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Interfacial wave patterns and their transitions in gas 

— liquid two—phase flow through horizontal ducts 

Li Guang—Jun．Guo Lie—JiIl and Chen Xue—Jun 

(National Laboratory ol Multiphase Flow in Power Engineering 
Xi’an．1iaotong University，Xi’an 710049) 

Abstract The interfacial WaVe patterns and their transition characteristics ii1 gas—liquid 

two—pluLse flow through rectangular an(1 circular horizontal conduits are investigated． Thc 

intcrfiLcial waves were traced and recorde(1 by using conductance probes．W ith the experimental 

obserwLtion antl the analysis，some kinds of difierent interfacial waves were distinguished and 

define(1．and then the interfacial wave patterns wcre given．which were compared with previous 

results．The interfacial wave transition mechanism between each interhcial wave pattern was 

discusse(1 and a set of transition equations were presented to predict the interfacial wave pattern 

transitions．The predictive results arc in good agreement with the experimental data． 

Keywords Gas 1iq11i(1 two—Pllase flow，Horizontal channels，Interfacial wavej Wave patterns 

1 Introduction 

A stratified two—phase flow pattern，which 

is characterize,t by the liquid moving along the 

bottom of‘tlle flow channel and the gas above it． 

exists for low gas and liquid flow rates in hori- 

zontal or inclined flow channels．W hen the gas 

velocity is suffi(：iently low．there is no wave on 

the gas．1iquid interface．a sinooth stratified flow 

occu rs．[1 引 However． as the gas velocity is in． 

creased within the regime of the stratified flow， 

waves appear on the gas—liquid interfacej which 

was defined as wavy stratified flow． 

For these stratified wavy flow patterns，the 

structm'e aIld dynarnics of the intcrface greatly 

influence the rates of the IYlaSS．inomentum all(1 

lleat transfer a8 well as the stability of th,一 

system [3 
． Therefore．a better knowledge oi 

the interfacial wave formation．the wave pat,一 

terns．their transition characteristics and·the in— 

terfa(：ial wave properties is essential to the even— 

tual m1(1crstandiI1 of intcrfacial transfer mech— 

alliSliL,~and two．phase flow pattern transitions 

in m any engineerin g apphcatlons· 

For t he purpose of providing the basic 

knowledge about the interfacial waves and their 

transition charactcristics，an experimental in． 

vestigation 011 the occurrence of the interfacial 

waves and their transitions in horizontal gas— 

liquid two-phase flows through rectangular and 

circular flow channels was conducted．Tlle in． 

terfacial waves were traced and recorded by llS． 

ing conductance technique． Then the interfa- 

cial wave patterns were given．The transitions 

between every different interfacial wave pattern 

were examined and the predictive methods were 

proposed． 

2 Experimental procedure and 

techniques 

2．1 Flow system 

This experiment was carried out Oil an air— 

water two·phase flow loop
．

as showli in Fig．1． 

Air and water were used as working fluids． 

Fig．1 Schematic diagram of test loop 
1 Air compressor，2 Air tank．3 Gas orifices，4 W ater 

tank，5 W ater pum p，6 W ater orifices，7 M ixtm'c，8 Test 

section．9 W ater tank，10 W ater plmlp． 

P Pressure tap，T Therm ocouple 

The flow rates of water and air were l~leasure(1 

with two Model LB ratemeters and three ori． 
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rices，respectively．The test equiI)ment includes 

two different geoinetrical cross。section test see— 

tions．which art!all made of plexiglass inateri— 

als so that the visualization of the interfacial 

waves is possible． 0ne is a circular tube test 

section with a diameter of 50 mnl and length of 

6680 inIn．Tll(：other is a test section with l'ect— 

angula．r cross section，which is made of plexi— 

glass plate with wall thickness of 12 nlln．whose 

CROSS。section is 25×150 nlll1．The test section is 

abolit 6690 nun in length(see Fig．2)．The rein- 
perature and pressure of the working fluids in 

the test sections are measured at both inlet and 

outlet of the test sections． 

2．2 Experimental technique 

Th( two。parallel wire conductance probe 

technique was used to measure the basic char。 

acteristics of interfacial waves． Fig．3 gives 

schematic diagrams of the probes．In this ex- 

V(，1．9 

periment three similar probes were used．T。he 

distance between the first probe and the see— 

ond one is 10．()cm in circular pipe and 3I)Gill 

in rectangular chailnel and the third probe is 

located at,1()nun and 9．7 rnIil far fr onl the see— 

ond on( ．respectively．Each of them consists of 

two parallel platinum wires of 0，1 rain in diame— 

ter and 1．5 111113．apart．Thc sensors were aligne(1 

perT)cI1diclllar to the direction of flow． 

2．3 Data collection 

In order to avoid the effects of ionic flui(1 

on the illeasllrenlellt，the input signals to the． 

probes were selected as 100 kHz sine signals． J 

The analog output signals fioin the probes were 

fcd to all A／D converter(ADC 35)connected o 
an IBM microcom1)uter．Ill this investigation．a 

XR一5001)Ca．ssette IIaDe Recorder wa．s；ttso used 

to record the film thickness丑uctuatiolls silnlll— 

taneously 

Fig．2 Schematic diagrams of test section 

(a)Circular tube(b)Rectangular chaxmel 

Data were taken over a time period of 16s 

for ADC 35 convertor．a sampling frequency of 

250 Hz was selected after trial runs． For tape 

recorder，the tape speed was chosen as 9，5 ClI1／S， 
which corresponds to tile frequency domain of 

0。5 kHz．and the sampling time of 60 s was used． 

In this experimeut the conductivity of liq- 

,lid was lneaslll-ed and monitored by a rcference 

probe located at the downstream liquid line in 

order to minimize the measurement errors．【 J 

2．4 Experim ental conditions 

The ex1)er iinent was carried out under 

quasi。ste~t(1y．fully developed flow conditions． 

By varying the air and water flow rates，a wide 

range ot stratified wavy flow pattern regions was 

covered．The vlthles of liquid superficial velocity 

air flow range was from 0‘to 22．7 m／s in 1lot。 
izontal circular tube． The values of ranged 

from 0．0118m／s to 0．12 in／s and the air flow 
range wan from 0 to 14．6 m／s in llorizontal rect． 
angular channe1．The pressure of working fluids 

was about 0．1 to 0．12 MPa and the teinperature 

ranged frpin 20 to 25。C． 

3 Experimental results and discus． 
● 一  

Slon S 

3．1 classification and description of the 

interracial waves 

A typical example of liquid film thickness 

fluctuation recorded by the probe located at a 

distance of 4450mi13．downstream fronl the wa- 

ter inlct i11 circular flow is shown in Fig．4．For 

Jl ranged fronl()．0141 m／s to 0．17 in／s and the a fixed water flow rate，with an increase ill j：g 
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WaVeS witl1 small amplitude appeared and the 

sllrface of the liquid fihn was charac tcrized by 

the regular two-dimensional dist~lrbance，which 

we,re defined as two—dimensiona1 WaVes(2D)． 

Further increasing靠 would lead to irregular 

l z 

I 

、广 
(b) 

Fig．3 Structure of the conduct~mce probes 

in circular pipe(a)lind in rectangular channel(b) 

Contilmously increasing Jg up to a certain 
value，liquid droplets begall to hit the top wall 

of the pipe．such liquid droplets or filanlents 

would be separated frorn the liquid phase all(1 

depositc(1 on the pipe wal1．A lleW flOW pattern 

of atonlizationfAT1 would then be resulted iIi． 

W hen tll e velocity exceeded such an extent 

that a stable liquid film began to flow along tllc 

upt)er wall of the,test section，allnul&rfANU) 

f】()w occurr( d． 

W ith illcrease in 1iquid velocity．8inlilar 

phenolnena were observed and the transitions 

froln 2D to LA hom LA to and froin 

to ANU occurred at lower gas velocity．W hen 

wa．s increase(1 beyond 0．12m s．the stratified 

flow pattern was replaced by an intern：ittent 

flow pattern(SLUG1． 

The．film thickness fluctuations recorde(1 by 

tile probe in rectangulal-channel al'e silnilar to 

the results above．2D．LA．AT and SLUG WaVe 

or flow pat terns were distinguished and(1efine(1． 

3．2 Interfacial wave pattern and com par． 

ison with previous experimental results 

In present experiment according to Ollr ob． 

servations．three kinds of tile interfacia1 wave 

patterns were distinguishe．d and define(1 as 2D． 

LA．AT ill horizontal gas-liquid two-phase sepa- 

rated flow through circular and rectangular Con． 

duits，and also the annular and slug flow pat． 

41 

2D waves alld the interfacia1 st,ruchire changed 

gradually into irregular large alnplitude waves 

fLA)．The profih；of tile large amplitude w；LVCS 
exhibited a fairly steep front face and a rela— 

tively longer rear face．[ ，。] 
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Fig．4 Liquid fihn fluctuations with time in 

horizontM circular pipe flow(jl=0．0736 II1／S1 

tm‘ns were distinguished． Fig．5 shows the re— 

suits for the wavc and flow pat tern transition 

of air／water two—phase flow in ltorizonta1 circu． 
1ar and rectangular flow channels in JE-．il plane 
and also(：()mpared witt1 Drevious reslllts[3，1( 0f 

air—water flow in horizontal tubes with 25．2 lIlll1 

id alld 50．3 in／n id．respectively．FrOlll Fig．5 it 

is found that tile transitions from each st rati． 

fled wavc t)attern agree approximately well with 

previous restllts which verifes tile reliabilities 

of pl'esellt experiInental system and lllCaSllr(7． 

ment inethod． 

3．3 Nom enclature 

A area of channel cross．section．1U ： 

A dA1／dh； 
D diameter or hydraulic．diaumter．Ii1： 

g gravity acceleration，ln／s。； 
h liquid film thickness．Ill； 

N viscosity nulnber； 

n void fraction； 

P phase density，kg／ln ； 
dynamic viscousity，Pa．s； 

kinetic viscousity．111 ／S： 

o surface tension N|in． 

4 Theoretical 

terfacial wave 

investiKation 0n 

trans1tlOns 

4．1 Sm ooth stratified flow to two． 

dim ensional wave 
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Tw(J．dilnensional waves al·e Callsed by tile 

gas flow lln(1er the condit ioils where the veloc． 

ity oi’the gas is ellough high to f'ornl WaVCS 

1)lit slower than that needed for tile rapid wave 

growth which C}tlISes transitions to ntermittcnt 

or anlllllar flow． 

Thc ph(~ilOlllellOll of wave generation is 

quite conlplicated alld llot completely lllltlcr— 

stood．It is generally accepted that waves will 

bc initiate(1 whell[)l'eSsllrC alld shear str(、ss 

working OIl a w~：l,ve can overcoine the ViSCOllS 

dissipation ii1 the waves．[2， ] 

Ill this I)~tper we l1SC the ideas introducc(1 

by J eff roy who suggested
．

tile following condi— 

tion for wave generation[ 2J： 

c1 c> 4vtg(pl—Pg) (1) 

where is a sheltering coefficient which JeflYey 

suggeste(t that it should take a vMue of ab()1lt 

0．3．but Benjanlin[ 。]indicated lnucll sinall( r 

i 

日 
＼  

·矗  

Fig．5 Interfacial W；~VC pattern lllap amt 

O Presc1lt daLa▲ Sbi eL aI[101● AIldrits0s ct 

4．2 Twe．dim ensional wave to LA 

Th{、iliterfacial stability analysis of strat． 

ifled flow is aI)plic(1 to the prediction of tran． 

sition frOil1 stratified flow．【7 J Solutions that 

are unstabh； }Jv the VKHfViscous Kelvin． 

Hehnholtz 1 analysis and stable by tile IKH fIn． 

viscid Kelvill—Hehnholtz1 analysis are solutions 

v‘J1．9 

v&llleS for this coefliciellt ranging fr0113．0．01-(J．(J3 

based on theorY as well a．s ell tile experilnental 

results for flow．In this work tile value 0．06 0f 

is used．[3] 

c is the propagation velocity of the waves． 

For lllOSt conditions where transition(；all be cX． 

pccted to take place，u 》 c．Theories COllCerll· 

ing these WaVeS suggested that tile ratio of the 

wave velocity to the Iileall of tile film veh)city， 

c／lt1．decrea．~es with increasing R．eynolds lllllIl- 
1)cr of tile 1iquid．and the data of Fulford all(1 Li 

(：onfirnle(1 tllis point．[ ，14]The rati(，approache(1 

i．(J to i．5 at tile lfigh Reynolds IlU11lbcr． For 

simplicity．and because that a t)recise location 

of this transition boundary is not imporrant． 

the relation = c is used． 

Thesc approximations substitute(1 into 

Eq．(1)give tile criterion for this transition： 

i 
粤 

日 
＼  

·矗 

2c ( ) 。 

a comparison with 8011112 previous studies 

al (a)Re(：tan~llar(：hmmel(b)Ch'ctflar pipt： 

with a low amplification factor． It wa．u~ sug． 

gested that this instability results in laa'ge anl- 

plitude wave．【 J Tllt neutral stability conditiolls 

obtaine(1 by VKH analysis were used to predict 

the transition fron]the two．diIIlcn8ional wave to 

large amplitude WaVe．Refer to Li for details．jr] 

( Ai Ag ／2—2 A,1可 磋 。一(Pl--Pg 3) 
where cⅧ is the wave speed oi’viscolls nel1． 

tral stability wave obtained froln VKH stability 

analysis[ ] 

4．3 Large amplitude wave to atomization 

Several difierent atonfization detection 

methods and inception criteria have been used． 
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Ill this experinlent visual observation is use(1 to 

identify the occurrence of the atomization．The 

gas velocity at which tile liquid droplets were 

first tOrll frOUl the large amplitude wave all(1 llit 

Oll the top wall of tile flow channels，was define(1 

as tile atonfization Igas velocity．an(I atolniza— 

tion occurred．It is known that the occurrellCe 

ot‘atomiz ation is relate(1 to tile occurrence alld 

development of the large anlplitude waves．t0’ 0j 

The following criterion gas velocity predicting 

the onset of the atonfization presented by K11一 

tate．1adze was llse(1 in this paper[161： 

36三 
where the viscosity number N is defined as 

N=ml(pv~ 而  
and the I~eynolds iluniber by 

) 5 

Ret=pljlD／Itl (4b) 

43 

4．4 Occurrence of annular flow and shlg 

flow 

The interfacial stability analysis()f s r“ — 

ifled flow is aI)I)lied to tile pl’edietion (1t‘tran— 

sition fr0m stratifie(1 flowt ． Solutions that 

are unstable by the IKH analysis are soluti()IIS 

for which the Bernoulli anlplification overcollleS 

the stabilizing effect of gravity at the steady— 

state condition． These solutions are．(：ll；trac— 

terized by a very high amplification rat(；，r( 一 

suiting in tile transition to slug flow．for high 

liquid holdup(h／D >(J．5)，and to allnular flow 

fh／D <(J．5)．It was suggested that this insta— 
bility results in large amplitude wave and()lily 

for high liquid level(h／D >(J．5)，the waves will 
block the pipe，causing tr~msition to slug flow． 

In this paper the results of the IKH analysis 

were used to predict the transition fl·om tllt： 

stratified flow to annular flow，acc0InpanyiIlg 

with tile condition of h／D <0．5，i．e． 

(p- Ag、]c 一2(p- 可 )cit - ps (Pt-Pg⋯ ㈤ 
where cin is the velocity of the inviscid neutral stability wave obtained for IKH stability analysis 

which is defined as follows． 

一

ptY4Ag+ pgUgAl 
n 

The results of tile VKH analysis were used to predict the transition from tlie stratified flow 

to slug flow．accompanying with the condition of h／D>0．5 i．e． 

( - AI+ Ai) c 2(p- 酉 At ) p- ps 。 
4．5 Comparison with experimental 

The following viewi)oints (：an be 

from Fig．6． 

( l—pg)rJ=0 (6) 

data 4．5．3 Eq．(4)is reasonably used to i)redict the 
f0l1Il(i occurrence of atomization． It is known that 

4．5．1 Tlie predictive gas velocities by Eq．f21 is 

litth；higher tllan the experimental data．which 

is more aI)parent under the lfigh liquid flow rate 

region．Becmme the liquid flow is inevitably af- 

fecte(1 by the vibration of the test section and 

the disturbance of tile inlct of the gas and liquid． 

so the waves appear at the relatively lower g艄 

velocity cornpared with tile predictive velocity． 

4．5．2 It is proper to predict the transition fronl 

two—dimensional wave to large amplitude wave 

by using the neutral stability condition deduced 

from tile linear stability theory． 

tilere are the following five basic tyI)es()t at— 

omization mechanisnmIiN： f】
． 1 shearing 0ff 0f 

the tops of roll waves by gas flow；(2)undercut— 
ting of tile liquid film by gas flow，(3)bursting 

of gas bubbles，(4)impingement of large(trops， 
(5)disintegration of liquid bulge by gas flow in 
counter．current sit1lations 

flow conditions．the first 

Ullder the present 

two mechanisms are 

inlpoi'tant．The transitions from stratified flow 

to annular flow are well predicted by using the 

results of IKH analysis together with tile eondi— 

tion of dimensionless liquid holdup h／D <(J．5． 
And the transitions from sti‘atified flow to slug 
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flow are well predicted by using the results of tion of hiD>0．5 
VKH stability analysis togeth(；l"with the(：ondi— 

I 

学 

皇 
＼  

V()1．9 

Fig．6 Comparison betWCen the experimental data and theories 

O Expm’imentM data，1～Eq．(2)，2--Eq．(3)，3--Eq．(4)，4 Eq．(5)：(a)Rcctazigular chazmel(1))Cirmflm"pipe 

5 Conclusion 
4 

In this paper the experinmntal and theoret一 ‘ 

ica1 studies oi the interfacial wave patterns attd 

their transition characteristics were conducte(1． 

The following conclusion remarks can be nlade 6 

through the analysis and discussion． 

5．1 W itlliu the present experimental range． 7 

six different types of flow or interfacia1 wave 

patterns were distinguished．i．e．．smooth stl'at— 

ified flow(SS)，two—dimensional waves(2D)， Q 
large amplitude,waves(LA)，atomization(AT)， 
shig flow(SLUG)and annular flow(ANU)．The 9 
intcrfr1cial wave patterns were given and COFII- 

pared with the previous results，which show a 10 

good agreement． 

5．2 A SCt of the transition criteria was pro- 11 

posed in this I)aper to predict the appearances 

of the interfacial waves．Tlie mechanism of in— 

tcrfacial wave,s occurring or wave pattern tran— 

sition was(tiseussed care％lly． The predictive 

results were compared with the experimental ：： 
data，they agreed quite wel1． 
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