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Abstract−A two-phase flow configuration in which the gas phase flows upwards while the liquid phase flows down-
wards is referred to as a counter-current flow pattern. This flow configuration cannot be preserved if any flow rate ex-
ceeds a criterion known as the counter-current flow limitation (CCFL) or flooding. Since the CCFL is important to
chemical engineers, it has long been studied via experimental and analytical approaches. Most of the previous CCFL
experiments in annular channels have been carried out with a small diameter annulus and large gap-to-diameter ratio
annulus. The present experiment examines the CCFL in narrow annular channels having gap sizes of 1, 2, 3, and 5 mm.
The outer diameter of the annular passage is 500 mm. At a gap size of 1 mm, it was visually observed that a CCFL
locally occurred in some region of the periphery while the other region remained in a counter-current flow con-
figuration. The region under partial CCFL condition expanded with an increase in the air flow rate, finally reaching a
global CCFL. The air flow rate for the global CCFL was roughly 15% larger than that for initiation of a partial CCFL.
This difference in air flow rate between the initiation of a partial CCFL and the global CCFL was reduced as the gap
size increased. When the gap size was 5 mm, the partial CCFL was not observed, but onset of flooding led to a global
CCFL. Because of the existence of a transient period, the CCFL was experimentally defined as the situation where
net water accumulation is sustained. The measured CCFL data are presented in the form of a Wallis’ type correlation.
Two length scales, hydraulic diameter and average circumference, were examined as the characteristic length scale.
The average circumference appeared to better fit the experimental data, including results reported elsewhere. A new
correlation using the average circumference as the characteristic length scale is suggested based on the experimental
measurements of the present work and previous reports.
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INTRODUCTION

Counter-current flow between two separate fluids is widely used
in industries such as power plants and chemical process plants as
this flow configuration gives maximum efficiency in heat and/or
mass transfer between two phases. This flow structure cannot, how-
ever, be preserved by a limiting phenomenon known as CCFL or
flooding. If either liquid or gas flow is supplied such that this cri-
terion is exceeded, the flow pattern changes to a chaotic flow regime
from a stable counter-current flow, and the fluids flow co-currently
in the direction of the gas flow. As a consequence, the liquid phase
cannot reach the plenum where the gas phase enters. The CCFL
phenomenon has been of interest for chemical engineers since the
1930s because of its importance in designing chemical process plants
such as wetted or packed column towers [1,2] and structured pack-
ings [3] wherein heat and mass transfer occur between gas and liquid
phases. This phenomenon has also been of importance in the field
of nuclear power plant (NPP) safety analysis [4].

In previous studies, the CCFL phenomenon in annular and rect-
angular gap geometries has been investigated in relation to nuclear
power plants as well as chemical process plants. Specifically, the
emergency core cooling water bypass [4], direct-vessel injection
(DVI) [5], the safety margin of research reactor rectangular fuels
[6-8], and postulated core melt accident [9] have been studied in

this regard. Most analytical models and measured data on CCFL
have been presented in terms of the Wallis parameter (jk

*) or Kutate-
ladze number (Kk

*) defined as follows:

(1)

(2)

where D, g, ρ, and σ represent the diameter as a characteristic length,
the gravitational acceleration, the density, and the surface tension,
respectively. The principal difference between these two dimension-
less numbers is the choice of characteristic length. Wallis’ parameter
uses a test section geometry such as diameter, gap width and span,
while the Kutateladze number uses the Taylor wave length. Thus,
the Kutateladze number appears to be more adequate in terms of
describing instability-induced phenomena such as CCFL. However,
Wallis’ parameter is still widely used by many researchers.

When selecting Wallis’ parameter to describe CCFL models and
fit their measurements, it is first necessary to decide what length
scale to use. If the geometry of the test section is quite different from
the circular pipe, there is no general guidance for the selection. Tables
1 and 2 list previous CCFL studies performed with rectangular and
annular passages, respectively, as well as the sizes of the test sec-
tions used and the suggested correlations. In addition, the charac-
teristic length scales used for the Wallis parameter are shown where
applicable. For rectangular channels, various lengths have been used
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as characteristic length scales to correlate measurements. Sudo and
Kaminaga [8] and Celata et al. [10] used the gap width, S, while
Osakabe and Kawasaki [11] and Ruggles [12] used the channel span,
W, as the characteristic length. Cheng [6], Mishima [13], and Lee
[14] suggested twice the span (2W) as the characteristic length scale.
Similar suggestions have been made for annular passages. Richter
et al. [15], Koizumi et al. [16], Ragland et al. [17] and Lee et al. [5]
used the hydraulic diameter, which corresponds with twice the gap
size (2S) for annular passages, while Richter [18], Osakabe and Ka-
wasaki [11], and Nakamura et al. [19] used the average circumfer-
ence of the annular passage (the circumference at the middle of an
annulus) as the characteristic length scale. Richter et al. [15] measured
CCFL points using a vertical annulus gap geometry whose gap size
is 1 and 2 inches. They presented their measurements in terms of
Wallis’ parameters using the hydraulic diameter (Dh=2S) as a char-
acteristic length scale. Their data were later correlated by Osakebe
and Kawasaki [11] in terms of Wallis’ parameter using the average
circumference (W) as the characteristic length scale as follows:

(3)

It appears that many researchers select the characteristic length scale
based on the best fit of data during the course of data regression

rather than on the basis of theoretical considerations. Mishima [13]
derived an analytical CCFL correlation and suggested using two
times the gap size. In the present study, the selection of length meas-
ure for the characteristic length in the Wallis parameter is examined.

The sizes of the test sections listed in Tables 1 and 2 are com-
pared in Fig. 1. Glaeser [20]’s facility is not compared in this plot
since it is much larger than the others. This facility, known as the
upper plenum test facility (UPTF), is of real nuclear reactor scale.
The average circumference in Fig. 1 stands for the channel span of
the rectangular passages and the circumference of the middle be-
tween the inner and outer walls of the annular passages. Most of
the previous CCFL experiments involving annular passages were
performed with small diameter (small average circumference) test
sections. Furthermore, the gap sizes were relatively large. Typically,
the outer diameter of the annular passage is smaller than 10 cm and
the gap sizes are around 10 mm in the previous experiments. If a
counter-current flow is developed in a test section of this size, the
hydrodynamic phenomena would be quite uniform over the whole
periphery, whereas it might show a 3-D effect in actual or large-
sized test sections. Fig. 1 shows the geometries of the present facil-
ity. Compared with previous experimental facilities, the diameter
of the present facility is large and the gap size is small. That is, the

jG
*1/2

 + 0.8jL
*1/2

 = 0.38.

Table 1. Previous investigations on CCFL in rectangular passage

Author W (cm) S (cm) L (cm) Correlation CL.

Cheng [6] NA NA NA 2W

Sudo and Kaminaga [8] 03.3
06.6

0.23
0.53
0.83
1.23

07.2
36.2
78.2

S

Celata et al. [10] 15.0 0.20
0.50
1.00

30.0
12.0

S

Osakabe and Kawasaki [11] 10.0 0.20
0.50
1.00

123.50 W

Ruggles [12] 08.4 00.127 61.0 W
Mishima [13] 4. 0.15

0.24
0.50

47.0 2W

Lee [14] NA NA NA 2W

CL. characteristic length, W: channel span, S: gap size, L: length.
*Obtained by regression analysis for Mishima [13], Osakabe and Kawasaki [11] and Sudo and Kaminaga [8]’s
experimental data.
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gap size to average circumference ratio of the present facility is much
smaller than that of facilities considered in previous studies. Koi-
zumi et al. [16] carried out an experimental study on CCFL in nar-
row annular passages. They measured flooding velocities in gap
sizes ranging from 0.5 to 5 mm, which is nearly the same as the
present gap size. However, the outer diameter of the annular pas-
sage was 10 cm, which is much smaller than that assessed here.

The effect of test section diameter associated with characteristic
length scale in dimensionless numbers is not well understood at pres-
ent. In this regard, it is necessary to carry out CCFL experiments in
narrow annular passages with a large radius of curvature and make
visual observations on flow behavior in a large diameter test sec-
tion. The objectives of the present experiments are to visually ob-
serve the two-phase flow behavior inside a narrow annular gap and
investigate the gap size effect on CCFL under large diameter con-
ditions.

EXPERIMENTAL FACILITY

Table 2. Previous investigations on CCFL in annular passage

Author O.D. (cm) I.D. (cm) L (cm) S (cm) Correlation CL.
Richter et al. [15]* 44.45 39.37

34.29
-- 2.54

5.08
Dh

W
Koizumi et al. [16] 10.0 9.9

9.8
9.6
9.0

50.0 0.05
0.1
0.2
0.5

 for 2 mm gap**
 for 1 mm gap**

Dh

Ragland et al. [17] 10.16 9.064 94.5 0.546 Dh

Richter [18] NA NA NA NA W

Nakamura et al. [19] 22.0 20.0 -- 1.0 W

Glaeser [20] 479 429 664 25.0

l=0.5πdoutersin2(0.5θECC-BCL)

NA

McQuillan et al. [21] 6.0 3.8 27.8 1.1

σζ=h∆P

NA

Roesler, Groll [22] 4.9 3.9 137 0.5 NA

Ueda, Suzuki [23] 2.8
3.5
4.0

1.0 100 0.9
1.25
1.5

Fr=8.29log10X+19.18, NA

Mishima [13] NA NA NA NA 2S

CL : characteristic length, W: average circumference, S: gap size, Dh: hydraulic diameter (=2S), L: length
*Richter et al. presented their measurements in terms of Wallis parameters using hydraulic diameter (Dh) as a CL and
later Osakabe & Kawasaki [11] correlated them in terms of Wallis parameters using W as a CL.
** original data were presented in terms of Wallis parameters and correlated by Jeong et al. [24]
*** Original data were presented in terms of Wallis parameters and correlated by San Fabian et al. [25]
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Fig. 1. Geometries of CCFL test facility of which passages are nar-
row gaps.
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The test rig was designed such that the water and air flows will be
evenly distributed. A schematic diagram of the test facility is shown
in Fig. 2. The test rig consists of a test section, a water reservoir, an
air buffer tank, pumps & valves, pressure transducers, thermocou-
ples, and turbine flow meters. Distilled water and air are used as
working fluids. The high-pressure air coming out of the building
supply line is provided to the flow control valve and turbine flow
meter via an air filter and an air buffer tank whose volume is 1.3
cubic meters. The air buffer tank is used in order to damp down air
pressure fluctuation and make a smooth change of air flow. Metered
air is introduced to the lower plenum of the test section, and travels
up through a multi-holed plate that is used to achieve an evenly dis-
tributed flow velocity. The water in the reservoir is forced to flow
by a controllable DC pump, and the flow-rate is measured by a tur-
bine flow meter. The water is supplied to the upper part of the test
section through holes made on the central pole. The central pole
serves as a water supply line as well as an alignment axis for the
test section. The water proceeding down to the lower plenum returns
to the water reservoir by a pump. The water circulates in a closed
loop, and the air is discharged into the atmosphere. A cooling coil
is installed inside the water reservoir to maintain the water temper-
ature at a constant level. The cooling coil eliminates the heat gen-
erated by the pump. Measurements are made on the differential pres-
sure across the test section, system pressure, air-line pressure, air flow
rate, and supplied water flow rates. All signals from the sensors are
read by an HP-VXI data acquisition system, and graphically dis-
played on a PC-monitor as well as saved on a hard disk.

The components of the test section are made of acrylic resin so
as to allow visual observation on the two-phase flow behavior inside
the gaps. The inner diameter of the outer pipe, which forms the an-
nular passage, and the length of the inner cylinder are 500 and 250
mm, respectively. Gap sizes of 1, 2, 3, and 5 mm were established
by utilizing various inner cylinder diameters. Although most parts
of the test section were machined by a computer numerical control
(CNC) lathe, the gap sizes may not be uniform due to manufactur-
ing tolerance. For instance, a gap size of 1 mm is too small com-
pared with the diameter of the outer pipe of 500 mm. A manufac-

turing tolerance of 0.1% causes a deviation of ±0.25 mm in the gap
size, which corresponds to 25% variation for a 1 mm gap.

In general, three kinds of errors must be considered in order to
quantify the error bound of the CCFL velocity measurements: inher-
ent error of the instruments, reading error, and systematic error that
is introduced due to experimental procedure. In the present experi-
ment, there is a systematic error arising from the difference between
the estimated and actual CCFL velocities, since the air flow rate was
step-wisely increased until the CCFL occurred. The flowmeters used
in these experiments are accurate within 1% and the signal trans-
ducer can read the signal within 1% errors. If we assume the sys-
tematic error is less than 10% of the exact value, the maximum error
for reading the volume flow rate (Qk) is

∆Qk=(1.01×1.01×1.1−1)Qk=0.122Qk.

In addition, one more source of error should be considered in the
present experiment, the error due to test section manufacturing toler-
ance. As noted earlier, manufacturing tolerance can cause variation
of gap size. This gap size uncertainty contributes to error in the su-
perficial velocity (jk=Qk/A). When the inaccuracy of each parame-
ter is known, the error bound of the computed result can be esti-
mated by the method of error propagation based on Taylor series
expansion. According to this method, the error in the Wallis param-
eter is about 27%. The gap size uncertainty makes the largest con-
tribution to the error bound.

PROCEDURES AND CCFL DEFINITION

Since the air and water inlet conditions may have a considerable
effect on the onset of CCFL, care was taken to confirm that both
flows were well distributed. Whenever the test section was changed
and reassembled, the air flow distribution was confirmed by using
anemometers without a water supply. After the air flow distribution
was confirmed, the water was supplied to a predetermined level.
The minimum water flow rate tested in the experiments was large
enough to cover the whole water inlet surface. In other words, the
tested water flow rate was larger than a water flow rate that would
develop rivulets at the water inlet. After the water flow developed
at the water inlet, the water depth on the top of the test section was
measured to confirm that the water flow was evenly distributed along
the whole circumference of the annular channel inlet. After con-
firming even distribution of the water supply, we increased the air
flow-rate step-wise. At each level of air flow-rate, the two-phase
flow behavior inside the gap and water accumulation in the upper
plenum was observed with the naked eye. The pressure difference
between the top and the bottom of a gap was also monitored. Both
air and water flow-rates were not altered and were observed for more
than 10 minutes. If there was no sign of water accumulation in the
upper plenum, the air flow-rate was increased further. This process
was repeated until a significant increase in the differential pressure
across the gap was obtained and water started to accumulate in the
upper plenum. These two indicators, water accumulation and a sig-
nificant increase in the differential pressure, are used as an experi-
mental definition of the occurrence of CCFL in the present study.
This definition has been generally accepted in previous reports. Even
if CCFL locally occurs in a part of the gap, the point where there is
no water accumulation in the upper plenum is not considered as

Fig. 2. Schematic diagram of the experimental facility.
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the CCFL. This is because this condition is not problematic from
the viewpoint of a nuclear safety analysis. Regardless, all the sup-
plied water penetrates gaps and reaches the lower plenum. Further
observations are described in the following section.

RESULTS AND DISCUSSIONS

1. Visual Observations
Each run started with fixing a liquid phase flow rate at a pre-deter-

mined value. The air flow-rate was step-wise increased from zero
while the liquid flow rate was fixed at a pre-set value. The pressure
difference between the top and the bottom of the annular gap was
monitored. In addition, the behavior of water and air inside a nar-
row annular gap was visually observed, and images were captured
with a camera. Fig. 3 shows a trace of the differential pressure for a
test section having a gap size of 1 mm. The water supply was fixed
at jL

*1/2=1.152. The somewhat long trace before time zero shown in
Fig. 3 was truncated to give a clear figure around the onset of CCFL.
The trace can be divided into three regions. Region I covers up to
800 seconds in Fig. 3. A dozen stepwise increases in air flow-rate
were made before 800 seconds. Through this period, the water sup-
plied to the upper plenum penetrated the annular gap and hence no
accumulation of water was observed in the upper-plenum. The pres-
sure difference across the annular passage fluctuated within a limited
range. Region II extends from the end of region I to 1,200 seconds.
The air flow rate increased slightly at 800 seconds. The water sup-
plied into the upper-plenum started to accumulate. Water accumu-
lation did not continue over a period of roughly two minutes, but
penetrated the gap until no accumulated water remained in the upper-
plenum. After approximately a minute, the water started to accu-
mulate again. That is, the water in the upper plenum showed cyclic
behavior of accumulation and penetration. This cyclic behavior con-
tinued until the air flow rate increased up to just below the value of
CCFL. Through this region, the pressure difference between the
top and the bottom of the annular passage increased and dropped
in accordance with the cyclic behavior of the water. The pressure
difference increased as water accumulated, and decreased as the
water penetrated. However, if the air flow was increased just slightly
beyond than that of the CCFL criterion, the water accumulation con-

tinued and did not show cyclic behavior. This is region III. The aver-
age pressure difference continued to increase as the accumulation
height increased in this region.

It was visually observed that the flow behavior inside gaps was
not uniform, as shown in Fig. 4. The image in Fig. 4(b) was taken
100s after that in Fig. 4(a) had been taken. These photographs show
typical flow behavior in region II. When the air flow is increased
up to region II, partial CCFL initiates at the top of the annular gap.
There are two distinct regions, denoted as “A” and “B” in Fig. 4(a)
and “C” and “D” in Fig. 4(b). Region “A” has many irregular lines,
which are the air-water interface. This irregular air-water interface
implies that the counter-current flow pattern is not preserved but
changed into a churn flow pattern. Region “C” of Fig. 4(b) shows no
liquid film. An upward co-current flow is configured in this region.
Also, we can see a water bump on the top of region “C”, which is
a water eruption caused by upward air flow. This region appears to be
under CCFL. At the same time, regions “B” and “D” appear trans-
parent. No irregular air-water interfaces are seen. The region still
preserves a counter-current flow pattern. That is, some parts of the
annular gap are under CCFL conditions, and other parts remain in
a counter-current flow pattern. This indicates that water is prevented
from penetrating some part of the gap while it is allowed to flow

Fig. 3. Pressure difference between the top and the bottom of a 1
mm wide annular passage (jL*1/2=1.152).

Fig. 4. Partially limiting CCFL (1 mm gap, jL*1/2=1.152).
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downwards at other parts. The CCFL limited region expands with
an increase in the air flow rate. Through a set of experimental runs,
it was observed that CCFL always is initiated in the same part of
the gap. This appears to be attributable to the manufacturing toler-
ance of the rig.

The components of the test section are made of acrylic resin so
as to allow visual observation of the two-phase flow behavior inside
gaps. A thick resin pipe was machined by a CNC lathe in order to
fabricate the parts of the test section. A machining tolerance of ±0.1%
produces a variation of ±0.25 mm in gap size for the present test
section of which the diameter is 500 mm. The intended gap size of
1 mm may vary from 0.75 to 1.25 mm, which corresponds to ±25%
deviation. For a 2 mm gap, the deviation could be 12.5%. This is a
large deviation relative to the gap size of 1 mm. Despite the fact
that water cannot penetrate the gap at some part of the periphery
due to local CCFL, this air velocity is not defined as the CCFL gas
velocity. This is because all the water supplied to the upper plenum
penetrates the gap and proceeds to the lower plenum through the
other part of the gap.

If the air flow rate is increased further, the flow configuration
advances to region III. At this air flow rate, the whole periphery
falls under CCFL as shown in Fig. 5(a). These pictures show no

downward water flow in the gap, but we can see a thin water film
is sheared by upward air flow (region A). Also, we can see repeated
water bumps (noted by “B”) developing on the top of the gap in a
somewhat regular pattern. In some cases, however, accumulated
water penetrates a part of the gap, as shown in Fig. 5(b). The region,
designated by “C”, shows penetrating water. In the same image,
CCFL is preserved in region “D”. This penetration lasts for a period
of time, and then ends. Even though temporary penetration occurs,
water accumulation in the upper-plenum still continues. Based on
these observations, the CCFL is defined in the present work as the
situation where net water accumulation is sustained.

The description given above is for a 1 mm gap case. For this case,
the CCFL gas velocity was roughly 15% larger than the gas veloc-
ity for the initiation partial occurrence of CCFL (region II). It should
be noted that the air velocity for the initiation of partial CCFL in-
creased as the gap size increased. Thus, the difference in air veloci-
ties between the initiation of partial CCFL and global CCFL is re-
duced as the gap size is increased. At a gap size of 5 mm, the dif-
ference was difficult to discern.
2. CCFL Measurements

Fig. 6 shows the present measurements for 1, 2, 3, and 5 mm gaps
in terms of Wallis’ parameter. The gap size (S) is used as the charac-
teristic length scale in this plot. Gap sizes of the present facility, i.e.,
1, 2, 3, and 5 mm, are less than the wavelength of Taylor instabil-
ity, 17.2 mm, as defined by λT=2π  The average circum-
ference of the present facility, around 1,570 mm, is much larger than
the Taylor wavelength. The ratio of gap size to average circumfer-
ence is roughly 0.4-2% for the present facility. Compared with the
gap size, the circumferential length is so large that it can be assumed
to be infinite. Therefore, the average circumference may not be ap-
propriate to serve as the characteristic length scale with respect to
taking the effect of gap size into account. In this regard, measure-
ments plotted in Fig. 6 are expressed in terms of Wallis’ parameters
with a characteristic length scale of the gap size. The Richter et al.
[15] and Koizumi et al. [16] measurements are also plotted here.
Both researchers used the hydraulic diameter (Dh) as the character-

σ/g∆ρ.

Fig. 5. Fully limiting CCFL (1 mm gap, jL*1/2=1.152).
Fig. 6. CCFL points in Wallis’ parameter with gap size (=Dh/2) as

characteristic length.
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istic length scale to present their measurements in the original re-
ports. The test section of Richter et al. [15] consists of an outer tube
whose I.D. is 17.5 in (44.45 cm) and a inner tube whose O.D. is
15.5 in (39.37 cm) and 13.5 in (34.29 cm) to produce 1 in (2.54 cm)
and 2 in (5.08 cm) gaps, respectively. In the test section of Richter
et al. the outer diameter is close to the present one, i.e., 500 mm. In
terms of gap size, however, the present test section is much smaller
than that of Richter et al. The gap sizes of the Koizumi et al. [16]
test section vary from 0.5 mm to 5 mm, roughly corresponding to
the gap size of the present test section. However, the outer diame-
ter of the annular passage of the Koizumi et al. test section is 10
cm, which is much smaller than the present case. Fig. 6 shows the
general tendency in variation depending on gap size. The CCFL
points become larger as the gap size decreases. However, CCFL
data in this plot are grouped such that there may be another factor
influencing the CCFL points. The present data are much larger than
the Koizumi et al. data even though the gap sizes are nearly the same.
On the contrary, the Richter et al. data are closer to the present data
in spite of a large difference in gap size. As noted previously, Koi-
zumi et al.’s test section has a significantly different radius from the
present experiments while the radius of Richter et al.’s test section
is very close to that of the present experiments. This implies that the
influence of diameter (D) or averge circumference (W=π(I.D.+O.D.)/
2) of the annular channel needs to be considered.

All data presented in Fig. 6 are transformed into a Wallis param-
eter byusing the average circumference as the characteristic length
scale, and plotted in Fig. 7. Richter et al.’s data appear to be similar
to the present data even though the difference in gap size is large.
Koizumi et al.’s data appear to be apart from the present data even
if there is little difference in the gap size. However, these three data
sets are placed in order of average circumference. The average cir-
cumference of the present data, Richter et al.’s data, and Koizumi
et al.’s data are 156.8-155.5, 131.7-123.7, and 31.3-29.8 cm, respec-
tively. The average circumference of Richter et al. and Koizumi et
al.’s facility corresponds to 84% and 20% of the present test facility,
respectively. Figs. 6 and 7 show that the average circumference ap-
pears to be more appropriate than the gap size or hydraulic diameter

to present or correlate CCFL data gathered by using annular pas-
sages.

The measurements shown in Fig. 7 are correlated in the form of
Eq. (4).

(4)

where 

It should be noted that “D” in Eq. (1) is exchanged with “W” in
the above equation. As stated above, the average circumference is
used as the characteristic length scale. In order to use this length scale
in determining the constants m and C, a ratio of the average cir-
cumference to the Taylor wavelength is considered. This ratio re-
duces to a bond number, NB, whose relation is as follows:

(5)

The constants m and C are fitted by the least-square method as fol-
lows:

m=−1.60+0.43log10NB (6)

C=−0.78+0.21log10NB. (7)

These expressions show that the constants m and C increase with
an increase in average circumference. The predictions by Eq. (4)
for the present, Richter et al.’s, and Koizumi et al.’s data are pres-
ented in Fig. 7. This plot shows a good agreement between the meas-
ured data and Eq. (4) through (7). Fig. 8 presents a quantative com-
parison between the CCFL gas velocity experimental data and Eq.
(4): the absolute percentage deviation is around 10%.

CONCLUDING REMARKS

The counter-current flow limitation in narrow annular passages
having a large diameter of curvature has been investigated. The prin-
cipal difference between the present and previous facilities provid-
ing an annular passage is the small gap size compared with the radius
of curvature. The tested gap sizes were 1, 2, 3 and 5 mm. This gap
size is very small compared with the outer diameter of the annular

jG
*1/2

 + mjL
*1/2

 = C

jk
*

 = jk
ρk

gW ρL - ρG( )
---------------------------.

W
λT
----- = 

W2g∆ρ
σ

----------------- = NB.

Fig. 7. CCFL points in Wallis’ parameter with average circum-
ference as characteristic length. Fig. 8. Predicted vs. measured gas velocity at CCFL.
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passage, i.e., 500 mm. It was visually observed that a CCFL might
locally occur in some part of the periphery while the other parts re-
main in a counter-current flow regime. Although water cannot pene-
trate the gap at some parts of the periphery due to local CCFL, this
air velocity is not defined as the CCFL gas velocity. This is because
the water supplied to the upper plenum penetrates the gap and travels
down to the lower plenum through another part of the gap. Based
on these observations, CCFL is defined in the present work as the
situation where net water accumulation is sustained. Comparison
of the present and previous experimental data reveals that average
circumference is more appropriate than the gap size or hydraulic
diameter to correlate the CCFL data obtained from annular pas-
sages having large diameter regardless of gap size. An empirical
correlation in terms of Wallis’ parameter was developed by means
of the least-squares method from the measured data. The average
circumference was used as the characteristic length, and the results
show that the absolute value of the slope and the y-intercept of the
Wallis type CCFL correlation increase with an increase in average
circumference.
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NOMENCLATURE

C : constant
D : diameter
Dh : hydraulic diameter
f : friction coefficient
g : gravitational acceleration
jk : non-dimensional superficial velocity of k-phase
jk
* : Wallis’ parameter 

Kk
* : Kutateladze number 

L : length
m : constant
NB : Bond number ((W/λT)2)
P : pressure
S : gap size
u : velocity
W : average circumference

Greek Letters
ε : average volume fraction
δ : film thickness
λT : Taylor wavelength
ρ : density
σ : surface tension

Subscripts
g : gas phase

f : liquid phase
i : interface
w : wall
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