
dua r 3us r

= Pa Ua — l «. 2rrrdr + ps —— j a. 2rrrdr-
dz J ' - 3t J

R
d ... .f

+ Po (Llo - UL.) . — (Ua - UL.) . l OC 2nràr
dz ' - ~' J

R
9 f

po — ( Lia - Ui_) . l (x. 2'rrrdr
3t - J

(9.l)

(9.2)



28

ULa-yjLd-;

d ^
@r; _ — l (l-(x.) PM 2nrdr - 2nn:A.^

dz Je,

dLiL. f 3ut. f
PL. UL_ — t (1~(X.) 2nrdr + pi_ -— l (I-P.) 2rtrdr

dz J ' ' ' - 3t ,J

d ... . P
pt_ (Ll|_ - Uo) . — (Ui_— Lia) . | (1-a.) 2?Trdr

ds ' ~ "" J

a . r
+ pi_ — (UL. - Lies) . l (1-a) 2nrdr

3t ' - ~' J

(10.1)

d |R
@R; - — l (1-a.) PM 2nrdr - 2 nRïwsr-

d z ,Jo

du>_ f . . . _ . 3u^ f
= PL. Ui_ — l (l-fx.) 2rrrdr + pi_ -— l (l~c<.) 2?Trdr

dz J ' ' ' ~ 3t J

R
d r

+ Pl- (UL. - Ucg) . — (Ui_ - Lia) .1 (l-a) 2îïrdr
dz ' ~ '" J

P!
3 ?

+ pl_ — (UL. - Uo) . l (l-a.) 2nrdr
31 ' ~ "' J

(10.2)
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5.2.l.b Steady flow

I-f the -flow is statistical ly steady, the time average

accelaration of the fluid equals sera, the forces acting an an

Eîlement oi fluid must be ir; balance, and we thsr-! obtains

G a s,;

r- r- F -1

d f Pl dLlca dUat_ l
@rs- —- IOLF'M 2rcrdr + 2rrrTjLi->f. = Pe |c<.2rrrdr lua — + Usi_

dz ,J ' J l ds d2
L

(11.1)

R PS l- -1

dp Pl dus duoi_ l
@Rs- — |aPr-i 2nrdr + 2rrn:u)f3 = pca |o!.2rrrdr iuig -— + UgL- -— |

dz J - . ^ j dz d= l
0 CT L -l

(11.2)

Liquid s

@r;
r. ^ r -\

dp' Pl dui_ di.ii.o !
|(I-C<.)PM 2nrdr - 2rmr.i.r,te=pi_ l ( l-o<.) 2m'-di'- |ui_ -— + Lit_a

dz .J ' ' .J j dz dz
_1

(12.1)

@R;
F» R r . -l

dp Pl dui_ dui_c3 l
|(i-o<.)F'M 2nrdr - 2rrr'rwsr»=pi-. l ( l-c<.)2nTdr |u,_ -— + Ui_(g -—j

dz ,J ' - ' '.' "-- " ~ ,J ' ' t - dz -- dz j

C> C3 L -l

(12.2)
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5.2.2 LiQLiid phase velpcity in one dimensional horisontal and

s t e_ad^ f_l o_w_

5.2. 2 . a Statistical l y _sî;Êâcl.y_ana _Rê£^A^LLï-__-J:LiL:-iÈ'.-LU£'.£y.

turbul en t f low

Concerning the liquid phase, we consideT only équations

r
(12.1) and (12.2). The «sum o-f (12.1) » - | (l-(x) 2rrrdr and

r J
(12.2) * Id-ix) 2nrdr yields;

,J

r r- n

1 d j r'. ^ _ i
•Tin't = ~ — "—~ l i (1~C<.) F'M rdr l

r dz N ' j
La -l

l

r

d

dz

r R
i F
l l (1-a)
N
L CT

PM

-l

l
rdr l .

!
-l

r'z —

'.*"*

f
2 l fx.rùr

Je,

r<
2 l «.rdr

j

r
r3 - 2 l «.ràr

F; Je,
+ 'ï'WSin — •

r
R= - 2 J ardr

J

Furthermore, from Equation (A.à):

dU|_ T.l.r^fc "Cî.r-.-e.

di" PL. s.sît" S.SF»/( 1/'pi..)
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Multiplying Equation (13) by (i/T-wsîp.) (I/TWSÎF-) and détins

B-L
TW=>F' W £-S'F- f

pi_ 2P rîu^zr"

LI|_ (I-C<.)PM »

U*=i=. ' pL..U*:2r- l-

(14)
p

.»= _ 2 | K.r-x'clr"'

•j»

r= -

K ~~

f
2 l «.rdr

J
ça

r
2 l ard r

J
^

R»=Î _ 2 | ix.r* dr*

J

r - Z
where: r* = — , Z» = — , dr = Rdr!<(, dZ = LdZlK

R " L "

The liquid phase velocity finally becDmesi

r i-»

! _ _ f
J r-3 - 2 J a.r'-dr*

d0t_ 111 Je, R d
• ~^u"llJ"u'-LU'rlnL"l';"""r- ^"- "'•'-—"" "--"T----^——. > -t-

dr» g^p. j r pi. Lr* dZ*
J 1-2 l «.r'-dr»
i .Jo
L

.-« -1

r ^ ' _ f .... .. ^ t
l ^ _i _x r^~- 2 l mr* dr» .1 t

ir» f » f _•<« J-=' J !
j p r* àr'* - | P rw dr* - i P r'* dr» — > t

l J t- .J L- . «J '- _ P1- . Il
j '° ~° ' 'c:> 1-21 ûi.r* dr» t l

1 j J j
0 .1

(15;



5.2.2.b Statistically steady and fully deyelDped turbulent

-flow

If the -flow is -fully developed al l variable relative ta

fluid (velocity, pressureî, void -fraction, etc.) do not change in

the -flow direction. This proposition implies that, from

équation (15)s

d

dZ*
] == 0 (là)

We then have:

•}

d((>t

l dr" E.» 2F

>-« l

f ... i i
•*3 - 2 ! ocr* dr»

J»

oc. r* dr"

(17)

5.2.3 Shear stress in twg phase flDwane,dimensi,o,rLaJ^

steady -flow

5.2.3.a Statisticallv steady and pa r ti a_U_y___ d eve l o ped

•fcurbulent flow

Substituting Equation (14) into Equation (13) we obtain

» w
T = -E.
i. n-t-- 3f

d(t)i

àr'*
(18:



where:

* Ti.n-fc.

T
:t"te PL-U'-SP,

d<t>,_
and: ——— is given by Equation (15)

dr"*

5.2. 3 . b S ta,tis,tiç^J;J^_,^te.adY^,,,,,arid_.,.,,fLilJ^ tu r bu l_&o_b.

flow

Per-forming the same opération as above with Equations (14),

(16) and (13), we obtain;

l » « d •:{),.
l T = -£

An-fe ai" (jr* l

J d'?)

d4>i-
where: —'• —— is given by Equation (17)

drs*

5 •4.2. Numerical solution of liayid velocAty p^^r

5.2.4.3 Distribution of ljgvA^^^ 'f low

This présents a mathematical development of a s-tatistical ly

steady and fully developed flow. Rewri'fcing Equation (17) in the

ather -form:

l ai - r'<ts:

d(j>i_ = :—-—- . -rr: —-:T~-~~--~rr--~r-"-"~~- !:jr"<'
b (i-oc) r- (-0.1790 r»^ -l- 0.1192r'K::2 -l- f..».) (20)
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where!
E. = (i-ot.) (-0.1770 r*^ + 0.1172 r-= -i- fi.)

Vi_ K"rc3 Do v.

à. — — •r — ~i- <-' . '-'
Rn'"s;.- Ru><t3ra

ai = 2 l a r* dr*
,J

b = l - 2 l «.r* dr*

According to the s-beplike arrangement shown in Figure 13•b,

We obtain., from the intégration of Equa'bion (20) in the new

coordinatss;

rv = l 2y* - l t

where; y* =
D

(]>,
f.;" 1
l d ((IL. =

r w
t Pr-i-^i aj. dr'

«
fr±*s. r- dr'

,J

b (l-o(.) Nr» r* (Arl<<^+Br'<'a-i-C^. ) Jr* Ar»"t+Br'<t:a+Ci. ]
L- ± - A -I

'(t't-i-l

where: A: = -0.1790,, B = 0.1192,, C^ = -f.,.
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l'Je obtain, -finally, for -filly developed flow:

:l>i-±=4t-i.-:i. +(I>
SJL t- 2CjL ^ ^

JF^ (H^.>.a.-H^) - (G.i.-.x-G.i.X—-+0.11c?2)t

a.1. .__-'

(22;

where; i = l, 2 ... n — l

n: number of points (= number o"f radiai positions in hal-f

channel (include the centre line posi-tion) + l)

a,. = 2 E

l OÎ.K

k=l 2

«s nt a
|2y - l l - t2y. - l l )

n—l K.K M -s * 3
b = i _ 2 s — ( |2y - l l" - |2y - l |~)

k=l te-t-l. 1-:-»-X

vi_ h::"F,30's«.A.

c^ = —-— + - + 0.06
RU "s 3F" RU» 2F,

(23)

Fi = (0.0142 + 0.7160 C^) 0.5

G<4-> .= ln !
(i+1) l

l - 0.3580 |2y<,L> - l l~+ 0.1192 - F^
(i+1)

0.35SO |2y(.i.,- l |~+ 0.1192 + F^.
(i-H)
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H<4>.= ln
(i.+l)

12y<4.> .-il
(ï+i)

l - 0.1790 |2y<,.,
l '(ï+1

l l + 0.1192 l: >y<+ >.- i
(i+1)

l + e.

Ut
(D,

u

5.2.4.b Distribution of l^iqyid velocitv in sinq.l,.e_i:thase flow

Making «.^ = 0, we have, according ta Equation (23),

with

l 't'L-.LF-A = <{!l + —
2F;

( G A - G.L •<- A )

k =
Ut

u

Bcx).= In
(î+1)

0.3580 |2-./(\, - l |~+ 0.1192 - FA
(i-i-i)

0.3530 i2y<i,.- l
(ï-i-i)

-+ 0.1192 - F:

FA. = (0.0142 + 0.71.60 Ci.) 0.5
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Vi_

Ci. = —-— + 0.06

Ru

Comparison o-f the numerical moclel and e;-;perimen'tal results

is given in Figures (20) and (21) for velocity and shear stress

distributions in two-phase -flow, respectively.

Graphs indicate that the numerical model offers better

rssults in the radiai plane.'

In the transversal plane, numerical résulte are still

c:oinpc?.r.5ble a'b low air flow rates; discrepancies start to appear

when -flow volumetric quqality Xo ,;: 20",..

In order ta obtain better results in the transversal plane,

it will be suggested that analysis o'f flow in two dimensions and

considération of li-ft, drag, and mass -forces be galien into"

accourit in the future formulations.
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CHAPJER...A

œNCUiSlÇJN

Local liqui d phase velocity m a y bo detoi'-minod in s e vers l

ways; among them, the use o'f •'che liquid isolator (or bubble

el iminator) wit'n a mi nia tu re press.Ui'-e transducer or evsn t h e

F'itot tubs ta -facilitate the measurement and interprétation o-f

impact pressure in two-phase -flow. Its design takes into

considération minimum perturbation a-fc local measuring points,

ma';-;imum efficiency in eliminating bub'oles and a reasonable

mesuring period. Liquid phase velocity may then be deduced

knowing local liquid density. the i-eliability o'f this indirect

rnethod d&psnds essHntial ly on calibra-tian procédure.

Expérimental results indicate, in a raidal plane, that the

veiocity pro-files behave like those o-f single phase flow "for

varions c'nosen values ai -flaw volumetric quality, It was also

•Found that -fcheir -form is quite similar in both small and large

diameter pipes.

In the transversal' plane, the aE.ymm'try o-f the profiles

appesrs fram X ,;;; 12 '/• and romains unchangisd •fi'-am a;-;i<al loca'tion

z/D ,::; 100 where the two-phase flow is assumed to be comple'tely

devsloped5 Xo is t h s flow ••/olumetric quality.
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The velocity of the cor-ftinuous phase (liquid) and the void

•fraction strongly influence phase distribution in the pipe. The

ratio of vslocity in two-phase flow to that o-f single pha'se was

-round to be s line'ar •function o'f the voici fraction, in the range

o-f 0 < Xo < 0.5,

Ëased on the assump''cions5 o-f turbulen'b 'îhear stress in bubbly

flow gis/en by Sato and Sekoquchi f.13], a numerical modol was

developed tu predict the distributions o-f liquid velocity and

shear strsss -the présent in despersed bubbles •flow. the

numerical i-nodel includes eddy dif-fusivity rela-tidnship in single

phase water "flow proposed by Trsvis et al. C30], measured values

u-f pressure drop, mean local velocity of bubbles, mean bubble

diamster <and local void fraction in fully developed -flQw.

Numerical results agrée well with measurements in radiai

plane, Discrepancies in compared values in ths transversal

plane were noted at -flow voiumetric quality X ,;; 20 X. Lit t,

drag, mass farses, etc... seem to be. important in horisan'tal

•flow and suggested tah-fc thèse be included in the ne;-; t stsp in

the nume.'-ical analysis.
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.APPENDIX A

TURBULENT SHEAR STRESS AND EDDY DIFFUS l VITY 0F TWO-PHASE.
DlSPEF;SEi:LBU!EŒiLES..J^OW.

A. l Turbuïiîn.j^,_sl5eâ,r._jitri5Sï:_

R & -f e r r i n çj tu -ri g u r- (s 19 . a , m o en e n t u m e q u a t i o n s o -f a

horizontal flow in cylindrical coordin'ates may be written as:

OU z _ OU 2
Uz - " + Ur-

3Z 5r

l 3F 19 ôuz -= ^
Pt_ — ~ PL. U —

pi- 9z .(SL. 3z 9z z z

1 a .30=

rpi_ 3r ' - 3r ' - " ' ' - - ÇA.l)
+ — ——- (pi_r —— - pi_ ru'z'-i'r. pi. ru"-^u"r-)

9Ur- _ 3Ur
rs uz ——— + Ur-

3Z 3r

l 3F 19 3uî
+ — —-— ( HI_ —'— — PL. U r-U KZ ~pt_ U r-U a )

pi- 9z pi_ 5z 3z

l 3 ou r. - 3 ..a U'r-

+ — —— \IA'-r —— - Pl- i"U - Pi- ru ) - ^ii_
rpi_ 3r ' 9r ' r- • r- 'r"=

(A.2)
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where: u«: flow velocity in the a>;ial direction

u-: flow velocity in the radiai direction

Considering the flow in the a;-;ial direction Z, th& mean

velocities are in the same direction and par-allel to the Z a;-;is;

Jc.he aquaation (A. l) ie reduced ta;

9 ou» — —-— ôP
r ( pi- • - pi- u'i-u'a: - pi_ u"i_uz ) = -— r

3r 3r ' 3z

Intégration of équation (A.3) givesî

3^ ——— ———. f 3F
(Ht- —~~ - PL. U'r-U'a - pl_ LS"r.U"z) -= t —— rdr + Const. (A.4)

3r .J 5=

Considering the -force balance of an élément of fluid and

if (l - oc) repressnts the pf-obability of the e;-;istence of a

liquid phase at a point in the mi;-;turs, the local shear stress

o-f the liquid phase isî

j 5C^ —— —— !
'~i_(a =(!-«.) |pi_ ——— - p,_ u'^-u'z - pi- U"r-U"-z l

'-3l'- ••>
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Moreover, Ti_s is still the Reynolds stress of the turbulent

•f l ow.

Accc'rding to the Prandtl's mi>;ing length theory,, the local

s'near stress "'? the liquid phase can b" E3;-;presc5ed ac5 ;

r -il du z
T:|_t3 ••= (l - &) Ri. |Vt_ + S.'i_ + E. "a

L J i dr

duz u'^-u'z Eddy diffusivity of liquid
whers; s.'i_ = P — = - "" .

dr du-s/àr phase.

•i"a = p":
dtiz u'i-u'z Eddy di'ffusivity o-f gas

dr du.e/dr phase.

d'^
( i ~ oc) pi_ s. ' i. ~— ;shsar strass due to momen'tum e>;change o-f

dr
liquid phase partie l es between two adjacent

layers.

duz
(l - a.) pi- £."0 — sshear stress due ta momentum exchange of

dr
liquid phase partie les between two adjacent

layers, caused by gâs phase -fluctuation.

duz
(l - a.) .i3i_ VL. -— îshear stresis due to laminar liquid

dr
vise asity.
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l du-/, l (A.û)
Therefore: l T:|..® :=: - PL. s.ar"- — t

l ~ ' ~ ~ dr l

wh èreî

E.3p. = (l - K) (Vi. -l- E ' L. + E."ca) Eddy di-F-fusivity in a (A.7)

two phase -flow.

A. 2 Evaluation of eddv di-ffusivity tej-msî

A. 2. l Eddv di-f-fusivity in simple phase -flow

Taking the model far predic-fcian of eddy diffusivity in fully

d&veloped turbulsnt isothermal single phase flow of Travis et

al- C30] (4;iel0:3 < Re < 5^10-*'), which is •fchs modi-fied Reichard's

rnodel [313 adapted to correspond ta e;-;periencs, we may, -for

the central ragion and for Rs .::; 2;iilOA in this study, writes

m E-.l.l=-

E.
IP Ru* ^.p. (A. S)

where; £.10 = 0.1790 Ru-.Lp (l - r*3) (0 333 + r«3)

r
^.r s — , r is measured -from the pipe centre line.
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r
l TWA.F» r ~i ri

^^ = ^1 —^— ^ ^^ ; IF/LSÎ l , pu. : !FT=/L^ l
p>_ • . L J ' '- L

A. 2. 2 Eddy di-L'fu5ivi^Y^j3_t}^^E^a.5e__.fJ_Qji-i

If is known to be applicable for 4;!ii0::s < Re < 5îl0'fa we

suppose tha.l: s. ' i_ = i. ir.- T'or Rsa,.u,< = 5*10A where Re,.,oK is

calculâtes -for liquid phase velocity, and the fric-tion velocity

Us*ii=, is replaced by U* 2p, Equation (A.8) becomss:

£'i. = 0.1790 Ru (l - r«a) (0.333 + r*3) (A.9)
ap"

Ths eddy di-f-fi-tsivi-fcy s."s is given by Sato and Sekoguchi [40]

(air-water flow);

a-o _
Î."Q == K"O(. —— O'o (A.10)

whereî K" ; Unknown constant.

do : mean diameter (spae avsrage) o-f bubbles acrc'ss

the pipe section.

Uo : fnean local velocity of bLibbles (space average).

y. s void fraction.
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Substituting Equations (A.<?) and (A.10) and Equation (A.7),

we obtain the eddy di-ffusivity if a two-phast2 -flow in

non-dimensional -forfn:

r~~'

•M

j s. = (i~ ff.) (.-0.17r-î0 r-*^ -l- 0.1192 r-»'-' + •f ^ ) i

i -^- j (A. 11)

where; 'l _
i _ Vi. K"Fo 0'a «.

j .. -f^ = - — + — + 0. Où
i • Ru^sr- RU-a,»

r
» l TWSF"

u' = \i
ap-

p>-

» E.2P

l ^__ =
j 3- Ru* sr

!
t

i r
l r* =
j F;
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Ls 24"C i 2BC,P^» 50 psig,^» 0.255 Iba/ftî

UAIER

Q tft'/tin» U Ut/sec)

T|,= tî'C l î\.?^ l af.f,' 62.4 lb«/(tî
^= 1.088 » 10"^ itl/ sec.

Oi.,(US6PH» U (ft/seu

76.6
73.8

147.6
2Û9.B
202.2

4.03
3.88
7.76

11.03
10.63

.116

.i3l

.219

.261

.292

'Çp
-.0^»<9.02*U^.a^.«.2.26*U^.f(;.

'Co'"Lo

4373
36&S
3340
4373
3666

2.69B*(PSIC)

A59.69**F

30.74

25.77
27.69
30.74
25.77

ID = 7.625 in, Re^aax) = 2 • 10T Hach(aax)» 0.014 (<0.2,incotpressible)

Entrance (i/D=û)

7z<_. » 24 axial locations.

• 9 radiai positions (tranversal plane A

and raanl plane B).

Ta b l ES l E ;; pe r- i iiter'i t a l e: on d i t i an G r-n
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000
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LT
.80

120

Coipressed air

S : manitoring control valvs
S* 3 rsgulatar c'f constant pressure

msn'-ial contre l va l ve

l) Pump (150 HP).
2) Pump (75 HP).
3) Closed pressure

vessel (45 psi).
4) Ori'fice mêler.
5) Hq U-manome'ter.

ô) Air-Water mi;-;er.

7) Pressur.s gauge.

S) Thermometer.
9) Test section.

.10) Measuremen-t

apparatus
(Pitot,
probe.». )

11) Open réservoir
tank

Figure l Horizontal test loop
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Transition zones.
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: Clear connections

^.^

f<4-^

î

t

H?

-Hg

c> Statis prsssure.

—Dynamic pressure.
i^>Total pressure.

l) Pi tôt tube (mode l 310,
SSI-TAYLOR, SYBRON CORP.).

2) Air purger.
3) Di-ffsren'bial press.ur-e

transucer (CJVR-10PSI.37N

173.3) .
4) Carrier modula'tor (mc'del

CJCD-3091, ser. 1795).
5) U-manometer.

'igure 3 Measuromen'l: a-f dynamic prossure in twa-phase flaw

wi-th Pitot tube and di-f-ferential pressurs
tr-^nsaucer »
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k

•*»•'--&. ...'•*
i«?-^rf*' '*.'. <

^•^

Figure 4 Pressncs of bubbles in static and total pressure
cannectian tubes.

4.a At y/'D = 0.233, Xo = 0. lia, a-fter ^ 12 minutes.

4.b At y/D = 0.233, Xc, = 0.282, a-fter ^ 07 minLites.
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Screu 5/8-llnc

Adaotor

Connecter i/4flgi-l/4îuae

Tube 1/àdXI'l

Leads

T 1/hnpt

1/& oipe s.s

-1/& plpe s.s
.5ù0 o.d
.088 w.t

-TT

3/8 tube a.a
.375 a.d
.0<>9 u.t

2 noies-l8ù9,l/lbd

.3/16d

Fi qu ;"s S 5,.s. i''1ii"!ia'!--urc-:' di'r-fei'-ential pi'-essu're ti'-ansducei"
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