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AB ST RACT

A comprehensive revjew of the I iterature on two-

phase flow patterns of condensing f'luìds inside horjzontal

tubes reveal ed I im j ted i nf ormatì on. Most of the pub'l 'ished

data correspond to two fl uids, Freon-12 and Freon-l I 3' con-

densing in tubes ranging in ins'ide djameters between 0.1875

in. and 0.625 jn. in the meantìme, the¡s ôrê ¡e establjshed

criteria for the predictjon of flow patterns during con-

densatjon. The main obiectives of the present jnvestigatjon

are to generate new data using steam as the test fluid and

to study the applicabi'l 'ity of dìfferent correlations

(empirical and theoretical ) for the prediction of flow

patterns during condensatjon. Steam was selected as the

test fl uid because it is wideìy different in physìcal and

transport properties from other fl uìds tested earl ier.

An experimental set-up was des'i gned and constructed

to achieve the objectives of the present study. The test

condenser has 0.527 in. I. D. for the 'inner tube. Data were

obtai ned coveri ng a wi de range of steam mass fl ow rates,

inlet superheats, pressures, and cooling rates. The maior

flow patterns which were observed were: spray, annular,

wavy, slug, plug, and stratified. In additjon, two tran-

sitional flow patterns were reported; these are the spray-

annular, and annu'lar-wavy. It was not possible to calculate

't1l



f ìow-map parameters for the siug, p.l ug" and stratif ied
flow patterns since the heat balance resurted in sub-
cooled conditions for these observations. As a result.
these flow pattern observations were not correlated.

The present data, as well as others reported in the
I iterature, were compared with the most wi dely known

empirical flow pattern correlations. it was concl uded

that Baker's [5]* map faired in predicting the present data,
however, a map deveìoped for condensation, by sor iman Ir9]
using Baker's coordinates agreed fairry wer r with the Dresent
daùa. Another set of coordinates suggested i n tr 01, nameiy
the void fraction and the velocity of the liquìd phase vn,
was tested with the present data and found to be a possible
basìs for a generalized correlation for condensation. 0n

the other hand, the superf icial 'l iquid velocìty versus super_
ficia'l gas velocity coordinate system used by Mandhane et al.
ll2l faìled in absorbing influences of fluid properties.

comparisons were also done with the few theoretical
correlations avaiJable in the literature. Traviss and

Rohsenow ltaJ developed equations for the I ine separat.i ng

the annular and the wavy flow patterns. The present data
agreed very well with their prediction. Also, a reasonable
agreement was found when this correlation was tested against

*N umbe rs
thesis.

in ffireferences at end of
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data of other flujds. 0n'ly the annuìar-wavy and annular-

s1 ug boundaries of Taitel and Dukler [14] theoretical map

were tested. These transi ti on I i neS were sel ected because

they were the ones rel evant to the present study. The sl u9

fl ow data poj nts reported j n other studies di d not correl ate

well with theìr predjctions. However, the agreement w'i th

annular and wavy data pointS from present and other studies

were cons.i dered to be satisfactory. The boundaries developed

by Breber et al. 1227 using Taitel and Dukler Ila] coordjnates

were found to predict well the data of the present inves-

tìgation.
The simple empìrjcal cr.iterion developed by sol iman

tl9] for the spray to annular transjtjon was tested usìng

the present data. Agreement was fai r.
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CHAPTER I

INTRODUCT]ON AND DTFINITIONS

l.l Introduction

The s'imul taneous f I ow of two phases i nsi de or outside

a duct i s known i n the I i terature as two-phase fl ow. The

two phases may beìong to the same substance, (usua1 ly
referred to as two-phase, one -component), or to two

different substances with djfferent chemical compositions,

(two-phase, two-component ). Pumpi ng' of mi xtures of oi I

and natural gâS, flow of gases and lìquids in chem'ical con-

tactors, hydraul ic conveyì ng of wheat, pu1 veri zed coal and

ores, and material handì ìng in food processing are some

app'l ìcations of two-phase, two-component f lows. Examples

of engineering equipment in whjch two-phase, one-component

f I ows occcur are the boi I er tubes i n steam power p'lants,

heat transfer equipment such as evaporators and condensers of

ref ri gerati on systems, and the coo'l i ng systems of nuc I ear

reactors.

Experimental observations reveal ed that one or two-

component two-phase flows assume djfferent possible flow

configurations. These configurations are cal led flow

patterns or flow regìmes and will be defjned later in this

chapter. Each flow pattern has i ts own heat, mass and

momentum transfer characteri sti cs, and consequently each



shoul d have j ts own pressure drop and heat transfer

correlations. Hence, from a des'i gner point of view, the

understanding of the hydrodynamìc behavior of two-phase

flow is important as well as necessary for achieving

improved design for equ'i pment in wh'ich such flows occur.

In additjon, being abìe to predict the flow patterns

associated with d'i fferent two-phase flow condjtions is as

crucial as knowing whether the flow js laminar or turbulent

in s'i ngle-phase flow.

Several research efforts deal ing with two-phase, two-

component (gas-'lìquid), adiabatìc flow were reported in

the literature. These invest'igations resulted in some

informatjon about the possjble flow patterns, phase

di stributions, and pressure drop associated w'ith the f low.

Several correlations (empirical and analytical ) for the

predj ctjon of flow patterns expected under certain condi tions

were also suggested. Most of these correlationS are l'imi ted

in use to specific flow conditions, whjle few are claimed to

be appl i cabl e to a wi de range of fl ow condi ti ons. An

examp'le of these correl ations ís presented I ater j n thi s

chapter.

Recently, a great deal of i nterest has been d'i rected

towards the study of two-phase, one-component, diabatic

flows. This type of flow includes both boiì'ing and con-

densation cases" l'lhen heat transfer is associated with the



flow it causes phase changes and changes jn phase djstrib-

ution along the duct. consequentìy, the flow pattern

never becomes fu1ìy developed and jt changes continuously

in the djrection of the flow. In spite of the added

complex.i ty, few studies were successful in prov'i d'i ng

'i nformatjon on the fl ow patterns ' pressure drop, and heat

transfer characteristics .

A comprehensive rev jew of pub'l ì shed I iterature on the

flow patterns of condensìng fi uids jnside horizontal tubes

revealed that the available information is quite limjted.

Most of the data correspond to two fl ui ds ( Freon-l 2 and

Freon-ll3), and a limjted range of tube diameters. In

addj ti on, there i s no establ i sh ed corre I ati on (empi rì ca1 or

anaìyt'ical) for the prediction of flow patterns during con-

densation. More research efforts are requjred in this area

and the present i nvest'igati on was carri ed out as a f i rst

step. The objectives of this investìgation are:

l. To desìgn and construct an experimental faciì ity for

the study of flow patterns of condensing fluids inside

hori zontal tubes.

To generate flow pattern data for steam condensi ng

inside a 0.527 ìn. I"D. horizontal tube.

To compare the obtained data wjth empìrical and analyt'ica'l

flow pattern correlations available in the literature'

Also, using other data reported earljer for flujds other

J.
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than steam, the i nfl uence of fl ui d properties on

the transition criteria between different flow

patterns wi I I be j nvesti gated.

1.2 Definitions

Some of the terms menti oned above wi I I be used exten-

s.ive'ly jn this thesis, and hence" a proper defjnìtion is

necessary. The term "flow pattern" is used to describe the

di fferent confi guratj ons wh i ch appear duri ng two-phase fl ow.

The type of flow pattern existing at a certajn location

wjthin a tube depends on many factors, such as mass flow

rates of the two phases, physical and tranSport propertìes,

and tube djameter and orientation. During adiabat'ic gas-

liquid flows the flow pattern does not change between the

inlet and outlet of the duct, whjle for diabatjc flows the

pattern changes conti nuously i n the di rectj on of the fl ow

due to heat transfer.

Fi gure I . I shows schematic di agrams of the dj fferent

flow patterns associated with gas-liquid flows inside

horizontal tubes t4]. The different descrìptions used in

identifying these patterns were:

Bubble flow: flow in which bubbles of gas move along the

upper part of the PiPe"

Stratified flow: flow jn which the liquid flows along the

bottom of the pipe and the gas flows above it over a

smooth I i qui d-gas i nterface "
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l,lavy flow: flow whjch is sjmilar to stratified flow except

that the gas moves at a higher velocity and the inter-
face is disturbed by waves traveling in the dìrect'ion

of f I ow.

Slug flow: flow in which a v/ave is picked up periodica'l ìy

by the more rapid 1y movi ng gas to form a frothy s1 ug

whìch passes through the pipe at a much greater velocity
than the average 1 iquid velocÍty.

Annular flow: flow in which the liquid flows in a film
around the insjde wall of the pipe and the gas flows at

a hìgh velocìty as a central core.

Spray flow: flow jn which most or nearly all of the'l 'iquid

i s entrai ned as spray by the gas.

Usually, each investìgator reported descriptjons for

the different flow patterns observed during his experiment.

There is a f ai r'ly common agreement among i nvesti gators on

these descript'ions, and hence the above ones are considered

representative of the literature. To give an idea about the

types of flow expected during condensation, Fig. 1.2 shows

the deveìopment of the flow patterns along the axjs of a

hori zontal tube.

An example of the correlations deveìoped in the

I iterature [4] for the predictjon of flow patterns expected

at certain conditions is shown in Fig.L3. In preparjng this

correlation [4] the different flow pattern observations were
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pìotted on a map using a certain coordinate system. Data

of each fl ow pattern occupied an area on this map. Transj -

ti on I i nes between di fferent areas were then drawn arbi trar-
i ly, wi th the understandj ng that each of these I i nes represent

in fact a transition zone with a finite width. Several of

these correlations were reported, using d'ifferent coordjnate

systems. This is an area where there is no agreement in the

literature and it is for this reason that this research

project was undertaken.
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CHAPTER 2

LITERATURE REVITl,J

Invest'igati ons deal i ng w j th the two-phase f I ow patterns

of condensìng fluids inside horizontal tubes are quite

ljmited. In order to gain a better understanding of the

prob'lem, the scope of literature search was widened to incl ude

some of the references dea'ì i ng with adiabatic two-phase, two-

component flow patterns. This proved benefjcjal since there

are many common features between these two types of flow, as

wel I as sim'i larjties in the experimental techniques and

methods of data presentation. The present revjew is djvided

into tvro parts; the first relates to adiabatic cases, while the

second relates to diabatic (maj nly condensatìon) studies.

2.1 Adiabatic Flow Studies

Thi s part of the I i terature review j s not i ntended to

be a comprehensi ve one; only a sel ected portion of reported

invest'igations is included. 0ne of the earliest two-phase

flow studies was done by Martinel I i et al . tl l. Thei r

obiecti ve was to i nvesti gate the effect of pi pe di ameter,

rate of ìiquid and gas mass f low, 1ìquid viscosity, 'l iquid

and gas density, and gas viscosity on the pressure drop

during two-phase flow. Data were collected from two test

sections; a I in. I.D. glass tube and a 0.5 in. I.D. gal-

vanized iron pipe. The gas phase was air, whi le water,
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keroSene, benzene, djesel fuel and S.A. E. 40 oi I were used

as test ìiquids. Flow combinations varied from all-air to

al l-l ìqu'id conditions. The existence of di fferent f low

patterns at Vari ous fl ow condi ti ons waS notì ced. These

different flow patterns were documented by photographs and

sketches, but no descriptions were reported. Also no attempt

was made to relate the pressure drop measurements to the

types of flow pattern observed. Later,Lockhart and Martinelli

l2l presented two-phase pressure drop data for the simul taneous

flow of air and ìiquids incìudìng benzene' kerosene' water

and oil in pipes varying in diameter from 0.586 in. to 1.017

in. This study resulted in one of the most widely used

correlations for pressure drop in two-phase flow. Thjs

correlation, whjle still independent of the type of flow

pattern exì sti ng, c I ass i fi es the fl ow j nto four categorì es

depending on whether each phase is fiow'i ng laminarly or

turbulently.
A study of the di fferent fl ow patterns assocì ated wi th

gas-i iqu'id f low was reported by Bergel in and Gazley t3].

They experimental ly jnvestigated the f low of a'i r and water

in a I in. I. D. horizontal g'l ass tube. 0bserved f low patterns

vjere divided into three types; unsteady type (including

bubble, wavy, ärìd slug flows), steady type (annular flow),

and a steady type with respect to time but not wjth respect

to di stance ( strati fi ed fl ow) " The generated fl ow pattern
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data were correlated in a map using the air and water mass

flow rates as coordinates. Alves [4] conducted an

experjmental invest'i gatjon of the isothermal flow of water-

air and oil-air mixtures in a I in. co-current pipe line

contactor. Flow pattern, pressure drop and ì iqu'id ho'l dup

data were obta j ned at vari ous constant ì ì qu'id f I ow rates and

a range of a i r rates at or near room temperature. Di fferent

flow patterns, includìng bubble, pl ug, stratified, wâVVr

s'l ug, annular, ârd spray, resulted in th'i s study and

descrìptions and photographs were reported. Flow pattern

data were correlated by map usìng superficial gas and

ìiqu'id velocities as coordinates, (shown earlier in Fig. 1.3).

Al I the flow pattern maps mentioned so far are I Ímj ted

in use to conditions of tube djameters and gas-liquid

combinations simi lar to those from which each map was

constructed. Baker [5] noted that and made the first attempt

at constructi ng a general i zed map for the adiabatic two-

phase flow patterns i nside horizontal tubes" He used data

of other investigators (e.g., t4]) covering a wide range of

tube di ameters and gas- I ì qui d combi nati ons and prepared a

map using coordinates whjch are functions of the superficial

mass vel ocitiet Gu and G[. To account for the properties of

the flowing mixture, Baker l5] used the fol'l owing correctjon

factors introduced earlier by Holmes [6] for correlating the

fl oodi ng i n v¡etted wal I di sti I I ati on col umns:
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and

and

Thi s ffiâp, because of its w'ide base of experimental data,

is common'ly known in the literature and will be referred

to in later chapters.

The infl uence of tube diameter and properties of the

f 'low'i ng mixture on the transition I ines of f low pattern

maps was exp'lored in some additional research efforts.
Hoogendoorn 17l studied experjmentaììy the flow patterns

dur j ng gas-'l iquid f lows j n smooth pipes of 0.945 , 1 .97 ,

3.58, and 5.51 in. inside djameters. l^later, sp'ind1e oi1,

and gas oil were used as liqu'ids, while air at pressures

ranging between I and 3 atm t,las used as the gas phase.

Flow pattern data were presented in a map us'i ng, as

coordi nates, the mixture velocity V, and gas percentage

Co defined by

À - L(ou/0.075) (on/62.3)11 /2

rl., = (l g/ o) lun (62.3/aL)'11/3

Q + a"r, - V Y-----]--'m 'Ir /nzì
/l \u t.t

4.,
fi = =----J=- x 100"g Qv * Q.q,

(2 .1)

(2.2)

(2 .s)

(2.4)

A shift in the transitjon lines accompanied any change

in pipe diameter or test 'l iqu'id. Hoogendoorn 17l found

these shifts to be small and pointed out the fact that the
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transition lines on any map should be viewed as represent-

ing a zone rather than a sharp line. Because air was the

only gas tested in [7], Hoogendoorn postulated that'larger
deviations in the transjtion lines might result from

different gas densities. To expìore this possibììity,
Hoogendoorn and Buitelaar lB] experimentaì'ly investigated

the flow of superheated Freon-l I vapor and water, as wel I

as the flow of flashing Freon-ll, in a horizontal 5.91 in.
I.D. pipe. The map developed in 17l was found to correlate
the obtai ned data adequately, thus ruì i ng out the possibì f ity
of a strong influence of gas densìty on the transitjon lines.

14ore flow pattern data resulted from the invest'igation
by Govjer and 0mer [9] corresponding to air-water flow in
1.026 in. I.D. hortzonta'l pipe. The average system pressure

was hel d constant at 36 ps'i ma j ntaì ni ng a constant ai r

density of 0.18 lbm/ft.t f low pattern, hoì dup and pressure

drop data were obtained at air-water volume ratio from 0.1

to 200 for l0 superficial water velocities from 0.01 to
5.03 ftlsec. The flow patterns observed at constant super-

ficial water ve'locity with increasing air-water ratio were:

bubble, plug, stratif ied, wave, s'l ug, and f i lm (annu'l ar).
Visual observations b,ere correlated in a map having Gf, and

Gu as coordinates. Later, Govìer and Aziz ll0] modified

the transjtjon lines of this map and presented a revised

vers Í on usí n9 Vu, und V.q,, as coord j nates. In prepari ng thi
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revised ffiâp, Govier an d Aziz took into consideration the
holdup data as wer r as visuar observation in rep.rottinq
the transition rines. This was done by dìrectìy
c0rrerati ng the major frow pattern transitions wi th the
loci of the maximum and minimum points in the hoìdup curves.
Govier an d Aziz consi dered this revised map to be accurate
for air-water flow ín a I in. I. D. pipe and, based on the
observations of Hoogendoorn ll), they recommended i t for
other practicar appl ications. scott tr r ¡ used the data
reported in lll and t9l to modify Baker,s i5l map. The
modification amounted to redrawÍng some of the transition
lines as areäs of finite width in order to account for
variations in tube diameter and fruid properties.

0ne of the most recent frow pattern maps for adiabatic,
two-phase frow in horizontar tubes is that deveroped by
Mandhane et al. UZ1. This map is based on S,935 flow
pattern observations cor rected from different investigations
and covering a wide range of tube diametersr gâS and ìÍquid
densities, gas and liquid viscosities, surface tension, and
gas and ìiquid flow rates. superficial ìiqu.id velocity and
superficiaì gas verocity were used as coordinates. For
simpl icity , the transition I ines were generated first from
air-water data and physical property corrections were then
made to extend the applicabiìity of the map to other gas_
IÍquid combinations. These corrections urere appì ied to
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the transition lines, rather than to the axes of

as was done by Baker t5l. Mandhane et al. l12l
thejr map as well as the other maps reported in

and [10] on the accuracy of predicti ng actua'l f I

observatìons. They concluded that thejr map is

the map

tested

[5 ], [7 ],
ow patte rn

in sub-

stantial ly better agreement wì th the aj r-water data than

any of the other maps tested, and it is in s1ìghtly better

agreement wi th the overal I data. Reference to thi s map wi I I

be made jn a later chaPter.

A genera'l concl usion that can be drawn f rom the above

references is that there is no standard method developed vet

in the I iterature for the presentation of flow pattern data.

Different coordi nate systems were used by di fferent inves-

tigators in generat'i ng their maps. The lack of standard co-

ordìnates is a result of the lack of knowledge with respect

to the most relevant parameters governing the stability of

each fl ow pattern and the cri teri a of trans i ti on from one

pattern to another. Due to the compìexity of this probìem,

only a few sìmplified attempts were made to resolve it. Two

anaìytical studies concerned with the transition criteria
between different flow patterns are presented here: one

deaìing wjth the flow in vertical ducts Ilg] and the other

with the flow in horizontal and near-horizontal tubes Ila].
Quandt's Il 3] theoreti cal attempt was based on some

assumptjons which limited the forces acting on a flu'id element
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to the followinq:

- axial pressure gradient forces,

- gravi tat'ional attracti on f orces,

- interfacial surface tension forces.

After deri vi ng mathemati cal formul ae for these forces, Quandt

suggested that the type of flow pattern existing at certain

conditions depends on which of these three forces is domìnant.

He classified the bubble, annuìar, and spray flow patterns

as pressure gradient control led; the sl ug, wavy, and

stratified as gravity controlled; and the capi'l 'lary bubbles

(in very smal I diameter tubes) as surface tension control led.

Transition from one group to another was assumed to take

place when the two correspondì ng dominant forces are equal.

Based on that, Quandt derived equations for two transition
lines which were shown to agree fairly well with the

empi ri cal map by Baker [5] for certai n fl ow condj ti ons.

Although this anaìysis is not comp'lete, however, it resulted

ìn some dimensionless groups, such as the Froude number and

the tr.leber number, which were used later by other investigators

in correlatinq their data.

A more refi ned anaìysi s was reported recently by Tai tel
and Dukl er Il 4] foì 1 owi ng an approach based on physicaì 1y

real i sti c mechani sms. The fl ow patterns consi dered were

interm'ittent (sìug and p'l ug), stratjfied, wavy, bubble, and

annul ar. The variables considered were the qas and I iquid



l8

mass fl ow rates, properti es of the f1 u ì ds, pi pe si ze, and

angìe of inclination to the horizontal. Due to the fact

that in many cases stratified flow exists at the pipe inlet,
the ana'lysis started by visua'l 'izing this particular flow

pattern with the presence of a wave on the surface over

wh'ich gas flows. Mechanisms by whfch the flow pattern

changes from strati fi ed fl ow to any of the other fl ow

patterns considered were then described. Their theory

suggested that the transitjon between annular and inter-
mittent flows depends uniquely on the 1 iquid level i n the

strat'i f ied equil jbrium f low. They also suggested that the

transition from intermìttent to bubble regimes takes place

when the turbul ent fl uctuatÍons superimposed on the

stratìfied equi I ibrium flow are strong enough to overcome

the buoyant forces tending to keep the gas at the top of

the pipe. By extend'ing the Kelvin-Helmhol tz theory for

wave instability to the round pipe geometry, the condition

for the transition between strati fied and intermittent or

annular flows was obtained. Some of the predictions of

this analysis will be compared with the results of the

present investigation in a later chapter. Also, for the

sake of completeness, the mathematical derivations for the

annuìar-wavy and annular-intermittent transition lines are

presented in Appendix A. These I ines were selected because

of their relevance to the present study"
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2.2 Diabatic Flow Studies

This type of flow encompasses both the condensation

and bo'i 1i ng cases. The presence of heat transf er compl ìcates

the flow situation since the phase distribution as wel I as

the velocities of the two phases change along the axis of

the duct. As a result, different flow patterns are expected

to exist between the inlet and the exit of the flow channel.

Flow patterns should be correlated according to the local

condi tions at which they appear, rather than the average

conditions such as is the case w'ith adiabatic flow studies.

Thjs will, of course, introduce more complications into the

design of the test section, test procedure,'instrumentation,

and data reduction.

In th'is presentation, the main emphasis is placed on

the condensation studjes. 0nly one investigation dealing

with the flow patterns of a boiling fìuid is presented just
to show the similarity between the two types of flow in
terms of flow patterns and methods of data presentation.

Zahn [15] visually studjed the flow patterns of

evaporating Freon-22 inside 0.46 in. I.D. horizontal tubes.

The pressure, temperature, flow and heat load condi tjons

covered were simi lar to those associated with the actual

operation of a smal I ai r-condi tioni ng coi I . The observation

area consisted of two special ly fabricated doubìe-pipe glass

tube sections" Flor,¡ patterns similar to those observed in



ad'i abatic studies (e.g., wavy, sìug, annular, and spray)

were reported. New flow patterns were also identified

such as the semj-annular which had an annular appearance

with iiqu'id film covering only the lower part of the tube.

l,rlhen pl otti ng the fl ow pattern data on Baker's t5] map,

most of the points occupied the area classified by Baker as

"annul ar". The waVy flow data points scattered between the

sìug and annular flow areas. Due to thìs djscrepancy, Zahn

presented his data'in a map using the vapor volumetrjc ratio

20

(2.5)

(2.6)

R = Qv/(Qø + Qv)

and the Froude number

it -
'tFR

Qr + Qul'

-l

Al gD

cl 5

boi

coordi nates. He recommended thi s map f or pred'icti on of

ling flow patterns under similar operating conditions.

The fi rst attempt to study the two-phase fl ow patterns

duri ng condensat'ion was made by Sol iman [16] and the resul ts

were also reported in Il 7]. He visual 1y and photographical 1y

observed the flow patterns of Freon-12 condensj ng jnsìde a

0.5 in. I.D. horizontal tube. The test section used in the

experìmental analysis consjsted of three separate double

pi pe counter fl ow condensers ioi ned together by three

observati on secti ons. Fl ow patterns simi I ar to those

observed in tl5] were reported, with the addition of the plug

flow. The obtained data did not correlate we'l I with Baker's
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t5] map. Due to the lack of any standard method for data

presentation, few maps were prepared using different co-

ordi nate systems. The most important one was generated

using Baker's coordinates wj th the boundaries relocated to
accommodate the data. Foì ì ow'i ng thi s work Travi ss and

Rohsenor^, ll8] studied the f low patterns of Freo n-12 con-

densing in 0.315 in. I.D. horizontal tube. They reported

data and descriptions for the spray, annular, sem'i -annular,

and sì ug flow patterns. l,lavy flow r{as not observed. Their

description of the semi-annular flow pattern was simj lar
to the description given in [16] and [17] for the annular-tvavy

fl ow. Traviss and Rohsenow Il 8] concl uded that Baker's t5]
map predi cted thei r data fai rly we I I . The author di sagrees

with thjs conclusion because of the lack of data for wavy

flow and the questjonable identification of semì-annular

flow. A theory was developed by Traviss and Rohsenow for
the annul ar to strati fi ed flow pattern transi tj on. The

predictions of this theory will be compared with the results

of the present i nvesti gation i n a I ater chapter.

To 'investigate the ef fects of f I uid properties

diameter, Sol Íman lì9] studied the flow patterns of

and Freon-l I 3 condensi ng i nsi de three tubes wi th 0.

and 0.625 in. Ínside diameters" Results were also

in 1201. The descriptions on which basis the flow

were identified were mainly the same as those used

12

Ã

d

s

and pì

Freon-

1875, 0

reporte

pa tte rn

in [16] and
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[17]. Baker's t5l map again failed in predicting any of

the data sets corresonding to any tube d'iameter and any

condens j ng f ì u'i d. Most of the f i nd'ings of thi s research

effort will be referred to later in this thesis. Palen

et al. [21] reported a study on the flow patterns of both

water and n-pentane condensìng inside a 0.87 in. I.D.

horizontaì gìass tube. Although no datawere presented,

Palen et al. [2.|] reported that Baker's t5] map was found

inadequate for condensation. Later, Breber et al. l22l

explored the applicabiìity of the theoretical predjctions of

Tai tel and Dukl er Il 4] to condensati on. For thi s purpose '

they used the data reported jn [16]" IlB], [19]' l2ll' and

few other sources. Fair agreement resulted for the annular

and lrlavy flows, âñd poor agreement for the slug f1ow. Breber

et al. then suggested a simplified correlation for the

predi ctj on of condensati on flow pattern whÍch wj I I be tested

later with the results of the present invest'i gation.

After rev'iew'ing the work available in the literature on

flow patterns of condensing fluids, it was concluded that

addjtional efforts are needed. Reported data are I imj ted

and further experiments are required to establish the effects

of fl ui d properties and pj pe di ameter on the fl ow patterns

and flow pattern correlations" The present exPerimental

investigation is a first step towards achjeving this goal
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CHAPTER 3

EXPERiMENTAL FACILITY

An experimental test faci lity was designed and con-

structed for the study of flow patterns of condensing steam

inside horizontal tubes. Steam was selected as the test

f I u jd because it 'is w'i dely di f ferent i n physi ca1 and trans-

port properties from Freon-12 and Freon-l I 3 to which most

of the published data correspond. The present experiment

was conducted usi ng a test condenser a 0.527 in. I. D.

inner tube. The foìlowing major requirements were satisfjed
'in the design of the present test fac'i 'l ity:
l. System 'is capab'le of providing f low pattern data at

variable steam flow rates up to a maxjmum of 500 lbr/hr.

2. System pressure varies according to steam mass flow

rate; however, i t does not exceed 50 ps i g.

3. In any test run, steam enters the test condenser w'i th

an adi ustabl e amount of superheat and compl ete con-

densation can be achieved before the outlet.

4. At any steam flow rate, the cooling rate in the test

condenser can be adi usted to any desi rabl e val ue.

5. Proper instrumentation i nstal led such that the flow

condi ti ons correspond'i ng to each vi sual observati on

can be cal cul ated.
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6. Possible extensìon to other test f I u'ids and other tube

diameters with minimum modifications.

Detajled description is g'iven below for the equipment

used to sat'i sfy the above objectives.

3.1

Figure 3. I shows a schematic diagram of the closed

loop through which the test fluid (steam) was circulated.

A genera'l description is given here, while more details

about the maior components wi I I be provi ded I ater i n thi s

chapter.

First, a controllable amount of steam was generated

jn the bojler from distilled water. Building steam at high

press ure and temperature was used as the heat source .

Generated steam was then passed through a superheater before

entering the test condenser. The superheater is basica'l ly a

3.5 ft. long, double pipe heat exchanger with the test fluid
fìowing in the inner pipe while building steam is flowing

counter currently 'i n the shell. Copper tubing, 0.785 in.

I.D. and 0.875 in. 0.0. was used for the inner pipe and

1.505 in. I.D. and 1.565 in.0.D. was used for the outer

pipe. The whole exchanger was covered on the outside by

2.5 in. thick fiberglass jnsulation. The flow of bui'l dìng

steam jnto the superheater is control I ed by a val ve, thus

provi di ng some control on the degree of superheat of the

test fl uì d. At the i nlet and outlet of the test condenser

The Steam Ci rcui t
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the pressure was measured by Ashcroft Bourdon tube pressure

gauges and the temperature was measured by 24 gauge, copper-

constantan thermocouples" Compl ete condensation was achjeved

i n the test condenser usi ng water as the cooì i ng medi um.

Downstream of the condensers a 1 iquid accumul ator was

installed to receive the condensate. Thìs is basical'ly an

11 .2 gaì'l on, copper tank, w'i th a s i ght g'l ass to show the

level of I iqu'id i nsi de, and covered on the outsi de by 2.5

in. thick fiberglass insulation. The flow out of the I iquid

accumulator is control led by a va1ve, and hence by adjusting

the opening of this valve a steady ìiquid level can be

achieved in which case the flows of condensate into and out

of the accumulator would be equa1. Thus, by measuring the

rate of flow leavi ng the accumul atoro the steam mass flow

rate through the test condenser can be calculated. Thjs was

done by two precal i brated Brooks fl ow meters of the vari able

area type with ranges tc 0.2 and to 1.0 gpm. 0nìy one of

these flow meters was used in any particular run depending

on the flow rate. Because of the overìapping ranges, an

accurate measurement of the flow rate is insured anywhere

viithin the range 0.02 - 1.0 gpm. Immediately upstream of

each flow meter the pressure and temperature were measured

by a Bourdon tube pressure gauge and a copper-constantan

thermocouple, respectively. These measurements are necessary

for the evaluation of fluid properties at the flow meters.
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Between the'liquid accumulator and the flow meters, an after-
cooler was instal led to avoid flashjng in the flow meters.

Af ter meas uri ng th e f I ow rate, the ì'iquì d then f lowed i nto

a'l ìquid receiver installed at the suction side of the

circulating pump. Th'is receiver is 22.4 gal ìons in capacity

and equipped with a síght giass. Its purpose is to ensure

contjnuous and steady liquid supply to the circu'lating pump.

This pump is a single speed, 3/4 HP centrifuga'l pump and it
is required to drive the condensate back to the boiler to
compl ete the cj rcui t. si nce di fferent flow rates were used

in the experimental course, the circuìating pump was equ.ipped

with a by-pass line to control the net flow going back to the

boi ler. 0ne of the requi rements for steady state condi tions
in any test run was that the liqujd level in the receiver

tank remained steady.

The whole circuit was tested for leaks under vacuum and

pressurized conditjons. This was done to ensure the absence

of air or any other non-condensable gases in the loop duri ng

the tests. The system proved to be leak proof within þì4
to 50 psig). Before the start of the experiment, the system

vias evacuated, then charged w'i th steam, then re-evacuated.

3. l. I The test condenser

Two test condensers

experíment, both havi ng

were used i n the course of thi s

the same inside diameter for the
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inner tube and the same total condensing ìength. The only

difference is in the number of v'i sual sect'ions; four in the

orig'i nal desìgn and fjve in the final design. These two

designs are shown schematically in Fig.3.2. Descrìption

i s gi ven here f or onìy the 'i ni t j al desi gn s'i nce there j s no

major di fference between the two.

The initial test condenser cons'i s ted o f fo ur sepa ra te

d in Fig. 3.2a), eachcondensing units (ìabeled a,b,c, and

followed by a vjsual section (labeled A,B,C, and D). All

condensi ng unì ts were 4 ft ìong, double-pipe heat exchangers

made of copper with steam f'lowing in the inner pìpe and the

cooì i ng water f 'lowi ng counter currently j n the shel I . The

inner p'i pe was 0.527 in.0.D. and 0.625 in.0.D., while the

outer pìpe was 0.745 jn. I.D. and 0.875 jn.0.D. The small

gap between the outer surf ace of the i nner p'ipe and the

inner surface of the outer pipe (0.06 in.) was selected to
'i ncrease the velocity of the cooling water and consequent'ly

the heat transfer coefficient. This resulted jn complete

condensation in all test runs. Al I condensi nq un'i ts were

covered on the outside by 2.5 in. thick fiberglass insulation.

Fig. 3.3 shows the construct'ion detai I s of one of the

visual sections. It consjsts mainly of a 9 jn. long,

standard c1ear, h'i gh pressure glass tube supported on both

ends by a stuff ing box to prevent leakage. The glass tube

was selected such that the inside diameter is close to 0.527
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in. to avoid discontinuities in the steam passage. pre-

cautions were also taken for coaxiaf ity with the condens.ing

units (e.g., the copper rings mounted at both ends of the

g'lass tube, shown in Fig. 3.3). Tef lon was used as packing

in the stuffing boxes. The visual section was held toqether
by three tie rods.

At both ends of the test section, an expansion joint
was installed to absorb any thermal expansion. The whole

test con denser was s upported by a stee I frame wj th des i gn

features to accommodate the addi tion of other test con-

densers in the future. Finally, the horjzontality of the

test condenser was checked by a survey transient.

3.1 .2 The boi I er

A boj ler was desi gned and manufactured I ocal ly consi sti ng

mainly of an outer shell and an internal heating cojl. The

outer shell is 3 ft. I.D., 1.5 in. thick, 6 ft high, and

made of gaì vani zed i ron. The heati ng coi I was nanufactured

us'i ng a total of 330 ft. of commercial steel p jpe (0.37s in.
nominal schedule 40 standard), which was found to provide

enough heat transfer surface. The coil lrlas galvanized on

the outside to avoid contamjnation and rust. A si ght glass

was installed to monjtor the ìiquid level inside the boiler
and a safety valve set at 50 psig was placed at the top ro
avoid excessive pressure bui'l d-up. The boiler was insulated
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by 2.5 in. thick fiberglass. Rate of steam generation was

control I ed by regul at j ng the f I ow of bui I d'i ng steam- The

boi l er arrangement i s shown schemat'ica'l 'ly i n Fi g. 3.4.

3.2 The Cool'i ng l^later C jrcuit

The cool i ng sys tem used i n the present i nvesti gati on

is shown in Fig. 3.5. It is of the open-ìoop type and t^ias

designed to permit complete control on the coolant flow

rate to each condens i ng uni t i n the test secti on. Tap

water, used as the coolant, was col lected in a 50 gal lon

surge tank wjth an overflow line to avoid flooding. The

water was then c j rcul ated by a I 0 horsepower turbi ne pump

with a maximum capacity of 20 gpm and a maximum head of

460 f t. Downstream f rom the pump a by-pass l'i ne was used

to control the cool ing water f low rate into the test sect'i on.

Four Brooks flow meters of the variable area type mounted in

paral I el, were used to measure the water fl ow rate. Maximum

readi ng of al I fl ow meters i s 4.2 gpm. Fl ow meters I, I I
:

and III are connected to condens'ing unì ts e, a, and b,

respectively, whi le flow meter IV is connected to condensi ng

units c and d" Check valves are mounted at the water outlet

of each condensi ng uni t to avoid fl ow reversal . Water

'l eaving the condenser was then drained through a common ljne.

The control of the water flow rate to each condensìng unit

u/as achi eved by adi usti ng the openi ng of the val ves i nstal I ed



ïo Tesl Section

Building Steom

Steom
ïrop

Pressure
Reguloting

Volve

Fig.3.4. Simplified diogrom of ttre boiler ørongement.

LEGEND:

e Pressure Gouge

X Volve

f Retief vorve

*nO. Floor Droin

-4- Check Volve



C
on

de
ns

ot
e

of

A
fte

rc
oo

le
r

F
ig

. 
3.

5.
 s

ch
em

ot
ic

 d
io

gr
om

 o
f t

he
 c

oo
rin

g 
rr

ro
te

r 
ci

rc
ui

t.

LE
G

E
N

D
;

E
 P

re
ss

ur
e 

G
ou

ge

|/ 
T

he
rm

oc
ou

pt
e

X
 V

ol
ve

fti
t 

w
ot

er

O
vo

r 
flo

w

C
oo

lin
g 

\À
bt

er
C

irc
ul

ot
in

g 
P

um
p

+ fr
o

C
he

ck
 V

ol
ve

F
lo

or
 D

ro
in

(, Þ



35

before and after each fl ow meter. In addi tion, the water

temperature was measured at the inlet and outlet of each

condensjng un'i t.
Al I f low meters and thermocouples were precal'ibrated

before j nstal I ation j n the system. A Leeds and Northrup

dig'ital potentiometer (model 914) was used to measure the

thermocouple outputs in "F.

3.3 Experimental Procedure

Several test runs were performed i n order to cover a

wide range of steam flow rates, i nlet superheats, pressures

and cooling rates. The procedure followed in each run is

described in the followinq sub-sections:

3.3. I Start up procedure

The steps taken to start up the experimental fac'i 'l ity
and to prepare for any test run are listed below in the

order conducted:

I - The potentiometer was turned on.

2 - Adjustable amount of building steam was allowed, after
reguiating its pressure by the regujating valve, to

flow into the bo'i ler.
3 - Cooì ì ng water surge tank was fi I I ed to the overfl ow

level.

4 - The valve downstream from the i iquid accumulator was

closed.



Ã- Cooling water circuìating pump was turned on wìth

i ts by-pass val ve fuì ly opened.

Cool i ng water was al I owed to f low graduaì'ly j nto the

test condenser by partia'l ly cìosing the pump by-pass

valve and adjusting the valves upstream and down-

stream from the flow meters-

6-

7- l^lhen steam started f I ow'i ng into the condenser, the

val ve upstream of the superheater was opened.

l{hen the I ìquid accumul ator became almost 3/ 4 ful I ,
the val ve downstream f rom i t was part'ial'ly opened to

al I ow the condensate to fl ow i nto the appropriate fl ow

meter.

8-

J- The condensate cjrculatìng pump was turned on w'ith jts

by-pass val ve adjusted to keep a steady level in the

ì i quid rece'iver.

l0 - Continuous adjustments were made for the flow rate of

bui 1di ng steam i nto the bo'i ler and superheater" cool i ng

water flow rates, condensate flow meter reading, and

the condensate fl ow rate back to the boi I er unti I steady

state condi ti ons were reached.

3.3.2 Steady state conditions

The criteria used for reaching steady state conditions

was that the fol I owi ng readi ngs rema i ned unchanged for a

perìod of at least 1/2 hour.



I - Condensate levels in the 'l 'iquid accumulator and ì'iquìd

rece i ve r.
2 - Pressures at the inlet and exit of test condenser.

3 - Al I temperatures on the steam and cool ing water s'ides.

4 - Condensate flow meter as wel I as cool inq water flow

meters.

5 - 0bserved flow pattern in all visual sections.

Although the steady state conditions could be reached

wi th'i n two hours f rom start up, the system was run for at

least three hours before any data or any fl ow pattern

observati ons were recorded.

3. 3. 3 Recordi ng of da ta

Be fore each test run the ambi ent temperature a nd the

barometric pressure were recorded. After reaching steady-

state conditions the foì1owíng readings were recorded:

I - Boiler pressure Ín psig.

2 - Buì1dìng steam pressure after the regulatìng valve in
psi9.

3 - Test condenser i nlet and exit gauge pressures i n psi g.

4 - Test condenser inlet and exit temperatures inoF.

5 - Cool i ng water i nlet and exit temperatures for each

condensing unit in oF.

6 ' Condensate temperature upstream of th e condensate fl ow

meter in oF.
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7 - Cooìì ng water flow rate to each condensìng unjt in

gpm.

8 - Condensate fl ow rate i n gPm.

3. 3.4 0bservation of fl ow patterns

For each run, after establishing steady-state conditions,

the flow patterns at the vìsual sections A,B,C,D, and E were

carefuì1y observed. A sketch and a full description of each

obse rva ti on were recorded .
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CHAPTER 4

RESULTS AND DISCUSSION

4.1

A total of 98 test runs vuere recorded duri ng the
present i nvesti gation. Runs I through 6l were carried out

using the initial design of the test section, shown in
Fig. 3.2a, while the rest of the runs correspond to the

final design after the inclusion of an additional visual
section, as shown in Fig. 3.2b. In each run, the test flu.id
flow rate, cool i ng water flow rates, and i nl et superheat

were individualìy adjusted to the desired values. There

was no control on the pressure of the system, the magni tude

of wh'ich was dependent on the mass f I ow rate of the test
flu'id. Ranges of operating conditions covered in this
investigation are listed in Table 4..I " values of inlet
superheat were calculated as the difference between.inlet
temperature and the saturation temperature correspondi ng to
i nlet pressure. worki ng pressure wi I I be defi ned later.

The raw data recorded duri ng the exper.i mentaì course

were reduced on an IBM 370/168 dig'ital computer using

F0RTRAN IV language. The program first calculates the
rates of heat loss by the steam and heat gain by the coolìng
water over the whol e test secti on. Based on these va 1 ues,

the percentage heat balance error is calculated as [(rate

Data Reductions
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Table 4.1: Ranges of 0perat'i ng Conditions

Number of test runs 9B

Number of observations 174

Working pressure P, (ps'ia) 16.0-35.6

Mass veiocity G, (lbm/hr-ft2) X l0-4 3.15-.l8.17

Inlet superheat ("F) 8.6-50. 0

Qua'l ity x at visual sections 0.01 -0. 7

Average rate of heat transfer (Btu/hr) x l0-4 4.88- 30. I 5
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of heat loss by steam-rate of heat ga'in by cooìing water)/
rate of heat loss by steam] x 100. 0n1y test runs with a

heat balance error within 1 10% were recorded, while the

few runs which di d not meet thi s requi rement were rejected.
In addition, it should be pointed out that 73 of the total
9B test runs had heat balance errors within + 5%.

Calculation then proceeded to the evaluation of
operat'i ng condi tions for the acceptable runs. The worki ng

pressure was taken as the average of the inlet and ouilet
pressures, and the saturat'i on temperature was obtai ned

corresponding to this pressure. All properties, such as

liquid density Qg., vapor density pV, ìiquid vjscosìty U[,

vapor viscosity uv , liquid surface tension o etc.,
were eval uated at the work'i ng pressure and the correspond-
'i ng saturati on temperature. 0perati ng condi t'ions for a I I

accep tab'le test runs a re tabu I ated i n Appendi x B.

Flow pattern parameters corresponding to each visual
jty and

i n the

observati on were ca I cul ated based on the I ocal oua I

the properties eval uated earl ier. As was mentioned

previous chapter, the system was designed to have super-

Iteated steam at the inlet of the condenser, and subcooled

f iqu'id at the outlet visual sectìon D, (Fig. 3.2). Con-

sidering the i nitial test section desi gn, shown in Fi g. 3.2a.

the quality at visual sections A,Bo and C were calculated

from a simple heat balance on condensing units â,b, and c,
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respective'ly. If the calculated quality at any visual

sect'ion was less than zeyo, ind'icating a subcooled condition,

then no f I ow pattern parameters were eva I uated at th'is

visual sect'ion. This situation occurred consistently at

visual section C, and occasiona'ì ly at visual section B. A

similar calculation procedure was followed for the final
test section desìgn, shown 'i n Fig. 3.2b. Details of the

calculat'ions of heat balance, operating condjt'ions, and

flow pattern parameters for one arbitrary run are provided

in Appendjx C. Also, a complete listìng of calculated flow

pattern parameters for al I test runs i s gi ven i n Appendj x D.

The situatjonurhere a two-phase flow pattern was observed

at a certain visual section, wh'i le the heat balance indjcated

a subcooled condition there deserves some discussion. This

'i s important s j nce this situat'ion prevai led for al I the sì ug,

pl ug, âr'rd strati f ied f I ow pattern observati ons " Al I these

fl ow patterns occurred i n the present experjmental study,

but !'/ere not possible to correlate because the heat balance

ìndicated a corresponding subcooled condition. 0ne possible

reason for thi s apparent discrepancy is that our heat

balance approach is based on the hypothesis of thermodynamic

equ'i libr j um between the turo phases, which may not be the

case in real itv. This assumÞtion was used in al I flow

pattern studies reported i n the I ì terature" Due to the hì gh

speed of the f low, the vapor and the 'l iquid may exi st at

f,Ël uNrvâìéÌ

%:5r%

&F fç4,qFJ¡T*gÂ
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di fferent temperatures, such that the average enthal py of

the mixture is less than the enthalpy of saturated l'iquid.

As a result, the heat balance might result ìn subcooled

condi tjons at a vi sual section where both I ìquid and vapor

were observed. A second reason js the inequalìty of the

rates of heat ga'i ned by cooling water and heat lost by steam,

due to inescapable eXperimental errors. Because of this

inequaìity, the rate of heat gain by water in each of the

condensing un'i ts was adjusted as shown in the samp'le

calculation of Appendìx C. Natura'l ly, th js introduces some

uncertaìnty in the values of quaììty at all visual sections.

By keepìng the heat balance error with + l0%, this

uncertainty waS found to be small for the range of qua'l i'ties

considered in this j nvestigat'ion, and reported jn Tabl e 4..l.

However, i f the quality is extremely low, such as the

anticipated case f or the sì ug, p1ug, and strat'i f ied f low

patterns, then this small uncertainty can be 'large enough to

change the calculated state of the mjxture from saturated

to subcool ed condi ti ons. For the above two reasons ' i t was

decided not to report flow pattern data for these three

fl ow patterns si nce experimental accuracy cannot be ensured.

4.2 Flow Patterns

Si x ma jor and two trans'i ti onal f I ow patterns were

visually identified at the different observation sections.
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The fo'l lowing descriptions were used i

to identify the different patterns:

Spray flow: the ìiquid phase is entra

the form of droPlets. No I iqui d

around the tube. The fl ow aPPea

'l ing at a very high sPeed. (Plo

Spray-Annul ar f I ow: an unstable ì'iqui

the tube, but is swePt awaY occa

speed vapor. 0therwise, the flo
appearance of the sPraY fl ow. (

Annular flow: a liquid film covers th

of the tube in the form of a rin
f1 owì ng i n the core. Part of th

be entrained wjthin the vaPor.

Annular-tlavy flow: the whole circumfe

covered with I iquid wi th a thick

bottom. The hei ght of thi s stra

hal f the radi us of the tube. Va

n the present study

i ned

fil
res

tte d

d fi
sion

w st

pìot

ewh

9' w

e li
(plo

renc

str
tum

por

by the vapor ì n

m can be observed

as a fog travel -

as x).

lm appears around

alìy by the h'i gh

ill has the same

ted as E ).
ole circumference

hile the vapor is

quid phase mìght

tted as S ).

e of the tube is

atum at the

does not exceed

is stili flowing

in the core. (plotted as 0).

lllavy flow: most of the liquid is fìowing at the bottom of

the tube and the vapor at the top with a wavy inter-

face. A thin'l iqu'id film is still coveri ng the upper

part of the tube. The hei ght of 1 i qui d at the bottom

exceeds half the radius of the tube, but in all the

observations was less than the ful I radi us. In some
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cases s I ugs appeared, but thei r frequency was as

low as three to four s'l ugs per minute. The flow was

still classified as wavy in these cases since the

appearance of these sl ugs occupied a mi nor porti on

of observation time. (plotted as 0).

S'l ug flow: liquid flows at the bottom and vapor at the top

with a wavy interface. l^Javes grow large to form s'l ugs

touchi ng the top of the tube. The frequency of these

s'l ugs is high enough to make them appear during a

major part of observation time. (Data from other

references plotted as À).

Plug flow: liquid flows as a continuous phase with the

vaporin the form of 'large bubbl es (or pì ugs ) appear-

ing in the upper part of the tube.

Stratif ied f low: I iqu'id f lows at the bottom and the vapor

at the top with a smooth interface. This flow pattern

existed main'ly at the exit of the test section during

runs wi th sma I I fl ow rates .

Fi g. 4. I shows schematic diagrams of the above flow patterns.

4.3 Data Representation and Discussion

The main objective of this presentation is to study

the suitabil ity of different maps and correlations proposed

in the literature for the prediction of two-phase flow
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rffiffi
S PRAY

ANNULAR

WAVY
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PLUG

SPRAY - ANNULAR

ANNULAR - WAVY

STRATIFIE D

SLUG

Fig.4.1. Schemotic díogroms of the flow potterns obserwd.
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patterns of condensing fluids. speciaì attention w.i ll be

directed to the influence of fluid properties on the

location of transition I ines between djfferent flow regimes

Present data, âS well as others reported in the literature,
wi I I be used to achi eve these objectives. No attempt wi I I

be made here to generate new correl ati ons.

4.3.1

Ba ker' s

correl ati ons

Comparison with experimental correlatìons

t5 ] map i s one of the most wi de'ly known

for two-phase fJow patterns in the literature.
Since this map was deve'l oped from data of different fluids
and di fferent tube di ameters, Ít i s expected that the tran-
sition lìnes of this map are, at least within limits,
independent of fluid properties and tube diameter. Figure

4.2 shows a reproduction of Baker's tb] map with the present

data p'lotted on it. The di fferent areas on the map are

marked according to Baker's pred'ictions, and the key to the

symbol s used f or pì otti ng experimental po'i nts i s gi ven i n

Sec. 4.2. From Fig. 4.2, we can easi ly observe the fol lowí nq:

a) Al I the data of spray and spray-annul ar fr ow patterns

appear in the annular flow area of the map.

All annular flow data are located in that same area on

the map.

Most of the annu'lar-wavy and wavy data points appear

in the annular and s1 ug areas of the map.

b)

c)
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Based on the above observations ìt is fair to state

that Baker's map fai led in predicting the present

experimental data. Similar concjusions were reported by

Soliman [ì6], [19], Soliman and Azer [.|7], 1201, and Palen

et al. [21] for data of different tube diameters and differ-
ent condensing fluids, which places the adequacy of this

Frap for condensation in serious doubt. It shoulci be

pointed out also that disagreement with this map is not

mai nly due to inaccuracies jn the locations of transition

I i nes, but rather due to the improbabl e rel ati ve I ocatj on

of di fferent areas. To expi aì n th j s poi nt, a run was

sel ected from the present resu I ts and i ts path durj ng con-

densatjon was traced on the map. The result is shown in

Fig. 4.3. For this run, Baker's map predicts th'i s sequence

of flow patterns: þiavy-Annular-Slug-Stratjfied, whìle the

experiment resulted in annular followed by uravy flows. As

a matter of fact, the sequence of wavy followed by annular

is impossjble during condensation, and was never observed

in the present investigation. The resul t of this comparison

confirms similar conclusions drawn in [,|9], [20], and [21 ].
Sol iman Il 9] and Sol iman and Azer [20] proposed a map

for the flow patterns of condensing f'luids inside horizontal

tubes based on thei r data of condensi ng Freon-12 and Freon-l I 3

inside three different tube diameters. They used Baker's t5]
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is important to quote the foilowing description for the
semi-annular flow from reference tlg]: ,,semi_annular flow:
the flow had an appearance simirar to the annurar frow except
the film thickness did not cover the entire periphery. A

coordinates and relocated the different transition lines to
fit theÍr experimentar data. This map is shown in Fig. 4.4
wÍth the data of the present investigation superimposed on
it. Before drawing any conclusions from this figure, it

small port'ion of the upper harf of the tube appeared dry
while the riquid firm thickness increased in the downward
ci rcumferentiar di rection wi th the maximum fi rm thickness
being at the bottom. " Although this frow pattern was not
observed i n the present i nvesti gati on, baseci on the
above descri pti on, i t shour d not be vi ewed as fundamenta ì ìy
different from the annurar frow pattern. Keeping this ín
mind and going back to Fig. 4.4 we notice a very good agree-
ment between the map and the present data for the spray and
annular fJow patterns and a fair agreement for the wavy frow
pattern. Thi s agreement is remarkabre given the fact that
steam used in the present study is widely different in
pr0pertÍ es from Freo n-lz and Freon- I I 3 used i n generati ng

the map shown in Fig. 4.4 As a result, it is concluded that
whi le Baker's t5] map proved inadequate, Baker,s coordinates
might be capabre of absorbing the infruences of fruid
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properties and tube diameter over a fa'i r1y wide range.

course, more data especì aì ly f or I arge tube d'iameters ,

(I.D.

Another correlation which resulted from the stud.ies

[.l9], and[20] is a flow pattern map using V.q, and (l - o)/cy

as coordi nates. Voi d fraction o was adopted because i t
characterizes the two-phase flow patterns in such a way that
each flow pattern is associ ated wi th void fractions of a

certajn range. The liquid-phase velocity Vn was defined as:

0f

The void fraction r
va I ue was cal cul ated

formul a deve 1 oped by

was not measured in

f rom the f o'l 'low'i ng

Smi th [2 3]:

(4.1)

[19], and [20], but ìts

semì-empirical

(4.2)

( = 0.4

between

Soliman

,, - (l -x)G
'L - F----cl I%

ll|here K is an empirica

was obtained by Smith

theory and experiment.

r] - r I

l)

I coefficient. A value of

l23l to give the best fit
The flow pattern map by

c[=

{

l),, l1r\ l,i
t1tx

ov+'
0n

on/oy)+

K (*-rl Pv
I Y 11 r/\1:- t. | - l\/

V¡

I +K

ì-l
1/21

¡
I

)
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tlgl and Soliman and Azer l2llis shown in Fig. 4.5with
the data of the present investigation, calculated based on

equations ( +. t ¡ and (4.2), s uperimposed on i t. The agree-

ment is very good, considering the fact that all trans'ition

lines represent transition zones of finite width. This fine

agreement supports the hypothesi s 'in il9l, and [20] that Vn and

o, can serve as parameters for the construction of a general-

i zed fl ow pattern map for condensati on.

Another wel I known two-phase f I ow pattern correl at'ion

is the map developed by Mandhane et al. [12], using super-

ficial liquid ve'l oc'ity and superficial gas velocity as

coordjnates. As was ment'ioned earl ier in Chapter 2o the

transition I i nes of thi s map were devel oped from a wide base

of experimental data (adiabatic, two-phase, two-component)

correspond'i ng to different tube diameters and gas-'l iqu'id

combi nati ons. Most of the data used however was for ai r-

water mi xtures. Thi s map i s shown i n Fi g. 4.6 wi th the data

of the present investigation superimposed. Agreement ís

good. However, before makì ng fi nal concl usions about the

app'l icabi lity of this iläp, it was decided to test it with

data of other fluids, while keeping the tube diameter almost

unchanged. Thìs test should explore the influence of fluìd
properties on the transitìon lines, which was claimed

insignificant by Mandhane et al. Lï21. The comparisons with
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'Di spersed bubbl e fl ow'

'Annulor,
Annulor
mist -
f low'

@q
#,
Yo ó

^'sË
'strotified f low'

'Bubble,
Elongoted
bubble f low'

'Slug f low '

c)
c)
U'

Ø
--

¡oo

ro-l roo rol
Vvs , f t/sec

Fig. 4"6 Present data pìotted on the map by
Mandhane et al. U?1.
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flor,¡ pattern data of condensíng Freon-ll3 and Freon-12

are shown in Figs. 4.7 and 4.8, respectively. Both data

sets, reported by Sol iman [16] and [19], correspond to a tube

diameter of 0.5 in. which is close to the present tube

diameter. As was mentioned earlier jn this chapter, the

sem'i-annular flow for Freon-12 and Freon-ll3 is not fundamentalìy

different from the annular flow. For this reason it was decided

to ìnclude the semi-annular observations with the annular florv.

Thjs approach w'ill be used consistently whenever any proposed

correlation w'i I I be tested against data reported in [16] and

[19]. Figures 4.7 and 4.8 show very c'learìy that the tran-

sition lines of the map by Mandhane et al. 112l have to be

considerably shifted in order to successful 1y predict the

experimental data. This indicates that these transìtion lines

are strongly influenced by fluid properties, contrary to the

claim by 14andhane et al. The inadequacy of assum'i ng that

the Vg, - Vu, coordinate maps are

was also pointed out by Taitel and

th e good agreement res u I ti ng i n Fi

fact that most of the data used by

prepari ng thei r map correspond to

atmospheric condi ti ons. The rati o

would, of coursee vary depending on the

ìndependent of flujd properties

Dukler Ila]. 0ne reason for
g. 4.6 can be due to the

l4andhane et al. [12] in

ai r-water mi xtu res c I ose to
(o^/o,,\ for such m'ixtures' v l!'

exact conditions; however, an
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average val ue for thÍ s rati o woul d be around I 000. Al so

the average values of (onloU) for the data of steam" Fig.

4.6), Freon-1.l3, Fig. 4.7, and Freon-12, Fig. 4.8 are 1.l50,

145, and 28, respectìve'ly. The fact that (on/oU) for steam

in the present study has a value close to that for a'i r-water

mixtures 112l can be one of the reasons for the good agree-

ment in Fig. 4.6.

4.3.2 Comparison w'ith theoretical correlations

The investigation of the criteria govern'ing the tran-

sitions between different two-phase fiow patterns on a

theoretical basis is an extreme'ly d'i fficul t problem. This

is due to the'immense number of relevant parameters involved

and the complexity of phase distributions existing during

the flow. As a result, only few studies were reported in

the literature with many simplifying assumptions adopted

by the authors to faci I itate the sol ution. Comparisons are

made here between the experimental resul ts of the present

i nvesti gati on as wel I as others reported i n the I i terature

and some of these theoretical predictions.

Traviss and Rohsenow IlB] postulated that the Froude

number is one of the controlling non-dimensional groups

governi ng the transi ti on between fl ow patterns that are not

stratified (spray and annular) and flow patterns that are

predominantly stratified (wavy, slug, âñd plug). Froude
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number is a measure of the ratio of inertia forces and

grav'itational forces. Fol lowing a theoret'ical approach

they developed the fol lowìng equations for the transitjon
line between the two groups of flow patterns:

**ru = r.38 *3Àt.l *P*lt tF(xtt)l-0'e4,NRrn . 50 (a.3a)

*oun= 0.474 *!Àto *P*lt tF(xtt) l-l '0',uo. NRE 
L< 

itzs ( 4.3b)

**rn = o.o442 *3ooo *P*Tt tF(x.r)l-'

wh ere

'""rNÞF > 11?5
''-1,

( 4. sc )

Àt -"REn
G(l -x)D 

=
uø

Reynol ds number of the ì ì qu ì d, (4. 3d )

N^. = gD' 
= Gal'i leo number of the ì iquid,"GA _. 2vn

(a. 3e )

F(xrr) = o.l5 tl<;l + 2.85 4761
J'

xtt =

= Lockhart and Martinell i 12] parameter,

^x,:'
Tf,

0.5

(4.3f)

I 
ouì

l%J

r r0.l
lus I

[\l (a.3g)

and N.., is the Froude number of the 1 iquid fi lm.rK
v̂,
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Based on thei r experimental data of Freon-12 condens'i ng

inside a 0.315 in. horizontal tube they concluded that

crjterion (+.¡) ¿efines the transition at a constant value

of Froude number, *r*o = 45. Equations (4.3b) and (a.3c)

are p'lotted j n Fi g. 4*.g us ì ng NRE 
o 

and Xtt as coordi nates .

The Gal i leo number was calculated from equatjon (a.3e)

usi ng the average saturatjon temperature and the insi de

diameter of the test section. The djscontjnuìty appearing

in the boundary ljne js due to the use of two different

equations. Data of the present'i nvestìgation are plotted jn

Fig. 4.9 r,rith val ues of **r, and Xtt for al I the data points

calculated from equations (ã.S¿) and(4.3g), resDectively.

Equations (4.3b and c) succeeded in separating the annular

and spray (not stratified) from the t'lavy (predominantly

stratified) data points. The high accuracy obtained supports

Traviss and Rohsenow IlB] postulat'ion. The constant val ue of

N-. = 45, which was obtained from their florv regime data onfK"
L

Freon-12, agrees wel I w'i th the present data of steam. Th j s

'implies that generality also can be claimed. However, before

drawing final conclusions, jt is necessary to exp'lore the

appìicab'i lity of this crjterion on data of other fluids wjth

the same di ameter. Data of Freo n-12 and Freon- I I 3 condens-

ing inside 0.5 in. diameter tube, Fêported by Solìman [16] and

[19], are plotted in F'i gs. 4.10 and 4.11, respect'ively.

Equations (+.¡O) and (4.3c) are also plotted on both figures
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using N.., = 45 and N..n eval uated at the average saturation- IK" LiA
xt

temperature of each fluid. The boundary line still
separates the annular from the wavy data points, but with
a low degree of accuracy. Traviss and Rohsenow ilg], after
testing their criterion against data of Freon-12 [16],
reported di fferent conc I us i ons. Thi s di screpancy i s due to
the fact that rravi ss and Rohsenow Il B] consi dered the semi -

annular f low reported by Sol iman ['16] to be in the category

of stratified flow. However, according to Soliman's tl6]
description of this particular flow pattern it should be

cl assi fi ed among the non-strati fied fl ows. The I ack of

accuracy is due to the Froude number of the ì iquid
(*r*n 45), used in evaluating eguations (4.3b) and (a.3c).
This magni tude was determi ned from onìy the flow regime

data of Freon-12 [l B]. Better accuracy can be expected i f
it is to be determi ned from data of different fr uids.

A more recent and more wideìy accepted theoretical
approach is the one developed by Taitel and Dukler [14].
They used the Ke I vi n-Hel mhol tz theory for wave i nstabi 1 i ty
to deveìop dimensionless groups to correlate the transitions
between different flow patterns of two-phase adiabatic flows
The two transi ti ons which are relevant to the present study

are those between annular and wavy, and annular and slug

flow patterns. A summary of the anarysis used by Taitei
and Dukler Il a] in developing these two transition I ines



i s provi ded i n Appen di

derived by Ta'itel and

two lines are F and X,

gi ven by

x A.

Dukler

wh ere

The two

[14],
F 'i s a
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gr0ups

these

n umbe r,

dimensionless

for correlating

form of Froude

tr-t-

tl.,

/D0 p;Cp;- pvl

and X is a Lockhart and Martinelli l2l parameter,

general ly as

(dP / dz) 1/2

-GÞ7ãÐ;
Ix= 
|

L

(+.+¡

defi ned

(+.s¡

Coo rdi nates o f th e

fo'l I ow'i ng the proce

are tabul ated i n Ap

th e p rese nt obse rva

(4.4) and (4.5) foì

Appendix C. A comp

data and these tran

Dukler is shown in

coul d not be tested

present study were

and annular observa

six percent of the

fl ow regí on. Al tho

two transition lines were calculated

dure suggested in [14] and the results
pendix A. Values of F and X for all
tions were calculated using Equations

I owi ng the procedure outl i ned i n

ari son between the present experimental

sition críteria deveìoped by Taitel and

Figure 4.12. The annular-slug transition
since the slug observations ìn the

not correlated. Al I spray, spray_annul ar,
tions are correctìy predictecì. Sìxty_

uJavy fI ow data poÍ nts occ upy the ann ul ar

ugh the acc uracy of predi cti on i s I ow at
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higher values of x (x > 0.1), the general agreement'is

satisfactory. Th'i s was also observed by other investìgators

L?2) as will be discussed later" Taitel and Dukler Ila]

transition criterja were also tested against the data of

Freon-12 [16], and Freon-ll3 ['|9] condensing inside 0.5 in.

djameter tube. The results are shown in Fìgs.4.13 and 4'14,

respectiveìy. Stì I I the annular-wavy transjtion is faì rly

predicted, hor,reVer, it js obvious that the annular-s'l ug tran-

sjtion Iine failed in correlat'i ng the data. Al I the sìug

flor^¡ data po'i nts occupied the wavy region. In generaì, on

the basis of Figs " 4.12, 4.13, and 4.14, it can be concluded

that the two coordinates F and X may be used in predicting

the annul ar and Wavy flow patterns. 0n the other hand, there

ì s no j ndi cat j on that these two paranreters hel p i n pred'icti ng

the annu'lar-s1ug flow transition. This last conclusion is

not to be considered as a final one s'i nce it is based on a

consi derably smal I number of sl ug data poi nts.

The latest effort in the

of the di fferent flow regìmes

one reported bY Breber et al.

defi ne boundaries

cal bases is the

r work is based

attempt to

on theoreti

1221. Thei



70

td

to-l

Fig. 4.13 Comparison
condensing
hori zonta I
Taitel and

too to2

between Soliman's [16] data ofFreon-12 inside a O.S-in.
tube and the predictions ofDukler []al.

'slug'

'wovy' 
o 

oo þ"



tol

71

to-l too tol t02
X

Comparison between Soliman's [.l9] data of
condens'i ng Freon-ll3 inside a 0.5 ìn.
hori zontal tube and the predi cti ons of
Taitel and Dukler [14].

to-l

Fig. 4.14

ï å&.

'wovy | -a
Â¿



72

on the results reported by Ta'i tel and Dukler [14]' and

they even used F and X (parameters developed in Ila])as

coordi nates for their correlation. Breber et al. 1277

proposed a map subd'i vided into four regions separated by

transition ljnes and transitjon zoneS, aS shown jn Fig.

4.15. The transitjon lìnes of this Írìdpr although not

developed from a rigorous analysis, are simple and easy

to use for prediction purposes. In support of their simple,

and admittedìy crude criteria, Breber et al . l22l have

shown a good correl ati on wi th the experì mental data reported

in [.l6], [18], [19],and other references. A comparison

between the present results and this map is shown jn Fjg.

4.16. Aithough some of the wavy points occup'ied the sl ug

reg'i o¡, âgreement i n general i s good. In order to more

specifìcaììy evaluate this map Table 4.2 was constructed.

The procedure followed in constructìng thjs table is the

same used by Breber et al . l?21. The percentage of poi nts

for each flow pattern occupying a certain zone defined by

the boundaries of Fig. 4.15 is calculated. l^lith the

exception of Zone III (sìug and pluS) the agreement for alj

zones js excellent. since no slug regimes could be

correl ated duri ng the present experimental i nvest'i gati on,

the poor agreement for Zone III is to be expected. It

shoul d not take any credi t out of the sui tabi'l i ty of thi s

map. The percentage of the total number of observat'íons
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Table 4"2: Distrjbution of the observed flow patterns.

Flow
Patterns
Zones

Percentage of poi nts of each type
observed in each zone

Ann ul ar
and

Mist I

Annul ar-
l^la vy

Transition

l.lavy and
Strati f i ed

iI
Sl ug and

Pl ug
III

Zone i
Annular Mist
and Annul ar

100 0 0 0

Zone I i
lalavy and
Stratified

0 U 100 0

Zone III
Sl ug and
Pl ug

0 0 100 0

Transition
Between
Zones I & iI

t4 40 46 n

Transition
Between
Zones II &

0 0 100 n
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successful ly predicted to occupy their respective flow

regimes on the map'is 96%, a value which is reflecting

the overal I percentage success of the Breber et al. 122)

proposed correlation. Testing this correlation against

the data of Freon-12 [16] and Freon-ll3 [19] was not found

to be necessary since Breber et al. 1227 have done that in
their work. The results they have obtained were also good.

Based on the results obtained here as urell as those in

1227 the two parameters X and F appears to be significant
for flow patterns predict'ion during condensation. However

the boundaries associated wi th these coordi nates which

were orì gi nal ly deri ved by Tai tel and Dukl er Il 4] need to

be thoroughly tested before recommendi ng i ts general use.

Thjs can be achieved by testing it aga'inst data of different
fl ui ds as wel I as di fferent di ameters.

4.3.3 The spray to annular transition
A common feature among aì I the theoretical correlations

discussed in Section 4.3.2 is that the spray and annular

flow patterns are included in one category. Both flow

patterns are considered to be inertia controlled, and no

attempt was made to study the transi tion criterion between

them. Th'is trans'ition is important because i t has immediate

app'lication to some practical situations, such as dry-out

conditions in the cooling systems of nuclear reactors.
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Sol iman [16] made an initjal attempt to develop an

empìricaì correlation for the Spray-annular transjtion.

He postulated that the dominant forces influencing this

transiti on are the inertia and surface tension forces.

The spray fl ow woul d exi st when the i nertì a forces domj nate,

and a stable liquid fjlm can only exìst when surface tension

f orces are ì arge enough to oVercome the 'i nf I uence of the

i nertia forces [16]. Based on his data of condensing

Freon-|2 inside a 0.5 in. horizontal tube, Soliman [16]

devel oped thj s cri teri on for the transi ti on,

= 2,300 - 2,400 (4.6)

where Weber number NWf rivas def i ned as

[-tt]criticar

tll L

(uu, + v.a,, )' eau D

oo
(4.7 )

(4.8 )

t ube

found

data and

and the average

from

densi ty of the mi xture Pav cal cul ated

'av X+
o

l^li th more data correspondi ng to three di fferent

diameters and two different fluids, Sol íman [19]

that equation (4.6) failed to correlate the new

l -x
0o
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proposed the fo 1 
'low'i 

ng

NRr

where

lr n r

(uu, + Vnr) Puu

criterion

il25 *;Å'tt (4.e)

(4.r0)

(4.il)

D

and the caPì

llt\¡ n
Lfì

uo

ì'lary number

- (vu, + v

ìs g'i ven byNcR

^ ) un5JC

00'c

Criterion (+.S¡ is shown in Fì9. 4.17 along with the data

of spray,annular, and spray-annular flow patterns obtaìned

in the present'investìgation. Agreement is fair, thus

i ndicati ng that Equation (4.9) for the spray-annular

transj tion is reasonably independent of fl uid properties

over a fairìy wide range.
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CHAPTE R 5

CONCLUS IONS AND RECOMMENDAT IONS

5.1 Conclusions

Before stating the specific conclus'ions which were

drawn from the resul ts of the present i nvesti gati on, i t i s

ìmportant to point out the following generaì observat'ions

regardi ng the two-phase flow pattern studies reported i n

the I ì terature:

l. There is a fairly general agreement in the descrip-

tions and termjnology used in identifying the

different flow patterns" This 'i s important, other-

wise confusion and wrong conclusions will result.

Few excepti ons exi st where two i ndependent

ìnvestigators observed the same flow pattern'

reported a simj lar description, but gave i t two

dif ferent names; (e.9., the annu'lar-wavy f low

pattern in tlTl and semi-annular flow pattern in tlSl).
This led Traviss and Rohsenow [18] to conclude that

Baker's t5] map predicted their data adequately,

whj le Sol iman and Azer [1 7] arri ved at exactìy the

opposite conclusion. Recent results reported by

other investi gators 1211, l22l supported the con-

clusion in [17].
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2. There i s no standard method for present'ing the data

of two-phase flow patterns. Different correlations
an d maps us i ng d'i f ferent coordi nate sys tems were

suggested; some empírical, and otherstheoretical.
Naturalìy, the lack of a standard coordinate system or

systems refl ects the I ack of true understandi ng of

the transition criteria between different flow

patterns.

There is a recent trend in the literature to avoid

usi ng one coordi nate system for correìati ng al I the

transition lines. Since each transition line is
governed by di fferent set of rel evant parameters,

hence each line shoul d be correlated separateìy and

no si ng'le systenr of coordi nates i s expected to

provide an accurate general correlatjon Ila].

Several concl usions were drawn from the resul ts of

the present i nvestigation. For the sake of an orderly
presentation, these concl usions w'i I I be divided into three

groups; one related to the observed flow patterns, the

second related to the comparisons w'i th empirica'l correlations
and the third related to comparisons with theoretical
predictions. Regarding the flow patterns observed in this
study, the following conclusions can be made:

Flow patterns observed in this investigation for

condensi ng steam inside a horizontal tube are simi lar

J.
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ìn appearance to those described in otherinuestiga-
tions [17], 1207, l-211, anci [22] using other test fluids,

with the exception of a minor djfference in the wavy

flow pattern. In the present study, the upper part

of the tube was always covered with a thin liquid

fílm, while in the previously mentioned studies the

upper part of the tube appeared dry during wavy flow.

2. Stratified flow existed at the outlet of the tube

during test runs corresponding to low mass fìow rates

of stream. Thi s flow pattern was not reported i n

other investigations 1201,121f, and 1221.

and

fol

l.

Based on the compari sons between the present resul ts
'leading empirical correlations in the literature, the

lowing conclusions can be made:

Baker's t5] map failed in predicting the present

res ul ts. However, when compari ng the present res ul ts

with a map proposed for condensation [19] using

Baker's t5 ] coordi nates a good agreement resr¡l ted.

This indicates that Baker's coordinates are fairly
j ndependent of fl ui d properties.

The map proposed by Sol iman [.|9] using V.q, and

(l - a)/a as coordinates provided an adequate predic-

tion of the present data. Thi s supports the hypo-

thesis tl9] that V.q, and o are relevant parameters for

fl ow patterns of condensi ng fl uids and can be used

2.
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as a basis for the generation of a generalized

correlation.

Superficial vapor and I iquid velocities, used as

coordinates jn U2l, cannot serve as a basis for the

generat'ion a general i zed f I ow pattern correl ati on f or

condensati on. Fl ui d properties were shown to have a

strong influence on the transition lines when thjs

coordi nate sys tem i s used.

Comparisons wi th theoretical predictions of fl ow

onclusions:

present data and

Rohsenow I I 8]

reasonabl e

other f I ui ds.

fected by the

ue s ugges ted by

was based on

thei r data for Freon-12.

The annular-s1ug boundary developed by Taitel and

Dukler [.l4] failed in correlating the data of Freon-12

[16] and Freon-ll3 [19]. 0n the other hand, a satis-
factory agreement was obtai ned for the annuì ar-wavy

transition I i ne when tested agai nst present data as

well as data of Freon-l2 [16] and Freon-ll3 [19].

pattern transi ti ons I ed to the fol ì owì ng c

l. Good agreement was found between the

the criteria developed by Travjss and

usi ng N.. and X-. as coordi nates. A- nrg f,r
agreement was also found w'ith data of

However, the degree of accuracy was af

val ue of Froude number used. The val

Traviss and Rohsenow ['l8] (NFR^ = 45)

2.
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This impì'ies that the two coordi nates X and F used

in this correlation are significant parameters for
condensation.

The map developed by Breber et al. 1221, using Ta'itel

and Dukler [.|4] coordinates agreed well with the

present data. Simi lar results were also reported by

Breber et al. l22J for Freon-12 [16] and Freon-l I 3

[.|9]. This supports the significance of the para-

meters X and F as far as fl ow pattern predi ction

duri ng condensati on i s concerned.

5.2

Thi s i nvest'i gati on, si mi I ar to others reported i n the

li terature, succeeded in answering some questions whi le

generating new ones to be answered. The fiel d of two-phase

flow is a conti nuously growing field and there is an

increasing interest in ìt because of its direct relation to
many practical applications. auestions which are yet to
be answered are numerous. Limiting the enquiry to the

area of flow patterns of condensing fl uids inside horizontal

tubes, the fol'lowing topics deserve immediate research

ef forts:
l.

Recommendat'ions for Further Studies

The i nfl uence of tube diameters

fl ow patterns and on di fferent
used i n data correl ation. More

large tube diameters (I"D.> I

on the appea rance of

coordi nate sys tems

data, espec i al ly for

in.) are needed.
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2. Data corresponding to other test f lu.ids .is sti I I
required to estabrish the infruence of fruid
properti es on a more sol i d bas i s .

3. The wavy-to-sr ug transi tion needs experimenta.r as

well as theoreticar anaìyses. sìugging in engineering
devices is associated with pressure fr uctuations and

other damaging effects. No adequate prediction is
available yet for this transition.

4. stratification is another phenomenon which requires a

specia'l research effort. This flow pattern, observed
in the present study, is sometimes undesirable in
appì ications such as coor i ng systems of nucJear re-
actors. conditions leading to the existence of this
fl ow pattern are yet to be acc urate ìy defi ned.
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APPENDIX A

Taitel-Dukler Il+1 Model for predicting F]ow
Pattern Transi ti ons i n Hori zontal and Near

Horizontal Gas Liquid Flows

An equi I i bri um strati fied fl ow as shown i n Fi g. A. I

is considered. The gas is frowing w.ith a velocity ue in
the upper part of the tube. The líquid is flowing with a

velocity uL at the rower part. The interface is smooth.

A momentum ba I ance on each phase yi el ds:

(A.l)

(A.2)

AL tå*] - .,uL sr +'isi + prAL s sin 0 = Q

AG tr*] - 
't^lc 

se - t,s- + pGAe s sin 0 - o

Wh ere :

At = Flow cross-sectional area of the ì iquid.
Ae = Flow cross-sectional area of the gas.

SL = Perimeter of the liquid.
Se = Perimeter of the gas.

si = Perimeter of the interface between the ìiquid and

the gas.
l¿ pì

la;J = Pressure droP-

t'n,L = Shear stress of ìiquid.
r'.,G = Shear stress of the gas.
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¿tc

-- 0( \--

Fig. A.l. Equilibrium strotif ied flow.

Fig. A.2. Instobility br o solitory wove.



tl,li

pL

o^'b

G

g

v2

9l

Shear stress at the i nterface.

Density of the ì'iquid

Density of the gas.

Angle between the pipe axis and the horizontal

Acceleration of grav'ity.

By equat'i ng the pressure drop i n the two phases, and

eval uat'i ng the shear stress and the gas and 'l i qui d f ri cti on

factors i n the conventi onal

yz -4Y=0

(A.3)

wh ere:

[,0,u,)-nù,il L,'GDå)-*ùn lil.il.il]]

(oe ,l')
4C^
_Ds( ,; o/vn ) 

- m ( oe u;') (dP/dx),

by Lockhart and

I'z
I"z

( It i s the same parameter i ntroduced

Martinel I i t2l)

f=
(ol - on) s sincr (ot - o6) g sin cr

-m on('l)'
---7--

4Cn lrl Dlulul-r-[\J | 

(dP/dx); 
I

op/dx)l



v¿

lll , fl

11r/L ' vG -

Exponent of Reynoì d n umbe ri
for evaluatíng the friction
Friction coefficients of the

respect'i veìy.

Ki nemati c vi scos i ty of the I

respectiveìy.

n t he eq uat'i on use d

factor.
'l iquìd and the gas

vL'vG = iquid and the gas

Diameter of the pipe.

Superficial velocity of the lìquìd

respectively.

Pressure drop of the 1 iquid phase

i ng al one j n the pi pe.

and the gas

if it is fl ow-

Pressure drop of the gas phase if it is flow'i ng

alone 'in the pipe.

designates dimensionless quaì ìties

Reference variables are D for length, D for area,

superficial velocitier ri and rå for the'l iquid and

gas velocities respectively.

dimensionless quantit'ies depend

D

SS
-uL'uG

f¿pl 
t

- 
[ãXt,. ,L

[¿pl 
t

-[il*je

AI

si

onìy on

+ (2ñL-l )

ñ, =
L

hL/D

nce:

ÂL = 0.25 [r, - co.-](zñL-l)

o.zs [cos-l(zñL-r) - (zñL-r)^-Ll

-(zht
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S=
t:

Ç=-L

s. =l

.rT - cos-l (2ñL-l)

cos' (rñL-t)

Ur =
L

úG - ÃzÃn

Hence, each x-Y pair corresponds to a unique value of hL/D

for all conditions of pipe size, fruid properties, frow
rate and pipe incl inations for which stratified flow exists.

Transition Between l¡lav and Annular otl_qtermittent patterns:
Their theoreticar approach started by consider.ing a

strati fied fl ow with a vrave exi sti ng on the surface over
which gas flows. This confi guration i s shown i n Fi g. A.z.
The growth of the wave accordi ng to the Kel vi n-Helmhol tz
theory wi I I start when:

n/ At

uG pc

This criterion is extended to the case

a horizontal surface. Furthermore the

to the inclined round pipe geometry.

becomes:

1(ol - ec)hc 1/2

of a finite wave on

ana'lysis is extended

The cri teri on then
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À
tl

AG

Ilrt;I uz
L-

(ol - on) s cos cr

uG, Cz

G dAL/ dAH

with CZ = An'/An

CZ is unity for infinitesimal disturbance where AG' * AG.

t{hen the 'l i q ui d reac hes the top of the tube C Z approaches

zero. Hence CZ was estimated, by specuìation, as fol lows:

cz - r - hL/D

In dimensionless form, the wave growing criteria becomes:

LL
ù^ ¿Ã, roñ.b L. L (A.6)

wi th

- F=
.,S
"G

lDg cos 0

- dÃL/dñL = (1-(zñL-l),)1/z

Equation (4.6) describes the conditions for the

trans'ition i n pipes between wavy and annular or i ntermittent
flow patterns. Al I the terms in the square bracket are

functions of hLlD. Thus for any value of Y the transj tion
can be determi ned from X and F. For the horizontal case

(Y = 0) values of F corresponding to different values of X
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are presented in Table A. l. Equation (4.6) wjth the

equaìity sign WaS used to calculate Values of F correspond-

ing to val ues of hL/D. Val ues of X correspondi ng to val ues

of h, /D were obtained from equat'ion (4.3).
L

Transition Between interml'ttent and Annular Djspersed

It was suggested that the development of both inter-

mi ttent and annul ar fl ow wi I I depend only on the 1 i qu i d

I evel i n the stratj fied equi I j bri um fl ow. Annul ar wj I I be

obtained when hLlD is less than 0.5; while intermittent

flows wjll ex'i st when the equi'l ibrium liquìd level in the

pipe is above the piPe centerline.

A sing'le value of X wjll define this transjtion sjnce

it takes p'lace at a constant value of hL/D = 0.5. For

horizontal tubes X - 1.6.
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Table A. l: Values of F and X on the
between wavy and annul ar

transition line
flow regimes.

X F

0 .024
0.040
0.070
0.135
0 .221
0.332
0.473
0.653
0.884
t. t86
I .584
2.123
2.874
3.963
5 .621
8.330

1 3. 217
23.499
51.823

102.996

t.251
1.t18
0.976
0. 808
0.680
0.575
0. 484
0. 406
0.337
0.275
0 .222
0.174
0.134
0. 099
0.070
0.047
0.028
0.015
0.006
0.003
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APPTNDIX B

0peratìng Condìtions and Heat Balance

Legend:

RN Run number

0P Operating pressure (Psia)

TSAT Saturation temPerature ('F)

G Total mass velocity (lbm/hr-ft2) x l0-4

HGI,J Heat gained by the water (Btu/hr) x l0-4

HLS Heat lost by steam (Btu/hr) x l0-4

ERR0R % heat ba I ance error
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I

2
a
_l

!+

5
6
7
d
Y

1Cì

11
12
13
14
15
16
ll

18
IY

¿v
21
22
¿J
2tl
25
¿o
2'l
2g
29
30
31
32

OP

19.5
19"4
17.3
20.5
23,-3
25.4
28 ,9
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18.2
17 ,7
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23, 0
18.l
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18.J
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16 " 6
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23,6
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19,4
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23.'l
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21 ,8
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22" 6
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229"4
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241"1
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221. 6
225. 3
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223.2
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223.4
'222. 1
222.1
218. U
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219"9
236,9
236, 3
225"s
237 ,1
237 ,1
236, 5
231 , t+

2 J?. .7
248.6
254, 2
260.3
23t),5

G

1 1.09
7 ,23
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4.07
6"45
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2 .14
3.52
5.28
3.69
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4,3 6
4" 65
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14,29
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15,31
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6,91

17,12
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16.74
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APPINDIX C

Sampìe Calculations for Run No. l6

Fis. c.l Schematic diagram of test
section.

Fig. C.l shows a

sect'ion consisting of fou

and four visual sections

ñ I bm/hr flow rate, enter

and leaves as subcooled I

of cooling water ñ.. , tit..wa- wb

State poi nts 3 through l0

at dÍfferent locations in

sections A,B, and C were

diagram of the test

ng unjts a,b,c, and d

D. Test fluid, wi th

heated vapor (state I )

te 2). Three streams

are used as shown.

coof i ng water temperatures

Flow patterns at visual

i denti fi ed, and wri tten

schematic

r condensi

A,BrC, and

s as super

iquìd (sta

, and ñ,.,
"cd

refer to
the 'loop.

observed,



102

descri pti ons were recorded. Th e objecti ve here i s to show

how the fl ow pattern parameters correspondi ng to each

observation were cal culated.

Measured Data

Pl = 5.5 psig, PZ = 2.5 psig, Patm. = l4.l psia,

Tl = 246'2 oF, Tz = lo4'o oF,

T3 = 69.4"F , T4 = 77.4"F, TS = 77.6oF, T6 = 129.8oF,

Il = 69.2"F , Tg =159.2"F, Tg = 69.2"F, Tl0 = .l76.5oF,

m = 280.3 lb lhr.wcd m'

Fl ow Patterns

At vi sual secti on A - Annul ar

At visual section B - Annular-wavy

At visual sectjon C - Single-phase I iquid

At visual section D - Si ngle-phase I iquid

0veral I Heat Bal ance and 0perati ng Condi ti ons

Thermodynamic properties 124l of test fluid at inlet
and outlet of test condenser are:

rir = 70.4 1br/hr, **u = 339.2'l br/hr, **O = 255.3'lbr/hr, and

hl = 1165.4 Btu/lb, and hZ = 71.99 Btu/ìb,
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Rate of heat gai ned by cooì i ng water

+ (T+ - T3)l = 76,300 Btu/hr

Rate of heat lost by test fluid

8* = ñ*u ,o(t.,0 - Tn) + **o ,o(t, - Tr) + **.orot(T6 -T5)

Õ, = ñ (hl - hz) = 7t,ooo Btu/hr

Percentage heat balance error = W x .l00

= 0.93%

Run was accepted sjnce the heat balance error is within

+ 10%.
Pr + P'

!{orking pressure p = --Z--L + Patm. = lB.1 psìa

Corresponding saturation temperature T, = 222.7"F

Inlet superheat OTrup. = Tl - tr., = 19.3"F

Properties of the two-phase mixture, corresponding to P and

T . are:e-

pL = 59.64 lbm/ft3 , Pv = 0.0453 lbm/ft3

ug = 0.655 lbm/hr-ft = 0-270 centipo'ise

uv = 0.0320 lbm/hr-ft
hu = 190.88 gtu/lbm , hv = I 154"8 Btu/lbm

6 = 58.8 dyne/cm

Mass veloc'ity Ç = =-+ = 46,500 lbm/hr-ft2
lr"
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Qualities at Different Visual Sections

Due to i nescapable experimental errors, val ues of

Ö^ and Q.. are expected to be different" Rates of heat gaìn's 'w

by cooì i ng water i n al I condensi ng uni ts were adi usted by

a factor J such that,

ö
J = --l -- Loog

nYw

A simple heat bal ance on condensi ng un'i t a produces

The steps used in calcu'l ating the flow pattern para-

meters at visual section A are shown here. Simi lar
procedure was fol lowed at visual section B.

hA = hl - ¡,i,"u .Cp.(Tl0 T9)l/ñr

'643.8 Btu/lb,n

h,' - hn
*A

Simj I arly, a heat balance on condensi ng uni ts b and c

resulted in

hB = 3.l4.6 Btu/lb* , XB = 0.128

hc = 104.9 Btu/lbm . hs (subcooled I iquid at C)

Fl ow Patte rn Paramete rs
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Baker's t5l Parameters(a)

Based on equations (2..|) and (2.2)

I-0.760 and ú=0.827

Gu = xG = 21,860 lbm/hr-ft2

G¿ = (l-x)c = 24,640 lbm/hr-ft2

G

+ = 28.740 and G[Àü/Gv = 0.709

(b) Mandhane et.al. L12l Parameters

l1 .,\^
[ = \r-r(/u = 0.115 ft/Sec.'oc rr,L

Vu, = ff = 134.0 ftlsec.

(c) Soliman's [19] Parameters

Us i ng Eq uati on (4.2), wê get

G = 9.9844

(l-o)/ o = 0.0158

,, - (l-x)Gvô - rî---::r-:- = 7.37 ft/sec.& \ r-u,lPo

Travi ss and Rohsenow tl 8l Parameters(d)

Usi ng Equations (a.3g) and (4.3d), respectively, the

followinq values can be obtained:

Xtt = 0.0415 and *Orn = .|653
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(e) Taitel and Dukler [14] parameters

The two dimensionless groups deve'loped in tl4] are

F and x, defined by Equations (a.a) and (4.5), respectively.
substituting the values calculated earl ier into Equat.ion

(4.4), u/e get

p = 3.106

The value of the parameter x depends on the type of flow in
both the vapor and lÍquid phases (laminar or turbulent).
Accordingly, four possible combinations exist. Taitel and

Dukler ll4] stated that the decision on whether either phase

is f ìowi ng laminar'ly or turburent'ly shoul d be based on

Reynol ds number eval uated from the actual vel oci ty and the
hydraulic diameter. This wjll definiteìy require a trial
and error procedure. Lockhart and Marti nel I i Iz], who were

the fÍrst to develop the parameter x, suggested to base

the decision on Reynolds number eval uated from the super-
ficíal veìocity and the pipe diameter and then lower the
critical value for lam'inar-turbulent transitÍon from 2000

to 1000. Both methods, although apparentìy different, would

lead to the same result in most cases. values of superficial
Reynolds number were calcurated for the ìiquid and vapor
phases of all present data points and were found to be con-

sistently higher than 1000, and for a clear majority of the
cases even higher than 2000. 0nly in one case the suÞerficial
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Reynol ds n umber of th e vapor phase was 621 .4. Consequently,

i t was deci ded to ass ume turb ul ent fl ow i n both phases,

for all data points and hence for the present data poìnt,

we get

X - Xtt = 0.0415 (as calculated earl ier).
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APPENDiX D

Flow Pattern Parameters

Legend:

X Qua'ì i ty

RN Run number

S Visual section

XBAK GsÀ,1,/Gv

YBAK Gv/ À

VLS Vgr, ftlsec

VVS Vvs, ftlsec
xTT Xtt

REL NO'
,ttg

FF
I -^

XSO L n

YSOL Vg , ftlsec
0BS 0bservation

S Sp ray

S-A Spray-annul ar

A Annul ar

A-l^J Annular-wavy

l^J trla vy
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