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Abstract

The wave characteristics of horizontal air-water annular two-phase flow in 16 and 26-mm-diameter pipe were
investigated experimentally using flush-mounted constant electric current method (CECM) sensors and visual
observations. The air and water superficial velocities were varied from 12 to 40 m/s and 0.05 to 0.2 m/s,
respectively. The flow morphology of annular flow such as the disturbance wave, ripple, wave coalescence,
wave development, entrainment, and breakup could be observed. Using cross correlation and power spectral
density functions of liquid holdup signals, the wave velocity and frequency were determined. The effect of
superficial liquid velocity on the wave velocity and frequency was found to be less significant compared to that
of superficial gas velocity. Simple correlations for wave velocity and frequency were also developed.

Keywords: horizontal annular flow, liquid holdup, wave velocity, wave frequency, CECM
1. Introduction

Annular two-phase flow is easily found in many industrial applications involving phase-change. This flow
regime is quite complex, and it is characterized by liquid film on the wall and a gas core containing liquid
droplets. For horizontal orientation, due to gravity effect, annular flow is more complicated and it is
characterized by the asymmetric distribution of liquid film with thicker liquid flows along the bottom of a tube
than on the sides and the top (Shedd, 2001). It also causes the higher droplets concentration in the bottom part
than in the other circumferential locations.

Researches for horizontal annular two-phase flow have been carried out over decades. Many aspects have been
investigated, including the circumferential liquid film thickness distribution, droplet concentration, secondary
flow, pressure drop, and annular flow mechanism. Few theoretical models of such flow have also been developed.
However, due to its complexity, it is generally less successful than in those of vertical flow. As a result, the
mechanism by which the liquid film is transported to the upper parts of the pipe remains unanswered (Rodriguez,
2009).

Sawant et al. (2008) noted that two types of wave structures are found in annular flow. The first is small ripple
wave located on the base film that moves at low velocities, does not have a continuous life, and is considered as
not to carry the liquid mass. The second structure, called disturbance wave, has a larger film thickness, usually
forming complete rings in the pipe, and travels at a higher velocity. It is responsible for transfer of mass,
momentum, and energy along the tube (Sawant, 2008). With a higher amplitude and relatively long-lived
structures along the pipe (Shedd, 2001), disturbance waves are responsible for the entrainment of liquid droplets
into the gas core when high velocity gas flows and shears the wave. Ripple waves, with the low amplitude
surface waves, create interfacial roughness and, therefore, are responsible for the pressure drop. To investigate
the effect of disturbance waves on annular flow, the knowledge of wave velocity, frequency, and spacing are
required (Schubring & Shedd, 2008).
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The disturbance wave velocity, or sometimes termed as wave celerity, is usually measured using optical
technique and using liquid holdup or film thickness signals employing cross-correlation function. The wave
frequency could be determined using power spectral density of liquid holdup or liquid film thickness signals; or
determined manually form visual or signal data. The later, however, is very subjective and can lead to great
inconsistency in the result of an experiment if it is determined by different workers (Azzopardi, 1986).

In annular flow, the disturbance wave characteristics are not constant throughout the conduit. Wave development,
defined as the buildup of a wave when it travels along the conduit, is a common phenomenon in such flow. On
the other hand, the reduction of wave amplitude could also be found as result of the entrainment of liquid to the
gas core. When travels along conduit, an individual disturbance wave tends to move with a relative constant
velocity. If a faster disturbance wave overtakes a slower wave, then the two waves coalesce and usually continue
with the speed of the faster wave (Wilkes et al., 1983). This phenomenon is called wave coalescence. The break
of a large wave into smaller waves, called the wave breakup, could also be found in annular flow. Due to the
occurrences, the wave characteristics of annular flow could be different, even for the same flow geometry, fluid
properties, and flow conditions.

The main goal of this paper is to contribute the fundamental data concerning to wave characteristics in air-water
horizontal annular two-phase flow as important variables for determining the flow mechanism. In the present
paper, the comparison of the experimental results with the previous works will be presented to provide in depth
analysis of the wave velocity and frequency and its dependence on the other flow parameters.

2. Experimental Apparatus

The experimental rig for this experiment consists of two flow loops with the pipe inner diameters of 16 mm and
26 mm, each was supplied by air and water from the same compressor and water tank, and utilized the same data
acquisition facility. The main raw data desired from this experiment are liquid hold up signals.

2.1 Flow Loop

The wave velocity and frequency were extracted from liquid holdup signal measured in an air-water horizontal
flow rig shown schematically in Figure 1. The test section was made from acrylic tubes with inner diameters of
26 and 16 mm. To avoid gaps and/or obstructions in the pipe connections, the ends of every pipe section were
beveled and the flanges machined. The connections, therefore, were smooth and the flow perturbation was
minimized.

Air enters the test section at the upstream from a compressed air supply and water is introduced into the tube
through a porous tube wall section. The holdup was measured at a distance of 200 tube diameters from the inlet.
It was considered that this length was sufficient for producing fully developed flows. Air and water flow rates to
the test section were measured by two rotameter banks. Both phases of fluid were separated in a separator, after
which air was released into the atmosphere and water entered a reservoir. A centrifugal pump was used to deliver
water from the reservoir to the supply tank. To facilitate visual observation, a visualization box or correction box
equipped with DC LCD light was installed in the direction of downstream from the measuring section.
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Figure 1. Experimental rig
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2.2 Liquid Holdup Measurement

The wave parameters were extracted from the measurement of liquid holdup signal using a constant electric
current method (CECM) developed by Fukano (1998). In this technique, a constant electric current is applied
from a pair of electrodes, called the power electrodes, as shown clearly in Figure 2. The probes were set in
acrylic blocks bored out to the same inner diameter as the test section tube to avoid flow disturbance. The change
of liquid holdup was measured by measuring the change of conductance, expressed as a voltage drop, of the
two-phase mixture located between the two CECM sensor electrodes.

Constant current source
I - lq
"

CECM sensors

Flow

/77 v

Amplifier

Nonconductive duct

a. b.

Figure 2. CECM for measuring liquid holdup, a. measurement configuration, b. CECM detail

The voltage drop at the sensor electrodes was fed to a high-input impedance amplifier, so that the constant
current was not affected by the presence of the sensor electrodes. The outputs from the amplifier were sent to a
computer through an analog to digital converter (ADC) with a sampling rate of 500 Hz. The increase in voltage
drop with the increase in electrical resistance due to the existence of gas phase is not affected by the location of
gas in the pipe cross section. If the liquid film thickness is very thin, the electric resistance will be higher while
the current is constant, resulting in large voltage drop. Therefore, the thinner the film, the larger the voltage drop.
It results in higher sensor sensitivity and more accurate holdup measurement.

The interaction among sensor electrodes could be neglected as the outputs were fed to a high impedance
amplifier. It means that multiple sensors could be installed in a short distance for simultaneous measurement of
liquid holdup at any different axial locations. In this case, only single power source is needed. The other
advantage of CECM is that the sensors could be flush-mounted in duct or pipe, thus minimizing the flow
disturbance. This sensor has also been successfully utilized by Deendarlianto et al. (2005, 2010) and Ousaka et al.
(2006). Moreover, the calculation method of this sensor can be found in Fukano (1998).

2.3 Experimental Matrix

The range of superficial liquid and gas velocities for this experiment are 0.05 to 0.2 m/s and 12 to 40 m/s,
respectively. The flow of both air and water were controlled by adjusting the inlet valve for both fluids. Under
the given flow conditions, the flow regime observed in this research is mostly annular flow. For the lowest
superficial gas velocity, the regimes are transition from wavy to annular and slug to annular flows. The
experimental matrix plotted in Mandhane map is described in Figure 3.

3. Results and Discussion
3.1 Flow Transition

The flow transition from wavy to annular flow was investigated in this experiment under the lowest superficial
gas and liquid velocities. Pipe diameter is one of important factor in such flow transition. To investigate it,
observations of the flow topology are carried out for the identical gas and liquid superficial velocity for different
pipe diameters, 16 mm and 26 mm. From the visual observation, it was found that the flow pattern at transition
are different, even observed at the same gas and liquid superficial velocity (J; and J;), 12 m/s and 0.05 m/s,
respectively. Figure 4 shows the comparison of flow pattern observed at 16 mm and 26 mm pipes.
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Figure 3. Experimental matrix plotted in Mandhane map
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Figure 4. Visualization for J; = 12 m/s and J; = 0.05 m/s for 16 mm pipe and 26 mm pipe

As shown in Figure 4a, an annular flow pattern has been fully formed for pipe diameter of 16 mm. On the other
hand, the pattern has not been fully formed at pipe diameter of 26 mm for the same superficial gas and liquid
velocity. In this case, the liquid covers only the lower half of the inner pipe wall, while the upper part of the pipe
remains dry. The need for higher gas velocity to develop the annular flow for larger pipe diameter is in
agreement with Weisman et al. (1979), who conducted experiment using pipe diameters from 12 mm to 50 mm.
The experimental result of Lin and Hanratty (1987) using 25.4 mm and 95.3 mm pipes also supports the effect of
diameter. Figure 4, therefore, shows the significant effect of the inner pipe diameter on the flow pattern.

3.2 Annular Flow Topology

The existence of disturbance wave and ripple wave in annular flow could be observed using the CECM as well
as video camera (Figure 5). As the superficial liquid velocity increases, the amplitude of disturbance wave, as
well as the liquid holdup (7), will also increase. On the other hand, the increase of superficial gas velocity results
in a smaller liquid holdup and wave amplitude.
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Figure 5. Disturbance and ripple waves in 26 mm pipe (Jg = 25 m/s, J, = 0.2 m/s)

3.3 Wave Coalescence and Breakup

The transport of liquid film in the pipe wall could be traced from the liquid holdup signals. Figure 6 shows the
typical trace of liquid holdup signals sensed by sensor 1 (upstream) and 2 (downstream). It is shown that the
signals detected by sensor 2 are not necessarily similar to those of sensor 1. The height and the lifetime of the
wave could be changed when it travels along the pipe. If the amplitude of the wave sensed by sensor 2 is higher
than those of sensor 1, it indicates that the wave “grows”, and the phenomenon is called the wave development
(denoted by WD in Figure 6). The droplet entrainment (DE), in which a portion of liquid is entrained in the gas
core when high velocity of gas flows and shears the gas-liquid interface at wave crest, is indicated by the
reduction of wave height. The wave coalescence (WC), usually results in a single wave with larger amplitude
and energy. The break of a large wave into smaller waves, called the wave breakup or breaking wave (BW), is
also observed in this experiment.

0.2
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\ \\\ wo ] e Sensor 2
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Figure 6. Morphology of annular flow

WD = Wave development, DE = droplet entrainment, WC = wave coalescence, BW = wave break up.

3.4 Wave Velocity

The holdup signal sensed by the downstream sensor (sensor 2) is delayed by several milliseconds compared to
those of sensor 1, depending on the velocity of the liquid film. If the time delay and the distance between the
sensors are known, the wave velocity (Cy) can be calculated as a ratio of the distance to the time delay. To
determine the time delay, a cross correlation function (CCF) of two holdup signals resulted from sensor 1 and 2
is used. Figure 7 shows the result of CCF for superficial gas velocity, of 40 m/s and superficial liquid velocity, of
0.05 m/s, respectively. For this flow condition, the CCF shows that time lag for the holdup signals is 0.048 s.
With the sensors spaced 215 mm apart, then the wave velocity is found to be 4.48 m/s. The wave velocities for
the other flow conditions could be calculated using the similar method.
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For the predetermined range of superficial gas and liquid velocity, the wave velocity ranges from 1.54 to 5.12
m/s for 16 mm pipe and 1.47 to 4.67 m/s for 26 mm pipe. The wave velocity increases with the increase of
superficial gas velocity (Figure 8), because at the higher the air velocity, the shear force at the gas-liquid
interface is also higher, resulting in higher liquid film flowing in the pipe. For 16 mm pipe, if the gas velocity is
increased from 12 to 18 m/s (or by a factor of 1.5) under a constant superficial liquid velocity of 0.05 m/s, the
wave velocity increases by a factor of 1.9. For 26 mm pipe, the same increase of gas velocity resulting in the
increase of wave velocity by a factor of 1.43. The experiment of Jayanti et al. (1990) with 32 mm ID pipe
showed that the wave velocity increased by a factor of 1.6 if the superficial gas velocity increased by a factor of
1.52 under constant superficial liquid velocity of 0.08 m/s. Using 50.8 mm ID pipe, Paras and Karabelas (1991)
showed that the wave velocity increased by a factor of 1.36 when the superficial gas velocity was increased by a
factor of 1.52 under a constant superficial liquid velocity of 0.06 m/s. Experiment by Mantilla (2008) with 2-inch
and 6-inch pipes also showed that wave velocity increases significantly with the increase of gas velocity. For low
superficial liquid velocity and high gas velocity, however, he showed that the wave velocity tends to a constant
value.
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Figure 7. Cross-correlation function of holdup signal J; =40 m/s and J; = 0.05 m/s
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Figure 8. Effect of superficial gas and liquid velocities on wave velocity

From Figure 8, it is also shown that at a higher gas velocity, the effect of superficial gas velocity on the wave of
velocity is less significant than that of low gas velocity (J; <25 m/s). This is in agreement with Schubbring (2009),
Han et al. (2006), and Sawant et al. (2008). A slightly different result was proposed by Azzopardi (1986), in which
the effect of gas velocity to wave velocity is almost proportionally linear.

The effect of the superficial liquid velocity is less significant compared to those of superficial gas velocity. As an
illustration, in this experiment, the wave velocity increases by a factor of 2.35 if the superficial gas velocity is
increased from 12 m/s to 25 m/s (by a factor of 2.08) under superficial liquid velocity of 0.05 m/s for 16 mm pipe.
On the other hand, if the superficial liquid velocity is increased from 0.05 m/s to 0.1 m/s, the average increment of
wave velocity is only 17%. Further increase of the superficial liquid velocity to 0.2 m/s (400%) would only give an
increase of wave velocity of 35%.

The range of wave velocity from 2.4 to 6 m/s has been reported by Schubring and Shedd (2008) for their
experiment with 26.3 mm ID pipe using superficial liquid and gas velocities of 0.04 to 0.39 m/s and 32 to 91 m/s.
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For smaller pipes (8.8 and 15.1 mm), the wave velocities are in the range of 1.97 to 8.37 m/s when the superficial
liquid velocity is set from 0.05 to 0.2 m/s. The correlation for the wave velocity of the three pipe diameters used in
their experiment is expressed as follows:

Cuss = 0.42]—GR65°'25 )
X

Vx

The similar correlation from Ousaka et al. (1992) is given by

R 0.78
Cwousaka = 3:0J; (25) )

Rej,

In the last correlation, the effect of liquid velocity on wave velocity is noticed as a proportionally linear.

In comparison to the present work, Equation (1) results in mean absolute errors (MAE) of 14.8% for 16 mm pipe
and 29.6% for 26 mm pipe. Equation (2) gives MAE of 20.7% and 23.3% for 16 mm and 26 mm pipe,
respectively.

Using similar form of Schubring and Shedd (2008), the best correlation for the present work for wave velocity for
16 mm and 26 mm pipes, judged by the smallest MAE, is given by

Jo , -
Cw.corr = 0-34ER6G 02 3)

Here, the effects of superficial gas velocity and flow quality on the wave velocity are similar to those of Schubring
and Shedd (2008). The gas Reynolds number, however, is considered less significant in the developed correlation.
For the inner pipe diameters of 16 mm and 26 mm, this correlation gives MAE of 13.4% and 9.4%, respectively,
and the overall MAE for both diameters is 11.4%, as shown clearly in Figure 9.
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Figure 9. Performance of the developed correlation for wave velocity

To investigate the effect of diameter on the wave velocity, the results of the present work are combined with the
results of Fukano et al. (1983), Paras and Karabelas (1991), and the correlations from Schubring and Shedd (2008)
and Ousaka et al. (1992). Figure 10 presents the wave velocity variation for 6 different pipe diameters. It is obvious
that the larger diameter results in the smaller wave velocity. The present results are in fairly good agreement with
those resulted by Schubring and Shedd (2008) for the similar diameters. For 26 mm pipe, the mean absolute errors
of this experiment are 11.8%, 11.3%, and 10.4% for superficial liquid velocity of 0.05, 0.1, and 0.2 m/s,
respectively. It gives an overall MAE of 11.2%. The comparison with the correlation of Ousaka et al. (1992) gives
larger MAE: 12.9%, 13.6%, and 14.5% for the three superficial liquid velocities used in this experiment, or an
overall MAE of 13.7%.
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Figure 10. The effect of diameter on wave velocity

3.5 Wave Frequency

The wave frequency can be determined from the frequency corresponding to the largest peak of power spectral
density function. Figure 11 shows the wave frequency plotted against superficial gas velocity for various
superficial liquid velocities. It is obvious that the wave frequency decreases with the increase of the inner pipe
diameter. In addition, the wave frequency increases with the increase of superficial gas velocity. It is in
accordance with the experiment of Paras and Karabelas (1991), Jayanti et al., (1990), Fukano et al. (1983), and
Schubring and Shedd (2008).
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Figure 11. Wave frequency

As in the wave velocity, the effect of superficial liquid velocity on the wave frequency is also less significant
compared to those of superficial gas velocity. In the present experimental study, multiplying the superficial gas
velocity by a factor of 3.33 results in the increase of wave frequency by a factor of 2.69. Meanwhile, multiplying
the superficial liquid velocity by a factor of 4 only results in the increase of frequency by a factor of 1.25. The
experiment of Schubring (2009) show that an increase of superficial gas velocity by a factor of 2.29 results in the
increase of frequency by a factor of 1.83 for 15.1 mm pipe. For 26.3 mm pipe, increasing the superficial gas
velocity by a factor of 1.99 results in the increase of frequency by a factor of 2.91. This emphasizes the importance
of superficial gas velocity on the wave frequency.

The insignificance of superficial liquid velocity could be seen by its little effect on the wave frequency. Increasing
the superficial liquid velocity from 0.05 to 0.2 m/s (400% from its original value) only gives an increase of wave
frequency by a factor of 1.25 (or 25% increase in wave frequency). The previous work of Paras and Karabelas
(1991), however, showed that the wave number decreases with the increase of superficial liquid velocity. The
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similar trend has also been proposed by Mantilla (2008) for low superficial gas velocity. To explain the difference
of the results, he argued that as the superficial liquid velocity increase, the wave amplitude will also increase, thus
more energy is required from the gas to keep the waves moving. Since the wave velocity is higher for higher
superficial liquid velocity, then for constant gas velocity fewer waves or lower frequency are resulted due to energy
conservation.

The correlations for the wave frequency have been developed by Schubring and Shedd (2008), in which the
frequency is directly proportional to the superficial gas velocity. For experiment with 8.8 mm and 15.1 mm pipes,
the correlation is

Jc
Dvx

where f,, is the wave frequency, J; is superficial gas velocity, D is pipe diameter, and x is the flow quality. For
26.3 mm pipe, the correlation is expressed as

fw = 0.005 @)

Fr,
£ = 0.0357cy Tmoa_ 5)
D
where the modified Froude number, Fr,,,,, is defined by
J6Pc
Fr, d = . (6)
"% p/gD
The similar correlation from Ousaka et al. (1992) is expressed as
i (Re(;)l-“‘
=0.066=(— ) 7
fw =0.066 D \Re, 7

Here, the effect of superficial gas and liquid velocities are expressed directly by J;, and indirectly by the gas and
liquid Reynolds numbers, Reg and Re;. In comparison to the correlation of Schubring and Shedd (2008) for 16 mm
pipe, the results of the present work give the mean absolute errors of of 22.2%, 10.2%, and 11.9% for superficial
liquid velocities of 0.05, 0.1, and 0.2 m/s, respectively. For 26 mm pipe, comparison to equation (5) for the given
superficial liquid velocities gives larger errors: 28.4%, 28.9%, and 31.5%, respectively. The comparison with the
correlation from Ousaka et al. (1992) for the given superficial liquid velocity gives MAE of 26.3%, 14.0%, and
21.7% for 16 mm pipe and 14.3%, 20.6%, and 35.1% for 26 mm pipe.

To improve the performance of the prediction of wave frequency, a new correlation is developed following the
model of Schubring and Shedd (2008). The best correlation resulted in this experiment for both pipe diameters,
evaluated by the smallest MAE, is given by

0.0270.9,.0.25
]L ]G Frmod
D0-840.25

fw,corr = 0.035 (8)
Here, superficial liquid velocity is involved in the correlation, although the effect is almost negligible. Using these
correlations, the MAE for 16 mm pipe for the given superficial liquid velocities are 9.2%, 9.6%, and 3.6%. For 26
mm pipe, the mean absolute errors are 6.4%, 8.7%, and 14.0%. The performance of the developed correlation for
wave frequency is presented in Figure 12.

92



www.ccsenet.org/mas Modern Applied Science Vol. 8, No. 4; 2014

0 10 20

30 40 50
fu, exp [HZ]

Figure 12. Performance of developed correlation for wave frequency

The effect of pipe diameter on the wave frequency is described in Figure 13 with a diameter range from 8.8 mm to
50.8 mm. The wave frequencies for pipe diameters of 8.8 mm and 15.1 mm are obtained from the correlation of
equation (4) and the frequency for 26.3 mm pipe is resulted from equation (5). From figure 13, it is apparent that
the larger diameter gives the lower wave frequency. From equations (4) and (7), it is clearly shown that the
dependence of wave frequency to the pipe diameter is inversely proportional. The involvement of the modified
Froude number in Equation (5), however, shows that the effect of the pipe diameter is no longer inversely
proportional for 26.3 mm pipe. This emphasizes that there is no agreement among the researchers in determining
the effect of pipe diameter on the wave frequency.
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Figure 13. The effect of diameter on wave frequency

The ratio of velocity and length scales could be used for dimensional analysis of wave frequency, as suggested by
Schubring (2009). In this case, the velocity scale is superficial gas velocity and the length scale is pipe diameter.
From the experiment, the wave frequency tends to be approximately 1.1% of Js/D. It means that this simple
correlation is equivalent to assume a constant Strouhal number of 0.011. This is slightly different to those of
Schubring (2009), in which he suggested a value of Jo/D = 1%. The mean absolute errors resulted from this
correlation are 10% for 16 mm pipe and 22.9% for 26 mm pipe. Plot of wave frequency against Js/D is presented in
Figure 14.
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Figure 14. Wave frequency vs wave scale

To examine the proportionality of frequency to superficial gas velocity for constant diameter and liquid Reynolds
number, a plot of Strouhal number, Sr, against liquid film Reynolds number, Re; g, is used. If frequency is
proportional to superficial gas velocity, the plot of Sr against Re; s, would result in a line. Strouhal number and
liquid film Reynolds number are defined as

D
Sr= f;v_G ©)
my
Rep fiim = Dryt, (10)

where m;, is liquid mass flow rate and 4 is liquid viscosity.

As shown in Figure 15, the proportionality of the wave frequency to superficial gas velocity could not be found in
the present work and the proportionality of 16 mm pipe is better than that of 26 mm pipe. In general, the plot shows
that the dependence of frequency on superficial gas velocity is non-linear, indicating that the effect of superficial
gas velocity is not correctly predicted using velocity and length scales, as clearly shown in Figure 14.
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Figure 15. Wave Strouhal number vs liquid film Reynolds number

4. Conclusion

Experiment of air-water horizontal annular flow have been carried out using 16 and 26 mm pipe and both the
transition of wavy-annular and fully developed annular flow have been successfully established. The common
phenomena of annular flow such as ripple waves, disturbance waves, wave development and entrainment,
coalescence, and breakup could be observed both visually and using liquid holdup signal.
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The effects of superficial gas velocity on wave velocity and frequency are clearly seen. The superficial liquid
velocity, however, has a less significant effect on both wave characteristics. Correlations for wave velocity and
frequency have been developed and both give reasonably good agreement with the experimental data.

Analysis using wave scale shows that the wave frequency tends to be approximately 1.1% of the ratio gas velocity
to pipe diameter. The examination of the dependence of wave frequency on superficial gas velocity using plot of
Strouhal number against liquid film Reynolds number, however, fail to show the linear proportionality of
frequency to gas velocity.
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