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ABSTRACT

An experirnental investigation was made to determine

the effect sf reducìng the surface tension on flow pattern,
frictional pressure drop and local and mean heat-transfer
coeffi cients i n two-phase two-component (gas-l iquid) upward

flow in a 0.46 inch (l.l68 cm) l.o. vertical tube. The

1 i qui ds used were water and a water-sunfactant sol uti on whi I e

the gas used vúas a'i r. A surfactant reduces the surface
tension of water whi le other properties remain essentialìy
una I tered .

The surf ace tens i on produced essent'iaì'ly no effect on

the sìug-churn, churn-annular, annular_mist and bubble_froth
transitions for all liquid and air flow rates whi le
s i gni fi cant effects r,lere obs erved for the bubbl e-s ì ug

boundary; the region previousìy occup'ied by slug flow for
water was maìnìy occupied by bubble flow for the surfactant
solution. Surface tension was found to have little effect
on the frictional pressure dropt the tendency was for the
frictional pressure drop to be s'l ightly lower f or the

surfactant solution than for water where differences existed.

There appeared to be no effect of reduci ng the surface
tension on the shape of the local heat-transfer coefficient
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profi les; howevere the surfactant produced some effects on

the mean heat-transfer coefficients. In general where

di fferences were signi fi cant, the tendency was for the mean

heat-transfer coeffi ci ents for the surfactant sol uti on to be

I ower than for water; al so these di fferences were associ ated

wi th changes i n the fl ow patterns.

Local heat-transfer coefficients were correrated by a

modjfied form of the single-phase heat-transfer theory of

Spalding which with certain justifiable exclusions,gave

agreement with an rms deviation of 1B%. Mean heat-transfer
data r^lere tested agai nst some of the wel I -known exi sti ng

correl ati ons and certai n recommendati ons were made.
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CHAPTER I

iNTRODUCTION

I .l Background

The s'imultaneous flow of a ì'iquìd and a permanent

gas ( usual ly referred to as two-phase two-components fl ow)

or a ì i qu'i d and i ts own vapours (two-phase si ngl e-component

flow) wìth or without heat transfer takes place in a wjde

range of i ndustri al appl i cati ons such as i n nucl ear reactors,

oi I wel I s, oi I and gas pi pel i nes, rocket motors, evaporators

and condensers, boilers, a'i r-cond'i t'i on'i ng and refrigerating
equi pment and many forms of chemi cal process equÍ pment. In

these appì'i cat'ions, requi rements f or economi c desi gn,

opt'imization of operating conditjons and assessment of safety

factor provide an incent'i ve for ìnvestigatìng two-phase

phenomena in much greater depth.

A cons'i derable amount of work has been done in this

field and a'large volume of literature exists (44,50, ?4,

ll, 20,8, 17,3, ?5). Due. to the increasjng importance of

two-phase fl ow and heat transfer i n the power and process

'i ndustry, recently there has been an exponent j al growth i n

the literature on th'i s subject (8, 25,3, 17). A survey of

this literature reveals that on'ìy a few invest'i gators have

deal t wi th heat transfer j n two-phase two-component (gas-



liquid) flow in vertical tubes. A comprehensive ljterature

review on the subject of two-phase two-component heat transfer,

recently presented by V'iiay (+a¡ and Aggour (l ), indicates

that the experimental data in this area are scanty, while in

recent years, the growth of computer-based des'ign methods

had led to the need for more accurate input data covering a

wide range of two-phase flow and heat transfer conditions 'i n

order to predi ct the deta'i I ed perf ormance of compl ex p'l ants.

It i s wel I recognì zed that fl ui d properti es wj I I affect

the hydrodynami cs and heat transf eri n two-phase two-component

flows, and some work has been done (15, 32" 28, 27, 7, ?2, 45,

46,48, l). It seems that ìiqu'i d viscosity is the only

property wh'ich has received consjderable attention (22, 15,

28, 45, 46, 32,48). Very limited experimental work has been

conducted on the effect of gas-phase densi ty on the hydro-

dynami c and heat transfer aspects i n two-phase two-component

upf 'l ow (7 , I ) . Surf ace tensi on has recei ved very I j ttl e

attention. Some invest'i gators (45,55,32) have dealt wjth

the effect of surface tension on some of the hydrodynamic

aspects ; these data are very l'imi ted. So f ar as the present

author j s aware, no one has attempted So f ar to j nvest'i gate

the effect of surface tens i on on the heat-transfer coeffì ci ents

ì n two-phase two-component upfl ow i n verti cal tubes, the

present study was carrjed out as a fjrst step.



The present i nvest'i gati on j s a part of a conti nu'i ng

program at the Uni vers i ty of Man i toba whi ch seeks to

i nvesti gate the effect of fl ui d properti es and other geo-

metrj cal parameters on fl ow patterns, pressure drop and

I ocal and mean heat-transfer coeffi ci ents for two-phase,

two-component (gas-liquid) flow in a vertical tube. It was

desired to change the individual properties systemat'icaì1y.

In the earl ier work Vi jay (48) i nvest'i gated the ef fect of

ìiqujd-phase Prandtl number through variatjon of viscosity,

Aggour ( I ) i nvestì gated the effect of the ratj o of gas-phase

density to ìiquid-phase density by changing the gas-phase.

The present work i nvesti gated the effect of reduci ng the

surface tens i on ( and hence the Weber number) on fl ow patterns,

pressure drop and local and mean heat-transfer coeffi.cients

for two-phase, two-component upward fl ow i n a vert'i cal tube.

For this purpose, experiments were performed with two liquìd-

a'i r systems; the 1i qui d used were di sti I I ed water and a

surface actj ve agent ( s urfactant) sol uti on prepared i n tap

water. The I ower surf ace tens i on was achi eved by us'i ng a

surface actj ve agent (surfactant) maì nly because a surfactant

i s capabl e of reduc'i ng the surf ace tens j on of water to qui te

low valueS at relatìve1y low concentrations while other

properti es rena'i n essentì a'l ìy unal tered.



After a careful study, f1 uorocarbon surfactant
FC-128 (potassium Fruorinated arkyr carboxylates)
produced by 3M company was selected for the reasons outl ined
in Chapte¡ 3. l4easurements of stati c (equi I i bri um) surface
tens i on were made throughout the i nvesti gati on by us i ng a Fi sher
(No¿e1 215) du Nouy ring-type tensiometer. in order to ach.ieve

equilibrium distribution of surfactant at the surface, the
samp'les of solution were aged in covered pìastic petri dishes
for 16'24 hours and the surface tension measured; these

val ues are reported i n the thesi s. It i s recogni zed

that measurements of stati c surface tension do not necessari ìy
represent the actual surface tension under operating
condi ti ons i n the apparatus where gas-l i qui d i nterfaces
are moving. In the case of the dynamìc situation, the
effective surface concentration of surfactant would be

somewhat less than the static surface concentration;
theref ore, the dynam'i c surf ace tens i on i s expected to be

hi'gher than the corresponding static value (35). However,

measuring the static surface tension is still an obvious
first step to take ín the investigation of the effect of
surface tensi on. If changes i n any of the observed or
measured vari abl es (f 'l ow pattern, pressure drop and heat-
transfer coefficients) occur, then these are most certainly



due to changes ìn the surface tensjon.

In the present j nvest'i gatì on, the mai n j ndependent

vari abl es were l i qui d and ai r f l ow rates and surf ace tens'ion

(by adding a surfactant to tap water) and the main dependent

vari abl es measured were fl ow patterns , pressure drop and

heat-transfer coeffìcjents. The range of variables studied

is given ln Table 4.2.

1.2 Purpose and Scope

In summary, the objectiv.es of the present investigation
are:

(i ) To generate experimental data on flow patterns,

frictional pressure drop and local and mean heat-

transfer coef f ic'ients f or two-phase, two-component

(gasll'iqu'id) upward fIow in a vertical tube at

d'i f f erent val ues of surf ace tens i on ,

(ii ) by comparìson with the present water-air data, to
determ'i ne the ef fect of reducing the surface tension,
at least through the medium of surfactant, on the

yari abl es menti oned above,



(r 1r, to compare the present experimental fl ow pattern

data agai nst some of the exi sti ng emp'i ri ca'l and

ana'lyti cal f I ow pattern maps f or verti cal upf 1ow of

liquid-gas m'i xtures,

(iv) to correl ate the present I ocal heat transfer data

i n the manner proposed i n Reference (49) and to

compare mean heat transfer data agai nst some of

the existìng correlations.

L 3 Layout of the Thes j s

A brief rev'i ew of wel I known work i n two-phase, two-

component (Sas-lìquid) upflow in vertical tubes ìs presented

in Chapter 2.

The experìmental apparatus is described

the deta i I ed j nformatj on on equì pment j s gi ven

ln

in

Chapter 3;

Appendi x A

chapter 4 descr.i bes the exper.i mentaì procedure and

condi ti ons; the cal cul ati on procedure j s gi ven i n Appendi x

C.

The fl ow pattern and fri cti onal pressure drop data

are presented j n Chapter 5. The fl ow pattern maps for the

present data are shown jn Figs.5.5 and 5.6 whjle the effect

of surface tens'ion on flow patterns is illustrated jn F'i g. 5



The frìctional pressure drop data are shown in Figs. 5. l0
and 5. I I and the effect of surface tension on frictional
pressune drop is illustrated jn Fig. 5.12.

The raw heat-transfer data are presented i n chapter 6

jn Figs.6.5 to 6.8 and the effect of surface tension on mean

heat-transfer coefficient shown in Fjg. 6.9 A and B. Figure 6.10 and

6. I I i I I ustrates the resul ts of correl ati on of the I ocal

heat-transfer coeffi ci ents. A summary of the present work

together wjth the ma'i n conclusion are presented in chapter 7.

The number of each fi gure , tabl e and equati on ì n the

body of the thesis begins with the number of the chapter,
or the I etter of the Appendi x .i n whi ch i t appears.

The vari abl es appearing i n the body of the thes'i s

are l i sted i n the "Nomencl ature" and the uni ts emp'l oyed are

al so menti oned ì n the Nomencl ature.



CHAPTER ?

LITIRATURI REVI Et,l

2.1 Introductory Remarks

An excel I ent comprehens'i ve rev jew of the I j terature
on the subject of forced-convect'i ve heat transfer jn two-

phase, two-component upfl ow i n verti cal tubes has been

recently presented by Vijay (+A¡ and Aggour ( I ). These

surveys document studies made on thìs subject up to 1gll.
Sjnce these authors thoroughly summartze the work available

on thi s subject, only those better known works whose

correl ati on were compared wi th the present heat transfer
results, are presented in th'is chapter. As to the knowledge

of present author, a very limited amount of work has been

published on forced convect'i ve heat transfer in two-phase

two-component upward fl ow i n verti cal tubes after Vi jay ( 48)

and Aggour (l); that work is also'included in this chapter.

Theref ore the work presented i n thi s chapter comb'i ned wi th

the prev'i ous revi ews (48, I ) coul d be cons'i dered as an up-

to-date summary of the work done 'i n two-phase, two-component

heat transf er i n upward f I ow 'i n verti cal tubes.

As mentj oned i n the Introducti on, the present

invest'igation also jncludes the hydrodynamic aspects (pressure

drop and fl ow pattern ) of two-phase, two-component upfl ow i n

a vertj ca I tube. The I i terature rel atì ng to these hydro-
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dynam'i c studies is not reviewed in thjs chapter; the

I i terature pertai ni ng to the fl ow pattern and pressure drop

rel evant to the present work wi I I be di scussed at the

approprì ate pl aces throughout the thes i s .

?.2 Groothuis and Hendal (2?)

The authors measured heat transfer to water-ai r and

j I ) ai r mi xtures i n a verti cal tube and obtaí ned

cal correlations. They .also performed single-phase

ments using water and gas-oi I and correlated their
s wi th the foì 1 owì ng correl ati ons:

(gas-o

emp'i ri
experì

resul t

Nu = c ne!¡Bl ,rL/3 (u¡/u*)o'14 (z.t)

where

C = 0.030 for water (ReSl > 5,000)

C - 0.028 for gas-oil (ReSl>4,000)

The experimental results of two-phase heat-transfer

coefficients for water-air and (gas-oi'l )-air mjxtures are

shown i n Fi g. 2.1 . The authors observed that an i ni ti al

amount of ai r caused a rapi d i ncrease i n the heat-transfer

coeffic'ients. Also the influence of air on heat transfer

h,as most pronounced at the lowest Re because air would be

more effecti ve i n promoti ng turbul ence there. For each
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ll

VSL, the ilrO passed through a max'imum val ue; the val ue of

VSe/VSt_ at wh'i ch thi s max jmum occurred decreased wi th an

increase jn 1.i quìd mass velocity. The maxima for (gas-ojl)-

a'i r mi xtures occurred at cons i derabì y I ower Val ues of

VSO/VSf- than for water-ai r mi xtures. The exi stence of the

maxima was attributed to the transitìon of slug flow to

annul ar-mi st (note that the authors di d not observe the fl ow

patterns ) . The drop j n ñfp beyond the maxi ma was attri buted

to the appearance of dry spots on the heated wall due to

d'isintegration of the ìiquid film on the wall.

The ñrO data up to the maxima i ust descri bed were

correlated in a modified S'ieder-Tate-type equatjon as gìven

below.

For the water-a'i r sYstem:

ñro = 0.029 R.Tp0'87 PrLl/3 (uL/uw)0'14

v^^
RuSL > 5,000 and 

tr,-

For the (gas-oi'l )-air sYstem:

ñro = ?-6 R.rpo'39 P'"Ll/' (u¡/u*)o'.l4

\/

1400.R.SL<3500andffìl (2.3)
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where

RtTP R.SL * R.SG (2 .4)

Knott, Anderson, Acrivos and Petersen (27)

The authors performed experiments to study the rate of

heat transfer to a viscous oìl and nìtrogen gas mixture ìn

aVerticaltubeoVerarangeof6.7<ReSL<l62and126<
Re^^ < 3920.)b -

J

The experimental

F;
---l-l- i s pl otted agai nst
h.oJr is the experimental

coef f ici ent and hSp 'i s

coeffi ci ent cal cul ated

data are shown i n Fj g. 2.2 where

V.^
the vol umetr j c f I ow rat'i o 

Ët 
htp

'length-mean two-phase heat-transfer

the sìngle-phase heat-transfer

f rom the S'i eder-Tate equat j on.

The authors observed a very small increase in F
V^ ^ 

..TP

. 5l.r ^up to u- of 0.?; however, as the gas flow rate increased,
'SL

h; \/^^tY 'i ncreased up to a value of 2 al ,,to = 10.0. Assuming
E; 'SLJr that the i ntroducti on of the gas -phase ('i n bubbl e f I ow)

di d not affect the boundary 1 ayer regì on, the i ncrease j n

I--^ was attri buted to an increase in the mean velocity oftt
the fl u'i d because of the addi t'i on of the gas-phase. Based

upon this conclus'i on, they estimated FtO by the equation of

Sieder-Tate empì oyì ng R.Tp based on the mean vel ocì ty (TrO)

of both phases . They proposed the fo1 ì owi ng correl ati on.
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htp

E;

0

(t - urGrr/3
'qL'

ff'40

(2.5)

General ìy Eq. (2.5) overpredjcted thei r experimental

da ta ; however, i t j ndj cated the approxi mate trends of the

results.

?.4

The author i nvesti gated the hydrodynami c aspects of

two-phase heat transfer i n the I ower quaì ì ty range. The

bo'i l'ing process lvas simulated by bubbl'i ng air through the

wal I of a porous , electri ca'l ly heated, vert'i cal tube 'i nto

water and ethyl ene g1yco1 f ì ow'i ng j nsi de the tube. The

condi t'i ons of two-phase, two-component heat transf er w'i th

an ìmpermeable wal I (present case) prevai led by shutting

off the air suppìy through the walls of the porous test
sectjon and ìnjecting the ajr through the section of the

tube preceding the heated section. 0nìy these results of no-

air injection (zero jnjection) are cons'i dered here.

The values of local heat-transfer coefficients at a

I ocati on Z - I 4.3D from the begi nnì ng of the heated secti on

rvere obtained. Th. hTp for aj r-ethylene glycoì were found

to be much lower than those of air-water as the viscosjty of

Kudirka (28)
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ehtyl ene g'lycol vras 17 times h'i gher than that of the water '

The reported resul ts are shown i n Fi g " ?.3 pì otted as 
htp

vse ::: :: ::',^'n"::- ",=.": ^":" :^;^;:..,",,n'oagaì nt, 
ü. 

The j ocal hSp f or water were obtai ned f rom the

Sieder-Tate equat'i on wh'i le for ethylene glyco'l , measured

values of hsp were used. The amount of jncrease in htp at

vari ous vsL \¡\las rel ated to the I evel of turbulence and

mi xi ng acti on al ready present (j n the 1ì qu'i d phase ) pr.ior to

the addition of gas-Phase.

The resul ts

ing relationshiP.

htoD
NrTp = i; = 125

were cornelated within + 20% with the follow-

,H,0.r2u r,Hto'u *.rro''u prLr/t,*,0'14

(2.6)

l.o < v., < 9.0(ftlsec) ; o.l 'þ < 80'51--' \I vSL

Equati on (2.6)

tran s fe r ra te on the

also indicates a much

for s'i ngle-Phase heat

refl ects the smal I dependence of heat

vol ume tri c fl ow ra ti o. Th i s eq u ati on

I ower dependence of hfp on RtSL than

transfer.
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2.5 V'i iay (aB)

The author studi ed the effect of 1 i qui d vi scosi ty and

1ìquìd Prandtl number (through viscos'i ty) on the two-phase

I ocal and mean heat-transfer coeffi ci ents, pressure drops

and f I ow patterns. Experìments r,rtere perf ormed 'i n a verti cal

electri ca1ìy heated tube usi ng water-a'i r, water glyceri ne

sol ut j on-ai r and g'lycerì ne-a'i r mì xtures. The author obtai ned

data coveri ng the w'i dest range of vari abl es.

S'i ngl e-phase heat transfer experjments usj ng the above-

menti oned three I i qu'i ds were carri ed out and the resul ts were

successful ly compared wi th the wel I -known theorj es and

correl ati ons. The author presented measurements of two-phase

I ocal and mean heat-transf er coef f i c'i ents, f ri cti onal

pressure drops and fl ow patterns al ong wì th sampl es of

photographs.

In an attempt to compare hi s I ocal heat transfer data,

the author modjfied Spaldìng's theory for s'i ngle-phase heat

transf er and correl ate d 84% of h'i s I ocal hf p data poi nts

wjthjn + 50%. The ìiquid propertjes were used for mjxture

properti eS to achi eve thj s comparj son. The author observed

that the shape of the profiles of hSp with djstance along the

test tube was a functjon of the 'i n'i t'i al iìquid vejocìty'

flow pattern and the 'ì 'i quid viscosity. In the bubble and

slug f low at low f iquid f low rates, the hsp was observed



IB

to ri se wi th di stance from the commencement of the heated

tube. A theory was developed by mod'i fying the class'i cal

Graetz problern lvh'ich qualitatively explained this observed

behaviour of hfp - Z.

The mean heat-transfer coef f i ci ents were obta'i ned by

i ntegrati ng the I ocal val ues al ong the test tube and are

shown in F'i gs. 2.40 2.5 and 2.6 for all three'l iquid-ajr
mi xtures. The mean htp u/ere observed to depend on the i nti al

liqu'i d velocity, flow patterns and the liquid viscosity. The

author proposed a simpìe correlation to predict tfre F-*

This was based on a separated flow model and is gìven below.

Fr" =FAt+Ç, (2.7)

where

hRt is the single-phase I iqu'i d heat-transfer

coeffic'ient based on the actual mean velocity
and the actual fl ow cross-sectional area of

the l'iquid,
ñ; is the single-phase gas heat-transferAb

coefficìent based on the actual mean velocity and

the actual fl ow cross-secti onal area of the gas.

The fo'l 'l owìng sìngle-phase heat transfer expressions

lrlere used to eval uate hO,- and m.
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For lamjnar flow (both gas and liquid)

1 t)Msp = 1.615 [Re Pr (o/t) ]'/"

For turbul en t fl ow of water

ffirp = o.ol55 lerr)0.5 (Rel)0.83

For turbulent flow of glycering_and jts solut'ion

ffiro = o.oll8 (Prl)o'3 (Rel)o'9

For turbulent flow of ai r

ñsp = 0.022 (Pre)o'6 (Ree)o'8

It shoul d be noted that ì n the above-noted equati ons,

Re was calculated on the bas'i s of actual mean Vl and actual

f I ow area of the f I u j ci. The author compared h'i s data wi th

Eq.(2.7)and found that 86% ìdere correlated withjn + 50%,

The liqu'i d viscosìty affected the frict'i on-pressure-

drop results in such a way that for a gìven VSL, the higher

the viscosity, the higher the pressure drop. Also the

effect of .l iqu'i d vjscosìty was more pronounced at lower
'l iquid flow rates than higher'l ìquid flow rates.

The physical configuration of the same fIow pattern

was observed to be influenced by the lìquid v'i scosity.

(? .B)

(2 .e)

(2.10)

(2.11)
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The author studi ed the ef fect of gas-phase dens'i ty (by

ng the gas-phase) on the two-phase local and mean heat-

er coeffi ci ents, pressure drops and fl ow patterns " For

urpose, he perf ormed experìments j n a vert'i cal

ì caì'ly heated tube by us'i ng three d j f ferent gas-water

es ; the gases used were a i r, he I'i um and Freon- l2 wh i ch

d gas densi ty changes by a factor of approximately 52.

changi

transf

thì s p

electr

m'ixtur

allowe

The author observed an i nverse rel ati onsh'i p between

the heat-transfer coefficient and the lìquìd-phase v'iscosìty.

The majn reason for the behavior was the lower Reynold number

for higher viscosity.

2.6 Aqqour (l)

Resul ts of measurements of the heat-transfer coeffi ci ents ,

fri ct'i onal pressure drop and fl ow patterns were presented

al ong wi th the photographs of fl ow patterns.

The author correl ated hi s local heat transfer data w'i th

the modified theory of Spalding in the manner proposed in

Reference (48). In an attempt to generalize the modjfied

theory, the author def i ned 'i ts range of app'l ì cabi ì'i ty and

tested it against a w'i de range of data (2142 data points);

93% of these points agreed within + 50%.
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The author al so conducted a fl ow-vi sual i zati on study

in order to confirm the existence of downflow of ì.iquid

fìlm at the wall in bubble flov¡ where local heat-transfer
coeffi ci ents were observed to i ncrease wi th i ncreasi ng

distance along the test sect'i on. High-speed cine movie films
of water-air mjxtures at low flow rates of both phases were

obtaì ned by emp'l oyi ng the hydrogen-bubble and dye-ì n jecti on

techniques. The author observed downflow of liquid near the

tube wal I jn bubble and s'l ug f low (trris phenomenon was already

well known 'i n slug f low), so confirming one of the poss'i ble

mechan'i sms proposed to expl ai n the shape of I ocal htp - Z

results.

The i ntegrated mean heat-tran sfer coeff i ci ents were

obtai ned from the measured I ocal val ues of htp al ong the

test section; these results are shown in Figs. 2.7, 2.8 and

2.9 for all three gas-water mjxtures. The author also

deveì oped a s'imple correl at j on to predi ct Ç , whi ch i s

based on a sjngle-phase 'l iquid flow model hav'ing a Re

based on the actual mean velocÍty of the 1ìquid jn the two-

phase flow. The proposed correlation is as follows:

r; Frp (l - 0)n (2.12)

n = - 1/3 for laminar flow

ri = - 0.83 for turbulent flow.

where
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hSp'i s the sìngle-phase ììquìd mean heat-transfer
coefficjent based on the superfìcjal liqu.i d Re The

Ç was calculated from the foliowìng correlat'ions of s-i ngle-
phase heat transfer.

For laminar flow:

(ReSt < 1000)

(Rel < 200)

^ i,- u' 0.14ffiro = 1.615 (Resl PrL i),,, ,ü' (2.13)

For turbulent flow

(ReSl > 2,000)

Mro = o.or5s R.sLo.83 prLo.5,.uï,0'"

o 'i s the voi d f racti on cal cul ated f rom Chi sholm,s

correlation (.l0).

(2 .1 4)

The author compared h j s data w'i th Eq. 2.12 and f ound

that 97% were correlated within + 50%.

The f ol'l owì ng concl us i ons tnlere made on the ef f ect of

gas-phase densìty:

( j ) In order to make a defi ni tj ve statement on the

effect of gas-phase densi ty on the fl ow patterns, m0re fl ow

pattern data are requj red.
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(ii) gas-phase densìty produced no effect on heat-

transfer coeffì ci ents and fri ct'i onal pressure drops at I ow

VSt and low VSG, and high VSI and all values of VSe .

However, the author observed si gni fi cant effects at I ow water

f low rates and moderate-to-h'i gh VSG; the trend of the results

be'i ng that, f or the same VSt and VSG, the hi gher the gas

dens ì ty, the h'i gher the Ç and f ri cti onal press ure drop and

vi ce versa.

Rav'i pudi (33)

The author studied the effect of mass transfer on heat

transfer rates and heat-transfer coeffi ci ents for di fferent
air-l'iquìd mìxtures in a vertìcal tube of 0.75 inches I.D.

and heated by steam. The experj ments performed at I ow vapour

pressures of the I ìqui d (bel ow 3l 0 mm Hg) were consj dered

to have no mass transfer effects and on 1y resul ts of these

experjments wi I I be consi dered here.

The author performed single-phase heat transfer

experiments wìth water and compared these results w'i th the

Sieder-Tate equation wìthjn + B%. The two-phase heat

transfer experjments with no mass transfer effects were

carri ed out wìth water-ai r and tol uene-ai r mi xtunes. The

author measured I ocal hfp at fi ve I ocati ons a1 ong the test

secti on, and reported overal I mean hlp.
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\/

Fìgure 2.10 shows the mean htp data plotted against fS"VSL

For each VSL, the Ç was observed to pass through a

maximum, whi ch was observed to occur at the transj tj on of

annular to mjst flow. The h-* was observed to increase as

much as 5. B times Ç. Th'is enhancement i n Ç was attri buted

to the reduction of effective thickness of the lamìnar sub-

l ayer wi th an 'i ncrease i n gas f I ow rate. The rate of heat

transfer in two-phase flow increased by 200% over that of
'l 'iquìd f'l owìng alone.

By emp'l oying djmens'ional analysis, the author proposed

a correl atj on si mi I ar to the one propose.d by Kudj rka (28)

and 'i s gi ven be I ow

t, o'3 ,, o'2
NrTp = o .56 (ff) ,-rÌ, o.r ro'u P.Lo

8,554 < R.SL < 89,626;

. 0.l4
)a 9r
JJ / L\

\u t
'W

< g0

data w'i th tq. 2.16 and

¡* were correlated
IY

(2 . 16)

\/
1 ¿ lb| \ \,

'sL

found

within

The author

that data

ï 0/o.

correl ated hi s Fñ
upto the maxjmum in
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CHAPTER 3

EXPIRIMINTAL APPARATUS

3. I introductory Remarks

This chapter describes the experimental apparatus

used j n the present work. As menti oned earl ì er, the present
'i nvestìgation was a continuation of previous work (49, l)
to determi ne the effect of fl ui d properti es on the heat

transfer and hydrodynami cs i n two*phase, two-component fl ow.

Therefore, the same experimental facjlity, with some slight
modifications, used in the prev'i ous work (l) was used ìn

the present work. These s'l i ght modi f i cati ons were the

repl acement of some control val ves wi th better ones, the

addition of some drajn poìnts in the l-iqu.i d flow loop

and the repl acernent of the DVM w'i th a nernl one (Kei thly l gl ) .

The material presented jn thjs
the same as that i n References (48)

here for the sake of completeness.

appeari ng j n the fi gures correspond

i n the system wh j ch are des crj bed i n

chapter js essentia'l ìy

and (l) and ìs presented

The ci rcled numbers

to the components used

detail in Appendix A.
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3.2 Li qui d-Ai r Fl ow System

3.2.1 General Descri pti on

The flow schematic of the lìquid-air loop is shown

in Fjg. 3.1. To'i ndicate the main features of liquid and

air flow loops, more details are gìven later in this sect'i on

Test ìiqu'i ds from the storage tank, after passing

through the heat exchanger, were pumped by a pos'i tive dis-

p'l acement gear pump to the gas-l iquid mixer through a

selected rotameter. The flow was by-passed to the storage

tank at the pump d j scharge and a 'l arge pressure drop was

maintaìned across the control valve which allowed stable

operati on j n two-phase f l ow. The ai r rlras obta'i ned f rom the

central compressori n the Mechan'i cal Engineering Laboratory.

The pressure of the air was controlled and set by a

combination of pressure regulators and a by-pass valve on

the supply l'i ne. The ai r f I ow rate was measured by a set

of ori f i ce meters or a rotameter. The a'i r was in jected

through the porous tube j n the m'i xer. The back f I ow of

liquid'in the ajr suppì'y line was prevented by a check valve

i nstal l ed on the ai r feed l j ne. The 'l ì qui d-gas mi xture then

passed through the heated test secti on and transparent

vi sual i zati on secti on. The mì xture then passed through the

separator where ai r escaped to the atmosphere and the

ì i quì d returned to the storaqe tank.
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The details of the 'l iquid flow loop and the air flow

circuit are gìven in the fol'lowing sectjons.

3.2.2 Ljquid Flow Loop

Distilled water and (tap) water-surfactant solutjons

were the I ì qui ds used i n the present work. The test

1ìquìds were stored in a 40 ga'l 'l on (U.S. ) storage tank.

The deta j I s of the 1i qu'i d I oop are g'i ven 'i n Fi g. 3.2. It

consisted of the fo'l lowing:

(i) A stajnless steel ìiquìd storage tank of 40 gaìion

(U.S.) capacity,

(i i ) a heat exchanger connected i n seri es to control the

temperature of the I i quì d enteri ng the test sectì on,

(iii) a positive displacement gear pump. A by-pass line

at the di scharge of the pump to al I ow setti ng the

desired flow rates through the rotameters,

(i v ¡ three rotameters of vary'i ng ranges w'ith control

val ves, in paral leì , for measuri ng the ì ìquì d flow

rates,

(v) the test sectjon consjsting of the m'i xer a

calming length, the heated test secti on and the

vi sual i zat'ion secti on ,
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(vj ) the 1ìqu'id-gas separator, which dra'ined the iiquid

i nto the storage tank and vented aì r to the atmosphere,

(vì i ) a heat exchanger cool i ng water system consj sti ng of

two paral 1 eì rotameters and control val ves to set

the cool ì ng tap-water fl ow rates,

(viii) an uprìght mercury manometer and an 'inverted 1ìquìd

manometer to measure the totaì pressure drop across

the test sectjon,

(xi ) other el ements i ncl udì ng control va1 ves, pressure

gauges, a pressure rel'ief valve, a strainer and

provis'i on for calibration as shown in Fig. 3"2.

The materi al used i n constructì ng the i i quì d ci rcui t
and those of control valves and stra'i ner were stainless

steel , brass and copper" Rubber hoses were al so used wherever

requi red for fl exj bl e joì nts.

3"2.3 Air Flow Circuìt

The deta'i ls of the air flow loop are shown in Fig. 3.3.

I t cons j s ted of the fol 1 owì ng:

(i) A main gas supp'ly line hav'ing a shut-off valve, a gas

fi I ter, a coarse press ure -regul ator, a by-pass I i ne

w'i th a shut-of f val ve and a f i ne pressure regul ator,
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( j i ) a set of three ori fi ce meters and a rotameter, al I

connected in parallel through four needle valves,

f or meas uri ng a'i r f I ow rates ,

(iji) a we'l 1-type water manometer to measure the pressure

drop across the orj fi ce pl ates,

(iv) the air-line lead'i ng to the mixer, equipped with a

check-val ve to prevent any back f I ow of waterinto
the air l'i nes.

Flexible pressure hoses were used in the air-supply

system. Standard pressure gauges were instal led at appropriate

I ocati on s as s hown j n Fi g. 3 .2.

3.2.4 Fl uì d-Temperature Measurements

Sìx copper-constantan Al^lG#30,0.010 in. (0.254 mm)

di ameter (T/G-30-DT) tfrermocouples were used to measure the

temperature of the f I u'i d at the f ol l owi ng I ocat'i ons ;

( i ) 0ne for measuri ng the temperature of the ai r at the

'inlet to the orifÍce meters,

('i i) one for the liquid temperature at the inlet to the

mixer,

(i j i ) two f or the m'i xture at the exi t of the mi xer,

( i v ) two at the outl et of the transparent secti on.
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3.3 Test Section

The pri nci pal components of the test secti on were the

gas-1ìquìd mìxer, downstream of which was a 5 ft long

ca 1m'i ng sect'i on ( L = l30D ) , the heated tube and the

transparent vjsualizatjon section. All the sections were

fl ange-connected and seal ed wi th rubber 0-rì ngs. The test
sectj on i s shown i n Fi g. 3.4

3.3.1 Gas-Liquid Mixer

The detai I s of the gas- l'iqui d m'i xi ng secti on are shown

in Fi9.3.5. It consisted mainìy of a grade E porosìnt

bronze tube (supplied by Sintered Products Lim'ited, Sutton-

in-Ashfield, Notts, England) of the same inside d'iameter as

the test tube, contained in a brass cyl'inder and equipped

wi th a stai nl ess steel strai ner.

The chamber was desi gned such that the gas or 1 i qui d

coul d be forced through the porous tube; however, i n the

present invest'igation the liquìd flowed axìally upwards

while the gas was forced to flow through the porous tube.

3.3.2 Heated Test Secti on

The heated test section was made of type 304 stainless

steel tube, 0.460 in. (1.168 cm) I.0., 0.500 in. (j.270 cm)

0. D. and 2 f t (60.96 cm) ìong. As shown 'in Fjg. 3.4, two
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bus bars were s'i lver soldered to the tube. A I in. x I in.
x 2 ft. (2.54 x 2.54 x 6l cm) long Permalj electrical
insul ator bar was fi rmìy attached verti cal 1y between the

bus bars to avoid buckììngof the heated tube due to the

weì ght of the bus bars and the power cabl es. Al ternati ng-

current Joulean heating, using the test tube as an electrical
resjstor, was employed because this method offered a simple

and accurate means of measuri ng and control I i ng the I ocal heat

f I ux.

As shown jn Fig.3.4, a guard heater made of a spiìt
copper tube (l ower and upper guard heaters ) \¡ras i nstal I ed

around the heated tube. The ma'i n purpose of the guard

heater was to maintain a zero temperature-gradient at the

outer surface of the heated wal I and to prevent thermal

I osses from the heated test secti on to the surroundi ngs.

More detaj I s can be found i n Reference (48).

3. 3. 3 ldal I -Temperature Measurements

In the experi ments, outer-wal I temperatures of the

test secti on t,Jere measured by means of thermocoupl es. The

i nner wal I temperatures were cal cul ated from these measure-

ments by empi oyi ng a wel I -establ j shed method (4, Zg) . in

thi s method, the temperature drop across the tube wal I was

cal cul ated from the knowledge of the tube wal I thi ckness,



44

i ts propertj es and the el ectri c current. Thi s method i s

explained in detail in Appendix C.

The I ocati on of thermocoupl es on the outer wal I of

the heated test tube and the inner wall of the guard

heater is shown in Fig. 3.6. Forty-three thermocouples (Nos.

5-47) were used to measure the wall temperature at i6

elevations along the test sectjon; however, temperature

readìngs onìy at Plane Nos. 2, 4, 6, B, ll, l4 and l5 were

used to cal cul ate the I ocal heat-transfer coeffi c'i ents

(see secti on C.l (b), Appendi x C). Eighteen thermocouples (l'los.

48-65 ) were used to measure the guard heater wal I temperature

at ni ne el evati ons . Thermocoupl e numbers I to 4 measured

the temperature of the bus bars.

Copper-constantan AhlGil36, 0.005 ìn. (0.127 mm) diameter

(T/G-36-DT) thermocouples were 'i nstalled on the test tube

wall and Al,^lG#30,0.010 in. (0.254 mm) d'i ametey (T/G-30--DT)

thermocoupìes were i nstal I ed on the 'inner wal I of the guard

heater. The thermocouple wi res, suppl ied by Thermoelectri c

Canada Ltd., were calibrated in the laboratory at the time

of installation over the temperature range involved in the

present investìgation (48). Scotch electrical tape No. 27

was used to insulate the thermocouples from the tube and

also to attach them to the tube wall. A layer of tape was

wrapped around the tube at the des i red I ocatj on, the thermo-

couple head was placed in position and two or three turns
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of the wire were wrapped around the tube ìn order to mjnjmize

any possible conduction errors.

3.3.4 0bservati on Secti on

The observati on sect'i on was made of a transparent

cast acryf ic rectanguìar block, 3 in. x 3 in. x I ft.
(7.62 x 7.6? x 30.48 cm) 'l ong. A precjsion, highly poìished

hole of 0.46 in. (1.168 cm) i"D. b/as dri lled through the

block. As shown in Fig.3.4 the block was p'l aced rìght on

top of the heated section. The visual and photographìc

observati ons were made through thì s transparent sectj on.

It was assumed that the character of the flow pattern in
this section was the same as that existìng in the heated

test section.

3.4 Temperature Measuring System

The previ ous secti ons descrj bed the I ocati on of al I

the thermocoup'les to measure the wal I temperature the heated

test tube, the guard heater and the fl ui d temperatures. Thi s

secti on descri bes the system empl oyed to measure the emf

of the thermocoup'les. The ori gi na'l temperature-measurì ng

system (+e¡ as mod'i fied by Aggour (l) was used jn the

present work and i s s hown 'i n F'i g. 3.7 .
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(ì) The Fluke 2240A data Iogger,

(i'i ) the Kejthley l9l DVM,

(jii) the Honeywell two-pen strip chart recorder.

The emf of thermocouples was measured by any one

or combi nati on of the f ol I owì ng temperature record'i ng

devices by selecting the appropriate swjtches:

The Fluke data logger had 60 analog inputs and a

scanning speed up to l5 channels per second. The first
channel was connected to a I mv standard potenti al source

whi le the rema'ini ng 59 channel s were used to record the

emf of al I the wal I thermocoupl es , f I u'i d thermocoup'les

and s'i x of the guard heater thermocoupìes.

The correspondence between the data 'l ogger ì nputs

and inputs of the mul tiple-poì nt selector swi tch are gi ven

in Table 3.1.

A high-precision Fluke 3354 DC voìtage standard was

used frequently to check accuracy and to cal i brate the

DVM, the recorder and the data ì ogger.
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Tabl e 3. I Correspondence between the Data Logger Inputs
and the Mul t'i p'le-poi nt Sel ector Swi tch

*Location of thermocouples given jn Fig. 3.6

TC No.
To measure the
temperature of

Fl uke
Data Logçr
Channel No.

DVM/ Recorder
Sel ector
Swi tch No.

1-4

5-47

52

53

56

57

62

63

66

67 -68

69-70

71

lower & upper bus bars

the outer wal I of the
heated test tube*

the inner wall of the
guarO n:ater*

the water at the inlet
to the m'i xe r

the mi xture at the outl et
of the mi xer

the mi xture at the outlet
to the test section

the gas at the inlet to t
ori fi ce p1 ate assembly

I

R

48

49

50

5l

52

53

54

55-56

57-58

59

4

47

e

I -4

5-47

52

5J

56

57

62

63

73

74-

76-

79

75

77
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(i )

(11

(ii
(iv

3.5 Power Sgpply Ci rcuj t
A poh/er si,tpply system was desi gned and constructed by

V'ijay (48), and, as ment'i oned earl ier, the same was empìoyed

i n the present work " The f unct'i on of thi s system was to

supply, control and measure the el ectri c power to the sta'i n-

less steel test secti on. The power supply ci rcuì t 'i s shown

in Fig.3.B and consisted of the fo'l 1owìng'i tems.

A 240 vol ts, 100 âffip, AC ma'i ns power source,

) a power vari ac for control of el ectri cal power to

the test section,
j ) a 24 KVA transformer,

) power measurj ng ci rcui t, whi ch consi sted of a

cal j brated current transformer, a potenti al transformer

vol tmeter, ammeter and a wattmeter " The ammeter

read'i ngs were used to calculate the heat flux while the

vol tmeter and the wattmeter readì ngs were used only as

a check,

(v) the staìnless steel test tube which served as an

electric resistor,
(vj ) a pressure flow switch to shut off the power in case

of flow failure,
(vii ) a temperature control ler (sensing the temperature of

the m'iddl e-poi nt on the test secti on ) to shut of f the

power i n case of acci dental over-heati ng of the test
section"
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3.6 Photogr^aphi c Secti on

An extensi ve test'i ng of vari ous sett'i ngs and arrange-

ment of the cameras was done in order to obtain good-quality

photographs of fl ow patterns. The two arrangements shown j n

Fi gs. 3.9 (a ) and ( b ) were found most appropri ate. It shoul d

be noted that the Strobotac and I amp i'i ght shown j n Fi g.

3.9(a) were used only to observe the flow patterns and are

not part of photographi c equ'i pment. The arrangement shown

in Fig.3.9(a) was used for tests having VSt up to .l0.4 ftlsec
(3.18 m/sec). At VSL > 10.4 ft.sec (3.18 m/sec) the flow r¡,as

sl'i ghtly opague and the arrangement shown in Fig.3"9(b)
was useful in the sense that both sides of the tube were

i I I um'inated. The parabol i c ref I ector was desi gned to gi ve

the focaì point at the center of the tube. For some photo-

graphs , a dì ffus i ng screen cl ose to

was al so used; however, most of the

w'i thout the screen

of the fo'l 1owìng:

(j)

(iii)

the observati on secti on

p'i ctures were taken

c equìpment consisted

(ii)

The photograph i

A Pentax Spotmati c camera equi pped wi th super

Takumar& 50 mm f/4.0 close up lens,

a Nikon Photomatic FTN camera equipped with a

Nikkor-s, 50 mm f /1.4 close up lens,

anEG&G Microflash Electronic Flash unit (flash

durati on = 0.5 usec) wi th the dri ver uni t (whi

produced a 2-KV puìse to trigger the flash).
ch

The
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flash unit was covered wjth a mylar diffuser,
(iv) a l'i ght guide made of cardboard ljned with white

paper to di f f use and d'i rect the 1i ght towards the

visual section,

(v) a parabolic reflector desìgned to focus lìght on

th e tube ,

(vi) a General Radio type l53B-A Strobotac electronic

stroboscope. Kodak Plus-X Pan (ASA 125) films were

used for all photographic work.

3.7 Sel ecti on of a Surf ace-act'i ve Agent

As ment j oned earl ier, the ma'in purpose of the present

i n ves ti gatj on *1s to determi ne the effect of reducì ng the

surf ace tension on the hydrodynami cs and heat transferi n

two-phase two- componen t fl ow. For the experi ments , i t was

desired to use a liquid which allows large changes jn

surface tension while produc'i ng'ins'i gnjficant changes jn

other propertì es. Th i s can be effected by addi ng a surfactant
to the water; a surfactant is capabìe of reducing the surface

tension of the water at relat'i vely low concentrat'i ons while

other properti es rema j n essenti a'l ìy unal tered. As menti oned

in the Introduction, although stat'i c and dynamic surface

tensions are not the same in this case, it'i s still an

obvious first step to take'in the investigation of the

effect of surface tensjon. If changes in any of the

measured or observed vari abl es occur, then these are most

certai nly due to changes jn the surface tensjon.
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The functi on of the surfactant may be descri bed as

fol I ows. The surf actant molecu'le cons j sts of a hydro-

phiììc group and a hydrophobic "tail" (37). Such surfactants

can be di vi ded 'i nto three ma jor chemi cal cl asses , viz.
hydrocarbon , s i I i cone and fl uorocarbon , dependj ng on the

tai I porti on of the mol ecul e. In an aqueous sol uti on, the

hydrophobe is squeezed out of the solutjon and thjs orientat'i on

is bas'i caìly respons'ible for reducing the surface tension.

The I evel of reducti on, thereforê, depends on the surface

energy (Van der l'{aal s attraction) of the hydrophobes of the

respective surfactant molecule. The aqueous surface tension

of the hydrocarbon, si I i cone and fl uorocarbon surfactants

havi ng the same water s oì ubì'l i ty have been compared by

Schwarz and Rei d ( 37 ) . They concl uded that fl uorocarbon

surfactants were more effecti ve i n reduci ng the surface

tension than the silicone, wh'ich in turn were more effective
than hydrocarbon surfactants. Sj nce, for the present

experiments, the main crjteri on was to obtain surface tens'ions

as low as. poss'ible,

selected.

fl uorocarbon surfactant was therefore

F'i g. 3.10 compares the surf ace tens i on vs. concentrati on

of "FLU0RAD" brand fI uorochemi cal surfactants produced by

the 3M chemical company. Surfactants FC-134 and FC-170 were

reported by the manufacturer to be substant'i ve to the metal

surfaces used i n the present ri g and therefore were rejected.

Surfactant FC-128 was selected because it was safe to use.
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Samples of aqueous solution havjng various concentrations

of FC-128 were prepared and the surface tension and

viscosity were measured. Close agreement between the measured

and-.the manufacturer's reported values was observed. The

results are given below jn Table 3.2.

Table 3.2 Comparison of measured and manufacturer's
reported data of surface tensj on

Conc " of
Surfactant
(z wt)

Surface Tension
( dyne / cm)

Viscosity

Remarks
o

( meas ured )

oth
(Fjg" 3.10)

T
('c)

u
meas ured

(CP )

00

0.0s

l0

70.9
( typi cal ly)

17.0

15.7

72.0

17 .9

17 .0

?1 .2

20.6

20.7

0 97 69

I 0345

0468I

u*9 21.20
0.973

du Nouy

tensì ometer

and fa1 'li nç

bal I vi sc-

meter were

used to
measure s'

and p ne-

s pectì veìy
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3.8 Surface Tension Measurements

The equì 1 i bri um surface tensi on of water and water-

surfactant sol uti on was measured by means of a du Nouy

tens'i ometer (F j s he r 215 Autotens i omat Surf ace Tens i on

Anaìyzer). The surface tens'i on measuri ng system consjsted

maì nly of the f o'l 'l ow'i ng 'i tems.

(j ) A sample module containi ng the motor-dri ven elevator

platform, the stra'in-gauge transducer-balance assemb'ly

and pì at j num-i ri d'i um ri ng,

(ij ) a control module containjng the operating controls and

indjcators,
(iii) a I MV one-pen strìp chart recorder,

(j v ) g'l ass vessel or steri I i zed covered pl asti c Petri

d'i s hes to store the water and sol uti on sampl es.

The measured apparent surface tensjon values were

converted to the absolute values by app'lying the correction

f actor of Zu'i dema and l,rJa I ters (57 ) as reported i n the Fi sher

instruct'i on manual and explajned jn Appendjx C.
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CHAPTER 4

EXPERIMENTAL PROCEDURE

4.1 Introductory Remarks

Thjs chapter describes the procedure employed.i n

penformi ng the experi ments .

In conducti ng the experiments , varj ous parameters

were measured to determ'i ne the heat transfer and hydrodynam'i c

results. These vari ables are shown in F'i g.4.1 in the cìrcles
and are defi ned i n Table 4.1 . The other quantj ti es were

measured to mon i tor the experi mental condi ti ons . The

cal cul ati on procedure i s g'iven i n Appendi x c. The cal cul ati ons

were performed on the University of Manitoba IBM 370 computer.

4.2 Preparati on of Tests

Al I the temperature-measuri ng j nstruments and the

surface tens'ion measuring equì pment were turned on a few

hours before pe rformi ng the experi ment i n order to a I I ow an

adequate warm-up time. The operation of the equi pment and

the fl ow cj rcui ts were checked as fol I ows before performi ng

the experi nlen ts . The cal j brat j on of the DVM and the

recorder was checked by means of a DC vo'l tage standard and

adjusted if required. The air filter on the suppry rine
was checked and changed if found oìly or dirty. Typìcaì'ly,
it was replaced after every two runs (In the text, the word

"run" refers to an experiment in which the liquìd flow rate
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is fixed and the air flow rate is varìed; a "test" js an

experiment with fìxed'l iquid flow rate and a fixed ajr flow

rate). The ajr circuit was checked for leaks. The leads

from the orjf ice plates to the well-type manometer were

checked to be clear of any water by bleeding air through them.

The water level jn the well-type manometer was checked and jf

necessary, was adjusted. The control valves were set for
thei r proper posì t'i on. For every run, the system was charged

wi th fresh di sti I I ed water for water-ai r experiments. The

surface tension of water was monj tored duri ng the course of

the expeniments and was never allowed to change by more than

5% of the I i terature val ue. In case of surfactant-sol uti on-

ai r experiments, the 'initial surface tension of the solution

r'n the storage tank was set at the beginning of every run

and thj s val ue was used to control the surface tens j on duri ng

all the tests for that run.

4.3 Start Up Procedure

The foi I owì ng steps were taken to start the ri g:

(i ) The cooì'i ng water to the heat exchanger was turned oÍì,

(i i ) the 1 i qui d pump was started wj th the by-pass val ve

fu1 1y opened,

(i i'i ) al I manometer and pressure gauge leads containì ng

I i qui d were checked for the presence of ai r and

purged jf necessary. This step was repeated as often
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as requi red duri ng the course of the experi ments ,

(iv) the liqu'i d flow rate was set to the desired value by

a combi nati on of c1 osì ng the by-pass val ve on the pump

di scharge and adi usti ng the control val ve on the

appropri ate 1 i quì d fl ow meter. The rotameter was

watched very careful 1y and adi usted whenever requi red.

A 1 arge pressure di fference across the control va1 ves,

upstream of the 'l 'iquìd flow meters, was maintaìned jn

order to prevent oscillations in the liqu'i d flow rates

(v) the val ve on the maín gas supply I i ne was opened

and the gas pressure at the i nl et to the ori fi ce

pl ate assembly !vas set at a constant val ue by adjust-

ing the pressure regulator on the gas line,

(vi the desìred gas flow rate was set by control 1 ìng the

needl e val ve at the outl et of the appropri ate ori fi ce

p1 ate or rotameter,

(vij) the power supply to the lower and upper guard heaters

was turned oñ,

(viij) the power supply to the test section was then turned

on with the power control setting at zero input.value

a¡ld the povver i nput was sl ow'ly j ncreased to the

des j red va1 ue ,
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(j x) both channel s of the recorder vlere then set on the

monitori ng positi'on to record conijnuous'ly the emf 's

from the inlet flujd thermocouple (Tl in Fìg. 4.1 )

and the wal j thermocouple at the m'i d-poi nt of the

test section,

(x) the photographic equìpment was prepared for its proper

operati on.

For sì ngle-phase fl ow experìments, the same procedure

was emp'loyed excludìng steps v, vi and x.

4.4 Establishing Equilibrium Conditions

It was necessary to mon'i tor and control the fo'l low'ing

variables so as to obta'in steady-state conditions before

takj ng any set of data:

l. The f iqu'i d jnlet temperature to the m.i xer,

2" the voltage supply to the lower and upper guard heaters,

3" power supply to the test section, and hence wall temperature.

The cri teni a f or steady-state cond'i ti ons are I j sted

be I ow.

4.4.1 l{ater Inlet Temperature

The desired I iquid jnlet temperature was set by

adiusting the cooljng-water jnlet temperature and the flow

rate through the heat exchanger. The f iqui d i nlet temperature



65

TL to the test secti on was conti nuously recorded on one

channel of the two-pen strip-chart recorder. Thermal

equì 1 i brì um condi ti ons were consi dered to prevai 1 i f the

variation in TL, over a period of five minutes, was not

more than + 5 uv (- 0.2" F or - 0.1"C) before tak'i ng the data.

4.4.2 Power Input to Guard Heaters

A cri teri on for setti ng the power to the guard heaters

so as to achieve a zero-temperature-gradient boundary

condition was establìshed in Reference (48) and its'influence
on the heat-transfer coeffj cient was reported there. The

same cri te ri on was observed i n the present work. 0n the

basis of this criterion, the power supply to the guard heater

was controlled ìn such a way that at a given elevation,

nowhere di d the temperature di fference between the outer

surface of the test section and the inner surface of the

guard heater differ by more than + 4"F (1 2.2"C). In the

present case thi s temperature dj fference was typi cal 1y i n

the range of 2-3"t. It was reported in Reference (aB) that

the effect of thi s magnj tude of temperature di fference on

the heat-transfer coefficient is almost neglible in turbulent

flow while it is less than 2% in laminar flow. The readings

of thermocoup'ìes number 5, 25 and 40 on the tube wal I and

the corresponding thermocouple on the guard heaters (48,56
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and 64) were moni tored

the guard heate rs was

successì ve'ly and the power ì nput to

adjusted accordìngly.

4.4.3 Power Input to the Test Section

The power to the test section vias

the f o'l I owi ng condi ti ons:

(i )

supplied cons'i dering

di fference between the tube wal I and

temperature shoul d be I ow enough to

grad'i ents i n propert'i es,

be ì arge enough to determi ne the heat-

cients accurately.

The temperatune

the bulk fluid
mi n i m'i ze rad'i a l

this 
^T 

should

transfer coeffi

A temperature d'i f ference of l b"F (8.33'C) was

recommended (48) as adequate to meet these requi rements.

Therefore the foì ì owi ng procedure, as adopted i n the prevj ous

works (48, 1), was used to adjust the power to the test
secti on:

(ii¡

(ii)

(i) The outer wal I temperature To at I =

the ì'i qu'i d i nlet temperature TL (TC

mi xture temperature at the outl et of

TOul (TC No. 69) were read from the

24D (TC No. 24),

No. 66) and the

the test sect'i on

DVM or recorder,

an approx'imate value of the inlet wall temperature T,u

was est'imated f rom a previ ously prepared table f or the

temperature drop AT* as a functj on of current I ,
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(jii)

(iv)

an approxi mate val

from the knowl edge

the d ì ffe ren c. T*

ìnput was adjusted

ue of Tg at 7 = 24D was

of TL and T0UT,

- TB was calculated and

accordingìy.

calculated

the power

During

to mai ntai n a

The spread 'i n

as fol I ows.

the course

reasonably

(Tw - Ts)

of the experiments, it was attempted

constant temperature d'i f f erence.

for the enti re seri es of tests was

water_ajr. ._o_ + 3.74r5 r - 6.44
Surfactant Sol . -ai r: ' -o- + 6 '77rf, r - 6.b9

in general, the response of the wal I as regards

equì I i brj um condj ti on bras very much faster than the j nlet
1Í qu'i d temperature.

5 Controlling the Surface Tension of the Solut'i on

A serìous problem concerned with the use of surfactant
j n the p resen t experi ments was the growth of unwanted foam

in the storage tank. The surface tension of the solut'i on

was al so observed to j ncrease wi th runni ng t'ime of the

tests because some amount of surfactant from the sol uti on

went i nto the f oam. Theref ore, pract'i caì ly, i t was 'impossi bl e

to mainta'in a constant value of surface tension for al I the

tests. However, it was attempted to keep a m'i njmum spread

i n surface tension val ues for al I serj es of tests and sti I I
to have a value low enough to gìve large changes 'i n the
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surface-tension property. The foll
adopted to control the s urface tens

solution during the course of a run

(j )

ng procedure was

of water-surfactant

owi

ion

:

(i i )

(i i j ) the surface tension was measured and mone surfactant

was addeci to the sol uti on i n the storage tank, i f an

jncrease in the surface tensjon was observed,

(i v) approxì mateìy 30 m'i nutes af ter the addi tì on of the

surfactant, a new samp'le was taken from the storage

tank and the surface tension measured. Condi tions

were consi dered sati sfactory to record the data i f
thl's nerll value was within the range of 20-30 dyne/cn

The sol uti on sampl e was col I ected from the bottom of

the storage tank (See Fi g. 3.2) di rect'ly i nto a steri I i zed

dìsposable plastic Petri dish. it was beljeved that the

concentratjon of the surfactant in this sample was the

same as j n the sol uti on fì owì ng through the test secti on ,

the p1 astì c Petri dj sh was then p1 aced gentìy on the

tens'i ometer elevator piatform and was left there

undisturbed for at least 10-20 minutes in order to

achì eve a surface equi ì i bri um. Thi s time was found

adequate i ust for an approxi mate estì mate of surface

tension; otherwi se the sampìes were aged 'in the

covered Petri dishes for 16-?4 hours in order to

measure the preci se val ue of equi I i bri um surf ace tens'i on,
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(v) the surf ace tens'i on of the sol uti on

tank was al so measured at the end of

data were rejected and the test was

surface tensi on became more than 30

in the storage

each test. The

repeated j f the

d.ynelcm"

The spread in o for the entìre series of tests was

typicaì1y between 20-26 dyne/cm. There were onìy six data

points (out of 98) at hìgher ìiqu'i d flow rates for which o

was greater than 30 dyne/cm and the h'i ghest of these was

39 cyne / cm.

4.6 Taki ng sf Data

Af ter equi I i br j um

the s urface tens i on of

solution-air tests) at

read and the value of

were recorded.

conditions had been established and

the sol uti on ma'i nta j ned (f or surf actant

a satj sfactory level , jnstruments were

all the variables listed in Table 4.1

The thermocoupl e readi ngs were taken I ast, i n al I the

tests . For each test, the data 'logger recorded the thermo-

couple emf 's a number of times, typ'i caì'ly 10 to l5 for hìghly

fluctuating conditions (e.g.sìug flow) and 3 to 6 under

steady condi ti ons. An average val ue of three to nine sets of

thermocoupìe readìngs, depending upon the fluctuations in
the temperature, t,las obtai ned, these average val ues were used

to calculate the heat-transfer coefficients. If during the
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recordjng of all the thermocouple readings, the lìquìd

temperature vari ed by more than 0.2"F " the data were

rejected and the test was repeated.

The test condi ti ons and the range of vari abl es

considered in the present investìgation are listed in Table

4 "2. Depend'i ng upon the 'l ì quì d and j ts f I ow rate, the gas

flow rate was varied to obtain flow patterns from bubble

to annul ar-mi st. The maximum ai,r f I ow rate obtai nable was

limited by the capacity of the air compressor in the

laboratory. An attempt was made to collect data for all
the tests of a parti cul ar run conti nuous 1y; someti mes i t took

20 hours to complete one run. Most of the data reported in

the thesìs were obtained this same way except some data at

l on l ì qui d fl ow rates.

4.7 Fl ow Pattern 0bservatì on

Iljhen the requ i red tes t condi ti ons were set, the fl ow

patterns were fi rst observed by naked eye, usìng a 100-watt
'l amp ì'i ght and then with the aid of a stroboscope. These

vi sual observati ons were recorded on the data sheet. Then

at least one picture of the flow pattern was taken usìng the

camera arnangements shown in Fig. 3.9 a & b depending upon

the I i qui d fl ow rate. The photognaphs were taken i n total
darkness in the laboratory while the aperture of the camera

was hel d open and the mi crofl ash fi red. The cameras were

set as fol I ows.
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Pentax Camera: f-4.0 and 5.6

Nikon Camera: f-2.8 and 4.0

At I east one pi cture was al so taken after recordì ng

al I the readì ngs for that parti cul ar test. In al I the

tests, the same flow pattern was observed to exjst before

and after the tak'i ng of data for that test.

4.8 Shut*Down Procedure

The f ol l ow'i ng steps were taken i n sequence to shut

down the ri g:

(i) First the power supply to the heated tube and the guard

heaters was turned off,

( i i ) the by-pass val ve on the pump di scharge was opened

ful 1y and the control val ve on the fl ow meter was

cl osed and the pump was shut down.

(ì i i ) the cool ì ng water to the heat exchanger was turned off,
(l v ¡ the ma'in supply was shut of f f i rst and then the gas

fl ow control val ves were cl osed,

(v) fina'l 'ìy, the test section and the mixer were drained

and ai r was then suppl i ed and I eft fl owi ng for at

least one hour to dry the mjxer.
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4.9 Selectjon of Liquid Flow Rates

For selectjng the values of liquid flow rates for the

present work, the f I ow rate setti ngs used ì n the prev'i ous

works (48, I ) perf ormed on the present experìmental f aci'l 'i ty

were consi dered. I t was thought to be advantageous to use

the same flow rates as in the previous work (48, I ) jn order

to faci I i tate the comparì son of the present resul ts wi th

those of References(48, l). Also the effect of fluid
propert'ies on different variables could be observed for the

same fìxed ìiquid velocity. It was also desired to cover

both I ami nar and turbul ent f I ow regi ons 'i n the present

study. The present water-ai r data covered the enti re range

of 'l 'iqui d f l ow rates studi ed j n References (48) and (l ) except

the lowest one (VSL = 0.065 ft/sec, 0.02 m/sec) stud'ied in

(48). 0ut of seven flow rates sel ected for the present

study, fou. (VSL = .l.03, 3.4 " 20.84 and 34.73 ftlsec) were

common 'i n Ref erences (48) and (l ) whi I e the other three

(VSl- = 0.19,0.37 and .l0.05 ft/sec) were studied in

Reference (aB). It should be noted that ìt u/as not possible

to work wi th surf actant sol ut'i on at VSL > 20.84 f t/sec

(6.35 m/sec) because of the growth of uncontrollable foam

in the storage tank which in turn continuously varied the

surface tension of the solution.
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CHAPTER

STUDY OF FLOt^J PATTERNS AND PRESSURE DROPS

5.1 Introductory Remarks

Thjs Chapter deals with the hydrodynamic results

observed in the present investìgation. Fjrst, the sìng'l e-

phase pressure drop resul ts are presented and compared wi th

the wel I -known exi sti ng theorì es. Then the two-phase fl ow

patterns occurring in a vertical tube are described. The

samp'ì es of photographs of f I ow patterns f or each 1ì quì d-

fl ow rate are presented next. Then the fl ow pattern data

observed 'i n th.i s work are presented and compared wi th the

f low pattern maps of Govier and Aztz (20) and Ta'i tel et al.
(+: ¡ . F'i nal ly, two-phase f ri cti onal pressure drop data are

presented.

The calculat'i on procedure for the reduction of the

pressure drop data is given in Appendix C and the data are

tabulated jn Appendix D.

5.2 Si ngl e-Phase Pressure Drop

In two-phase flow jnvestìgations, the common procedure

test the accuracy of the i nstrumentati on and the

i abì ì i ty of the experimental faci 1 i ty i s to perform

to

rel
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si ngle-phase experiments and compare these resul ts agaì nst

well-established theories and correlations. The experirnental

faci 1 i ty i s assumed to be sui tabl e for two-phase fl ow studi es

j f the agreement i s reasonabl e. Al though the perforrnance of

the present experi mental apparatus has been checked before
(48, I ), it was important to ensure the contìnued satisfactory
performance of the rig. Therefore s'ingle-phase experjments

wi th vrater were performed. The pressure drop resul ts are

presented j n thi s sectj on whi I e the heat transfer study wi I I

be discussed in the next Chapter.

In the present work, the degree of agreement between

the experjmental and theoreti cal or emp'i rì cal expressions is
determined by evaluating two deviations as defined below.

The same parameters wj I I be used i n I ater chapters, wherever

req u'i re d .

e = Mean . devi ati

= The root mean square devi atì on

Ion=N
\/ _ 1/. ,'EXPL 'THL,

û\vl
"THL

(5.1)

g'

=i*

the number of data po'i nts,
the experj menta I va I ue of the

the theoret'i cal (expected) va

determi ned from the eq uati on

(5.2)

varjable considered,

lue of the variable

under cons'i derat'i on .

¿\
\/-tt2'EXPL 'THL.--l 

rH 
'- 
-

where

N is
vExpL j s

vtttt i s

AS
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5.2.1 Discussion of Results

The fri cti onal pressure drop t^ias cal cul ated from the

measured total pressure drop and tlras compared with the wel I -

known equati ons I i sted bel ow

Laminar flow: (Re., < 2,000)

." - 16
'sP - m* (5.3)

Turbu I ent fl ow: ( ReS t > ,2000 )

fsp = 0.079 R.sL'0'25 (r,000<R.sL< 30,000)

(5.4)

and

fsp = 0.046 R.SL-0'20 {*.rr' 30,000) (b.5)

The results of comparisons are shown in F'i g. 5.1 and

the devi ati ons are I i sted bel ow.

TABLE 5.1 Single-phase Pressure Drop Data Against
Exi sti ng Correl ati ons.

Type of Flow e þr

Lami nar 45.4% 46 .8%

Turbul ent -1.35% 3.5%
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For turbul ent fl ow the agreement i s excer r ent and for
laminar flow, Ít is poor. The'l arge deviations encountered

in laminar flow are ìike'ly main'ly due to the errors in
readi ng the smal I defl ecti ons on the manometers.

The above equati ons were not corrected for vari ati ons

jn flu'i d properties (26) because the property radjal
gradi ents i n the present experiments were smal I . It was

concl uded j n Reference ( I ) that the effect of correcti ng the

measured frictjon factors to constant-property values meant

correction of approximately 8% for laminar flow and less

than 1% for turbulent flow. Therefore these corrections were

neg 1 ec ted .

5.3 Presentati on and Di scuss i on of Fl ow Pattern Data

In thi s sectj on, the basi c fl ow patterns observed i n

upf I ow of gas-l'iqui d mi xtures 'i n a verti cal tube are

described; then the transitions are discussed. The samples

of fl ow pattern photographs taken i n the present work are

presented next. Then the present fl ow pattern data are

presented and compared wi th the fl ow pattern maps of Govi er

and Aziz (20) and Taitel et al. (43).



79

5.3.1 Des cri pt'ion of Fl ow Patterns

l'llhen gas-ìiquid mjxtures flow ìn a pipe condu'i t, the

phases may distribute themselves jn a variety of configurations

depending upon the flow rates of the two'individual phases,

fluid propert'ies, pipe geometry and the method of phase mixing.

These flow confìguratìons are called flow patterns. Two-phase

flow patterns occurring in a vertical tube have been stud'ied

by a number of i nvestì gators and a consi derabl e vol ume of

I i terature has been publ i shed on two-phase fl ow patterns for
upf]ow of gas-liquid mixtures (.l8, 19, 49,7,21 ,9, 23,32,
20" 43, 42, 31, 36, 54); some of these publications are very

recent ( 43, 42, 36, 54) . However, i n spi te of the vol ume of

I i terature, predj cti ng the fl ow patterns for upward fl ow of

gas-lìquid mixtures in vertical pipes is still an unresolved

probìem (43, 54). The terminology and descrìption of flow
patterns vari es from author to author; however, the character-

i zati on and descrí pt'i on proposed by Hewì tt and Ha1'l -Tay'l or

(24) appears to be among the best (43). Their description

wi I I be genera'l ly used i n the anaìysì s of the resul ts

observed i n the present work.

In the present ì nvesti gati on, the fI ow patter ns were

observed vi sua'l 'ly wi th and wi thout the ai d of a stroboscope

through a transparent visualization section located'immediate'ly

downs tream of the heated test secti on as menti oned earl i er
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in Section 4"7. The flow patterns were also photographed

by us i ng a h'i gh-speed mi crof l ash uni t i n order to suppl ement

the vi s ua I obsenvatj ons . Ini tì al ly, êXperiments vvere run

wi th the water-ai r system and v'i sual cri teri a were establ i shed

for each flow pattern, which were later used to identify the

fl ow patterns of surfactant sol uti on-ai r mi xtures . 0bservati ons

of fI ow patterns occurri ng i n the water-aì r system i ndi cated

that the flow pattern classifications given by Hewitt and Hall-

Tayl o r Qa) general'ly provi ded a good characteri zati on of the

fl ow patterns . Accordi ngly, thei r descri pti on, but wi th some

modi fi cati ons or addi ti ons where appropri ate, were used i n

identifying the flow patterns. The basic flow patterns

observed are shown in Fig. 5.2 and are described below genera'l ly

in the order of increasing gas flow rate for a fixed 'l iqu'id

rate.

l. Bubble Flow: In this flow, the gas-phase is distributed
in the form of d'i screte bubbles in a continuous ìiquid
phase. The two types of bubble flow, d'i st'i nguished by

De'l haye in Reference (3) , were observed in the present

work. In the "independent bubble" configuration, the

bubbles are spaced while in the "packed bubble"

configuration, bubbles are crowded together (see

Fi g. 5.2) . However both types have been termed as

bubbl e fl ow i n the present work.
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a
J.

Slug Flow: In this type of flow, the long bullet-

shaped bubbles, sometimes des'i gnated as "Tay'l or bubbleS",

have a dj ameter al most equal to the pi pe di ameter.

The gas bubbl es are separated by sì ugs of 1i qu'i d whi ch

may or may not contai n a di spersi on of smal I gas

bubbl es. As these l ong bubbl es move upward, f i qui d

flows downward ìn the form of a thin fallìng film

between the 'l ong bubbl e and the tube r'ral I '

churn Fl ow: As the gas f I ow i s 'increased, the s'l ug-

fl ow structure becomes unstabl e and the shape of the

'l ong bubble is distorted. The cont'i nu'i ty of the 'l 'iqu'i d

slug. between success'i ve gas bubbles is destroyed by a

h'i gh I ocal gas concentrati on i n the s I ug ' As thi s

happens, the l i quì d s'l ug f al l s, accumul ates and i s

aga.i n lifted by the gas. Typical of churn flow is

thì s oscj I I atory, upward and downward moti on of the

ì i qui d 'i n the tube.

Annular Flow: in th'i s type of f low, the f iquid phase

flows on the wall of the tube as a wavy film and the

gas phase f I ow i n the centre of the tube. The I i qu'id

may or may not contain gas bubbles and the gas c0re

may or may not contai n entrai ned 'l i qui d dropl ets.
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5. Mi st tl ow: As the gas fl ow conti nues to i ncrease,

the 1ì qu'i d f i l m on the wal l becomes thi nner and

thi nner and eventual 1y the fi I m i s swept away by

the gas phase. The 1 i qui d dropl ets are entrai ned

i n a conti nuous gas phase.

6. Froth Flow: This flow pattern is mainly characterized

by the exi stence of ti ny bubbl es i n a packed form;

these bubbles are practical'ly indist'i ngu'i shable

indiv'i dual'ìy. 0ne gets the 'impression of a homogeneous

fl ow and the mi xture has a mi 1 ky appearance.

Thi s f I ow pattern occurs at hÍ gh 'l i qui d and gas

vel ocì ti es and probab'ly i s caused by the hì ghly

turbul ent f I uctuati ons associ ated w'ith the gas-ì i qui d

mi xture under these condi ti ons.

5.3.2 Fl ow Pattern Transi tì ons

S

ô

Th i s fl ow pattern was not encountered i n the present

work; however, the transition (annular-mist) was

observed.

The transition from one flow pattern to another wa

d to be smooth and gradual with re$pect to fluid
tes. The sequence of the fl ow patterns was the sam

observe

fl ow ra
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as described above from bubble flow to annular-mist up to

V", < 3.41 ftlsec (1.039 m/sec) while at V., > 10.4 ftlsec5L - 5L
( 3. I B m/sec ) , froth fl ow was observed j ust after bubbl e fl ow "

Any flow confìguration wh'ich contained the elements of two

basic flow patterns'in it was classifìed as a transition
between those two flow patterns. Some of the trans'i tions

need some explanation and are described below:

(i ) The sl ug-churn transi t'i on i s i nherent'ly qual i tati ve

and therefore i s subject to personal judgement. In the present

work, the begi nni ng of churn fl ow was characteri zed by a

condition where first oscillatory motion of the 1íquid was

observed.

(ii ) In the annular-mist transition, the flow was

somewhat transparent gi v'i ng the i mpress i on that the tube

contajned a mist; there appeared to be a thin iiquid film on

the wall when the flow was illuminated by stroboscope lìght;
a similar ìmpress'ion of l'iquid film was ga'ined on examining

the photographs . Based on the combi nati on of these

observations fl ow pattern lvas termed as annul ar-mi st.

The number of tests (data poi nts ) f aì'l i ng under each

fl ow pattern and transi ti on are gi ven i n Tabl e 5 .2.
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5.3.3 Presentat'i on of Fl ow Pattern Photographs

Different arrangements and settings of the cameras

were tri ed to obtai n good-quaì ì ty photographs of the fl ow

structure; the arrangements shown jn Fig. 3.9(a) and (b)

were f ound to be most appropri ate. At I east two p'i ctures,

one before and one after recordi ng the other readi ngs for
the test, were taken for every test. A few samples of photo-

graphs co.veri ng al I the f j ow patterns observed a'u each l'i qui d

flow rate are shown in Fig. 5.3 (A-H) for the u¡ater-air

system and j n Fi'g" 5.4 (A- F) for the surfactant sol uti on-a'i r

(surfactant sol .-a'i r) system. For each f low pattern, the

photographs are arranged in order of increasing gas flow

rates for a fi xed 1 i quì d fl ow rate.

Al though sti I I -photography i s a very useful tool for
jdentificat'i on of tvro-phase flow patterns, it alone 'i s not

suf fjcient due to jts own limjtat'i ons, since jt records only
'i nstantaneous distribution of both phases. For exampìe, the

flow pattern in Frames No. I of Fìg.5.3 (B) and Fig.5.3 (C)

appears superfjcialìy as annular and bubble flow respectì'vely

i f re l'i ance 'i s pì aced enti re ìy on photography. in f act, these

are the p'i ctures of slug flow. In Frame No. l, Fig. 5.3 (B),

a long gas bubble was passing by the point of observat'i on at

the time of exposure whi le Frame No. I of Fi g. 5.3 ( C) shows

the aerated s'l ug of liquid in the wake of a long bubble. The

chaotic and osc'i lìatory movement of the mixture in churn flow,

obv'i ousìy, cannot be ascertajned from the photographs and jt
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SURFACTANT SOL. - AIR VsL = O.185 f t /sec (0.056 m /sec )

Vru ft / sec { m /sec )

1.5?
(o.46)

3.52
( t.o7 )

5.40
( r.65 )

7.to
(2.16 )

8.44
e.57)

NÑ

I II m lg v
SLUG SLUG S LUG CHURN CHURN

Ftc.5.4(A)
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SURFACTANT SOL.-AIR VsL = O.185 frlsec (O.Os6 m/soc )

Vrn ft / sec ( m /sec )

30.85
( 9.40)

77.OO
( 23.50)

r94.70
( 5e.34 )

3il.20
( 94.85 )

383.30
( r I 6.83)

u ral vïn lx. x-
CHURN.

ANNULAR
ANNULAR ANNULAR ANNULAR ANNULAR_

MIST

FIG 5.4(A)CONT.
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SURFACTANT S0-.- AIR VsL = 0.367 ftlsec (O. I 12 m / sec )

Vse fr / sec (m/sec )

ß32.4
( rot.32)

t5.47
(4.721

42.32
( r2.so)

AN¡{ULAR

Ftc 54(B)
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SURFACTA NT SO L. - AIR VsL = I .O33 f t/sec (O. 31 5 rn / sec I

Vrn ft / sec ( m /sec )

r.80
(o.55)

3.40
( !.04)

7.OA
(2. t3)

9.OO
(2.74)

30. ro
(s.t7)

I ]I m E v
BUBBLE SLUG SLUG CHURN CHURN -

AM\¡ULAR

Flc.54(C)
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SURFACTAruT SOL.-AIR VsL = 1.O33 ff /sec (0.315 ¡'n /sec )

Vtu ft / sec ( m /sec )

42.20
( r 2.86)

77.OO
(23.471

il 7.50
(35.8t)

204.70
t62.3e )

3t4.74
( 95.e2 )

u,

'

rm

:i:Llì:ìlì,.i,ì.t:ì1.'.lY

lx X'
ANNULAR ANNULAR AhINULAR A¡INULAR -

MIST
ANh¡ULAR -

M IST

FIG 5.4(C ) CONT
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SURFACTANT SOL.-AlR VsL = 3.406 ft/sec (l.O38m/sec)

Vau ft / sec ( m /sec )

o.40
(o. t2 )

t.76
(o.54 )

4.3
(t.3 t)

6.8
(?.o7)

r4.o
Ø.271

r tr m IV V
BUBBLE 8U BBLE BUBBLE BUBBLE -

SLU G
CHURN -

ANNULAR

FtG.5.4(D)
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SURFACÏANT SOL.- AIR VSL = 3.406 ftlsec ( l.O3B m /sec )

Vru ft / sec ( m /see )

35.30
(to.76)

57.30
u7.471

ro2.50
(3t .24)

r83.70
{56.OO)

2ro.90
(64.28)

u IilI MII lx X
ANNULAR ANI{ULAR A ¡INULAR ANNULAR -

MIST
ANNUljR-

foTIST

FIG 54(D) CONT
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SURFACTANT SOL. - AIR VsL = tO.42 frlsec (3.t8 m /sec )

Vrn ft / sec {m / sec )

40.6
( r2.37)

ro6.2
(32.37)

AI{NUL AR .
FROTH

AN¡\tULAR.
FROTH

FtG 5 4(E)
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SURFACTANT SOL.-AlR VsL = 20.84 ftlsec (6.35 m/sec)

Vru f!l sec (m/sec )

2.5
(o.76)

3.3
(t.oo)

4.1
(t.25)

5.3
il.62)

5.9
t t.80 )

tr

k
t
F,i"i',
¡ì,
t.

t,!:
f' :.
li
i
i
t't.
¡
t

Tfl E v
BUBBLE BUBBLE FROTH FROTH FROTH

Frc 5 4(F )
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is difficult to'i dent'i fy the annular-mist fIow transit'i on

j ust from the pì ctures because from pì ctures i t I ooks I i ke

annular and by eye gives the impression of a mjst. 0n the other

hand, (at h'igh ì'iquid velocjties) fast moving relatively long

bubbles surrounded by small gas bubbles as shown in Fig.5.3E (Frame Nos.(II-V)

somet'imes cannot be observed visuaìly; the flow gÌves the

'impression of a bubble fjow while the ex'i stence of long gas

bubbl es appeari n the photographs. Theref ore comb j nati on of

recorded visual observatíons with and without the a'i d of

stroboscope and the fl ow pattern photographs of each test

were used to 'i dent'i fy and report the f I ow patterns observed

in this work. It should be noted that the appearance of a

dark core i n the photographs of f roth f I ow; e.g. see F'i g.

5.3 (F)-V, is due to the reflector which was employed to

'i lluminate both sides of the tube as mentìoned in Section 4.7.

Therefore, these should not be confused with annular flow.

The surfactant produced s'ign'i ficant effects on some

flow pattern boundaries, wh'i ch wjll be d'i scussed ìn the

foìlowing section. In add'i tion to these changes' the

surf actant al so 'i nf I uenced the f I ow structure of the bas'i c

flow patterns in a number of ways. In slug flow, the number

of smal I bubbl es i n the wake of the 1 ong bul I et-shaped bubbl e

as wel I as in the fal'l ìng 1ìqu'id f i lm increased (compare

FjS. 5.3 (C)-III and F'i g. 5.4 (C)-II). In annular f low' more
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gas bubbl es penetrated the 1 i qui d fi I m and produced a some-

what frothy film (see Fjg. 5.3 (C)-VI and Fjg. 5.4 (C)-VI).

Al so at hi gher 1ì quì d vel oci t'i es , the surfactant sol . -a'i r

m'ixture was more f rothy and the appearance of f I ow was more

mìlky.

5.3.4 Fl ow Pattern Map

A f I ow pattern map i s s imply a two-di mens'ional co-

ordi nate system to represent di fferent fl ow pattern regi ons

along with their transition boundaries. The coordinates used

to plot the map can be represented by simple measured variables

such as mass flow rates and superfìc'i a1 velocjties (23,20,43,

54) or by dimens'i onless groups (21) . A wide variety of f I ow

pattern maps f or verti cal upf 'l ow exi st i n the I j terature (21 ,

9,23,32,20,31, 43,54), but a complete'ly satisfactory map

js stjll not available due to the comp'lex mechanisms involved

in two-phase f low. However, recent'ly Taitel et al. (43) and

l,li esman et al . ( 54) have attempted to general i ze the

predjction of transit'i on boundaries. They have presented

analyt j cal expressi ons based on actual phys'i cal mechani sms

governi ng these trans i ti ons.

Exami natj on of the exì sti ng maps for verti cal upfì ow

reveal s that for any g'i ven system, the major factor determì ni ng

the f I ow pattern "i s the rel ati ve vel oc'iti es of gas and f iqui d
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Superf i c'i al I'i qu'i d vel oci ty VsL and superf i ci al gas

vel oc'i ty VSe were sel ected as mapp'i ng parameters to represent

the present experi mental observati ons of fl ow pattern s . The

maps based on the data obta i ned from the water-a j r and

surf actant sol uti on-a j r systems !{ere determ'ined and are shown

i n F'i g. 5.5 and F'i g. 5.6 respectì vely. It can be seen f rom

Figs. 5.5 and 5.6 that the same iìquìd fIow rates were selected

for both systems i n order to make a compari son. However ' i t

was not poss'i ble to obta'i n data beyond VSL = 21 ft/sec (6.48 m/sec)

phases. The fl uj d propertj es and pì pe di ameter are other

parameters affectj ng the flow patterns. A comprehensj ve study

on the effect sf fluid propertjes and pìpe dìameter on flow

pattern jn horizontal lines has been made by Weismen et al.
(53). 0n the basis of the results of thìs investigatjon and

some new data obtained for vertical upf 'low, Weismen et al.

(54) bel'ieve that'l iqu'i d properties have small effects on flow

patterns. Govjer et al. (19) and recently Taitel et al. (43)

have reported the j nfl uence of pi pe di ameter on fl ow patterns .

Previous results obtained by Viiay (48) and Aggour (l) on the

eff ect of f lu'i d propertìes, us'ing the present experimental

facility, indicate that the effect of 'l iquid viscosity is

negl'igible (48), whjle Aggour (l) suggested that further data

are requ'i red bef ore a def j ni t'i ve statement can be made on the

effect (if any) of the gas-phase densjty on the various

trans'i ti ons.
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for surfactant sol . -aj r system due to the foamì ng probì em.

Any 'i nd'i v j dua 1 symbo 1 on the map corres ponds to the f r ow

pattern (or transition condition) which occurred at a partjcular
setting of lìquid and air flow rates. The transition regions

have been shown by shaded bands in Fìgs.5.5 and 5.6.
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To demonstrate the ef f ect of surf ace tensi on on f I or,r

pattern transit'ions, both sets of data are plotted on the same

map and are shown 'i n Fi g. 5.7 . The regì ons where ma jor
di f f erences were observed have been marked w'ith s haded I i nes .

It can be observed from Fig.5.7 that the slug-churn, churn-

annul ar, annul ar-mi st and bubbl e-froth trans i ti ons are

essentìa'l 1y unchanged. The only boundary significant'ly
affected by the addition of surfactant'i s the bubble-sl

boundary. At VSL = 1.03 ftlsec (0.314 m/sec) the first
w'i th surfactant appears as bubble flow whereas, it was

flow for water-air (compare F'i g. 5.3 (C)-II and 5.4 (C)

At VSI = 3.41 f t/sec (l .039 m/sec ) , the reg'i on f ormerly

ug

po'int

sìug

-r).

occupìed by slug flow is
Fi gure 5 .7 i ndi cates tha

add i ti on of s urfactant.

of sìug flow by the add'i

exp'l ajned by consìdering

bubb'le- s ì ug tran s i ti on .

flow requires a sequence

now occupìed by the bubble flow.

t the slug region has shrunk by the

The appearance of bubbl e f I ow 'i nstead

ti on of surfactant can possì bly be

the physi ca'l mechani sm govern'i ng the

The transitìon from bubble to slug

of the fol ì owi ng processes : bubbl e
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coalescence or agglomeratjon results ìn the formatjon of

relatively large bubbles and eventually'i n the format'i on

of bubbles iong enough to give stable slug flow. In the case

of the presence of surfactant, an j nterfacj al contami nati on i s

produced whi ch tends to prevent coal escence of bubbl es even

jf they appnoach each other and as a result, stable bubbles

exist (see References 8, 24, ll and 25). It has been reported

by Hewitt (8, 25) that bubble flow can exist, depending on

the concentration of surfactant, up to very high void fractions.
Therefore it can be concluded that one would expect the location

of bubble-s1 ug boundary to depend on the concentration of

surfactant. The flow pattern boundaries were insensitive to

surfactant at high liquid and a'i r velocities, a plausible

explanation being thJt under these condjtions, other forces

(e.g. dispersion and inertia) are large enough to overcome

the influence of the surface tens'ion forces.

5.3.5 Compari son of Fl ow Pattern Maps

Some of the ex j st'i ng f I ow pattern maps f or verti cal

upflow were studied (21, 9, 23, 32, 20, 43, 54) and a lack of

agreement i n the descri ptì on and cl assi fi cati on of the fl ow

patterns was observed. Al so di screpanci es 'in the trans i t'i on

boundari es were noted. It was al so observed that al I the
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flow pattern maps except (54) are restricted to lower ììqu'id

flow rates i.e. VSt < 10.0 ftlsec (3.05 n/ sec). Weisman et al.
(54), with the exception of Vìjay (48) and Aggour (l ), are

the fi rst authors, who have presented a map for verti cal fI ow

which covers a region at hìgh ìiqu'id velocit'ies 'i .e. VSt > 10.0

f t/sec (3.05 m/sec ) whì ch they cal I a di spersed f I or,r regi on .

This map 'i s a modified version of their earl'ier map (53)

proposed f or hori zontal f I ow. In order to ma'i ntai n a consi stency

between these two maps, the authors have defi ned four basi c

fl ow patterns for verti cal fl ow; these are bubbl e, i ntermi ttent
(s1 ug + churn), annular and dispersed ( "froth of bubbles in

Iìqu'id" and mist) fiow. They also presented correlatjons for
each transition.

In certa'i n reg'ions, the map lacks some specific'i ty and

it is felt that the utif ity of the map could be enhanced'i f
the f ol I ow'i ng recommendati ons are taken i nto account.

fi ) The s1 ug-churn transi tj on ì s defj ned.

(ji) A dist'i nct'i on js made between the froth (which they

define as a "froth of bubbles ìn lìqu'i d") and mist

flow (mist of droplets suspended in gas), since

representi ng these two i nherently di fferent fl ow

patterns i n one regi on may be conf us'i ng. By ì ooki ng

at thei r ffâp, one gets the i mpress i on that mi st fl ow



woul d appear only at VS¡_ > 10.0 f t/sec (3.048 m/ sec ) ; thi s

may be true, but to date there i s no experi mental ev'i dence

avaì I abl e for thj s assumpti on. The present and vari ous

other studi es (48, I , 33 ) suggest that mi st fl ow woul d

appear just after annular flow for a fixed liquid flow rate.
Taki ng thi s suggesti on i nto cons'ideratí on woul d resul t i n

def ì n'i ng an annul ar-m'i st trans'i t'i on on the'i r map. Si nce thi s

map was published very recently (duri ng the preparation of

this thesis) and also the authors'comments on the limitat'ion
of the map were unclear (exp1ìcitly probabìy not for use of

lines smaller than 2.5 cffi, imp'l 'i cit'ly it was not clear),

ll6

therefore a comparison of this map with the present flow patterns

was not made. However, i t i s recommended that i n future thi s

map should be tested against the present and previous flow

pattern data (48, I ) obtained from the same fac'i lity, s jnce

these data cover a regi on where no other data ex'i st.

0ya (32) reports v

(surfactant solution, sol

tension for two-phase, tw

verti cal tube. These I i q

f I ow pattern wh'i ch he cal

author describes nine dif
f 'low) . The f I ow patterns

a tube havi ng a di ameter

between hj s (32) data and

patt

I i ne

gas-

nly

e-ty

atte

quid

(3 m

wo rk

ery

ven t
0-c0

uids

ls rr
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for

of 0

the

few fl ow

and gaso

mponent (

were mai

fish-scal

nt flow p

these I i

.12 i nch

present

ern data for I i qui ds

) havi ng I ower surface

liquid) flow jn a

used to study a

pe slug flow" (the

rns for verti cal

s were observed i n

m). A comparison

was not made mainly



117

because in the present work fish-scaìe-type slug flow was

not observed; also there was a bìg djfference in the djameter

of the tubes used by h'im (0.12 inch, 3 mm) and the present one

(0.46 inch, 11.68 mm).

The present observati on of fl ow patterns were compared

with the Govjer and Aziz map (20) and the map proposed by

Tajtel et al. (43). The Govier and Aziz map which is based

upon the water-air data of Govìer et al. (lg) and correlations
of Brown et al. (7) and Duns and Ros (t:¡ rvas selected because

the previous data (48, I ) obta'ined from the present experjmental

apparatus were compared wi th th i s map. The data of the present

investigatjon is superimposed on the generalized flow pattern map

of Govier and Aziz in Fig. 5.8 where the parameters yovr,_,

the mod'i f i ed superf i ci al i ì qu'i d vel oci ty, and XoVr* the

modjfjed superficial gas veloc'i ty, have been used as mapp'i ng

coordj nates, the defj ni ti ons of Y* and Xo beì ng

p o l/q
Yo = {^t *At

o- "Lcj 
(5'6)

and

* * gn 113
v - \t f uì

^-ttl-J P4
(5.7)
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whe re

owA'i s the surface tension of the water-air system,

oLG is the surf ace tens jon of the 'l iqu'i d-gas system

under fì owi ng condi ti on,

a¡ 'i s the densìty of f iquìd under fìowìng condition,

pw is the densìty of water at standard conditions
(14.7 psia and 60"F)

pG is the density of gas under flowing condjtion,
pA is the density of air at standard conditjons,

(14.7 psia and 60'F).

The ori gi na'l map del i neates f our basi c f I ow regi ons;

these are bubbìe, sìug, churn (they use the term "frothi'f
and a regì on coveri ng both the present annular and m'i st f lows

(tiley use the term "annul ar-mi st" f or the regì on ) i s the

transitions are represented by shaded bands of finite width.

The map js restrjcted to a modifìed liquid velocìty of YoVSL =

l0 ftlsec, this would be approximately l0 ftlsec in a water-

air system. A comparison between the data and the map suggests that at

low-to-moderate fluìd rates, the mapp'ing parameters (whi ch i ncl ude

a surface tension term) do not accommodate the effect of

reduced surf ace tens ì on produced by add'i ng a surf actant 'i nto

the water. Based on the present water-ai r data, the bubble-

sìug boundary cannot be tested at lower fluid rates since
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more data is needed at VSt < 1.0 ftlsec (0.30S m/sec). The

agreement between other boundarj es and the present data coul d

be considered as very good, êspecialìy when one considers

that some of the boundaries are quite subjecti ve.

The second map selected for the prupose of comparj son

is the one recently proposed by Taitel et al. (43) for vertical
f I ow of gas-1ì qui d m'ixtures. They report theoreti cal

pred'i ctions for transition boundaries of four bas'i c flow

patterns observed i n verti cal fl ow , viz bubbl e, s1 ug, churn

and annular. The transition boundaries drawn'i n Fig. b.9

were computed from the fol low'i ng Taitel et al. transit'i on

equati ons i n order to generate thei r map for the present

tes t condi ti ons .

Bubbl e-Churn Transi ti on C

VSt = 0.923 VSe - 0.734

Bubble-Sluq Transìtion B

g(pt - pn) og., o'tu
-l(or)'

(5.8)

qg^ o'089
(ù)

0.446
g (p¡ -. o6)

pLVStoVSG=4.0 ]{vr0.072

(5.e)
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Slug-Churn Trans'i tion D

n, 
=

D

vse ono'u

+ 0.22 j

3.1

(s.lo)

(5 ll)

40.6 ,vsL 
* vse

,/sù-

9.-

+ = 18?'6 for p resen t visualization section

Churn-Annul ar Trans'i ti on

[o s (0l- - pe) n.]o''u

The solid lines in Fig.5.9 represent transjtion
boundari es for the water-ai r sys tem whi I e the dashed I i nes

represent those for the surfactant sol uti on-ai r system.

The experimental data observed jn the present work j s also

superimposed on the Taitel et al. (43) map in Fjg. 5.9.

For bubbìe-s'lug transìt'i on, Ta'i tel et al . suggest that

bubbl e f I ow cannot ex'i s t bel ow the curve B (see Fi g. 5.9 )

i n systems havi ng smal I -di ameter tubes, the cri teri on for

"small diameter" be'i ng that

oL' g Dz
0.25

< 4. 36
gc (ol - Pu) o

(5.12)
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Accord'i ng to Eq. (5.12 ) the present experi mental

faci'l ity falls in the category of "small diameter tube'j trow-

ever, it can be observed from Fig.5.9 that a few data poìnts

for bubble flow, admìtted'ly close to the transìtion B,

exi st bel ow curve B. The earl ier work (48) conducted on the

present experimental facìlity also reports a few data poìnts

for bubble fl ow whi ch fal I bel ow thj s curve. The present

investigation does not cover data at the lower end of VSO

f or VSL < 3.41 f t/sec (l .039 m/sec) , theref ore: rlt0t^ê data are

needed at the lower end of VSe to confirm the existence or

non-existence of bubble flow below curve B. The slug-churn

transiti on gave a moderate agreement wi th the data at I ow

ììquid velocit'i es while large d'i fferences were observed at

VSt_ > 1.0 f t/sec (0.305 m/sec). It should be noted that

similar observatjons were made by Taitel et al. (a3) when they

attempted to correl ate thei r own experimental data wj th thi s

transì t j on. They attr j buted th'i s di screpancy to the

djfficulty jn discrjminating between slug and churn flow at

high'l 'iqu'i d flows. Present data suggest that the osc'i lìatory
mot'i on of churn flow reduces as the liqu'i d veloc'i ty is

i ncreased. Thei r data suggest that thi s s'l ug-churn transi tj on

i s 'i ndependent of 'l i qui d f I ow rate .

The agreement between the transi ti on E for annul ar

fl ow and the present data j s excel I ent prov'i ded the changes
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appeari ng'i n the gas phase density with increas'i ng liquid
flow rates are consjdered. In Eq.(5.1ì ),OU appears to the power

of 0.5 and theref ore, at I east theoreti cal ly, has a sì gn'i f i cant

effect. In the paper (43), to compare their data, Taitel et al.
have plotted this transition as if pG were constant during the

experiments. They evaluated pG at 14.7 psia and 77oF which

may not be the real vaìue, since the pressure in the test
secti on, no doubt, woul d be hi gher than the atmospheri c

pressure. The condi ti ons for a constant pG can be achì eved i f
the ìnlet pressure to the test section is controlled and pG is

cal cul ated at the mean press ure.

At hi gher f iqui d vel oc'i ti es , thei r bubbl e regì on al so

conta'ined the present f roth fl ow.

It can be concl uded from the materi al presented i n

thi s sectì on that to date no sati sfactory map exi sts for

vert'ical flow of gas-f iquid mixtures. Maps based on experimental

data are restricted to lower 1ìquìd flow rates while the

anaìyti ca1 correl ati ons are not suf f i ci ent to pred'i ct the

transition boundaries accurately. Based on the present

experimental data wh j ch covers hi gh l'iqu'i d f I ovl rates where

few other data exist, it is suggested that if a single map

is to be desired for vertical flow, it should genera'l 'ly have

the shape for the transi ti on I i nes shown on Fi g" 5.5
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5.4 Two-Phase Fri ctìonal Pressure Dtpp

The tota'l pressure drop duri ng two-phase f I ow i n a

vertjcal tube can be regarded as the sum of three componentS,

i.e.

AP=APTPF+APTPGnAPTpA (5.13)

whe re

AP i s total Pressure droP,

APtpF j s the fri cti onal component'

APIpG 'i t the gravitational component, and

APIpR i s the accelerati onal pressure drop.

The accelerati onal pressure drop can be assumed

negligib'le (48). Then effective'ly the total pressure drop js

made up of two comPonents, i.e.

AP = APTpF + 
^Ptpe

(5.r4)

The grav'i tati onal component i s s ì mp'ly the stati c head

i n the tes t secti on and i s g'i ven bY

aPrp. = {or_ (l - cr) * PG (s) } L d;
(5.r5)

where

cr is the void fract'i on.



The vo'i d f racti on

used to predict the vo'id

The total pressure drops

expl a'i ned i n Appendi x C;

AD
^I TPF'

1?6

cornelation of Chjsholm (10) was

f racti on as exp'l ai ned i n Append'i x C.

were measured on manometers al so as

then Eq.(5.14) was employed to calculate

5.4.1 Discussion of Results

The two-phase frì cti onal pressure drop data are p1 otted

in Fig. 5.10 for water-a'i r and in Fig. 5.ll for surfactant

solution-air system. in the figures, the frictional pressure

drop i s p1 otted agai nst VSO wi th VSt as the parameter. The

code I etters ( see Tabl e 5.2) appeari ng besj de the data poi nts

i n F'i gs. 5. l0 and 5.1 I i nd j cate the observed f I ow pattern.

In general, APtpf - VSO prof iles are similar to those a'l ready

reported i n References (18, 19, 7 , 48, I ). The changes 'i n

the sì ope of the curves are generaì 1y associ ated wi th the

flow patter-n transitions observed i'n the present work.

At low liquìd and gas flow rates, 'i n slug and churn

fl ow, the fl uctuati ons j n the i nverted manometer were so hi gh

that i t was not possi bl e to read the tota'l pressure drop wi th

reasonable accuracy. Also under the same condjtions, the

totaì pressure drop became almost equal to the stati c head

and the fri cti onal pressure drop was then extremely smal I

and jn some cases gave negative vaìues, probably due to the
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I ow of

l, 40,

condi

oximat

were e

fi I m on the wal I i n these fl ow patterns

The fri cti onal pressure drop data under

or which oOrO, < 0.2 in (0.51 cm) of water

1 psi ) were regarded as unreliable and there-

In order to demonstrate the effect of surface tensi on

on fri cti onal pressune drop, both sets of data for water-ai r

and surf actant sol uti on-a'i r are i ncl uded i n Fi g. 5.12.

Examinat'i on of Fig. 5.12 indicates that at low 1ìquid flow

rates,i.e. VSt = 0.19, 0.37 and 1.03 ftlsec (0.058, 0..l.l3

and 0.314 m/sec), some differences exist at the lower end of

VSe (approxi mate'ly up to VSe = 25 f t/sec ) between both sets

of data and fl0, or very l'i ttle, effects are observed for
VSO > 25 ftlsec (7 .62 m/sec ). These di fferences appeari ng

at I ow l'iquì d and ai r f I ow rates coul d be real because under

these conditions, among various forcÊs:surface tension forces

may be more i nfl uenci ng. However, under these condì ti ons of

low ìiquid and a jr f low rates (s'l ug f low), the pressure drop

measurements may not be very accurate because of the ìarge

fl uctuati ons ì n the manometer readi ng; therefore, i t woul d

be risky to attribute these changes to the surface tension.

In the present i nvestì gati on fri cti onal pressure drop i s

obtai ned by subtracti ng the statì c head from the measured

total pressure drop, an error m'ight be introduced due to void
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fracti on s i nce a cal cul ated val ue obtai ned from the same

equati on j s used for both 1 ì qui d-ai r systems as opposed to

a measured val ue. The d'i f ference appearing at VSI = 3.41

ftlsec (1.039 m/sec) and VSG * 5.2 ftlsec (1.676 nl sec) just

based on a singìe point cannot be attributed to the surface

tens'i on, especial'ly when these pointS lìe in a region where

condit'ions are hi ghly unsteady. Examination of Fig. 5.12

indicates that in general there is a tendency in the surfactant

data to be lower than that of water-air data, which suggests

a reversed trend in the water-air data point at VSt = 3.41

ftlsec (.l.039 m/sec) and VSe ; $.2 ft.sec (1.59 m/sec). At

VSI = 10.42 ftlsec (3..l76 m/sec), s'i gnificant differences

appear maìn1y where a change in the flow pattern was observed

limited
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.15 ftlsec (0.35 m/sec)

concl uded that surface

cti onal pressure droP.

small scale'i n the PaPer

re is a tendencY in the

'ly I ower than that of

nvestì gati on a si m1 I ar

g. 5..l2). Therefore it
produced little effect

being slìght'lY lower

water-ai rhe

F

t

(0.472 m/sec) , the range of VSg was I

14.24 f t/sec (4.34 m/sec). Ueda (45)

tension has very I ìttle effect on fri

Examj nati on of hj s data pl otted on a

(45 ) i ndi cated that, i f anyth'i ng ' the

surfactant sol uti on data to be sf i ght

the water-ai r data. In the present 'i

trend was observed i n general ( see Fì

can be concl uded that surface tens i on

on the fri ctì onal pressure drop' ÂPTp

for the s urfactant sol uti on than for

system where d'i fferences exist.
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CHAPTIR 6

PRESENTATION AND DISCUSSION OF

HEAT TRANSFER RESULTS

Introductory Remarks

This chapter deals with the heat transfer results
obtai ned i n the present i nvest'i gat'i on. The s i ngl e-phase

heat trans fer res ul ts are presented fi rst and compared wj th
the wel I -known theori es and correl atj ons. Then the two-phase

heat transfer resul ts are presented and di scussed. The I ocal

heat transfer data are then compared wi th the modi fi ed theory
of spaìdìng (41 ) in the manner proposed in Reference (ag).
The mean heat transfer data are then tested agaj nst some

of the exi st'ing correl ati ons . As a resul t of thi s comparì son

a corre I atj on proposed by Aggour ( I ) j s recommended for use.

The calculation procedure is given in Appendix c and

the compl ete set of data are tabul ated i n Appendi x D.

6.2 Si ngl e-Phase Heat Transfer Res ul ts

As already mentioned in Section 5.2, s.ing'le-phase

experi ments were performed i n order to ens ure the conti nued

satj sfactory performance of the exper.imental apparatus. The
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s'ingle-phase heat transfer results are presented in this
section. The local heat-transfer coefficients are presented

first and compared with the theories of tJorsoe-Shmidt (56)

and Siegel et al. (38) for laminar f'r ow and the spald'i ng

theory (4.l) and Hausen's correlation (14) for turbulent flow
The mean heat transfer data are presented next and compared

with the wel I known seider-Tate correlat'i on (39) and semj -

theoreti cal sol uti on (2) for I ami nar fr ow and with the

emp'ir j cal correl ati on recommended by Kays (26) f or turbul ent

flow"

6.?.1 Local Heat Transfer Resul ts

The I ocal heat-transfer coeffi cients were cal cul ated

at seven di f f erent elevati ons al ong the test sect'i on by

the foi I owi ng equati on, as di scussed i n Appendj x C.

where gw, T* and

q..
h="sP T - T^w6

T,, are measured variables
Þ

(6.1)

These local heat-transfer coefficients are shown in
Fig. 6.1, plotted as a function of location along the test
sectj on wi th R.sL as a parameter. The hsp - z profi r es

appear to have the same shape as predi cted by the s i ngl e-
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phase heat transfer theori es,

qual ì tati ve agreement between

the single-phase heat transfer

The sìngle-phase heat

wi th the foì I owi ng theori es

is given below.

transfer data were

and this quant'i tati

therefore suggesting a

the experimental data and

theory.
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compared

ve compa ri s on

t. Laminar Flow: (ReSl < 2,000)

(i ) Worsoe-Schmi dt (S6 )

In the paper, the governing differential equations
were sol ved by usi ng fì ni te di fferences and the

solut'i ons were presented in the form of tables, listing
NuSp against 7" where

infinite

--7 _ 4 (ZrD)L - mrn:

(ij) !e'igel et al. (38)

The solution

series as given

t,las presented

be I ow.

in the form of

(6 .2)

(6.3)
.ll r=rTB-z T

m=l

exp (- yñ Z') -l
N,SP (7')

nY
^mm



where
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(6.4)_f t _ 2 (7/D)L - fil-Tr,)L L

The constants and the eigenvalues for the.i nfin.i te

series are tabulated below.

TABLE 6.1 Values of A, and ym in Equation 6.3

m A
m Ym

I

2

3

4

5

7.630 x l0-3

2.058 x l0-3

0.901 x l0-3

0.487 x l0-3

0.297 x I 0-3

25.68

83.86

17 4.2

296.5

450.9

for 'larger 
m,

Ym

A

ll=4m+i
= 0.358 y-2 '32m 'm

2. Turbulent Flow:

(i) Spaldinq's Theory (41)

The f ol'l owi ng express i on .i s recommended by

spalding to be valid for the entire range of z+ to evaluate



local heat-transfer coefficients

to (z*) =

Prr/Pr.' 4
Ì + {0.65,l

138

(z*/Rrr)-1/3\
[,

1/q

6.64(z* /P"-,)t / n ñrn,

whe re

Z+ = (Z/D) ReSL (fsp/z)1 /2

Sq (7*) is the Spalding function given by

NrSp (Z)

R.sL ( fsp /z¡1 tz

Pfru i s the "P-functi on " and i s gì ven by

Prn = n.57 rrþl o'75 - r]
PrT

-]

]
Sq (Z') =

(6.5)

(6.6)

(6.7)

(6.8)

P"T

PtT

(ii)

is tle turbulent Prandtl number

= 0.887 (recommended by Spalding)

Hausen's Correlation (la)
The f o'l ì ow'i ng corre I ati on j s

Hausen to evaluate local heat-transfer

recommended by

coeffìcients.



Nrsp = 0.1r6 {(Res r)',t -125} {l + (t/3)(D/z)2/3}

139

(6.e)pr1/3 {ut/v*}o'I4

The res ul ts of compari son of the si ngl e-phase

experi mental data wi th the above-noted theori es for I amj nar

and turbul ent fl ow are s hown j n Fi g. 6.2 and are summarj zed

in Table 6.2. The agreement is excellent for turbulent flow

and reasonabl e for I ami nar fl ow. The resul ts for I ami nar

heat transfer are believed to be influenced by natural
convect'i on and therefore are hi gher than those predi cted by

the theories. In Fig. 6.2, only the theoreticar rine of
l,Jorsoe-Schmidt is shown because it almost coincides with

the line of S'iegel et al. Also the theoreticar line of
Hausen's correlation is not shown because it was not

possible to indicate this express'ion by a single line for
the enti re range. I t can be observed from the devi ati ons

given in Table 6.2 that the theory of sparding and Hausen's

correl ati on bound the range of turbulent data.
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TABLE 6.2 Compari son of s
data wi th some

ingle-phase local
existing theories

l4l

heat transfer

'length 
mean

the fo1 I owi ng

6 .2 .2 Mean Hea t Tran s fe r Results

As dí scussed i n Append.ix

heat transfer coeffí ci en ts were

expres s i on

C , the overal I

calculated by

ç =# I:'-'t
hsp (Z) dz (6 " r o)

Type of Flow Theory of No. of data
Points

e
(%)

et
(%)

Lami nar

Turbul ent

I,lorsoe-
Schmí dt 32 15.47 18. 36

Seige'l et al.
Eq. 6.3 32 16.76 21 .1

Spa ì di ng
Eq. 6.5 9l -4.55 6 .63

Ha usen
Eq. 6.9 9l 4.351 6.92
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where

^L 
is the length of the heated test section over whjch

the average heat-transfer coeffi cj ents wene

evaulated.

l. Laminar Flow

The fo'l lowing expressions gjven by S'ieder and Tate (39)

and in Reference (2) were corrected for property vari ations,
al though the vari ati ons i n the water propert'i es i n the

radi al di rectj on were smal I ( trre temperature di fference
between the wal I and the bul k was typ'i cal ly l S.F)

Nisp = A (Resl nr,- f)0'33 ,*,0'to (6.n)

A = l.B6 (Sìe¿er-Tate)

A = 1.615 (Reference 2).

The mean heat-trans fer data for I ami nar fl ow were

compared with Eq. (6.11) and the results are shown'i n

Fì g. 6.3 and summari zed i n Table 6.3. For I am'i nar f I ow,

the factor F appeari ng i n the ordì nate i s gi ven by

(6.ilA)

(6.llB)

F - (Prr flo'ss (u¡/u*)o'14
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The agreement between the data and Eq. (6. I I ) was

hetter with A = l.86 as compared with when A = 1.6.l5.

Theref ore the Si eder-Tate equati on wi I I be most'ly used I ater
jn this Chapter, wherever required to predict the sing'le-
phase mean heat transfer coefficients.

2. Turbulent Flow

The correl ati on recommended by Kays (26) for fu1 ly
deve.lopedturbulentflowinwaterandìightliquids(l.0<
PrL < 20 ) was corrected f or vari able f I u'i d properti es and used

for compari son with the mean heat-transfer coeffi ci ents and 'i s

given below:

Nr* = 0.0r 55 R.sL0 ' 83 prL0'5 ,*,0't' . ( 6.12)

The mean heat-transfer data for s'i ngle-phase flow,

obtained in this work were compared with Eq. (6.12). The

results of comparìson are shown in Fig.6.3 and are summarized

in Table 6.3i Fjg. 6.3 and Table 6.3 'i llustrate an excellent

agreement between the data and Eq. (6.1 2 ).

For turbulent flow, the factor F appearing in the

ordi nate i s gi ven by

F - P.o'5 (ur/u")o'"
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TABLE 6.3 Comparison of Ç with some existing correlations

The f ol I ow'ing concl usi ons coul d be drawn on the basi s

of the materi al presented j n thi s secti on.

That the experjmental equipment conti nues to function

satisfactorìiy.

That the resul ts obtai ned for two-phase heat transfer

woul d be accurate and rel i abl e.

6.3 Two-Phase Heat Transfer Results

l1

Thjs section presents the

heat transfel" resul ts .obtai ned i

Experiments with water-ai r

fi rst, pri or to col I ecti ng heat

two-phase local and mean

n the present i nvestÍ gati on.

mi xtures were performed

transfer data for the

Type of Fl ow e (%) gt (%) Equation(s) Compared

Lami nar
6. 89

23.10

14.03

27.25

Eq. (6.11)A = ì.86

Eq. (6.11) A = 1.615

Turbulent -13.23 12.s6 Eq. 6.12
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surfactant sol . -ai r system, mai nly because of two reasons :

to check the perfornance of the experjmental apparatus and

secondìy to obta'in basel ine experimental data f or the

purpose of compari son. The water-ai n mean heat-transfer
coeffi ci ents were compared wi th the data previ ous ìy obtai ned

from the same experimental faci 1 i ty by Vijay (48) and Aggour

( I ) . The resul ts of thi s compari son are shown i n Fi g. 6.4

which reveals general'ly an excellent agreement between the

present and prevîous data (48, l). The continued satisfactory
perforrnance of the rì g was therefore establ i shed and i t was

bel i eved that any data obtaîned further woul d be accurate and

rel i abl e. However a comment s houl d be made concerni ng the

resul ts i n the annul ar-mi st regi on f or the two vel oc'iti es

(Vr,_ = 0.19 ftlsec (0.058 m/sec) and VSt = 0.37 ftlsec (0.113

data taken by the present i nvesti gator and repeated data

showed more scatter when compared with Vijay's (48) results
and i nternal ìy than anywhere el se tested ( see Appendi x c for
f urther comments on what was otherw'i se good repeatabi l'i ty) .

The data shown encompass the extremes of data for the lam'inar

superfi cj al Reynol ds number tested i n thi s regi on ( I owest at

VSt = 0.19 ftlsec (0.058 m/sec) and highest at VSL = 0.37 ft/sec
(0.113 m/sec)).

6.3. I Local Heat Transfer Coefficients

m/sec ) ) wi th the I ami har superfi ci al 1 i qui d Reynol ds number

(ReSL = 836 and l5l2) respectively. In th'i s region or.i ginal

The two-phase I ocal

measured as explained in

heat-transfer coefficients, hlp were

Appendi c C. The raw data are
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presented in F'i gs. 6.5(A-G) fo" water-ajr and Fìgs. 6.6(A-F)

for surfactant sol-ajr. In each figure hrOis plotted against

7, the djstance from the beginning of the heated sectjon, for
a fixed liquìd flow with the superfìcial gas velocity be'ing

a parameter. It shoul d be noted that al I the data obtai ned

are not'i ncluded in the figures for the sake of clarjty;
however e compl ete data are tabul ated i n Appendi x D.

Examination of the htp - Z plots indicates that at moderate-

to_h.i gh liquid f low rates i.e., VSt ì ¡.+l ftlsec (1.039 n/sec)

the shape of the hlp - Z profiles js similar to those of single-
phase local heat-transfer coeffjcients (see Fig.6.5; D to G

and Fjg. 6.6, D to F) as shown in Fig. 6.1. At low 1îquid flow

rates and I ow-to-moderate gas vel oci ty, hTp i ncreased al ong the

distance Z in the bubble., sìug, churn and annular flow whjle in
the annular-mist htp decreased a'long Z (see Fig.6.5, A to C and

Fig. 6.6, A to C). A comparÍson of Fig. 6.5, A to G for the

water-air system and Fjg. 6.6, A to F for the surfactant-air
system suggests that the behaviour of local heat-transfer co-

effìcients with respect to distance along the test section re-

t48

mai n unaffected by reduci ng the surface tensi on of water.

Similar behaviour of hTp, in that it jncreases with the distance,

has also been reported in the ljterature (15, l6) and was also

observed in the earlier work (48,.l ) conducted on the present

experimental faciljty. Fedotkin and Tarudnev (15) reported that
for some flow regimes in vertically upward flow the mean values

of heat-transfer coefficient were higheli n the top section than

they were in the bottom section of their test sectjon.
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Frisk and Davjs (ls¡ made studies for gas-f iquid stratifjed
fl ow j n a hori zontal rectanguì ar channel ( I 00aRe,- < 250) and

reported that at some poì nts downstream from the start of

the heated wal I a mi nimum Nussel t number was attai ned

followed by a sudden increase in Nu.

In the earl ier work (48, I ) conducted on the present

experi mental facj I j ty, the downfl ow of the I ì quì d fi lm at

the tube wall at low vsl and low-to-moderate vso (in bubble,

si ug, churn and annul ar fl ow) was suggested as one of a

number of possìble mechan'i sms for this behaviour of hrp - z.

A theory was developed whjch qualìtatìveìy explains this
behavi our. Downfl ow of the 1 iquid fi lm was not observed

before for bubble flow but a visual ization study made by

Aggour (l ) confirmed thjs downflow.

In the present work, in slug flow at low VSt and low-

to-moderate VsG, one had the ìmpression that the ìength of
the gas bubble rvas of the same order of length as the test
secti on and much ì arger than the 1 ì quì d sl ug; therefore
under these condi t'i ons, the f I ow coul d be consì dered as a

fallìng flow at the tube wall with short periods of upward

f I ow wh'i ch coul d expì ai n thi s reversed behavi our of hlp - z.

However, this trend was not observed in sìug flow at higher



At I ow VSI and I ow-to-moderate VSe; the htp was al so

observed to 'i ncrease i n the annul ar f I ow, (Fi g. 6. S, A-C

and F'i g. 6.6, A to C). At low ì.iquid flow rates, the

existence of downflow has been reported in References (8,
24) which could explaìn this behaviour of hfp - Z.
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VSL e.g. VSL = 3.41 ftlsec (.l.039 m/ sec); one of the possible

mechanjsms for this behav'iour m'ight be that under these

condjtions, the ìength of the bullet-shaped bubble became

smaller and approximately equal to the l'i quìd slug, there-
fore peri ods of downfl ow and upfì ow coul d be consj dered as

approx'imateiy equaì.

The other possjble reasons could be:

(i) variations'i n the fluid properties aiong the test
secti on o

(li ¡ acceleration of bubbles due to pressure gradient

along the test section as explained in Reference (4g),

(ìii) perhaps natural convectjon effects.

6.3.? Two-Phase Mean Heat-Transfer Coefficients
The two-phase mean heat-transf er coef f j ci ents , çt

were eval uated by i ntegrat'i ng the I ocal val ues of heat-
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transfer coeff icients over the heated 'l ength of the test

sect'i on as explained in Appendix C. These mean heat-transfer

coef f i c'ients are presented i n Fi g. 6.7 f or water-ai r and

i n Fi g. 6. B f or surf actant sol uti on-a'i r tests. The ÇO i s

plotted as a function of VSe w'ith VSt as a parameter.

Examination of Fìgs. 6.7 and 6.8 shows that for a

gìven fixed liquid velocity, the heat-transfer coefficjents
general ly 'i ncrease as the gas mass f I ux i s i ncreased.

These res ul ts s how that the contri but'ion of the gas-phase

in increasing the heat-transfer coeffjcient is more

pronounced at low'l ìquid flow rates than at high ì'iquid

fl ows . A pl ausi ble expl anati on j n terms of the level of

turbul ence a'l ready present i n the f I ow bef ore i n jecti ng the

gas phase has been suggested by Kudj rka (28). At I ow

iiquid flow rates, the turbulence level 'i s jnitiaì'ly small.

The i ntroductj on of the gas-phase wj I I i ncrease the turbul ence

level and mixing action in the main stream caused by

contj nuous i nteracti on of the two-phases . The addi ti on of

the gas phase wi I I also disturb and reduce the thíckness of

the I am'i nar boundary subl ayer. These ef fects act to

jncrease the heat transfer rate. At hì gh ì ìquì d flow rates,
the turbul ence I evel i s i n'i ti al ly h'i gher; theref ore, the

effect of gas phase on heat-transfer coeffi ci ent i s less
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pronounced.

In general one would expect that the velocity increase

of the mjxture due to the jntroduction of the gas phase

would serve to increase the turbulence level.

The i ncrease i n heat-transfer coeffi ci ents has al so

been associated with the two-phase flow patterns (24, B, ll).
To demonstrate the i nfl uence of fl ow patterns on the mean

heat-transfer coeffi ci ents, the code letters (Tabl e 5.2)

of the observed fl ow patterns for each test have been

marked beside the data points in Figs. 6.7 and 6.8. It can

be observed from these figures that the changes in the sìope

of the curves maìn1y occur at flow pattern trans'itjons.

For each of the I ower Vr,_ a d'i sti nct maxi mum i n hñ
general ly appears as the fl ow pattern changes from annul ar to

annul ar-mi st. The possj ble mechani sm for the exi stence of

these maxi ma coul d be expl ai ned as fol I ows (22) . Just before

the maxima in annular flow, the thickness of the'l iquìd film
is very small. At this critical poìnt any jncrease in the gas

flow rate.would djsintegrate the very thjn ìiquld film attached

to the wall causing randomly d'i sturbed dry spots to appear on

the heated wall and g'i v'i ng rìse to the annular-mist flow pattern.

Heat transfer beyond this maximum is then no longer

controlled by the heat transfer to a turbulently fìow'i ng
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iiquìd film but also by transfer from the walr to the ajr
at these dry spots , res ul ti ng i n a drop Í n tr* The

occurrence of sjmjlar maxjma in the Ç fras been reported in

the I j terature by verschoor and Stemerdi n g (47) , Groothuj s

and Hendal (22) and Ravi pudi ( 33, 34) and was al so

observed jn the earl jer work (48, l) conducted on the present

experimental facì l'i ty.

In order to demonstrate the effect of surface tension

on the mean heat-transfer coefficients, the water-air and

surfactant sol uti on-aj r data are pl otted together and are

shown'i n Fig.6.9A and B. Examination of these fìgures
i ndi cates that reduced surface tension produced some effects
on EÇ and in generaì where differences are considered asIY

s'i gnjficant, the tendency js for the f[ to be lower for
the surfactant sol utj on than for water. In Fj g. 6.9A and B

I i nes are drawn where the di f ferences are bel'i eved to be

signjficant; these djfferences mainìy occur where changes

j n the fl ow patterns were observed.

In Fig. 6.9, for
large differences appear

was not apparent whether

VSO could be attributed

VSt = 0.19 ftlsec (0.058 m/sec)

at Vse z J ftlsec (2.13 m/sec); ìt
di fferences appearì ng at the I ow

to surface tension effects since
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At VSL = 0.37 ftlsec (0.1j3 n/sec) and in the

annul ar-mi st regì on the di fferences appeari ng there are

not consìdered sìgnificant as the data shown for water-air,
as mentioned earlier, are the hìghest in thìs reg.ion while
other water-ai r data (not shown ) exhi bi ted the same

magni tude of devi atì on as the surfactant sol uti on-ai r data

do from the water-air data.

171

these data points lie in a region (slug and churn flow)
where j t was very dj ffi cul t to obtaj n accurate data because

of the large fluctuatìons in the wall temperature readings.

At VSL = I .03 ftlsec (0.31 4 n/ sec ) , di fferences

appear at,the lower end of vse . The first two data points

for surfactant sol uti on are hì gher than those for water.
These two data poì nts for water-ai r and one for surfactant
solution-ajr belong to a region (s1ug flow) where jt was

di ffi cul t to obtai n accurate data because of the 1 arge

fluctuations in the temperature read'ings; further, only

two data po'i nts are i nvol ved f or each 1ì quì d.

The author feel s that signi fi cant d'i fferences appear-

ing at the lower end of VSL = 3,41 ftlsec (1.039 m/sec),
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i ndi cated by drawì ng the I i nes , can be cons j dered as real .

in this regìon changes in the flow patterns were observed,

the reg'ion prev'i ous ìy occupì ed by s'ì ug f I ow wì th water-a'i r

is now maìn1y occupied by bubble flow for the surfactant
sol uti on-ai r system. It can be observed that the heat-

transfer coefficients for sìug flow are hìgher than for
bubble f low f or approximately the same f lu'i d f low rates.
where no differences'i n flow patterns exist there are no

sìgnificant differences jn F:ñ

S'imilarly at VSL = 10.42 ftlsec (¡.120 m/sec), at the

lower vsG (*here the lines are drawn), s'i gnificant differences
i n the Ç appear to exi st where changes 'in the f I ow patterns

t,¡ere observed, agaì n the data poi nts havi ng an el ement of

slug flow being hìgher than the bubble or bubble froth flow.

It should be noted that jt was not possible to operate

the rig wjth the surfactant solution-a'i r system for the

entj re range of data covered for water-ai r, due to

uncontrol I able foam growì ng i n the storage tank.

6.4 Comparison of Local Heat-Transfer Coefficjents

Thjs section presents a comparj son of local heat

transfer data obtained in th'i s work wjth the modified theory
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of Spald'ì ng in the manner proposed by Vjjay (48). The

mod'i fication to the existing s'ingle-phase theory (41) is

based on a homogeneous flow model where the wal I shear

stress and f l ui d properti es are assumed to be un'i f orm

durjng two-phase flow along the distance z. The variables
-+tq and I for two-phase fl ow are defi ned ber ow j n thei r

modjfjed form (+a¡

z* = lz I ,9..*rl/2trP - I .,. (;-) dz)o 'mlx -m]x

7 (o r 'f /?
- '-c -w Pmìxl

u.'m'ìx

Pr h--/c \ - mlx lPt'q'TP -

_7
D*

(6.13)

(6.14)

(6.15)

(6.16)

(6.17)

(6.18)

hlp u' ml x

hro
D*

m'l x

= N,TP



where
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NrTp is a modified two-phase Nusselt No.

u
n-¡. - 'mlx

(6.20)(g. .w ,*)W

I = D 
^D't^/ 4L ^'TpF (6.21)

tw i s the two-phase wal I shear stress.

Viiay (48) correlated his two-phase local heat transfer
data w'i th the modified theory and concluded an excellent
agreement as 84% of hÍs experimental data points compared

wj th the theory wi thj n + 50%. Later the theory was tested
by Aggour (l ) and i ts range of appl'i cabì ì ì ty was def .ined 

wh j ch

w'ill be discussed later ìn this sect'ion. Aggour (l)
compared his local heat transfer data with the theory withjn
its range of applìcabirity and found that gg.7s% of his data
points were correlated within + 50%. In an attempt to
generalize the theory, Aggour (l) comb.i ned his local heat
transfer data w jth the earl'ier data obtained by vì jay (4g)

from the same experimental faci 1 i ty and tested the theory
agai nst the compl ete set of data. It was concl uded that
the agreement was excel I ent as gz.7% of the total data poi nts
agreed wi th the theory wi thì n + 50%. The rms devi ati on for
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the compl ete set was 30.71%

It was important to consider the range of appf icabiìity
of the modified theory of spa'l d'i ng before the present data

were correlated with the theory; this js djscussed below.

Examination of the Eqs. (6..l3) and (6..l6) reveals that
a knowl edge of mi xture properti es i s requi red i n order to
correlate the two-phase local heat transfer results with

the theory, Eq. (6.5). The problem of evaluating the

mixture properties had been studied in detaj r by vijay (48)

and Aggour (l ) and the use of liquìd properties for the

m'i xture propert'i es was recommended f or al I f I ow patterns

with the exception of annular-mist and mist flow. This

reservati on seems I ogi ca'l when one cons'i ders the structure
of mjst flow. The void fractjons are quite h-i gh for
annul ar-mi st and mi st fl ow and the mai n medi um of heat

transfer would be expected to be the gas phase. Therefore the

use of 'l ì quì d propert'i es f or m'i xture properti es i n these

flow regimes would lead to erroneous results.

At I ow ì'iquì d and gas mass f 1ux, a reversed behav'i or

of nto - z exìsts, as mentioned earlier where htp ìncreases

wi th an i ncrease i n Z al ong the test sect'i on. s j nce the

modified theory proposed by vijay (48) 'i s essent'i ally a

sìngle-phase heat transfer theory of spald'ing which does
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not accommodate th'i s reversed trend of heat-transf er

coeffic'ients, comparison of these data w'ith the theory

would indjcate large deviatjons. Exclus'i on of these data

is just'i fied (trris represents onìy a smail proportion of

the totaì data ) .

I t can be observed f rom Eqs . (6 . l3 ) and (6.16 ) tfiat
a term of wall shear stress is involved, which in turn

requi res a knowì edge of fri cti onal pressure drop, Eq. (6.21) ,

to predi ct the I ocal heat-transfer coeffi cj ents. Therefore

i t i s des'i red to use on 1y the accurate and re I i abr e

experimental values of frictional pressure drop for the

purpose of compari son.

The present local heat-transfer coeffi cients were

correl ated w j th the theory wi thi n Ìts range of appl ì cabi'l -i ty.
Therefore the data falling in any one or more of the

fol ì owì ng categori es were excl uded for the purpose of

compari son.

I . The data fal 1 ì ng i n the annul ar-mi st fr ow, because

the use of 1 iquìd properties as mixture properties

would be'inapproprjate.

2. The I ocal heat-transf er coef f i ci ents whi ch 'i ncrease

with an 'i ncrease in the distance.
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3. The data for whjch pressure drop measurements were

s uspected to be i n error. The unrel i abl e data i n

th'i s category 'i ncl udes the data f or whi ch the

d'i f f erenti al j n readì ngs on the i nverted manometer

was I ess than 0.3 'i n. of water and al so the f ri cti onal

pressure drop data having negative values. It should

be noted that most of the data f a1'l i ng i n thi s

category al so have a behavi our as descrj bed i n

category 2.

The resul ts of the compari son of the present data

with the modified theory of Spaìding are shown in Fig.6.l0
for water-aj r and i n Fi g. 6. I I for surfactant sol. -ai r
mì xtures. Experimental val ues were used to cal cul ate the

ordinate

q

Pr, 1/3 '
(il:),.7

(plotted as data poìnts) whi le theoretjcal values v/ere

obtained from Eq. (6.5), (indicated by a line on the

figure). A value of the turbulent Prandtl number, PrT = 0.887,

was assumed for cal cul ati ons. The compari son can be

considered as excel lent, since most of the data is scattered

around the theoretical line within + 50% deviation.
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In order to establish the generality of the mod.i fied
theory, present local heat transfer data were incorporated
with the data of vì jay (+a¡ and Aggour (l ) wh.i ch were

obta'i ned from the present experimental faci'l ity. Then the

theory was tested against this combìned set of data, which

covers the w'i dest range of variables studied so far (see

Table 6-4). The summary of this compari son is given in
Table 6.4. It shoul d be noted that the water-a.i r data of
Vi jay (48) and Aggour ( I ) have been excl uded from

compari son, si nce the present water-ai r data covers almost
the enti re range studied by them and moreover the present
water-ai r data are simi lar to the'i r data. It can be observed

from Table 6.4 that the majority of the data points
(82.6%) agree w'ithin + 30% and g3.4% of the data compare

with the theory wjthjn + 50%. This illustrates an excellent
agreement between the theory and the compl ete set of data.
Therefore, the general nature of the theory i s proposed

for ìts use to pred'i ct the two-phase local heat transfer
coef f i ci ents , provi ded i ts range of app'l ì cabi 1i ty i s

obse rve d .

9o[pafi so! of Mean Heat T"
ExistT

This section presents the results of comparison made

between some of the existìng correlations and the
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experjmental data obtained in this work. The cornelatjons

tested are those of Groothius & Hendal (z?), Kudirka (zB),

RavìpudÍ (33, 34), Vijay (48) and Aggour (l ). Some of
these correlations (22,28) have been previously tested by

V'ijay (48) and Aggour (l ) agai nst thei r data; theref ore

the same correl atì ons were a I so sel ected to compare the

present data.

It shoul d be noted that the correr ati ons tested i n

this sectìon, with the exception of vijay (49) and Aggour

(l ) are pureiy empìrical. The pertinent empirical coefficjents
are' therefore, sensitive to the range of variables under

consi derati on. However, these correl ati ons are tested here

for the enti re range of present data. In some cases, the

results of comparisons w'ithin the range of the correlation
are al so prov'i ded.

6.5 Correlation of Groothius and Hendal (ZZ

As discussed in Se c t'i on the authors presented

two-phase fl ow of water-

2.2

theheat transfer

air and gas-oi

heat-transfer

correl ated by

system.

measurements for
I -ai r mi xtures 'i n a verti ca I tube. The

coeffic'ients up to the maximum values were

the fo'l 'l owìng expression for the water-air
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Nrñ = 0.02e R.Tp 
0 .87 prl / t tþtO. l4 (6 .zz)

-w

V".'
-'ll1 > 1.0 and R.SL > 5,000usL -

whe re

Rfp=R.SL*R.SG (6 .23)

The correlation was tested against the present data;
only those data poi nts 'lyì ng wi thi n the range specì f i ed

by the authors were consi dered for compari son.

The results are summarized in Table 6.5 and would

appear as shown in F'i gs. 7.17 and 6.zo in References (48)

and (l) respectiveìy.

The agreement between Eq. (6.22) and present data

wi thi n the range suggested by the authors can be consi dered
as fair.

6.5.2 Correl ati on of Kudi rka (Zg)

The author obta'ined rocal heat-transfer coefficients
at a dÍstance of Z x l4D on the heated section and correlated



TABLE 6.5 Compa ri s on of
correlation of

present data wi th the
Groothius and Hendal

l84

(6.2s)

his air-water and air-ethylene glycol

folìowing expression

results with the

NutP v^^ 0.125
125 ( ì?ìfi )usL(Resr )1 /4 (Pr¡1 / t rþlo'u,A)o't 

o

u¡ uw

Range of applicabiìity:

. VsL I 9 (ftlsec)

'ff< eo

iqu'id-Gas
stem I Water-ai r Surfactant-ai r Comp I e te

set
Deviation

0.1
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tq. (6.25 ) was compared w'ith al I the mean heat

transfer data obtai ned j n the present work. The results

of comparison are summarized in Table 6.6 and would look

like as shown in Figs. 7.19 and 6.22 in References (48) and (l)
respectiveìy. Table 6.6 illustrates a poor agreement

between the Eq. (6.25) and the present data. However, a

better agreement was observed (e- = 30. B%) when the

correlation was tested within its specified range of

appì'i cabì1ity and using the present local values of hfp at

7 x 16.3D.

TABLE 6.6 compari son of h* with the correlat'ion of Kudirka

Range of
Devi ati on

Number of
specifìed

data poìnts (% of total
ranqe of deviat'ion

N) lying in the

Water-ai r
(f! = ì.l0)

Surfactant-ai r
(N = 98)

Compìete set
(l! = 208)

I
1

I
1

+

20%

30%

40%

50%

50%

22 .7 3

32.73

40.90

51.0%

49.0%

22 .45

35.71

42 .85

53.07

46.93

22 .60

34.22

41.88

52 .04

47 .97

e (%)

er (%)

-B .97
54.03

-28 .84
48.52

18.33
5l .49



6.5 Correlation of Ravìpudi (33, 34)

The author correl ated hi s water-ai

data wi th the f o11owi ng equat'i on w j thi n

.l-
r n 

^TP.

l86

and Tol uene-ai r

8% up the max'i ma

v.^.0'3 u^.0'2 0.6 0.33 ur o.l4NrTp=0.56(Ë) (\) R.sL PrL ,fr,
(6 ?6)

The range of R.SL as covered by the author js from

8,554 to 89,626 and the volumetric gas-liquid flow ratio
varjes from I to 90. Equatjon (6.26) predicts Ç up to a

maximum value which would appear at the trans'i tion of

annular to mist flow.

Eq. (6.26 ) was tested agaj ns t present data wj thi n the

range covered by the author as wel I as agai nst the

compl ete set of data obtai ned 'i n thi s work. The present

data along with the correlatjon,'i .e. Eq. (6.26), are p'l otted
j n Fi g. 6.12 and the resul ts of compari son are summari zed

'in Tabl e 6.7 . It can be observed f rom F j g. 6.12 that the

data is scattered around the corre'l ation, especiaììy within
\/^ ^

the oW .ange speci fi ed for Eq . (6.26) . The agreement
'SL

between the compl ete set of data and Eq. (6.26 ) 'i s generaì ìy
good, as 76% of the data points fall withjn + S0%. However,

the comparj son ìmpr oves consi derabiy (ãt = "3.31%) j f
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Eq. (6.26) js compared with the data bounded by the range

as covered by the author. However, i t should be noted

that the data fallìng jn range of appììcabìììty constjtute
only 25% of the mai n body of the data obtai ned 'i n thi s work

TABLE 6.7 with the correlation ofCompari son
Rav'i pudì (

otÇ
33,34)

Range of
Devi ati on

Percentage of data
range

poi nts 'lyi 
ng

of deviation
in the specified

Water-ai r
(N = l'10)

Surfactant-ai r
(N = 98)

Complete Set
(N = 208)

I
1

I
I

20%

30%

40%

50%

50%

40.00

50.91

66.36

72.73

?7.27

50.00

68 .37

77.55

80.61

19.39

44.70

59.14

73.07

76.44

2s.56

e

e-r

(%)

(%)

15.73

59.85

-5.6l
40.08

-5.35

51.49
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5.4 Correlation of Vìjay (48)

The author

predi ct the mean

hìs data w'ith Eq.

within + 50%.

Fro

proposed the following correlat'i on to

heat transfer coeffi cj ents and compared

6.27 and found that 87% were correl ated

FR, * ñRe ( 6.27 )

As di scussed i n Chapter 2, the correl ati on j s based

on a simple model of separated flow in which it is assumed

that both phases flow in separate cylinderst ñRI_ and FOn

appeari ng 'i n Eq. (6.27 ) are the sìngle-phase mean heat

transf er coef f i c'i ents based on actual mean vel oci ti es and

actual fl ow cross-secti onal area of both phases .

The mean heat transfer results obtained in the

present work were compared with Eq" (6.?7). To calculate

the actual mean Rê, the voj d fractj on correl ati on proposed

by Chisholm (.l0) was used. The results of th'i s exercise

are shown ìn F'i g.6.'l3 where experimental values of hrO

are pì otted agai nst the expected val ues of hrO obtai ned

from Eq. (6.27). Si ngle-phase heat transfer correl atì ons

j n the f orm (tq. 6.llB , 6.12, 2.8 and 2.11) were used to
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evaluate h",
AL

g'i ven below i

and hRe.

n Table

A summary of

8.

TAB LE 6 .8 Comparison

Excl udi ng data points

l9l

the comparison js also

Vìjay's correlat'i on

for wh'ich e 1 00%

of hlp wi th

A good agreemen t
data is concluded

between Eq. (6

as 85.6% the

present total

compare wjthin

.27) and

data poj

the

nts

Range of
Devi ati on

Percentage of data points lyìng in
range of deviation

the speci fì ed

Water-air I Surfactant-air(N=ììo) I (N=e8)
Complete Set
(l{ = 208)

1

1

1

I
>+

20%

30%

40%

50%

50%

48. I I
70.00

82.73

86.36

13.64

34 .69

65.31

7 8.57

84.69

15.31

41.82

67.79

80.77

85.57

14.43

e (%)

e-

- I 7. 85

53.06

-22 .43

50.51

-20.00
trl o?Jt.ot

*e(%)

eT (%)

-23.58

34.08

-27.81

37 .40

-25.57

35.68
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+ 50%. It should be noted that large values of e' appearing

in Table 6.8 are due to a few data points ìying jn the slug

flow reg'ion at the lowest liquid and gas flow rates and

in the annular-mist. It was concluded by Vijay (48) that
the correl atì on fai I ed under these condi ti ons and the errors
magnified. For example, if the fjrst two data points at

the I owest 'l 'iquì d and gas vel oci ty are i gnored f rom water-

aj r as wel I as surfactant sol. -ai r results, êT tor the

complete body of the data would improve from 51 .87% to

35 .68% .

Sjnce the present single-phase laminar heat transfer
data were pred'icted by the Sieder-Tate equat'ion better than by EQ.'6.

ll.B, therefore Eq. 6.llA was also tried to evaluate Fnr.

The change 'i n e' was neglìgìbìe, sìnce most of the data

bel onged to turbulent flow (based on actual Re, as defi ned

ìn Reference (+e)).

It can be observed from Fi g. 6. I 3 that the correl ati on

has a general tendency to overpredict th. Ftp¡ therefore
the correlation Eq. (6.27) was 'improved by Aggour (l ),
whi ch wi I I be di scussed when the present data i s compared

wì th his (l) correlatjon.
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In general , the correl ati on gi ves a good predj cti on

of h--^.IP

6.5.5 Correl ati on of Aqqour ( I )

The author proposed the fol I owì ng correl ati on to
predi ct the mean heat-transfer coeffì ci ents

(6.28)

where

n = - 1/ 3 for laminar flow (ReSl > 1,000)

n - - 0.83 for turbulent flow (ReSl > 2,000)

tquation (6.28) 'i s bas j ca'l 'ly a modi f i cat j on to the

correlation earljer proposed by Vijay (48), Eq. (6.21).

For the deveì opment of the above correl at'i on, the author

assumes that the contribut'ion of gas to the heat transferred

to the two-phase mjxture is very small. The'i ntroductjon

of gas phase acts only to accel erate the l'iqui d phase, thi s

phase act'i ng as the heat transfer medium.

In Eq. (6.28) ñSp js the sìngle-phase liquìd mean

heat-transfer coeffi cient based on the superi fi cal Reynoì ds

number Re* and evaluated from Eqs. (2.13) and (2.'l4) as

ñrp = h-ro (l - c)n
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expl ai ned i n Secti on (2.6) .

The correlation is tested in Fjg.6.l4 where

experjmental ñrO is pìotted against the expected values

calculated from Eq. (6.28). The results of this comparjson

are also summarized in Table 6.9 and are g'i ven below

TABLE 6.9 compari son of hro wi th Aggour's correl atj on

Table 6.9' illustrates a very good agreement between the

present experimental data and Eq. (6.28) as 85% data po'i nts

were correlated within + 40%. It should be noted that the

Range of
Devi ati on

Percentage of data points lying in
range of deviation

the specì fied

Water-ai r
(N = ll0)

Surfactant-ai r
(t\ = 98)

Complete Set
(N = 208)

1

1

I
1

>+

20%

30%

40%

50%

50%

55.45

78.18

87.27

87.27

12.73

53.06

77.55

82 .65

83.67

16 .32

54.32

77.88

85.09

85 .5 7

14.42

e (%)

e'(%)

- 15. 87

JJ. JJ

-19.24

33.68

-17 .46

33.50
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agreement would f urthelimprove j f the results belongì ng

to the annul ar-mi st fl ow were excl uded from the comparì son.

In annular-mìst flow, gôs-phase is the main medium of heat

transfer which contravenesthe basjc assumptjon made for the
deve ì opment of Eq. ( 6.28 ) .

In an attempt to generalize Aggour's correration,
present data were combi ned wj th the previ ous data obtai ned

from the same experimental faci I i ty (48, I ) . Equati on (6.28)
t,las tested aga'i nst th j s comb j ned body of data, whì ch

covered the widest range of variables studied so far, as

could be observed from Table 6.10. The results of this
excercjse are summarized in Table 6.10, which does not

include the water-air data of víjay (+a¡ and Aggour (l )

since they were simi lar to the present water-air results.
It can be concl uded from Tabr e 6. I 0 that the compari son

between the correlation and the data is excellent as 86%

of combi ned set of data agrees wj thi n + E0%. The compari son
'i s most certa'in'ly excellent, êspeciaì1y when one considers
the range of vari ables covered j n the data.
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6.5.6 conclusion of the comparison of Mean Heat rransfer

The comparati ve study presented j n the previ ous

sections allows one to conclude that the sìmple correlations
of Vijay (48) and Aggour (l ) ane the best among those

consj dered i n thi s study. However, a comparí son between

Tables 6. B and 6.9 suggests that Aggour's correlation
is superior to that of vijay (48). The correlation of
Aggour when compared agaìnst the whole body of data

(present + (48) + (l )) obtained from the same experimental

apparatus, does excel'lently (see Table 6. I 0). Th.is

correl ati on, Eq. ( 6.28), i s therefore recommended to predi ct
the two-phase mean heat transfer coefficients with good

accuracy i n al I the fl ow patterns occurri ng i n verti cal

upflow except in annular-mjst and mjst flows.
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CHAPTER

SUMMARY, CONCLUS IONS AND RE COMMEN DAT I ON S

Data for fl ow patterns ? fri cti onal pressure drop and

mean heat-transfer coefficients were reported for

water-ai r and surfactant sol ution-ai r systems for a

wi de range of I iqu'i d and gas f I ow rates.

? The effect of reducì ng the surface tens i on of water

by the addition of surfactant was determined on the

above-ment'i oned measured variables.

)J. Fl ow pattern photographs were presented and fl ow

regì me maps determi ned for both I ì qui d-ai r systems .

The surf ace tens'ion produced essenti al ìy no ef fect

on the slug-churn, churn-annular, annular-mist and

bubble-froth trans'i tions for all'l iqu'i d and ajr flow

rates. Bubble-s'l ug 'i s the only boundary signifìcantly
affected by surface tension; for this boundary the

surfactant produced effects i n such a way that the

regìon previous'ìy occup'ied by s'l ug flow for water-air

i s now mai nly occupi ed by bubbl e fl ow. Fi gure 5 .7

shows the regì on ( cross-hatched ) where these effects

are apparent.

Summary and Conclus'ions
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4. Some of the ex'i stì ng f I ow pattern naps were studied

and the present data were compared wi th the Gov-ier

and Aziz map (2C) and the map proposed by Taitel et al

(a3); jt t,.las concluded that maps based on experjmental

data are restri cted to I ower 1 i quì d fI ow rates whì le

maps based on analyti cal correl atj ons are not yet

adequate to predict all the transition boundaries

accurateìy.

I t was concl uded that surface tens i on produced I i ttl e

effect on the fri cti onal pressure drop, wì th A pfpf

bei ng general'ly s'l ì ghtly I ower f or the surf actant

sol uti on-ai r system than for the water-ai r system

where di fferences exi sted.

6. Surface tens i on produced no effects on the shape of

the profi'1 es of local heat-transfer coefficients as a

functjon of dì stance Z along the test section. Surface

tens'ion produced some effects on mean heat-transfer
coeffi cients, with a general tendency for the ñfp was

to be I ower for surfactant sol uti on-ai r than for water-

ai r where di fferences exi sted. Sì gni f i can t d'i f f erences

= 3.4 I ftlsec ( I .039 m/sec ) andwere observed at VSI

10.42 ftlsec (3.176 m/sec ) for I ow VSe; these di fferences



7 . The I ocal heat-transfer coeffi cj ents were correl ated

with the modjfied theory of Spalding (41) in the

manner proposed in Reference (48) which with certaìn
justjfiable exclusions, gave agreement wjth an rms

dev'i atjon of approximately 1B%. The correlat'i on tvas

tested for general ì ty wi th a wi de range of data Ipresent
and previous (48, I )l; 93% of 2457 data points agreed

with the theory wìthin + 50%, for all the data, the

mean and rms deviations were 10.09% and 28.73%

respectì vely.
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appeared where a di fference ì n the fl ow pattern was

observed ñ,., being I ower for bubble fl ow than sì ugIY

flow for approximate'ly the same Ì'iquìd and air
velocities.

B. Present mean heat transfer data were tested agaj nst

some of the wel I -known exi sti ng correl ati ons; the

results were general iy good; however, the best agree-

ment t^las obtajned wjth the correlatjon of Aggour (l).
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7 .2 Recommendati ons for Future l,'lork

(i) In the present work, a surfactant was added to the

water in order to achjeve low surface tensjon values;
j n f uture work, the next step j n i nvesti gat'i ng the

effect of surface tens i on woul d be to use pure

'l'i q ui ds .

( i i ) In measuri ng the total pressure drop, prêssure

transducers should be used rather than manometers in

order to avoi d the errors encountered due to read'i ngs

of smal I defl ectj on on the manometers and ì arge

fl uctuati ons i n the readì ngs at I ow fl ow rates of the

ììquìd and gas.

(ji'i ) It is recommended that in future work, vojd fraction

should be measured. Predict'ing the void fraction for

di fferent ì ì quì d-gas systems from the same correl ati ons,

especìa1 ìy when dì fferences jn the flow patterns occur,

may not be as good as using actual measurements.

(iv) Better technìques should be used to photograph the flow

patterns at high 'l iquìd flow rates (ìn froth flow) where

the flow'i s opaque.

( v) To obtai n more accurate temperature readi ngs under hì ghiy

unsteady condì ti on (sì ug and churn f 'l ow) , i t j s recommended

to use a programmabl e data 1 ogger havì ng a hi gh scan

rate.
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APPENDIX A

DETAI LED INFORMATION ON EXPIRIMENTAL EQUIPMTNT

This appendix gìves details of the apparatus and

measuring equìpment includìng the fluid property measurìng

dev'i ces.

It should be noted that most of material presented

in this Appendjx is taken from Reference (+A) .

Table A. I I ists the manufacturer, model number, etc.
of the equi pment used. The numbers appeari ng in the table
(trre item number) correspond with the cjrcled numbers in
F'i gs . 3.2 to 3.9 of Chapter 3.

Some of the 'important measuring instruments such as

el ectri cal power measurì ng meters , fl ui d fl ow meters ,

temperature-measuring instruments, etc. were calibrated
occasi ona'l ly duri ng the per j od of the present work. 0ther
components I i ke thermocoupies and the heat transfer test
section were calibrated only once (4g) before installing in
the facìììty. The detailed information on the calibration
of s uch componen ts i s gì ven i n Reference ( aB) .
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TABLE A.I

Information on the components of the Experimental Facjljty

Part No.
i n Fì gs.
3.2 to 3. 9

Name
of the

Componen t
Remarks

IXING CHAMB

Stainless
steel
strainer

Porosi nt
b ron ze
tube

R

3.0 in. d'ia., 1/SZ in. performated
stajnless steeì type 304 Sarco
straj ner. Sarco Canada Li mì ted,
Ag'incourt, 0ntarì o, Canada.
0.460 in. I.D. x 0.740 in.0.D.
x 8.0 i n. grade E; Sintered
Products Lim'i ted, Sutton-in-
Ashfjeld, Notts, Eng'land, U.K.

HEATED TEST ECTION

Heated
test tube

Bus bars
Support'i ng
bar

Guard heater
tube

Heatì ng
e I eme nts

Stainless steel type 304;0.460 in.
I.D. x 0.020 in. thick; Atlas
Aìloys, L - 2 ft.; Atlas Steels
Lìmìted, tJelIand, 0ntario, Canada.
Brass, 6.75 x 3.0 x 0.94 jn.
I .0 x I .0 j n. Permal j insul ati ng
mater ial; Permal'i (Canada) Limited,
Toronto, 0ntarj o, Canada.
1.5 in. I.D. x 0.0625 in. th'i ck
sp1 i t copper tube retai ned by
Permali rings.

rubber
(0.5 in.
x l0 ft.);

Co. ,

Two Briskeat sil'i cone
embedded heatì ng tapes
wide x B ft. & 0.5 ìn.
Bri scoe Manufacturi ng
Columbus, 0h'i o, U.S.A.

4

5

6

]BSERVATION S

lB1
ECTION

Visual
secti on

3.0 x 3.0 'in. x I ft. cast acryiìc
rectangular pri sm w'i th 0.460 ín.
precision-bored hole.
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Part No.
j n F'i gs.

Name
of the

3.2to3.9 I Component

Di g'i ta1
voltmeter

Stri p

recorder

Data
ì ogger

Voltage
standard

Keithìey
model l9
resolut
+ 3 d'i g
Inc., C

Remarks

l9l Dìgìtal multimeter,
l, 5-1 /2 digit, 0.0005%
oÌr, accuracy 0.007% vdg
ts; Kei thley Instruments
eveland, 0hio, U.S.A.

l0

Cal'i brated i n
regularly.

the I aboratory

Honeywel I Two-Pen El ectroni k I 04
Mul ti -Range Lab/Test Wi de Chart
Recorder, Model No. .l04112-002-
002); specjfjed accuracy: span:
+ 0.25% of span or I mi crovol t
whichever is greater; zero positìon:
1 (0.25 + 0..l x suppressjon ratìo)%
of span or I mjcrovolt whichever is
grea te r; Honeywe I 'l Cont ro I s Ltd. ,
Scarborough, 0ntario, Canada.

Cal'i brated in the laboratory
regularly.

1 22404, 60
d be
annel s ) ,
5 channel /
t
with a

inter,
te, tjme
annel no.,

uni ts.
hC. t
h'i ngton,

Fluke DC Voìtage Standard-
Di fferenti al Vol tmeter-nul I
Detector, (lllodel 3354) , accuracy:
(0.002% of sett'i ng + l0 uv); John
Fluke Mfg. Co., Inc., Seattle,
Washington, U.S.A.

Fluke Data Logger Mode
chan.nel capacity (coul
extended up to I 000 ch
scanning speed up to I
sec., accuracy + 0.loc
programmable, ÊQUìpped
digitaì d'i spìay and pr
d'i spìays and prints da
(hour, mìn., sec.), ch
readì ng (mV or "C) and
John Fluke Mfg. Co., I
Mountl ake Terrace, Was
98043.

lt

12



art No. I Name
in Figs. I of the
3.2 to 3.9 j Component

Ice bath

Selector
sw'i tch

Constant
temperature
bath

Waukesha Posi ti ve Di spl acement
Pump , Model No. 25 D0- I 1 /2. Al
Ni cke I -Bron ze cons tructi on
(Waukesha Metal ). Compl ete
assembìy supplied wjth a 5 hp
(220 vol t, DP) motor and a V-bel
drive. Max. flow = 24 USGPM
(water); Max. Pressure = .l50 psi
and Max. Temp. = 225"t. Buna-N
seals; Waukesha Foundry Compâfly,
Waukesha, ll'i sconsin, U.S.A.

Fischer & Porter Indicating Type
Fl owrator ( Rotameter) , Model No.
10435374, 3.l6 stainless steel
fl oa t (1 /2 - GUSVT-40 ) , Tube:
FP = l/?-?1-G-10/83, percent
scale. Flowrate: Max. = 0.328
USGPM Lìquid sp. gr. = 1.0.

l3

21?

Remarks

Thermo-tlectric ICELL T.M. Ice
Pojnt Reference Unit; a comp'letely
automatized Ice Bath (Mode
80020-6); Thermo Electric
Limjted, Brampton, 0ntario

Canada)

Canada Accuracy: 0.00'C to +
0.05'C; Stability: + 0.01o for any
constant ambient.

Thermo-Electric Selector Switch;
96 poì nts , 48 swi tches , custom key
pallad'i um contact switches,
Model No. 33212. Double pole,
double throw, centre 0FF type.

Gebruder Haake Model FS/ FT Cons tant
Temperature Bath; specified

14

t5

accuracy:
Karlsruhe

+ 0.02oC; Gebruder Haake,
l,J. Germany.

Used for ca I ì bratj n g the thermo-
coupies ìn the laboratory
(Reference (aB)).

LIQUID FLOl^J L00P

16 P ump

F I owme te rs17

A
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Part No.
ì n Fi gs.
3.2 to 3.9

17

lôtÕ

l9

20

Manometer
(to measure

^P)

Man ome te r
(to measure

^P 
)

Gas-lìquìd
separator
tan k

- conti nued

la

Name
of the

Comp onen
Rema rk s

Model No. 10435374, 216 stainlesssteel float (l/q 27-G-10l93, %scale, Fìowrate: Max. = 3.55
UScPM lìquid sp. gr. - 1.0.
l4odel No. 10435374,316 Stainless Steelfl oat (2-GSVGT-98). Tube: Fp-Z-27_G_
i0/93, %, scal e, Fl owrate : Þlax. = 30
USGPM ì'iqui d sp. gr. I .0.

M

e

b
S

e

Model No.1043537p,3
steel float (NSVT-6Zz
PP-l-60-P B/83, % sca
rate : Max. = Z0 USGpgr. = 1.0. (Used for
the cool'i ng water rat
heat exchanger). All
t,.'ere calibrated in lafor water for the pre'investìgation. Fisch
Porter (Canada) Ltd.,
0ntario.

!
g,

I
co

j
fl
or
en
r
Do

stainless
Tube:

Fl ow-'iquìd sp.
ntrol l i ng
n the
ow ratos
atory
t
and
wnsview,

1/q in. I.D. 'inverted gìass
manometer. Des ì gned and
manuf actured 'i n the Mechani cal
En g'inee ri ng Labora tory.
Meri am Model Z0AAZ5TM, Range 100
i n. U-type, mercury manometer.
Equipped wjth standard scale and
303 stainless steel wetted parts.
The Meri am Instrument Compäny,
Cleve'land, 0hjo, U.S.A.

1 l/Z x 1.0 ft. stainless steeltank with 3 in. outlet in thecover pìate and 1 1/Z in. drain;Greensteel Industries Ljmited,
Winnjpeg, Manitoba, Canada
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Part No.
i n F'i gs.
3.2 to 3.9

22

N ame
of the

Comp onen t
Rema rk s

21 1 1/? x 3 ft. stainless steel
tank with 3 holes in the cover
pìate (3 jn. dja.) 1 1/2 in.
dra'in and a sjde mounted 1/z
'i n. I.D. glass level indicator;
Greensteel Industri es Linri ted.
L'iquid-to-lìquìd shell and tube
type exchanger. All copper
0.625 in. I.D. tubes by 4 ft.
i ong shel I di a. 2 ft. Automedj c
Instruments L jmi ted, t^l j nn'i peg,
Manitoba, Canada.

Liquìd
storage
tank

Heat
exchanger

Ot,JTR SUPPLY CiRCUTT

Vari ac

Tran s fo rme r

Current
transforme

Amme te r

Voltmeter

Powerstat vari able Auto-transformer
Model No. Pll56-4PS. Sìngte-
phase, 240 volt-100 amps-24 kvA.
American Superìor Electric CompânV,
U.S.A.
Single-phase Dry Type Djstrjbution
Tran s former. 0pen- ven ti I ated ,class-F. Prìmary: 240 volt-100
amps, secondary: lZ00 amps.
Pioneer Electric Manitoba
L'imited, [,Jinnipeg, Manitoba,
Canada.

Weston Model 327 " Type Z. pr.imary:
I 00 amps, secondary: 5 amps.
Weston Electrical Instrument
Corporati on , Newark , N.J. , U. S. A.
Caljbrated jn the laboratory
(Reference (a8)).
i,Jes ton A. C. Amme te r , Mode I 433
(25-500 cyc'les). Range: S/2.5/t.
amp. Caljbrated in the
I aboratory ( neference (aB) ).
l^ieston A. C. R. M. S. Vol tmeters.
Range: 0 to l0 volts and 0 to
30 vol ts. Ca I i brated 'in the
Laboratory (Reference (aB) ).



Part No.
in Fìgs.
3.2 to 3.9

Name
of the

Componen t

Potent'i al
transformer

l,lattmeter

Temperature
control ler

l.les ton Poten ti a I Tran s former ,
|\4odel 3ll, Type 1. 2300/.l150:
I I 5V, I 5 VA, 25-133 CPS.
Calibrated in the laboratory
(Reference (aB)).
l^leston Portabl e tlattmeten, Model
432" 5 amp capac'i ty. Voltage
range: 75/150/300 v. Caljbrated
in the laboratory.
Honewel I Servotron'ik Temperature
Control ler, Model No. 5500101 -2-05-02. Type T-couple. Range:
0 - 200.c.

Pentax Spotmati c Sì ngle Lens Retlex
Camera eq u'i pped wi th Super-Takumar
50 mm f /4 Macro (close up) lens.

215

Rema rk s

Ni kon protoma
w j th N'i kkor-S
I en s .

General Radjo Type .l538-A 
Strobotac

Electron'ic Stroboscope. Flashjng-
rate range: ll0 to 150,000
flashes per minute. Flash
Durat'i on: 0.5 to 3 us. General
Radj o Compâfly, l,jest Concord,
llassachusetts, U. S.A.

7 x 7 jn. double acting, s.ingìe
cy'l inder, type ES-l and serjãl no
I 441 5; I .375 i n. di ameter ofpiston rod; dual contro'l ; water
cooìed, sì ngle pass, conter-fl ow;

tic FTN equipped
lens, 50 mm f /1.4

EG&G 549 Mi crofl ash System
consi stj ng of the Model 549-l I
Flash Un'i t and the Modei 549-Zj
Driver Unit. Flash Duration 0.5
us; Peak ì i ght: 50 x I 0b beam
cand I e power. Edgerton ,
Germeshausen & Grier, Inc.,
Boston, Mass. U.S.A.

TR FLOI^J LOOP

PHOTOGRAPHIC SECTION

Came ra

Camera

Strobotac

Flash

35 Compressor
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Part No.
i n Fi gs .

3.2 to 3.9

N ame
of the

Component
Rema rk s

R FLOl,J LOOP

35

36

38

Continued
Compressor

0ri f i ce
plates

Ro tame te r

Manometer

electrical drive, l5 hp, 220-440
V, 3-phase, 1750 rpm motor;
92CFM capaci ty at 300 rpm at
100 psi; Canad'ian Ingersoll Rand
Co. Ltd., Canada.

Three sharp-edged p'lates of 0.418,
0..l41 and 0.046 in. dia.,
desr'gned and manuf actured 'in the
laboratory according to ASME
Power Test Code. All orifice
p1 ates were ca I j brated i n the
laboratory (Reterence (a8)).
Tube No. 3-.l5-4; Glass Float;
Brooks Instrument Co., Inc.,
Hatfield, Pennsy'l vania, U.S.A.
Meriam Model 30EB25TM, Range
1 00" , wel l -type manometer.
Equipped with standard scale
and 303 stai nl ess steel wetted
parts.

FLUID-PROPERTY MEASURI NG EQUIPMENT

39 Surface
tensi on
analyzer

Fisher Model 215 Autotensiomat
surface tens'i on analyzer (operates
on the principìes of the du
Nouy .j!rg and l^ljlhelmy plate
methods); analog panel meter
readout (or potentiometrjc
recorder); 0 to 100 dynes/cm
range; q.02 dynes/cm sensitivity+ 2% relat'i ve accuracy; 0.0?
dynes/cm resol utj on (ón 0-5
dynes/gm range, usjng the re-conder). Calibrated in laboratory
several t'imes during each run,
supplied by Fjsher Scjentjfjc
Canada, Ltd.
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Part No.
i n Fì gs.
3.2 to 3.9

Name
of the

Componen t
Remarks

40

41

42

Po ten ti o meter
recorder
(accessory
for surface-
tensìonmeter)

Vì s comete r

Constant
temperature
circulator

Fjsher Recordall serjes 500,
si ng1 e-pen wi de chart recorder,
I MV to l0V range; 12 chart
speeds; maximum error 0. I % of
I MV full scale; repeatability
+ 0.01% of full scale. Houston
Tnstrument, Austjn, Texas.
Cal i brated reguì arìy i n
laboratory.
Haake Fal I i ng-Baì 1 Vi scometer
Model B, used wi th a constant
temperature ci rcul ator;
measurjng nange of 0.01 to
5 x l0c CP; accuracy of -0.1
to 0.5%; temperature range of
-60 to +150'C. Supplied by
Fìsher Scientific Co., Ltd.
Edm. , Al ta. , Cânada.
Haake Constant Temperature
Ci rcul ator Mode I FS ; temper-
ature range up to 250"C;
max'imum accuracy of + 0.004oC.
Supplied by Fisher
Scientific Co., Ltd.
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APPENDIX B

PHYSICAL PROPERTI ES OF FLUIDS

The physical pr0perties used for the reducti on of

present heat transfer data are summari zed i n Tabl e B. I .

These eq uat'i ons are taken f rom Ref erence (l ) where i n

Reference ( I ) these equati ons were taken from the References

(Bl ) and (BZ ) . In the present work the property equatj ons

for water, other than for surface tensjon, were also used

for surfactant sol uti on s i nce surfactant produces ì arge

variation is surface tension values at relat'i vely low

concentration while keeping the other propert'ies essentía1ly

unal tered. In Reference (l ) i t was assumed, 'i n obtai n'i ng

these equations, that the pressure has no effect on vjscosity,
thermal conduct'i vity and specific heat.
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Parts I to VI, Chemical
1959 and .l960)
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APPENDIX C

CALCULATION PROCEDURE

This appendi x gi ves the defi niti ons and procedure for
obtain'i ng the heat-transfer coeffi cients and the hydro-

dynamìc quantit'ies of interest in the present work. it
should be noted that most of the material presented in this
appendix has been taken from (48, page 323; l, page Zgg).

The cal cul ati ons were performed on IBM 370 computer at
The Uni versìty of Manitoba.

c. I Defi ni tion of the Heat-Transfer coefficients
The I ocal and mean heat-transfer coeffi c'i ents were

cal cul ated as fol I ows :

a) Local Heat Transfer Coeffjcients

qw tu
TB

Z

Fi g. C.l



where

q,n is heat flux at the wall at the location 7,

T, ís inner wall temperature at the location Z,

Te i s bul k fl ui d temperature at the I ocati on 7,

h(L) i s local heat-transfer coeffi cient.

b) Mean Heat Transfer Coefficient

The mean heat-transfer coeffi ci ents were cal cul ated

f rom the I ocal val ues by the f o1'l ow'i ng expressi on

Local val ues of h as a function of 7 are i I I ustrated

qualìtatìveìy in Fig. C.2.L. z^

223

o

h(z) = , w , (c.l)
'w - rB

(c.2)

hrp

lx 3*\ 
< L

(
o

7l- sx lc- 'txlJx 14 '?
l6

X

Ll
2'5"-+- 3"--*l* 3.5" - -r¡ I - -r¡c.c --------f- 4.c 1.5'1

AL L2

Fjg. C.2 h - 7 for Eq.(C.2).
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The I ocal val ues of heat-transfer coeffi cients were

calculated from Eq. (c.l ) at l6 horizontal pìanes along the

test section as shown in Fig. c.z. However, the values at
seven p'l anes denoted by c'i rcl es were used to cal cul ate ñ

for the reasons expì ai ned ì n References (48, page 326) and

(.l, page 301) jn detail.

Eq " (C.27 was sol ved numeri ca'l ly by usi ng trapezo.i dal

rule for integration.

c.2 Cal cul ati on of The Local Heat-Fl ux (a*)

The

(F j g. c. 3 )

resistivit
fol I ows :

local heat flux
was calculated

y and the curren

at the wal I at the

from the knowl edge

t flowìng through

location Z

of the loca

the tube as

TB
@

Fi g . C. 3
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consjder the elemental length dz of the tube at locatjon
7. The heat generated in thjs elemental rength is given by

do = GI2dR.'wï (c.3)

(c.5)

where

dRt 'i s the resistance of the elemental length dZ of
the tube and is g'iven by

dRt = p' tr
õ- is the average resist'i v'i ty of the tube at rocation Z,

A. i s the cross-secti onal area of tube wal I ,

I i s the electri c current f 'lowí ng through the tube,

G is the conversion factor - 3.4.I3 Btu/watt-hr.

Th ere fo re qw=tr=ff]ff (c.4)

where

dA, = rDd7, is the elemental surface area of the tube.

Hence

^ _ GI'p- r Btu rew - rD-T_ t¡r-¡p)
c

The thermal losses from the outside of the heated

sectj on are negì i gi b1 e due to the presence of guard heaters and

insulatjon. Therefore eq. (C.5) represents the net heat flux transferred
to the fluid.
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C.3 Cal cul at'i on of the Inner Wal I Temperatu[e f rom the¡.Measured 0uter l^lal I TeIps¡slg_t3.

Fi g. C.4 Temperature Drop Through the Wal I of the
Tube.

In order to cal cul ate the I ocal heat-transfer coeffi ci ent

from Eq. (C.l ), the locaì temperature T* (F'i g. C.4) at the

fl uid-wal l'interface (ìnner wall temperature) is required.

This T* was obtained by measuring the outer wall temperature

To and then cal cul ati ng the temperature drop across the

wall, that is

T*=To-AT* (c.o¡

where

ÂT* is the temperature drop across the wall

in Reference (48)ATw was calculated by using the method

deveìoped by Kreith and SummerfÍeld (C.3) for the
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temperature di stri but'i on i n an el ectri ca'l 1y heated res'i stor

of tubul ar shape wi th the tota'l energy di ssi pated to the

fluid f'lowing inside" The expression for AT" as given by the

authors (C.3) is as follows:

aT* = Bott + Bltt + (4, + Ar)tu (c.7)

whe re

t i s the wal I th'i ckness, g'i ven by t - Ro - Ri ,

Bo = ml (l+ß'To) (l+o'To),

Bl = 2n/3Do (l+ß'To) ('l+o'To),

BZ = m2(3cr'+4a' ß'To + g' )/6(l+ß'To)t(l+o'To)3,
B3 = m/ oi (t +ß'To ) (t +o'To ) ,

Do i s the outer di ameter of the tube,

Ro is the outer radius of the tube,

Ri 'i s the i nner rad'i us of the tube,

m = G(de/dz)'tzo;u; (c.e)

ß' 'i s the temperature coeffjcient of resistìvity of

the tube materia'l , g'i ven by

p' = Qo(l+ß'T)

p' 'i s the electrical resist'i vìty of the tube materìa1,

o' i s the temperature coef f i c'ient of thermal

conductivity of the tube material defined by

kt = kå (l+o'T)
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kt i s the the rmal conductì vì ty of the tube materj al ,

(de/dZ) js the voltage gradient in the tube.

Eq. (C.B) for m can be expressed in terms of the measured

current ( I ) f1 owi ng through the tube as fol I ows.

For the elemental iength dZ, the voltage gradient can

be obtai ned from

âe - ^r. - -, I
à7vr tA

c

Hen ce

m =,rfiï' p,2 ' (*l'

where

A. = I (Då - Di)

(c.e)

In calculating m from Eq. (C.9), p' was assumed to be

constant within the wal I at a particular location of interest
and was evaluated at the mean temperature tuun of the wall

at that parti cu I ar I ocati on. Then p' was desì gnated bV pt

and i s gì ven by

p' = p-r = på (l+ß' tuun) (C.10)

where
T +T

T^..- - o w (c.lt)'avg 2

Therefore

m=rr%-.{'.tul-l (c.iz)
|\ , l'o o c
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The e I ectri cal res i s tì vi ty of the tube was meas ured

by Vìjay (+A¡ in the laboratory and the fo'l 1ow'i ng equation

was used to calculate p':

p' = 0.2.l6581 x l0-5 (t + 0.650408 x to-3r¡ ohm-ft

(c.r3)

The thermal conduct'i vì ty of the tube mater j al (type-

304 stai nl ess steel ) was cal cul ated from the equati on

reported by Bergì es and Rohsenow (C.2) whi ch agreed wi thi n

+ 2% wjth the data obtained from the manufacturer (48,

page 302 ) i n the temperature range of 75-l S0.F. The

express i on for kt i s gi ven by

kt = 8.46 (1 + o. 000526T) FF+#"F (c.14)

As Eq. (C.7) now contains two unknowns, AT* and

implicit'ly Tw, the iterat'i on method given below was used

for AT
w

ti ) To start wi th, T* lvas assumed to be equal to To,

(iì ) õT and m were calculated from tqs. (C. l0) and (C. fZ;

respectively,

0ii) AT* was calculated from Eq. (C.7) and then T* from

Eq. (C.6),
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( iv) This new value of T* was then used to obtain a new

val ue for tuun and the above steps were repeated

unt j I two successi ve val ues of AT* agreed w j th.in +

0 .0005 0 F.

C.4 Determination of The Local Bulk Temperature

In deri vi ng the equations for TU, it is assumed that
the gas-ì iqui d mi xture enters the test section fu1 ly
saturated, that i s, the saturati on process takes p'l ace i n

the ca'lming length. Detailed calculations done by sims

(C.+) show that this assumption is valid.

Consi der the elemental vol ume of the heated tube,

having a surface area of dA, (Fjg. c.3)" Let the temperature

rise of the mixture in this length be drg. The amount of
heat transferred to the fluid jn th'i s section is given by

dq -s dAf'WS

whe re

dA, = rD dZ = p dZ

Applying the principal of conservation of energy on

this elemental volume and assuming the steady state condit'ions,

the foììowing expressjon is obtained.



0',w (p dz) ñL cpl dTa + ñG cpo dTs
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(c.15)

Hen ce

Therefore

dTg

(T")
" i+l

ñ t- cpl- * fie cpe

Qu, Pdz

cpt + ñc cpe

Equation (C. l5) was integrated step-by-step and it was

assumed that the specifìc heats and the wall heat flux

rema'i ned constant i n the i nterval between two successi ve

I ocati ons. Integrat'i ng Eq. (C. l5 ) between Z., and 7i*j
gi ves

PQ*

mL

17¡ *t
I)7.

I

dre ¡7:+t dL
)7.

l

(Te)i
C, +

pL

PQ*
(Zi *i z¡)

riìL m^L
b pG

To obtain the

test section by Eq.

requi red. For thi s

ature, was used to

TB at successive locations aìong

(C..l6), an init'i al value of Tg i

purpose, TIN, the mi xture 'in I et

calculate Tg at plane I which in

(c.16)

the

s

temper-

turn was
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used to calculate Tg at plane 2 and so on.

In reference (48, l), detailed derivations are gìven

to obta'in the inlet mixture temperature, TIN, and the follour-
i ng equati on i s obtai ned by performí ng a conservati on of
mass and energy on the control vol ume i ndi cated by dashed

line in Fig. C.5.

rJrr
tDGZ

cpl Tt * cpG TGz * ('¡ te) hl¡ * ,zhuz - ,3hv3

't#' cpL

T-

'IN - (c.17)

C^ +pb

where

Eq . (c. I 7 )

temperature of a

'i s the generaì equation

gas-liquid mjxture.

for the i nl et

ñOn, is the mass flow rate of dry gas = ñDG3,

In F'i g. C.5, rñG = ñDcZ * ñuZ

(¡ is the mass of'lìquid vapour per unjt mass of
dry gäS, gi ven by

rñu/rion

h js the enthalpy per unjt mass of the flujd.

û)
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I Colrning
', s/ Lertgllt
t¿'
I
I
I
I

I
I

Tcz

- <-fTìn
\)

ri1 
L

Bulk Temperoture of the Mixture

Control Volume for the
Calculation of Mixture
Inlet TemPerature.
IFrom Reference (l)]

Fig. C.5
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In Eq. (C.17), the quantitiet TL, TcZ, ñr, and ñO* are

known from measurements; CpL, CpO and h can be found from

pr0perty equatjons or thermodynam'i c tables. By def init'i on

(c.s¡

^z = RM þz Puz/ oont

'3 = RM 03 P rs/ oont

(c.lB)

(c.le)

where

RM is the ratio of the molecular weight of the 'l .iquid

to that of dry gäS,

0 i s the re I ati ve humi d'i ty,

P vZ i s the saturati on pressure of I iqui d vapour i n

the gas at the temperature rGz, obtained from thermo-

dynamic tables (C.5),

,rn, js the partial pressure of dry gas .i n the gas-

l'iqu'i d vapour mixture = pGZ - PvZ,

Pçz is the totaì pressure of gas-'l 'iquìd vapour m'i xture,

Pv3 js the saturation pressure of the ìiqu.i d vapour

at TIN,

OOn, is the partìa1 pressure of dry gas = pIN - pv3

Pltt j s the totaì pressure measured at the test secti on

inlet.



It can be seen

above, only Pv3 is a

has two unknowns i.e
sol ved by an i terati
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that among al'l the quantities described

functi on of TIN, therefore, Eq. ( C. I 7 )

. Tlt¡ and 13 (Tiru). Eq. (C.l7) was

ve procedure on the computer.

In the present experimen.ts, ai r was

phase and the l'iquid phase consisted of w

surfactan t sol uti on. Si nce i t was assume

earlìer, that the physica'l (except surfac
thermodynami c properti es of water remai n

addi ti on of surface acti ve agent, therefo
reduced from Eq. C.17, gi ven bel ow Eq. ( C

calculate Ttru for both mixtures.

always the gas

ater and water-

d, as menti oned

e tension) and

unaltered by the

re the same equati on ,

.22) was used to

In

for 
^Z)

eval uate

the present work, Eq. ( C. I g) was not

however, the fo1 1 owi ng procedure was

uzi

used di rectly
adopted to

ti) The air coming from the storage tank at the ouilet of
the compressor 

'uas 
always saturated because of the

presence of water at the bottom of storage tank,
therefore, re1 ati ve humi di ty (o) at the storage tank
js equal to 1.0,

(i i ) since the conditions at the storage tank are essential ly
the same as at the inlet to the rig (supply ìine),
the rel ati ve humi di ty at suppìy I i ne condi ti ons wi I I



Iiii) As mentioned above,
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al so be equal to I .0; therefore

P

- ^ îõ4 vlinu
rline = 0.622 Þ:^ (C.20)

uu.tl ne

Because of mass cont'inuity, the humidity ratio at

the storage tank at the outl et of the compressor woul d

be equal to the humid'i ty ratio at the inlet to the rig
and at the inlet to the mixer, ì.e.

0storage tank = tline = 'z

The humidity ratio was calculated at the inret to the

orifice (at the inlet to the rig) using Eq. (C.20)

as i t was conveni ent to take measurements at that
point. In Eq. (C.20) p,, , the saturation pressure

u I i ne
of f iqui d vapouri n the ai r, was cal cul ated f rom the

knowledge of temperature at the inlet to the orifice.
since P.. is very small as compared wÍth the totalvline
I i ne press ure ,, the OOr., 

., n. 
wi I I be approximate'ly equal

to the total line pressure; therefore, this measured

total l'i ne pressure was used in Eq. (C.20)"

tline = 
^z

and the value cajculated for oline above was therefore
used for ^Z i n the computer program.



237

The a'i r at the test secti on i nl et was assumed to be

saturated (0" a1 so equal to .l.0); therefore Eq. C. lg.J

reduces to

(r¡)a = 0.622 (Pv3/Pa3) (c.2r)

where subscri pt 'a' stands for dry ai r.

and

D=D-D. 'a3 'lN 'v3

,;l;, cpl Tr * rou Tsz - ('s)u hrn3 * (,¡z)a (hv2 - hL3)

cou - ttT' cpt

(c.22)

where

ntnt = hv3 - hlg

C.5 Cal cul ati on of the Fri ctj onal pressure Drop

In the present work, frì cti onal pressure drop was

cal cul ated from the measured total pressure drop across

the test secti on. The tota'l pressure drop was measured by

means of two manometers, one 'i nverted manometer usi ng the

test liquìd and the other uprÍght mercury manometer. These

T
IN

are shown in Figs. c.6a and c.6b. The measured total
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pressure drop was used to cal cul ate the fri cti onal pressure

drop in the manner described below.

C.5. I Inverted Manometer

Consideratjon of the balance of forces acting on the

pìanes xx (Fig. C.6a) results in the fol'l owing equation.

Þ - p - -9- o, L + -9- (ol - pa) h' (C.ZS¡'IN 'OUT gc PL L ¡ 
%

where

pa js the density of ajr jn the manometer and is

extremely smal I as compared wi th the densi ty of

the I ì qui d pL. Ther efore pa can be negl ected and

Eq. (C.23 ) reduces to

(j) Sìngle-Phase Flow

The total pressure drop consi sts of three components,

for single phase flow it js given by

p-.. - p- _ = g o. L + -9- pL h' (C.24)'IN 'OUT gc vL gc

It'i s assumed'i n deriving these equations that pL in

the manometer is equal to the density of the ìiqu'i d in the

test section.

AP = PIN - POUI = APSpc + APSpR + 
^PSpf.

(c.zs¡



240

where

^PSpG 
i s the s ì ngl e-phase gravi tati onai component,

^PSpR 
'i s the sing'le-phase accelerational pressure

droP ; 0 for al I the tests,
ÀPSpF is the single-phase frictjonal pressure drop.

The grav'i tati onal (hydraul ì c ) pressure gradi ent i s

simply the head of liquid in the test section and is g'i ven

by

ÂPsPG = f; PL L

Therefore

(c.26)

aPsPF=AP-APspe

= g o, h'gc L
(c .27 )

where

h' i s the di f ferenti al read'i ng on the manometer

(Fig. C.6a).

Íi) Two-Phase Flow

Neglect'i ng the accelerat.i onal pressure drop, Eq.(C.ZS)
for two-phase fl ow becomes:

AP=ÂPTPG+^Plpp (c.zs¡



where

by

where

241

APtpG js the two-phase hydraulic pressure drop,

APtpF 'i s the two-phase f ri cti onal pressure drop.

The hydraul i c pressure drop i n two-phase fl ow i s gi ven

aPrPG=* Lori* (c.zs¡

pmix is the mixture density and is given by

omix = (l - a) PL + 0 pG

ÂPT'F = 
* or t * * o,- h' 

+ L {(l -o) pL + o pG}

- g o' h'+ s to(ot Pe) (C.30)gc L gc

Since pG

ÂPrpF = f; p¡ ( h' + oL) ( c.3l )

Substitution of these quantities in Eq. (C.29) yields
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C.5.2 Upri ght Manometer

A force barance on the prane xx in Fig.c.6b resurts
in the fol'lowing equation

where

pHG Ìs the densìty of mercury in the manometer,

' h' i s the di fferenti ar readi ng j n the manometer.

Fo'l l owi ng the same procedure adopted f or the i nverted
manometer, the frictional pressure drop is calculated from
the fol lowing equations.

i. Single-Phase Flow

ÂPspF=f; (pug-or)h' (c.s¡)

i i . Two-Phase Fl ow

Ptru - Pour = oT 
(ore - o,-) h'* * o,- L (c.32)

ÂPrpF = + 
(pug - or) h'**.(0' - on) L (c.34)

Assumìng

pG

then yields



ÂPtp r
o= ¿

9c
oHg h' - 

¡| pL (crl - h')
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(c. ¡s )

c.6 Cal cul ati on of the Mean Pressure and Tem erature i nthe Test Section

The mean mi xture

calculated as follows:

D=D.MIX ' IN

The average mi xture

following Eq. (C.rZ¡.

pressure i n the test secti on was

- rfr (c. 36 )

was eval uated by thetempe ra tu re

T

'14IX

Tt rv 
+ Tout__----z- (c.sz)

[.Jhere Tlru and rour are the bulk temperatures at the inlet
and outlet of the test secti on respect.i ve'ly.

C.7 Cal cul ati on of the Voi d Fracti on

A knowledge of void fraction was required to calculate
the fri cti onal pressure drop as shown i n Secti on c.5 and to
correlate the mean heat transfer data as discussed in
chapter 6. The vo'i d f ractìon correl ati on proposed by

chisholm (c3) \^'as used to predìct the actual vo.i d fraction.
This was used because it 'i s weil accepted (1, 4B) and simple
to use. The voi d fracti on, wherever appeari ng j n the thesi s,
was calculated by the folìowing procedure.
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The rati o of the mean vel oc'i ti es of the two-phases,

usual'ly termed as s1ì p rati o, 'i s gi ven by

^ ve)=q

In the paper (C3), the author also showed that S can

be approxi mated by

(c.sa)

(c.3e)
P,%

S . (^-!-)
PMIX

where

where

I -l-x x
PNIx PL PG

(c.40)

and

x, the fl ow qual i ty i s gi ven by

x=
ñr^ + ñr,trL

From the definition of flow qua'rìty and void fraction,
it can be shown that

m^
b

Rt i s the 'l i qui d vol ume f ract.i on.



C. B Cal culation of the Liquid and Gas Fl ow Ra tes an d
Su erTi c'i a e toc ties

c.8.1 ui d Fl ow Rate and Su erficial Velocìt
Flow Rate ('L )

S i n ce

calculated

and the voi

where

x, pG and pL

from the Eqs.

d fractj on was

were known, QMI 
X

(C.40) and (c.3e)

then determ'i ned
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and S were

respecti vely,
from Eq. ( C.4l ) .

Li

The 1i qu.i d f I ow rates were measured

three rotameters which were car i brated i n si tu
laboratory (48). The flow rate of ììquid was

by the appropriate equation below

- For meter number I (high flow range)

rL = 0.274286 + j79.9]l4 Rm

- For meter number Z (medjum flow range)

mL = 4.14875 + 17.560 Rm

- For meter number 3 (1ow flow range)

1 "05622 + 1. 565 Rm

by means of

i n the

determi ned

(c. 42)

mL =

( c. +¡ )

(c.44)

Rm is the % meter readi ng.



Vst = ñL /rt|t (c.45)

where Al is the cross-sectional area of the tube and is given

by
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íi. Superficial Velocity (VSf)

Accordi ng to the defi n i ti on , the s upe rfj cj a I

1i qu'i d vel oc'i ty was cal cul ated f rom the f ol I owi ng equati on :

C.8.2 Gas Flow Rates and Superficjal Veìocity
i. Flow Rate (ñc)

The ai r f I ow rate vì¡as measured by means of three
ori f i ce pl ates and a rotameter. The f ol l owi ng equat.i ons

were used to determi ne the ai r flow rate (48).

The mass fl ow rate from the rotameter, whi ch was

used for the I owest fl ow rates, was cal cul ated from the
fol ì owi ng equati on

ñc = O.?7364 (061 )% Qo (c.+o¡

where

pçl is the gas dens.ity at the rotameter inlet,
Qo is the volumetrjc flow rate (ft3/hr) at standard

condi ti ons and was obtai ned from the cal i brati on

Ar =lD'



curve (48) and is gìven by

Qo = - 0.1825 + 0.0813 RO

where

Re is the meter readìng.

The mass fl ow rate through the ori fi ce pl ates was

calculated from the fol'l ow'ing equatjon (C.1, Ref. C.l in

48)

359.052 d2 FYC Fu (on1h,r)%

Fi g. Ç.7 Fj ow through an ori fi ce p1 ate

where

mG=

247

(c. 47 )

(c.48)

d

F

i s the

= (l -

where ß

ori fi ce

ßu )-,
_ a/Dp

throat diameter,

i s the vel ocì ty of approach factor,
_ Throat dia.- ll pê--dlã. '

D
D /Gl
'Gl

Dt GZ peZ
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Y i s the expans i on factor, gi ven by,

Y - I - (0.41 + 0.35 ß4) *qB !) ¡p;; ' (c.4e)

Fu is the thermal expansion factor; 1.0'i n the

temperature range i nvol ved i n the experi ments ,

h* i s the pressure drop across the ori fi ce pl ate

(ìnches of He0),

k i s the rati o of speci fi c heats and i s equal to
1.4 for a'i r,

AP0R i s the pressure drop across the ori fi ce pl ate,

=D-D'Gl 'G2'

c is the coefficient of discharge which was determined

(48) from cal i brati on charts. In these charts C

i s p I otted as a fun cti on of ReO , Reynol ds n umber

based on the throat dj ameter, i . e.

4m^
Rg. = , b"-d 

"d uG (C'50)

The foì ì owi ng equati ons foF c, were obtai ned from the

cal ibrati on charts (48).

0ri fi ce Plate No. Throat diameter c

I

?

J

ìnches)
0.418
0.141
0.048

0.687 exp (-3.83x10-7 neo)

0.689 exp (-9.45x10-/ ReO)

0.73 2 exp (-3.06x10-o Reo)
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The f oì'l owì ng procedure was emp'l oyed to cal cul at. ñC.

(i ) Assuming an ideal gas, pel was calculated from the

measured val ues of pel and TOI

pGl = PGI /RTol

R i s the characteri sti c gas constant,

(ii ) Y was calculated from Eq. (c.49) where apo* was

cal cul ated wi th the knowì edge of h* from thi s

relation

^PoR=*#hn'^/ (psi) (c.sl)
"c

(jji) An arbitrary value for c was chosen (0.6 to start
w j th) and riG was determi ned f rom Eq. (C. qg) , then

R.d was evaluated and a new value for c was obtained

(i v) Based on thi s new val ue of c, a new InG was determi ned.

( v) The procedure was repeated unti r two s uccess.i ve

val ues of mG agreed wi thi n + 0.1%.

ij. Superficial Vetocjty (VSO)

The superficial verocity of gas was determined

by the fo1 ì owì ng equati on.



VSe = rirr/06 Ar
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(c.52)

(c.s¡)

(c.s+)

The gas phase density changes along the length of the

heated test secti on due to changes i n the temperature and

pressure. Therefore, local values of vse were calculated
by assumìng a lìnear drop in the totaì pressure along the

test tube and, using the local values of TB, the mean value

of VSe was cal cul ated f rom the f o'l 'l owì ng rel ati on

VSG _l-t ¡L

,l. vs'(z) dz

C.9 Determination of Surface Tens i on

The meas urements of stat'i c s urf ace tensi on made by

the surface tens j on anaìyzer i ndi cate the apparent surface
tension. These readi ngs were corrected for absol ute surface
tension by the foì1owìng relatjonship"

Õ
abs Fx

app

where

oabs i s the absol ute surface

oupp is the apparent surface

is the correction factor
and g'i ven by

tension

tens i on

as mentioned ln ( c. 6 )
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0.01452 o
F - 0.725 app

C2 (o 
ro Pup)

r

is the radjus of the ring

i s the radi us of the wi re

+0 045 34 679
L

Fr -
pl (c.ss)

where

(cm)

of the

plp js the

vessel

pUp ìs the

vessel

C is the

ri ng ( cm)

dens i ty of the I ower phase i n the measuri ng

( gm/cm')

densìty of the upper phase in the measuri nq

( gm/ cm' )

ci rcumference of the ri ng ( cm)

For the ri ng used i n the presen t work ,

6.0 cm

53.7489

The val ues of absol ute

in the thesis.

surface tensi on are reported

C. I 0 Repeatabi I i ty of Resul ts

in order to establish the repeatabì'l ity of the water-

air results, VSI = 20.84 ftlsec (6.352 m/sec) was selected.

Six data poìnts covering the whole range of VSO for the base

data tnlere repeated part-way through the program and al so at

the end of the'i nvestigation. The results are shown in Fig.

C.B which 'i llustrate an excellent repeatabil jty.

C-
R-
r



l0
4

tL o I
(\

¡ i+
- I :f .{
-

00

o- !- c

lo
'

o
gt

r 
o 

o 
o8

d

to
2 ot

po
oP

E
oP

F
jg

. 
C

.B
 

R
ep

ea
ta

bì
ìr

'ty
 o

f 
t{

at
er

-A
ir 

R
es

ul
ts

V
S

L=
 2

}.
84

fÌ/
se

c 
(6

:3
52

 m
/s

ec
 )

o A tr

W
A

T
E

R
 -

 A
IR

B
os

e 
do

to

R
ep

eo
te

d 
po

rt
-w

oy
 t

hr
ou

gh
 p

ro
gr

om

R
ep

eo
te

d 
qt

 th
e 

en
d 

of
 in

ve
st

ig
ot

io
n

V
ru

 (
ftl

se
c)

V
ru

 (
m

/s
ec

)

A
lo

'
)¿ o I

C
\J E B

a
lo

"

l\) f\)



253
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APPENDiX D

TABULATTD DATA

Thi s appendi x presents the two-phase experjmental data.

The water-air data are given in Table D.l, the surfactant solutjon-
air data jn Table D.?. The data for each ìiqujd-ajr mixtures are

given in the order of increasing a'i r flow rate for each liquìd
mass fl ow rate. For each test the data a re tabul ated i n the

fo'l 1owìng order:

- The first two I jnes gìve the average values of the

followìng quantities:

ML= water mass fl ow rate I b/hr

MG= gas mass fl ow rate I b/hr

QFLUX= average heat fl ux Btu/hr -ftZ
NUTP= average Nussel t number

HTP= average two-phase heat-transfer

coeffj cj ent Btu/nr,ft?f
PDT= total press ure drop 1b r/ inz .

PDF= frj cti onal pressure drop 1br/ inZ .

ALFA= voi d fracti on

XTT= Marti nel I i parameter

Ì¡lE= Weber number

FR= Froude number

STN= Surface Tension (absolute) dyne- 
7 .,n

(The surface tension value is just jncluded

for the surfactant sol utjon-ai r resul ts )
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- The next three lines give respectiveìy the inlet,
outlet and mean values of the folìowing quantit'ies:

T14lX= mixture temperature

RESL= superfjcjal I ìquid Reynolds number

RESG= superfi ci al gas Reynol ds number

P- pressure 1bf/in.Z
PRL= lìquìd Prandtl number

PRG= gas Prandtl number

VSL= superficjal 'l iquid velocjty
VSG= superficial gas velocity

ftlsec
ftl s ec

- Then, the local values of the quantities listed below

are gìven at seven locatjons (7 in.) along the test
section.

RESL= superf i c'iaì l'iqu'i d Reynol ds number

VSG= superfi cj al gas vel oci ty ftlsec
TBULK= bul k temperature of the mj xture F

(ft-Tr)= temperature di fference between

wall and bulk

NUTP= two-phase Nussel t number

HTP= two-phase heat-trans fer coeff-
'i cjent Btu/hr ftTf
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