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Interfacial wave patterns and their transitions in gas
-liquid two-phase flow through horizontal ducts”

Li Guang-Jun, Guo Lie-Jin and Clien Xue-Jun
(National Laboratory of Multiphase Flow in Power Engineering,
Xi’an Jigotong Unwversity, Xe'an 710049)

Abstract The interfacial wave patterns and their transition characteristics in gas-liquid
two-phase flow through rectangular and circular horizontal conduits are investigated. The
interfacial waves were traced and recorded by using conductance probes. With the experimental
observation and the analysis, some kinds of different interfacial waves were distinguished and
defined, and then the interfacial wave patterns were given. which were compared with previous
results. The interfactal wave transition mechanism between cach interfacial wave pattern was
discussed and a sct of transition equations were presented to predict the interfacial wave pattern
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transitions. The predictive results arc in good agrecement with the experimental data.
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1 Introduction

A stratified two-phase flow pattern, which
is characterized by the liquid moving along the
bottom of the flow channel and the gas above it,
exists for low gas and liquid flow rates in hori-
zontal or mclined flow channels. When the gas
velocity is sufficiently low, there is no wave on
the gas-liquid interface, a smooth stratified flow
oceurs.['~2 However, as the gas velocity is in-
creased within the regime of the stratified flow,
waves appear ou the gas-liquid interface, which
was defined as wavy stratified flow.[?)

For these stratified wavy flow patterns, the
structurc and dynamics of the interface greatly
influcnce the rates of the mass, momentum and
Lieat transfer as well as the stability of the

system®~%). Therefore, a better knowledge of

the interfacial wave formation, the wave paf-
terns, their transition characteristics and-the in-
terfacial wave properties is essential to the even-
tual understanding of interfacial transfer mech-
anisms and two-phase flow pattern transitions
in many cngineering applications.

For the purpose of providing the basic
knowledge about the interfacial waves and their
transition characteristics, an experimental in-
vestigation on the occurrence of the interfacial
waves and their transitions in horizontal gas-
liquid two-phase flows through rectangular and
circular ow channels was conducted. The in-
terfacial waves were traced and recorded by us-
ing conductance technigue. Then the mterfa-
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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 on an alr-
water two-phase flow loop as shown m Fig.1.
Air and water were used as working fluids.

Fig.1 Schiematic diagram of test loop
1 Air compressor, 2 Air tank, 3 Gas orifices, 4 Water
tank, 5 Water pump, 6 Water orifices, 7 Mixturc, 8 Test
section, 9 Water tank, 10 Water pump.

P Pressure tap, T Thermocouple

The flow rates of water and air were measured
with two Model LB ratemeters and three ori-
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fices, respectively. The test equipment includes
two different geometrical cross-section test scc-
tions, which are all made of plexiglass materi-
als so that the visualization of the interfacial
waves is possible. One is a circular tube test
section withh a diameter of 50 mm and length of
6680 mm. The other is a test section with rect-
angular cross section, which is made of plexi-
glass plate with wall thickness of 12 mm, whose
cross-scction is 25x 150 min. The test section is
about 6690 nun in length (sec Fig.2). The tem-
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

The two-parallel wire conductance probe
techniqure was used to measurc the basic char-
acteristics of interfacial waves. Fig.3 gives
schematic diagrams of the probes. In this ex-
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periment three similar probes were used. The
distance between the first probe and the sec-
ond one is 10.0 ¢m in circular pipe and 30 cm
in rectangular channel and the third probe is
located at 10mm and 9.7 mm far from the sec-
ond one, respectively. Each of them consists of
two parallel platinum wires of 0.1 nun in diaime-
ter and 1.5 mm apart. The sensors were aligned
perpendicular to the direction of flow.
2.3 Data collection

In order to avoid the effects of ionic fluid
on the mecasnrement, the input signals to the
probes were selected as 100kHz sine signals.[)
The analog outpnt signals from the probes were
fed to an A/D converter (ADC 35) connected to
an IBM microcomputer. In this investigation, a
XR-5000 Cassette Tape Recorder was also used
to record the film thickness fluctuations simml-
tancously.

6690 |

Fan

gas

100
liquid |
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Fig.2 Schematic diagrams of test section
(a) Circular tube (b) Rectangular channel

Data were taken over a time period of 16s
for ADC 35 convertor, a sampling frequency of
250Hz was selected after trial runs. For tape
recorder, the tape specd was chosen as 9.5 cm/s,
which corresponds to the frequency domain of
0-5kHz, and the sampling time of 60 s was used.

In this experiment the conductivity of lig-
nid was measured and monitored by a refercnee
probe located at the downstrcam liquid line in
order to minimize the measurement crrors.[”)
2.4 Experimental conditions

The experiment was carried out under
quasi-steady, fully developed flow conditions.
By varying the air and watér flow rates, a wide
range of stratified wavy flow pattern regions was
covered. The values of liquid superficial velocity
71 ranged from 0.0141m/s to 0.171n/s and the

air flow range was from 0 ‘to 22.7m/s in hor-
izontal circular tube. The values of j ranged
from 0.0118m/s to 0.121n/s and the air flow
range was from 0 to 14.6 m/s in horizontal rect-
angular channel. The pressure of working flnids
was about 0.1 to 0.12 MPa and the teinperature
ranged from 20 to 25°C.

3 Experimental results and discus-
sions

3.1 Classification and description of the
interfacial waves

A typical example of liquid film thickuess
fluctuation recorded by the probe located at a
distance of 4450min downstream from the wa-
ter inlet in circular flow is shown in Fig.4. For
a fixed water flow rate, with an increase in jg,
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waves witlh small amplitude appeared and the
surface of the liquid film was characterized by
the regular two-dimensional disturbance, which
were defined as two-dimensional waves (2D).
Further increasing j, would lead to irregular
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Fig.3 Structure of thie conductance probes
in circular pipe(a) and in rectangular channel (b)

Continuously increasing jg up to a certain
value, liquid droplets began to hit the top wall
of the pipe. such liquid droplets or filaments
would be scparated from the liquid phase and
deposited on the pipe wall. A new flow pattern
of atoniization(AT) would then be resulted in.
Wheu thie gas velocity exceeded such an extent
that a stable liquid film began to flow along the
upper wall of the test section, annular(ANTU)
flow occurred.

With increase in liquid velocity, similar
phenomena were observed, and the transitions
frorn 2D to LA, from LA to AT and from AT
to ANU occurred at lower gas velocity. When
71 was increased beyond 0.12m/s. the stratified
flow pattern was replaced by an imtermittent
flow pattern(SLUG).

The filim thickness fluctuations recorded by
the probe in rectangular chanuel are similar to
the results above, 2D, LA, AT and SLUG wave
or flow patterns were distinguished and defined.
3.2 Interfacial wave pattern and compar-
ison with previous experimental results

In present experiment, according to our ob-
servations, tlirece kinds of the interfacial wave
patterns were distinguished and defined as 2D,
LA, AT in horizontal gas-liquid two-phase sepa-
rated flow through circular and rectangular con-
duits, and also the annular and slug flow pat-

2D waves and the interfacial structure chianged
gradually into irregular large amplitude waves
(LA). The profile of the large amplitude waves
exhibited a fairly steep front face and a rela-

tively louger rear tace.(3:9)
30
W\N\—/MA‘W\NV\MW\,W
Jj1=2451ml/s 2D. 3.938m/s 2D
0
30
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Fig.4 Liquid filin fluctuations with time in
horizontal circular pipe flow(7;=0.0736 11/s)

terns werce distinguished. Fig.5 shows the re-
sults for the wave and flow pattern transition
of air/water two-phase flow in horizontal circu-
lar and rectangular flow channels in j; -5 plane
and also compared with previous results(®19 of
air-water flow in horizontal tubes witl 25.2 nun
id and 50.3 mm 1d. respectively. From Fig.5 it
is found that the transitions from cach strati-
fied wave pattern agrec approxiinately well with
previous results, which verifies the reliabilities
of prescnt experimental system and mecasure-
ment method.
3.3 Nomenclature

A arca of chaunel cross-section, mn?:

A dA,/dh;

D diamcter or hydraulic-diameter, 11:;

g gravity acceleration, m/s?;

A hquid film thickness, m;

viscosity number;

a vold fraction;

p phase density, kg/m?;

/¢ dynamic viscousity, Pa-s;

v kinetic viscousity, m?/s;

o surface tension, N/

4 Theoretical investigation on in-
terfacial wave transitions

4.1 Smooth stratified flow
dimensional wave

to two-
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Two-dimensional waves are caused by the
gas flow nnder the conditions where the veloc-
ity of the gas is cuough high to form waves
but slower than that needed for the rapid wave
growth whiclh causes transitions to intermittent
or anuunlar flow,

The phenomenon of wave generation is
quite complicated and not completely under-
stood. It is generally accepted that waves will
be initiated when pressure and shear stress
working on a wave can overcome the viscous
dissipation in the waves.[211]

In this paper we use the ideas introdnced
by Jeffrey who suggested the following condi-
tion for wave gencration('?:

duig(p1— py)

(g — o)e >
$Pg

(1)
where s 1s a slieltering coefhicient which Jetfrey
suggested that it should take a value of about
0.3, but Bcnj;unin[ml indicated much smaller
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values for this coeflicicut ranging from 0.01-0.03
based on theory as well as on the experimental
results for flow. In this work the value 0.06 of s
is used. 3]

¢ 1s the propagation velocity of the waves.
For most conditions where traunsition can be ex-
pected to take place, ug >>c. Theories concern-
ing these waves suggested that the ratio of the
wave velocity to the mean of the film velocity,
¢/uy, decreases with increasing Reynolds nnm-
ber of the lignid, and the data of Fulford and Li
confirmed this point.[:14 The ratio approached
1.0 to 1.5 at the ligh Reynolds pumber. For
simplicity., and because that a precise location
of this transition boundary is not important,
tlie relation 1 = ¢ is used.

These approximations substituted into
Eq.(1) give the criterion for this transition:
(1 = @)ui(pr = pglg |
js > 20 ( oL P ”) (2)
SPu 1

%A

° SLUG
°
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Fig.5 Interfacial wave pattern map aud a comparison with some previous studies
O Present data A Shi et alll%] @ Andritsos ct all] (a) Rectangular channel (b) Circular pipe

4.2 Two-dimensional wave to LA

The interfacial stability analysis of strat-
ified flow is applied to the prediction of tran-
sition from stratified tlow.l”] Solutions that
are unstable by the VKH(Viscous Kelvin-
Helmholtz) analysis and stable by the IKH (In-
viscid Kelvin-Helinholtz) analysis are solutions

P SV | F
Al I-.AH “vn

where oy, is the wave speed of viscous neu-
tral stability wave obtained from VKH stability
analysis.[7)

with a low amplification factor. It was sug-
gested that this instability results in large ani-
plitude wave.l”) The neutral stability conditions
obtained by VKH analysis were used to predict
the transition from the two-diinensional wave to

7

large amplitude wave. Refer to Li for details.[?)

1 Al

9 A{ — Ai_ 1 —2 1—2 K
T T | Con s | i -
Pl : 1 — P luh Cyn + p1 : U+ pg gug (p1—pglg =0 (3)

4.3 Large amplitude wave to atomization

Several different atomization detection
methods and inception criteria have been used.
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In this experiment visual observation is used to
identify the occurrence of thie atomization. The
gas velocity, at which the liquid droplets were
first torn from the large amplitude wave and lit
ou the top wall of the low chanunels, was defined
as the atomization gas velocity. and atoiniza-
tion occurred. It is known that tlie occurrence
of atomization is related to the occurrence and
development of tlie large amplitude waves.[9-15)
The following criterion gas velocity predicting
tlic onset of the atomization presented by Ku-
tateladze was used in this paper(16l:

4.4 Occurrence of annular flow and slug
flow

The interfacial stability analysis of strat-
ified flow i1s applied to the prediction of tran-
sition from stratified flow(l. Solutions that
arc unstable by the IKH analysis are solutions
for whicli thie Bernoulli aniplification overcoues
the stabilizing cffect of gravity at the steady-
state condition. Thiese solutions are charac-
terized by a very high amplification rate, re-
sulting 1 thie transition to slig flow. for ligh
liquid holdup(h/D >0.5), and to aunular tlow
(h/D <0.5). It was suggested that this insta-

14! -1 3 . "

tg = 367 PN Rey Y (4)  bility results in large amplitude wave and only
) . HLY Py _ ] for high liquid level(h/D >0.5), tlie waves will
where the viscosity number N is defined as: block the pipe, causing transition to slug tlow.
In this paper the results of the IKH analysis
/ 0.5 were used to predict the trausition from the

N =4 — ¥ .o .
“l/(pla a/9(m Pg)) (4a) stratified flow to annular flow, accompanying

and the Rcyn()lds muinber by with tlie condition of }L/D <05, le.
Rey = pinD/m (4b)

A A A A Al o A ;
plz ‘+'/) A -2 Plzul_plA Cin + PlA ‘+‘PgA—gug —'(pl—pg)g:() (L))

where ¢, is the velocity of the mviscid neutral stability wave obtained for IKH stability analysis,

wliich is defined as follows.

/’lmAg + PgHgAl

in =

plAg + PgAl

(ba)

The results of the VKH analysis were used to predict the transition from the stratified flow
to slug ow, accompanying with the condition of h/D >0.5, i.e.

A’ A

A/
+pgA _2 A

4.5 Comparison with experimental data

The following viewpoints can be found
from Fig.6.
4.5.1 The predictive gas velocities by Eq.(2) is
little higher than the experimental data, which
18 more apparent under the high liquid flow rate
region. Because the liquid flow is mevitably af-
fected by the vibration of the test section and
the disturbance of the inlet of the gas and liquid,
so the waves appear at the relatively lower gas
velocity compared with the predictive velocity.

4.5.2 It is proper to predict the transition from
two-dimcusional wave to large amnplitude wave
by using the ncutral stability condition deduced
from the lincar stability theory.

Al A
plXug) Cin + PlA— “'l + pp,A

—(p—pely =0 (6)

5.3 Eq.(4) 15 reasounably used to predict the
occurrence of atomization. It i1s kunown that
there are the following five basic types of at-
omization mechanisins!'®: (1) shearing off of
the tops of roll waves by gas flow; (2) undercut.-
tiug of the liquid film by gas flow, (3) bursting
of gas bubbles, (4) impingement of large drops.
(5) disintegration of liquid bulge by gas How in
counter-current sitnations. Under thie present
flow conditions, the first two mechanisis are
important. The transitions fromn stratified tlow
to annular flow are well predicted by usimg the
results of IKH analysis together with the condi-
tion of dimensionless liquid holdup h/D <0.5.
And the transitions from stratified flow to slng
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flow are well predicted by using the results of
VKH stability analysis together with the condi-

A/ms™!

0.01

Jg/m-s!

tion of h/D >0.5.

si/ms~!

Jx/m-a”

Fig.6 Comparisou between the experimental data and theories
O Experimental data, 1— Eq.(2), 2-~Eq.(3), 3-—Eq.(4), 4— Eq.(5); (a)Rectangular channel (b) Circular pipe

5 Conclusion

In this paper the experimental and theorct-
cal studies of the interfacial wave patterns and
their transition characteristics were conducted.
The following conelusion remarks can be made 6
through the analysis and discussion.

5.1 Within the present cxperiinental range, 7
six different types of flow or interfacial wave
patterns were distinguished, i.c., smooth strat-
ified flow(SS), two-dimensional waves (2D),
large amplitude waves(LA), atomization(AT),
shug flow (SLUG) and annular flow (ANU). The
interfacial wave patterns were given and com-
pared with the previous results, which show a 1
good agreement.

[

5.2 A set of the transition criteria was pro- 11
posed in this paper to predict the appearances
of the interfacial waves. The mechanism of in-
terfacial waves occurring or wave pattern tran-

sition was discussed carefully. The predictive ii
results were commpared with the experimental 14
data, they agreed quite well.
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