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Abstract

To experimentally investigate the several wave patterns for the horizontal countercurrent stratified

air-water flow, a series of systematic experimental studies have been performed. The experiments

are carried out in a horizontal pipe with 4m in length and 102mm in inner diameter. The water
and air superficial velocities vary from 0.0004 to 0.0204 and from O to 6m/s, respectively. The in-
stantaneous water thickness is measured by parallel-wire conductance probes, and the wave field is

recorded by high speed video camera. Also, to evaluate the wave effects on interfacial friction fac-

tor, the pressure drop is measured. Statistical data analysis is accomplished in order to obtain the

fundamental wave parameters such as wave amplitude, length and velocity, and spatial growth fac-

tor. By using these statistical parameters, the wave regime boundaries can be verified.

1. Introduction

A stratified two-phase flow pattern is characterized
by liquid moving along the bottom of the horizontal
flow channel with gas above it. In the stratified flow,
the countercurrent flow patterns have many engin-
eering applications such as in the tubular reflux con-
denser, boiler, refrigerator tubes, oil and natural gas
pipelines and safety related problems of the pressur-
ized water reactors(PWRs).

Many studies have been carried out both exper-
imentally and analytically on cocurrent flow in hori-

zontal pipes [1~3]. The countercurrent flow in verti-
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cal flow channel also has been studied by numerous
investigators [4~6)].

For horizontal countercurrent flow, most of studies
have been focused on explicating of transition mech-
anism from stratified to slug flow [7, 8]. Therefore,
basic informations for understanding the interfacial
structure and dynamics of the countercurrent strati-
fied flow in horizontal geometries are not sufficient.
Subsequently systematic studies on wave character-
istics of horizontal countercurrent two-phase flow are
needed. And in the literature discussed above, transi-
tions between the various subregions have been de-
fined by visual observations. Such visual observations
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apparently cause disagreement amongst researchers.

The objectives of the present study are to exper-
imentally identify the wave regime transition in hori-
zontal countercurrent air-water flow. Then, the tran-
sition boundaries between wave regimes are to be
quantified by statistical data analysis. Finally, the ef-
fects of wave regimes on pressure drop characteristic-
s, which is a key parameter in the analysis of
two-phase flow, are to be analyzed.

2. Experimental Setup and Method

A schematic diagram of the experimental setup is
shown in Fig. 1. It consists of a test section, an air
supply system and a water supply system. The di-
mension of the test section is 4 m in length and
102mm in inside diameter. The test section is made
of acrylic tube for visual observation and high speed
video imaging of the wave field. Pressure taps to
measure the air pressure drop are installed, and
three parallel-wire conductance probes to measure

1. Water Filter

2. Water Filter

3. Turbine Meter

4. Rota Meter(Water)
5. Air Regulator

6. Rota Meter(Air}

City Water

Air Exhaust
|

dJ. Korean Nuclear Societ, Vol. 28, No. 4, August 1996

instantaneous water thickness are installed at L/D =6
7, 24.2, and 24.3, respectively, from the air inlet. Fil-
tered water and air are used as working fluids. The
water is pumped by a centrifugal pump from the wat
er storage tank to the test section. Water flow rate is
measured by three precision rotameters.

The air to the test section is supplied by the cen-
tral air supply system in Korea Atomic Energy Re-
search Institute. The maximum air pressure is 7 bar
and the volumetric flow rate is regulated by a press-
ure regulator installed in the air supply line. Also a
fine mesh is installed at the air line of the test section
to enhance the flow quality. And the volumetric air
flow rate is measured by precision rotameters in-
stalled in parallel at the air supply line.

The air pressure drop between pressure taps is
measured by using a micromanometer which has
99mm HzO in full scale and a high speed video cam
era system is used to record the wave field. The cam
era is operated by 250 frames/s.

The parallel-wire conductance probe for present
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ASS : Air Supply System

P1: Probe-1pFUD-24.3 from air inlet)
P2 : Probe-2 (L/D=24.2 from air inlet)
P3 : Probe-3 (L/D= 6.7 from air inlet)
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Fig. 1. Schematic Diagram of the Horizontal Air-Water Loop
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Fig. 2. Configuration of Parallel-Wire Conductance Probe

study was constructed based on the results of Koskie
et al. [9].

The configuration of the parallel-wire conductance
probe for the present study is shown in Fig. 2. The
probe consists of two parallel 0.2mm diameter plati-
num wires which are spaced by 0.8mm center spac-
ing. To eliminate the measurement uncertainty from
low frequency vibration and non-parallelism between
wires, a sufficient tension is maintained by the ten-
sion screw. To measure the propagating wave prop-
erties such as wave velocity and wave length, two
identical probes 15mm apart from each other are ar-
ranged perpendicular to the flow direction. Cali-
bration and performance test were conducted for the
present parallel-wire conductance probes [10].
under

The experiments were carried out

quasi-steady state and fully developed flow condi-

tions. By changing the air and water flow, a wide ran-

Table 1. Data Acquisition and FFT Condition

Parameters Value
Sampling Frequency 204.8 Hz
Total Number of Data per Channel 65536
Total Length of Sample Record 320 sec
FFT Size 512
Number of Ensemble Averaging 128

ge of stratified flow pattern region was covered. The
water superficial velocity varied from 0.0004 to 0.
0204 m/s and the air superficial velocity ranged from
0 to about 6m/s. Data acquisition and fast Fourier
transform condition are illustrated in Table 1.

3. Statistical Data Analysis

Basic statistical properties can be obtained by ap-
plying the fast Fourier transform(FFT) method to the
instantaneous water thickness signals. For a single
sample record Power Spectral Density Function can
be obtained. From two sample records Cross-Corre-
lation Function which is used to calculate the wave
velocity, Cross-Spectral Density Function which is
used to calculate the wave length and Transfer Func-
tion can be derived. The FFT techniques are de-
scribed in detail by Bendat and Piersol [11].

The dynamic characteristics of the linear system
can be described by a transfer function(TFN). The
magnitude of TFN,|H(f)1, is called the system gain
factor, and it means the ratio of output amplitude to
input amplitude. Therefore TFN can be used to eval-
uate the degree of spatial damping or growing of the
propagating interfacial waves.

From normal mode formulation of waves, the inter-

facial wave signals can be described as
v, =vy exp [1k(z, — cd] , (1)

where ¢ is the complex speed of disturbances. In Eq.
(1), for a spatially growing normal mode, % is com-
plex ie., k=Fkglf)+ikif) but the wave frequency ¢,

=kc is real. The flow is unstable with respect to spat-
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ial disturbance if & < O. &, which is called “growth
rate”, can be determined from system gain factor as

B() = ——=mhll HO ] (2)

In the present study, “spatial growth factor(SGF)”
is defined as the value of %; at the most coherent fre-
quency, since it can be treated as the most unstable
one which will dominantly propagate and be more

easily amplified than those with other frequency com-

ponents.

4. Pressure Drop Characteristics

Consider the horizontal countercurrent stratified
air-water flow model shown in Fig. 3, and assume
that the flow is fully developed. Then, the momen-
tum balance for gas phase gives

~A, (2 -

dx Ty S + ;S (3)

As shown in Fig. 3, Eq.(3) represents a balance
between the pressure forces on the gas space and
the resisting stresses at the gas-solid wall boundary,
Tue, and at the gas-liquid interface, 7.

Taitel and Dukler[12] represented the stresses in
terms of the friction factors

Tug = % fe g ngv 4)

% fi pg Vg2~ (5)

T, =

Using the pressure drop Eq.(3) can be rewritten as

Ag (%) = Tug Sg + T SI. (6)
Substituting Egs.(4)} and (5) into Eq.{(6) and solv-
ing for f; gives
_ 1 2A 4P 2
fi = S V) ( piL fe Se V). {7)

The gas-to-wall friction factor in Eq.(7) is deter-
mined from the experiment conducted under the
conditions of single phase air and the definition of
the skin friction factor, C; :
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5. Results and Discussion

5.1. Interfacial Wave Regimes

It is of importance first to describe the wave field
obtained from the parallel-wire conductance probe
and a high speed video camera. Figure 4 shows the
typical time recordings of interface for the liquid sup-
erficial velocity j=0.0004m/s and the corresponding
photographic views obtained from high speed cam-
era are arranged in Fig. 5.



h [mm]

Interfacial Wave Characteristics for Countercurrent Stratified AirWater Flow--- HdJ Chung, et af

]
(a) jq = 2.856 m/s
0
3 ~ -
T SN T T N e T S e
Q0
-] 0.2 34 06 2.8 2 14 1.8 ) 2
]
(b) jg =3.467 m/s
|
0 i
!
b
s M A T T /~ﬂ,~ e~ o - +
2
-] 2.2 2.4 38 o8 2 14 & 8
i 4‘1
15
| (c)j, = 3.875 m/s ;
0l ;
; - . ;
r. - s - S
s |
1
|
a |
0 2.2 ER 28 0a 1 1.2 . & Iy
s !
(d) j, = 4.487 m/s
10 -~ . ~ ~ o - »
- N, T Y s L T R
3
i
|
a
] Q.2 0.« 2.8 o8 1 1.2 14 e 18
20
18 ~ —~ ~ o =
- //\‘\ A I I
Ay N 5, / \\ / \ : AN i N
o\ N W/ A o N E ~ -
. {e) ], = 4.691 m/s
]
L] 0.2 04 06 0.8 1 1.2 1.4 18 '8

Time [sec]

Fig. 4. Typical Time Recordings of Interface
(ir=0.0004 m/s)

For a fixed water flow rate, the first waves obser-
ved, as increasing the air velocity, are of small ampli-
tude pebbly waves. It is evident from Figs. 4(a) and
5(a) that these pebbly waves are irregular in ampli-
tude and frequency. However, as the air flow rate is
further increased, the transition from pebbly to 2-D

Water —p- -a— Air
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Fig. 5. Photographic Views of Wawe Field
{ir=0.0004 m/s)

wave regime occurs. As can be seen from Figs. 4(b)
and 5(b), these 2-D waves are irregular in amplitude
and frequency, which is the same in pebbly wave reg-
imes. However, it can be found from Fig. 5(b) that
the 2-D waves span the entire channel. The import-
ant feature of these 2-D wave regimes is the exist-
ence of small capillary waves, which are almost same
as the pebbly waves but different in wave length, be-

tween 2-D waves. In the 2-D wave regimes, the pre-
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cursor waves leave the capillary waves and these ca-
pillary waves interact with the following 2-D waves or
other ones. However, it is clear that the amplitude
does not apparently increase.

Above j,=39m/s, the wave interactions between
2-D waves rather than between 2-D and capillary wav-
es occur more frequently. These 2-D wave interac-
tions apparently increase the wave amplitude and the
flow regime becomes more uneven(Figs. 4(c} and 5
{c)). As the air flow increases further the large-ampli-
tude waves are formed on the interface(Figs. 4(d), 5
(d)). It is also interesting to note that a large increase
in average water thickness occurs. It is of value to
note that large-amplitude waves are asymmetric with
a front side that is steeper than the backside, which
is a notable feature of the large amplitude waves for
the cocurrent wave data by Andritsos and Hanratty
[1], Peng et al[3]. From the video imaging it is found
that the large-amplitude waves are originated from
two modes;continued growth and coalescence of 2.D
waves. This large-amplitude regime continues at
about j,=4.7m/s, and finally reaches a flooding re-
gion (Figs. 4(e) and 5(e)). Flooding is defined as the
point where the level of water in the vessel does not
stagnate but increases. In the flooding region, the
shape of waves appears as a large liquid lump and
atomization occurs at the water inlet in the course of
time.

For another water superficial velocity the transition
procedures are similar to the lower water superficial
velocity. The main differences are that the transition
between regimes occurs at lower air velocity, and the
transition into the large-amplitude region occurs in a
narrower range of air superficial velocity. And for
very higher range of water superficial velocities, j;
=0.0163 and 0.0204m/s, the large-amplitude waves
were not observed but observed as even larger liquid
lump [10].

5.2. Characterization of the Wave Field

As discussed above, the wave regime can be div-
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ided into some subregions. Most previous researcher-
s, typically Andritsos and Hanratty{1] and Peng et al.
[3] have defined the subregions only by visual obser-
vations. For the present analysis the subregions are
defined by using statistical method.

The amplitude, a, as a function of air superficial
velocity is shown in Figs. 6 and 7. From these fig-
ures, it is evident that the wave amplitudes increase
with increasing j, for a given value of j, and that the
slope indicating the rate of increase of wave ampli-
tude with respect to the air superficial velocity shows
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Fig. 7. Variation of Amplitude for Higher Range of j,

some different behaviour in 2-D and large-amplitude
regions.

Figure 8 shows the variation of power spectra,
which indicates the dominant frequency range, for
typical cases of j=0.0004 and 0.0061m/s. From
these figures, it can be seen that there are some
peaks in pebbly and 2-D regions. This reflects that
the observed wave tracings that the pebbly and 2-D
waves are irregular in frequency and interaction be-
tween various frequency components waves occur as
discussed above. Whereas there is a clear peak in lar-
ge-amplitude region, which means that the majority
of waves are dominant frequency waves and interac-
tion between dominant waves is more abundant than
between other component frequencies.

The degree of spatial growth of propagating waves
can be quantified in terms of the SGF(Spatial Grow-
th Factor) defined in Eq.(2). Figures 9 and 10 show
the variation of SGF as a function of air superficial
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velocity. For the lower air superficial velocity, the val-
ues of SGF lie in growing region, which means that
waves are unstable as they formed on the interface.
In 2-D region, with the active wave interaction SGF
gradually decreases, which is consistent with the slig-
ht increase of wave amplitude. However, with the on-
set of the large-amplitude waves SGF decreases dras-
tically, which means that wave amplitude drastically
increases in spatially. In Fig. 10 the quite dissimilar
trends can be seen for very higher water superficial
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velocities, js=0.0163 and 0.0204m/s. This may be
associated the larger liquid lump as observed that,
when the water superficial velocity is very high, the
waves are ewolve into larger liquid lumps rather than
the large-amplitude waves. This is consistent with the
result of Peng et al.[3] that for higher water Reynolds
number the solitary waves were not observed. From
discussion so far, it can be noted that the variation of
SGF is physically consistent with the wave tracings
from probes and photographic viewings from a high
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speed camera.

The wave velocities normalized by air superficial
velocities are shown in Figs. 11 and 12 as a function
of js. As shown in Figs. 11 and 12 the dimensionless
wave velocity, C/j,, drastically decreases with js in
pebbly and 2-D wave regions but the values slightly
increase in the large-amplitude wave region. This
may be attributed to the coalescence of the large am-

plitude waves forming an even larger accelerating
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wave with increasing j, resulting in a slight increase
of C/j; in a large-amplitude wave region.

The wave lengths are compared in Figs. 13 and
14. For the pebbly and 2-D wave regions, the wave
lengths gradually increase but increase sharply in the
large-amplitude wave region.

Based on the discussion so far, wave regime map
for present study was constructed and is shown in
Fig. 15. When comparing the present wave regime
map with that of cocurrent flow{Fig. 4 in Ref. 2], it
can be noted that all of the wave patterns for present
study are located within the smooth-stratified region.

5.3. Interfacial Friction Factor

The empirical correlation for j; was obtained as
£,=0.045 Re, -0, for air Reynolds number range

between 5x 10° and 5x 10*10].

Figure 16 represents f; as a function of air super-
ficial velocity. As shown in this figure fi gradually
increases until 2-D wave region, but above this region
it increases very rapidly. This fact is related to the
generation of the large-amplitude waves. This figure
also represents that the interfacial friction factor is a

strong function of water flow rate in the large-ampli-

tude region.
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Fig. 15. Flow Regime Map for Present Study
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Figure 17 shows that the primary factor affecting
fi/fs is the air superficial velocity. It can be noted that
the relationship between f,/f; and j, is approximately
linear until 2.D wave region, but beyond this region
the slope indicating the increasing rate is changed
greatly owing to the large-amplitude waves. Another
feature from this figure is that the values of f/f; for
the countercurrent flow are very higher than those of
the cocurrent flow predicted by Andritsos and Hanrat-

ty [1].
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Experimental uncertainties in the measured quantit
ies are evaluated for the typical case of j=0.0004
and j,=4.487m/s according to ANSI/ASME PTC
19.1 Code [13]. Accuracy of each instrument is used
as a Bias emor and the Precision error is evaluated
from the standard deviation of the each measued
parameter. Uncertainties of j; and ji are 4 and 5%,
respectively. And the uncertainties of fi and water
thickness are 3.5 and 6%, respectively.

6. Conclusions

On the bases of experiments and ststistical analysis
the following conclusions can be derived :

1) The wave patterns observed are a smooth, pebbly,
2-D, large-amplitude, and flooding region.

2) From the high speed video imaging, the large-am-
plitude waves which carry a larger mass are for-
med from two modes ; continued growth of 2-D
waves and coalescence of 2-D waves.

3) The transition boundaries can be verified by the
different nature of ststistical parameters. Especially,
the variation of SGF is physically consistent with
the onset of the large-amplitude waves.

4) As the waves grow the interfacial friction factor
increases linearly with js in pebbly and 2-D wave
regions. However, it increases drastically in the lar-
ge-amplitude wave region.

Nomenclature

flow area, m?

wave velocity, m/s

diameter, m

friction factor, dimensionless
superficial velocity, m/s

IS

length of channel, m
AP pressure drop, kPa
S perimeter, m

t time, s
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V  wvelocity, m/s

v perturbation

z axis

4 z distance between probes, m

Greek Symbols

p density, kg/m®

{ imaginary number
viscosity, m?/s

/4 wave length, m

Subscripts

liquid phase

gas phase

interface

index to denote kth
reference value
wall condition

€ 0 & ™ @ w,
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