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circumferential positions from the bottom part to the top of the pipe and the liquid
holdup is determined from the average of the circumferential liquid film thickness. A
range of liquid holdup form 0.022 to 0.21 is resulted from the experiment. A decrease
of liquid holdup is resulted with the increase superficial gas velocity and decrease of
superficial liquid velocity. Conversely, the liquid holdup increases with the decrease of
the gas velocity and the increase of liquid velocity. Examination of the experimental
data by using 7 previous available correlations results in a reasonably good agreement.
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1. Introduction

Annular flow can be found in many engineering applications that employ two-phase flow, such
as geothermal plant, chemical industries, and refrigeration system. In annular two-phase flow, a small
part of pipe cross-sectional area is filled by liquid and the remaining is occupied by gas. The ratio of
volume of flow filled by liquid in a two-phase flow to the volume of pipe element is called as liquid
holdup. If the pipe cross-sectional area is denoted as A and the area of pipe occupied by liquid is
denoted as A, then the liquid holdup could be expressed as

g =t (1)

For a fluid flow, the liquid holdup value varies from 0 (single-phase gas flow) to 1 (for single-phase
liquid flow). In two-phase flow, the value is 0<n<1.

The complement of liquid holdup, called the void fraction, is defined as the ratio of gas volume
to the total volume of the segment of pipe
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where Ag is the area of pipe occupied by gas.

Liquid holdup or void fraction cannot be determined analytically. It should be determined by using
empirical correlations resulted from experiment. Many methods have been proposed for liquid
holdup measurements. A ring conductance probe for the measurement of liquid holdup in a 50-mm
pipe has been proposed by Andreussi et al., [1]. The similar sensor has also been utilized by
Tsochatzidis et al., [2] for the measurement of liquid fraction in packed beds as well as in pipes. An
improvement of the electronics circuit in the conductance sensor has been reported by Fossa [3]. It
has been used for the measurement of liquid fraction in a 70-mm pipe. Using X-ray absorption,
Kendoush and Sarkis [4] reported the measurement of void fraction in 28 mm and 36 mm pipes. The
use of acoustic emission for the measurement of gas void fraction in a 50-mm pipe has been reported
by Al-lababidi et al., [5]. Ko et al., [6] reported their successful experiment with an improvement of
conductance sensor for measurement of void fraction in a 40-mm horizontal pipe. Later, Dabirian et
al., [7] conducted liquid holdup measurement involving a three-phase Y ray densitometerin a 97 mm
horizontal pipe.

The value of liquid holdup is affected by the liquid and gas properties, pipe inclination, pipe
diameter, and flow pattern. Many models have been developed for predicting the liquid holdup
and/or void fraction. Several correlations will be discussed here.

By analyzing the available experimental data with different pipe inclination, Spedding and Chen
[8] developed a correlation for determining the void fraction as follows

€= [1 +2.22 (1;—")0'65 (”—6)0'65] (3)

PL

where x is the mass quality, i.e. the fraction of gas to the total mass, and pc and pr are the density of
gas and liquid, respectively. The liquid holdup (1) is then determined by usingn =1 - ¢.
Fukano and Ousaka [9] proposed a correlation for predicting the liquid holdup as

¢, =n"1" (4)

Here, ¢ denotes the two-phase friction multiplier, i.e. the ratio of pressure drop of two-phase flow
and the pressure drop when there is only liquid flowing in the channel.

Spedding and Spence [10] developed an implicit correlation for the prediction void fraction as
follows

1—¢ 65

£ = [0.45 + 0.08exp(—100(0.25 — J7)] (%)0 (5)

In this correlation, the value of superficial gas (air) velocity, J¢, and superficial liquid (water) velocity,
J1, are explicitly employed for void fraction prediction, instead of the mass quality as proposed by the
previous correlation.

By employing Reynolds number of superficial liquid, Res., Hart et al., [11] predicted the void
fraction using the following explicit correlation
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Originally, this correlation was used for the prediction of high void fraction that is commonly found
in high gas velocity annular flow. The viscosity of the liquid is employed implicitly in this correlation
through the use of Reynolds number of liquid, Res..

The prediction of liquid holdup through the measurement of circumferential liquid-film thickness
has been proposed by Fukano and Furukawa [12]. Formerly, the correlation predicted the mean film
thickness (hsn) instead of liquid holdup

hem = 0.0594 exp(—0.34Fr;°Rely x¢ (7)

where Fristhe Froude number and the subscript GO denotes condition if only gas flows in the system.
If D is the pipe diameter, then the liquid holdup, 1, can be calculated by

hem = 0.5D(1— /1 —17) (8)

Instead of examining the physical parameters, Woldesemayat and Ghajar [13] examined 68
previous correlations by classifying it into four methods, i.e. slip ratio correlations, Ken correlation,
drift flux correlations, and general void fraction correlations. Their new correlation for void fraction
was developed as follows

g=—25_ (9)
p+2.9qr
where
_ 1) (pL\*] . _ [9poi+coso)(pr-pe)]"?
P=Jo [1 + (]G) (PG) ]' 1= [ pi ] ,and

o Fa
r = (1.22 + 1.22 sin Q)F

N

o denotes the surface tension of the liquid, g denotes the gravitational acceleration, and & expresses
the angle of pipe inclination measured from horizontal. The ratio of the ambient pressure and system
pressure are denoted by P, and Ps, respectively.

Later, Cioncolini and Thome [14] proposed a model for to predict the void fraction in annular
flow. The model was developed from 2673 sets of data from 29 literatures and expressed as

M 0<x<1; 103 <Picq (10)

E=—0ry),
1+(h—1)xn’ oL

where

—0.2186 0.515
h=—22129 + 3.219 (;’—L) andn = 0.3847 + 0.6513 (’;—G)

G L
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In this paper, the liquid holdup was indirectly measured by using the flush mounted conductance
sensor for measuring the circumferential liquid film height over the pipe. The liquid holdup was
calculated on the basis of the mean liquid film height over the pipe. Thereafter, the liquid holdup
data are analyzed and tested by using the available correlations.

2. Methodology

A horizontal rig of transparent acrylic pipes with 26-mm diameter was used for determining the
behavior of air-water two-phase flow under annular flow regime. Compressed air entered at one end
of the test rig, meanwhile the liquid entered the other end. A mixer was used to mix the air and water
before entering the 1.29-m test section (Figure 1a). To ensure that the flow is fully-developed
annular, the test section was placed at a distance of about 200D, in which D is the pipe diameter. The
measurement of the flow rate of the air and water uses a bank of Tokyo-Keisho and Brook rotameters
were used with accuracies of 4% and 3%, respectively.

The measurement of small water-film thickness in annular flow was carried out by the use of
flush-mounted conductance sensor or sometimes called as compact multiple probe instrument
(CMPI), as shown in Figure 1b. The film thicknesses were measured at 7 circumferential positions by
7 sensors, i.e. from 0° (bottom of the pipe) to 180° (top of the pipe). Each sensor was equally-spaced
by 30° and it measures the film thickness by sensing the conductance of liquid between the two
sensor electrodes. Generally, the conductance of a liquid decreases as the liquid thickness increases.
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Fig. 1. Experimental rig: (a) pipe loop, (b) detail of CMPI sensor

In this experiment, a 5 V supply voltage was fed to the sensors. The output voltage was then sent
to the NI 6218 NI-DAQ from National Instrument. Monitoring and storing of the output voltage were
conducted by a personal computer. The calculation of the thickness of liquid film was carried out on
the basis of the calibration curves resulted from the calibration process using a stepped cylinder with
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varied diameters. The cylinder was used to calibrate the film thickness within 0.05 to 4.9 mm. The
average uncertainty for the film thickness measurement is 7.1%. If it is combined with the air and
water flow measurements, the total uncertainty is found to be 8.7% under 90% level of confidence.

The experiment was conducted under the combinations of the superficial liquid velocities of
0.025, 0.05, 0.1, 0.2, and 0.4 m/s and superficial gas velocities of 10, 12, 18, 25, 30, and 40 m/s. As
shown in Figure 2, in the Mandhane map [15], most of the experimental flow conditions are located
at the annular flow region. The numbers 1, 2, ..., 30 indicate the number of experimental run. The
detailed experimental matrix is presented in Table 1, which shows all the 30 runs of the experimental
flow conditions. In Table 1, point 1 represents the experimental flow condition with Jc = 10 m/s and
JL=0.025 m/s, point 2 represents the experimental flow condition with J¢ =12 m/s and JL. =12 m/s,
etc. The experiment with Jg = 40 m/s and J_ = 0.4 m/s is indicated by point 30.

In the downstream direction of the test section, a visualization box with DC LCD lamp was also
installed to allow the study of the flow visually. In detail, the apparatus for carrying out the
experiment can also be found in Setyawan et al., [16, 17, 18].
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Fig. 2. Experimental matrix on Mandhane Map

Table 1
Experimental matrix
Je (m/s)

S (m/s) 10 12 18 25 30 40
0.025 1 2 3 4 5 6
0.05 7 8 9 10 11 12
0.1 13 14 15 16 17 18
0.2 19 20 21 22 23 24
0.4 25 26 27 28 29 30

3. Results

The sample of the image of the gas-liquid flow is depicted in Figure 3. The liquid flows in the pipe
wall while the gas flow with the higher velocity in the center of the pipe surrounded by the thin liquid
film. The high velocity gas shears the liquid, so that a wavy liquid flow is occurred. The wavy liquid
could be distinguished into two: ripple wave and disturbance wave. The ripple flows with small
amplitude wave and the disturbance wave flow with the higher amplitude. When the annular flow is
fully developed, the ring-shaped liquid film will be formed in the pipe wall. Thicker liquid film forms
disturbance wave that travels with the higher velocity than that of the base liquid film.
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To examine the effect of the circumferential position on the liquid film thickness, a sample of the
liquid film signals at J. = 0.05 m/s and Jc = 18 m/s are plotted in Figure 4. At the bottom (0°), the liquid
film is thicker and wavier than that of the side (90°) and the top of pipe (180°). At this flow condition,
the gravity force controls the flow. As a result, the liquid tend to drain to the bottom and gives the
thicker film at this position with high asymmetry. As the gas velocity increases, the effect of gravity
decreases and the inertial force has a more significant role in control the flow, resulting in a more
symmetry of liquid film thickness distribution. The asymmetry of liquid film thickness distribution for
the experiment with J. = 0.05 m/s is illustrated in Figure 5.

Fig. 3. The photograph of the annular flow, taken from the
experiment with Js =25 m/s and J. = 0.05 m/s
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Fig. 4. Liquid film thickness signals at different

circumferential positions for J. = 0.05 m/s and Jc = 18 m/s
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Fig. 5. Asymmetry of liquid film
thickness for J. = 0.05 m/s

To calculate the liquid holdup for this present experiment, the average liquid thickness over the
pipe wall is calculated by

average = 1 (12)

h

where h is the mean liquid film height and subscripts 0, 30, 60, ... are the degree of circumferential
position throughout the pipe wall. Using the results of the measurement, the liquid holdup is
calculated as

n=1-¢ (12)
where € is the void fraction or gas fraction of the flow, expressed as
£ =2, [(4A) = z(D - 2h) [(4A) (13)

In this equation, Dgas denotes the area of the pipe occupied by gas and A denotes the pipe surface
area. The liquid holdup is, therefore
z(D—-2h)?

4A (14

n=1-¢=1-
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3.1 The Effects of the Superficial Gas and Liquid Velocity on the Liquid Holdup

The liquid holdup resulted from the experiment ranges from 0.022 to 0.210. The higher superficial
liquid velocity gives the higher liquid holdup. Conversely, the higher superficial gas velocity provides
a lower liquid holdup. This means that at the higher gas velocity, the liquid film will travel with the
smaller thickness but with the higher velocity. The behaviors of liquid holdup under the given range
of experimental conditions can also be seen in Figure 6.

Both the superficial gas and liquid velocities influence the liquid holdup. In general, the liquid
holdup decreases when the superficial gas velocity increases as well as the decrease of superficial
liquid velocity. From Figure 6, it reveals that the increase of superficial gas velocity from 10 to 40 m/s
(by a factor of 400%) gives the decrease of liquid holdup by 62%. Meanwhile, the change of liquid
superficial velocity from 0.1 to 0.4 m/s (by a factor of 400%) changes the liquid holdup by 53%. It
means that the liquid holdup is more influenced by the superficial gas velocity than that of liquid
superficial velocity.

The comparison of the present experimental data with the above mentioned correlations for J; =
0.025 m/s is described in Figure 7. As shown, the present experimental result is considerably in a
good agreement with the result form the correlation found in [8,9,10] with the mean absolute error
(MAE) in the range of 9% to 10%. The correlation of [12,13,14] have a significantly larger error for
whole range of superficial gas velocity. Meanwhile, the correlation of Hart et al., [11] has a large error
at low J¢ and smaller error at high Jc. It is because this correlation was developed for high void fraction
annular flow that needs a very high superficial gas velocity.

Increasing /. to 0.05 m/s, all of the tested correlations have an average error of 14.2%, better
than the previous test. The best prediction for this condition is provided by Fukano and Ousaka [9]
with an error of 5.6%, as can also be observed in Figure 8. The largest error of about 23.5% is provided
by the correlation of Fukano and Furukawa [12] that employed the liquid viscosity in term of liquid
Reynolds number. The other correlations have moderate errors in the range of 11.5% to 16.3%.
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Fig. 6. Experimental data of liquid holdup at various Js and J;
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Fig. 7. Liquid holdup data for J, = 0.025 m/s Fig. 8. Liquid holdup data for J, = 0.05 m/s

As Ji. is further doubled to 0.1 m/s, all of the correlations provide an average error of 14.1%. The
best prediction is offered by Cioncolini and Thome [14] with an MAE of 9.7%. The correlation of
Fukano and Furukawa [12], with an MAE of 28.2%, gives the largest error. The other correlations have
an error range of 10.2% to 14.9%. The comparison of the present data and the available correlations
for this flow conditions is presented in Figure 9.

At J. of 0.2 m/s, an average error of 17.3% is resulted. The correlation that gives the best
prediction is given by Spedding and Spence [10] and Spedding and Chen [8] with an error of 11.9%.
The largest error is still provided by the correlation of Fukano and Furukawa [12], with an MAE of
33.5%. An error range of 13.6% to 20.9% is given by the other correlations. For this flow conditions,
the comparison of the correlations with the present data is displayed in Figure 10.

At the highest J. (0.4 m/s), the correlation of Cioncolini and Thome [14] provides the best
prediction with an MAE of 8.2%. The largest error is, again, contributed by the correlation of Fukano
and Furukawa [12]. The remaining correlations have an error range from 8.7% to 27.0%. The overall
error for all correlations is about 16.2%. Figure 11 depicts the comparison of the present data and
the available correlations for J; = 0.4 m/s.
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Fig. 9. Liquid holdup data for J; = 0.1 m/s Fig. 10. Liquid holdup data for J, = 0.2 m/s
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The comparisons to the other previous data or correlations are not performed here by
considering some reasons. For instance, liquid holdup data form Dabirian et al., [7] are not included
here because of the different range of superficial gas velocity. They used the range of superficial gas
velocity from 5 to 15 m/s. Within this range, the flow pattern is stratified-wavy, instead of annular.
The review from Godbole et al., [19] could not be applied here because it was aimed for vertical
orientation in the upward direction. Other holdup data from Lumban-Gaol and Valko [20] also
discarded from the comparison because it was also taken from an experiment in vertical orientation.

0.4
J,=0.4m/s ® Experiment
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--Hart et al., 1989
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-- Cioncolini & Thome, 2012
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Fig. 11. Liquid holdup data for J, = 0.4 m/s
3.2 Examination for All Ranges of Experimental Matrix

This subsection discusses the test of the available correlations with the present experimental
data. The test is carried out for all ranges of gas and liquid superficial velocity, i.e. with J¢ from 10 m/s
to 40 m/s and J. from 0.025 m/s to 0.4 m/s.

The correlation of Spedding and Spence [10] provides an overall MAE of 10.3%. For all
experimental data, 53.3% are predicted inside £10% error band, 90% within £20% error band, and
100% within £10% error band. The low MAE and the high percentage of available data located within
small error band emphasize that the available experimental data is in accordance with this
correlation. Figure 12 shows the performance of this correlation in predicting the liquid holdup.
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Spedding & Spence, 1989 ©

0.15 +20% ° [e)

< o ©O

g ° 20%
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0 . . .
0 0.05 0.1 0.15 0.2

nexperiment
Fig. 12. Performance of the correlation of Spedding

and Spence [10]

Compared with all experimental data, the correlation of Spedding and Chen [8] has an MAE of

20



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 53, Issue 1 (2019) 11-24

10.4% for all ranges of gas and liquid superficial velocity. Figure 13 describes the performance of the
correlation. The percentage of data points predicted within £10% error band is 56.7%, 90% of data
are within 20% error band, and all data points (100%) are within £40% error band. This implies that
this correlation can accurately predict the liquid holdup. The best prediction for the correlation is
found for Js of 12 m/s and J; of 0.4 m/s. By inspection of Mandhane Map in Figure 2, it is obvious that
this correlation is best used for both the transition from wavy and slug flows to annular flow and low
velocity annular flow.

0.2

Spedding & Chen, 1984 ©

0.15 +20% o fo)

IS o ©

6 c
'§0.1 8 -20%

s o
& 950

0.05

0 T : :
0 0.05 0.1 0.15 0.2
ﬂexperiment

Fig. 13. Performance of the correlation of Spedding
and Chen [8]

The correlation of Fukano and Ousaka [9] has an overall MAE of 11.0%. An amount of 26 out of
30 data sets (or 86.7%) are within £20% error band, 96.7% are within £40% error band, and 100% are
inside £50% error band. The low MAE shows that this correlation is also a good predictor for liquid
holdup. The performance of this correlation is presented in Figure 14.
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Fig. 14. Performance of the correlation of Fukano and

Ousaka [9]

An MAE of 13.9% is provided by the correlation of Cioncolini & Thome [14]. This MAE is higher
than those of previous discussed correlations. However, it could be used for a wide range of J; and
Je. Moreover, 80% of data points are within +20% of error band and 100% are predicted within 40%
error band that imply a good estimate to liquid holdup. Figure 15 depicts the comparison of the
prediction with the experimental data.

Developed for a wide range of pipe inclination and surface tension, the correlation of
Woldesemayat and Ghajar [13] still has a reasonable accuracy to predict the liquid holdup of air-
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water annular two-phase flow in a horizontal conduit. The MAE of this correlation is 18.9% and 96.7%
of experimental data points are estimated in £50% error band. The comparison of the estimated
holdup value and the present data is depicted in Figure 16.

The correlation of Hart et al., [11] can predict 53.3% of data within +20 error band and 100% data
within £50% error band. A somewhat higher overall MAE (19.4%) is given by this correlation. It is
possible caused by the intention of the correlation for very high void fraction. However, this
correlation still has a fairly good prediction to the present data. As shown in Figure 17, it reveals that
the correlation somewhat over-predicts the liquid holdup.

Figure 18 depicts the performance of the correlation of Fukano and Furukawa [12]. As can be
seen, this correlation provides the largest error and somewhat under-predicts the liquid holdup. The
MAE for this correlation is 28.9% and the error is getting higher for high superficial gas velocity. The
larger error could possibly be produced by the employment of liquid viscosity, as implicitly expressed
in the liquid film Reynolds number. Meanwhile, the current data were obtained from experiment
with air and water that has a constant viscosity. In addition, this correlation was aimed for vertical
flow, instead of horizontal flow as conducted by the present work.
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Table 2 summarizes the accuracies of the available correlations to estimate the liquid holdup
based on the present experimental data. Overall, all correlations could predict the liquid holdup with
an MAE of 16.1%. All correlations, except from Fukano and Furukawa [12] have prediction errors of
less than 20%. This means that the experimental data have a good agreement with the previous
works. In other words, the use of conductance probe for measuring the liquid holdup in horizontal
annular flow provides accurate results.

In general, the present work has a reasonably good agreement with all of the tested correlations
which give an overall error about 16.1%. The performance of the available correlations to predict the
experimental data within £10% to +50% error band is summarized in Table 3.

Table 2
Mean absolute error for the available correlations (%)
. Ju(m/s)
Correlation Average
0.025 0.05 0.1 0.2 0.4
Spedding& Chen [8] 9.3 11.6 10.2 119 8.7 10.4
Fukano & Ousaka [9] 10.2 5.6 11.7 136 13.7 11.0
Spedding & Spence [10] 9.2 116 102 119 8.8 10.3
Hart et al., [11] 18.1 158 149 209 270 194
Fukano & Furukawa [12] 21.3 235 28.2 335 381 289
Woldesemayat & Ghajar [13] 41.6 148 139 152 838 18.9
Cioncolini & Thome [14] 21.1 16.3 9.7 14.1 8.2 13.9
Average 18.7 142 141 173 16.2 16.1
Table 3

The performance of the existing correlation in predicting the
experimental data

Percent of data predicted within error bands

Correlation
+10% +20% +30%  +40%  +50%

Spedding& Chen [8] 57 90 97 100 100
Fukano & Ousaka [9] 63 87 90 97 100
Spedding & Spence [10] 53 90 97 100 100
Hart et al., [11] 27 53 60 97 100
Fukano & Furukawa [12] 10 27 27 87 97
Woldesemayat & Ghajar [13] 37 70 73 87 97
Cioncolini & Thome [14] 33 80 93 100 100

4. Conclusions

Experimental study of determining liquid holdup by using CMPI has been carried out. Analysis the
experimental data using the previous available correlations has also been accomplished. In
comparison to all available correlations discussed in this paper, an average mean absolute error of
16.1% is resulted. Almost 100% of the liquid holdup data are predicted within +50% error band and
averagely 71% data points are predicted within +20% error band. Some correlations, such as from
[8], [9], [10], and [14] could predict more than 80% of liquid holdup data within £20 error band. It,
therefore, could be concluded that the CMPI could be used for determining the liquid holdup for
annular flow with a reasonably good accuracy.
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