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A B S T R A C T

The understanding of the interfacial wave structure and its effect to the interfacial friction factor is important to reveal the transition from stratified to the slug flows.
However, the available theoretical of models, as well as the correlations to predict the wave interfacial characteristics, is quite rare. The discrepancy among
researchers is often found. In the present work, the wave characteristics of air-water stratified flow were investigated experimentally. The inner diameter was 26mm.
The liquid superficial velocity (JL) raised from between 0.02m/s and 0.075m/s while the gas superficial velocity (JG) ranged from 4m/s to 16m/s. A high speed
camera was used to capture high-quality visual data which was later processed with the image processing technique.

As a result, the quantitative parameters of the stratified flow were successfully determined and analyzed. Next, the dimensional analysis was carried out to develop
correlation to predict the flow parameters of the wave such as the wave frequency, the wave velocity, the wave amplitude, and the wavelength. Furthermore, it is
found that the ratio of gas and liquid Reynolds number and Martinelli Parameter plays important role in almost all of the proposed correlation.

1. Introduction

The gas-liquid stratified and wavy flow can be easily found in var-
ious industrial processes such as the transportation system in oil and gas
industry, nuclear reactor cooling system, and a geothermal plant. The
interfacial wave generated by the slip ratio between the gas and liquid
superficial velocity strongly affects the characteristic of the flow. That
phenomenon indicates that the presence of interfacial wave has a sig-
nificant effect on the pressure drop [1]. In addition, the interfacial wave
also leads the increase of the mass and heat transfer rates both at the
interface and at the pipe walls [2].

The complex phenomena of the interfacial wave cause researchers
to elaborate the recent studies and expand the investigation into nu-
merous novel topics. For instance, it is generally noted that the wave
characteristics plays important role on the regime transition of two
phase flow. In detail, the interfacial characteristics of the stratified flow
is considered as the main parameter to predict the transition me-
chanism to the slug flow [3–6]. While the wave growth and evolution
are strongly decisive in the viewpoint of atomization and the droplet
deposition which leads the transition condition of annular flow [7].
Furthermore, Woodmansee and Hanratty [8] reported that the detailed

information of the wave characteristics should be defined carefully in
order to develop a theoretical model accurately.

To create a reliable transportation system that able to maintain the
presence of the stratified flow, it is very important to understand the
stratified flow itself [9]. In these three decades, researchers have drawn
their attention to study the characteristics of the stratified flow, and it
was found that various different interfacial wave exists during the
stratified flow [10–12]. Speeding and Nguyen [10] performed the vi-
sualization study of the stratified flow in horizontal pipes. The results
revealed that the stratified flow was divided into four main sub-re-
gimes. Those are: stratified (smooth), stratified+ ripple wave, strati-
fied+ roll wave, and stratified+ inertial wave. However, Chen et al.
[11] realized that under a high gas superficial velocity, the detailed of
the wave behavior was very difficult to be observed. Other experi-
mental works have been carried out by also Fernandino and Ytrehus
[12] and Tzotzi and Andritsos [2]. They classified the stratified flow
into five regimes: stratified smooth, regular wave (2D and 3D wave),
irregular large-amplitude wave or roll wave, and droplet atomization.
Furthermore, a new flow pattern, which is identified as pseudo-slug
flow, was introduced by Lin and Hanratty [7]. Whereas the main
characteristic of this flow pattern is defined as the presence of the

https://doi.org/10.1016/j.expthermflusci.2019.01.021
Received 6 July 2018; Received in revised form 14 January 2019; Accepted 16 January 2019

⁎ Corresponding author at: Department of Mechanical and Industrial Engineering, Faculty of Engineering, Universitas Gadjah Mada, Jalan, Grafika 2, Yogyakarta
55281, Indonesia.

E-mail address: deendarlianto@ugm.ac.id (Deendarlianto).

Experimental Thermal and Fluid Science 103 (2019) 304–317

Available online 24 January 2019
0894-1777/ © 2019 Elsevier Inc. All rights reserved.

T

http://www.sciencedirect.com/science/journal/08941777
https://www.elsevier.com/locate/etfs
https://doi.org/10.1016/j.expthermflusci.2019.01.021
https://doi.org/10.1016/j.expthermflusci.2019.01.021
mailto:deendarlianto@ugm.ac.id
https://doi.org/10.1016/j.expthermflusci.2019.01.021
http://crossmark.crossref.org/dialog/?doi=10.1016/j.expthermflusci.2019.01.021&domain=pdf


temporary blockage during the flow.
Numerous experimental techniques and analysis methods have been

developed to achieve a depth understanding of the wave characteristics,
such as conductance probe [13–15], capacitance probe [16,17], Particle
Image Velocimetry [18,19] and image processing [20–22]. The con-
ductance probe is often used for the conductive working fluid such as
water and the water solution. On the other hand, for nonconductive
fluids (oil and natural gas), the capacitance probe can be considered as
a suitable measurement method to determine the wave interfacial be-
havior [16,17].

Recently, image processing becomes one of the most frequent
methods to analyze the two phase flow behavior. Furthermore, this
technique offers also numerous benefits like the non-intrusive char-
acteristics, easy to calibrate, and the flexibility to be implemented on
various flow pattern. Equally important, the fast development of the
optical tools and the personal computer also influence the application
of this method. The image processing technique has been utilized to
gather the information of interfacial characteristics of two-phase flow
by previous researchers such as Morales et al. [23], do Amaral et al.
[24], and Widyatama et al. [25]. On the other side, this technique still
offers a great opportunity for improvement in term of optimizing the
available algorithm to obtain a high quality quantitative data and
achieve a shorter time processing.

In term of determining the dynamics property of wave character-
istics in two phase model, previous studies have provided a specific
approached which can be used in the further investigation [1,26–28].
For example, the dominant frequency is usually determined by power
spectrum method [1,26–28]. The application of the fast Fourier trans-
form (FFT) to analyze the domain frequency of the time variation data
of the film thickness is also considered. Some of the researchers com-
bined the above method with the visual observation [29,17,6]. Another
important parameter that should be investigated is wave velocity which
is usually measured by the cross-correlation method [15,17,1,28].
Here, two sets of wave signal data are calculated simultaneously to
obtain the lag time between the data. While the radial wire mesh sensor
has been utilized by Kong et al. [30] to measure the axial velocity
distribution. Regarding the wave amplitude Andritsos [31], Paras and
Karabelas [26], and Gawas et al. [17] have formulated the amplitude of
the wave as a linear function of the deviation standard of the film
thickness data. On the other hand, researchers such as Mantilla [29],
Castro and Rodriguez [21], Kuntoro et al. [22] and Bae at al. [28]
calculated the amplitude of the wave by subtracting the average of
wave peak with the wave valley. Next, they defined the wavelength as
the difference between two consecutive wave peak and it can be ob-
tained by multiplying the wave velocity and the moving time of the
wave. In addition, the wavelength is also determined by dividing the
wave velocity with the wave frequency. In summary, the different
method that has been used to gather the wave interfacial characteristics
often causes the difference in both of results. In addition, the experi-
mental condition and the theoretical assumption of the model also plays
a significant role in the discrepancy of the produced data. Therefore,
further experimental studies in order to enhance the available database
and clarify the previous results should be conducted.

Table 1 shows the summary of previous studies including the ex-
perimental correlation related to the wave properties. From the table, it
is noticed that the presence of the experimental correlation of the dy-
namic properties of the stratified flow is quite rare. In addition, the
discrepancy among the available correlation as well as the factor
strongly affected the wave characteristics is clearly found.

The aim of the present experimental work is to investigate the
characteristics of the interfacial wave of the stratified flow. Here, the
image processing technique was chosen as the main method to obtain
the quantitative parameter of the stratified flow data. The data was
comprehensively analyzed and compared to the result from the pre-
vious studies. In addition, the dimensional analysis was also performed
to reveal any factor affecting the wave characteristics of the slug flow.

The quantitative data obtained from the present work is important to
fulfill the need for a high-quality database of stratified flow as well as to
justify the available model. Equally important, the detailed information
of the wave characteristics can be used to develop a transition model of
stratified flow to slug flow and support the validation of the available
CFD codes [32].

2. Experimental apparatus and procedure

The experiments were performed at the Laboratory of the Fluid
Mechanics, Mechanical and Industrial Engineering Departement,
Universitas Gadjah Mada. The installed research facility is shown in
Fig. 1 which consist of the horizontal pipe, compressor, water supply
pump, flowmeter, mixer, and separator. In the present work, a set of
26mm inner diameter was arranged with a total length of 10m. A
simple T mixer, as shown in Fig. 2, was installed on the inlet section
where the air was injected from upper part while the water was sup-
plied from the bottom part. In the middle of the mixer, 3mm spliter
plate was placed to reduce the flow fluctuation.

A compressor at the maximum amount of 600 LPM and pressure of 8
bars (gauge) was used to obtain the desired airflow rate. Here, the air
regulator was also utilized to control a constant inlet pressure. In order
to control the air flow rate, three Dwyer gas rotameters with maximum
capacities of 200, 600 and 1600 SCFH, and approximately 3% accuracy
were used. The water supply was fulfilled by pumping the water from
the storage tanks. A centrifugal pump with a maximum capacity of
16.8 m3/h, was used. To measure the water flow rates, the Omega water
rotameter with a maximum capacity of 75 GPH and approximately 2%
accuracy was used. In addition, to minimize the flow oscillations and
vibrations at around inlet area, a flexible hose was installed. Next, the
air and the water flowed co-currently in the test section. At the end of
the test section, a separator was installed. Here, the air was released
into atmosphere and the water was collected on the storage tanks be-
fore it was pumped back to the inlet section.

The experiments were performed under the atmosphere condition.
It was assumed that the system was not affected by surroundings, hence
there was no heat transfer process passing the system boundary. The
water superficial velocity (JL) ranged from 0.02m/s to 0.075m/s and
the air superficial velocity (JG) was set between 4m/s and 16m/s.

To ensure the fully developed stratified flow, the observation area
was set on the 180 D from the inlet. The scheme of observation area is
depicted in Fig. 3(a). Here, a correction box was placed to minimize the
refraction effect of the acrylic pipe. In order to support the flow vi-
sualization, a set of LED lamps and a diffusive layer was arranged be-
hind the pipe. A high speed video camera Phantom Miro M310 was
used which produces 3200 fps on the maximum image resolution,
1280×800. The focal length and the aperture of the lens were 85mm
and 2.8, respectively. Hence, a 2mm depth-of-field was obtained. As
illustrated in Fig. 3(b) the out of area produces blurry interface so the
observation can be only focused in the centre of the pipe. In the present
study, the high speed video camera was set between 200 and 800 fps to
capture the detailed phenomena of the stratified flow.

Before the phenomena of the stratified flow were captured, there
were two steps that should be conducted. First, a calibration object was
placed in the middle of the correction box. This step was essential to
achieve an accurate focus point of observation. Next, it was also im-
portant to capture the image of full water and the full air which will be
used in the background subtraction later.

2.1. Image processing technique

In the present experimental work, the interfacial wave character-
istics were obtained by using image processing technique. Fig. 4 pre-
sents the sequential steps of the image processing technique. Six main
steps were introduced before the analysis of quantitative parameter was
conducted. First, the sequence images were loaded to the Matlab
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Table 1
The summary of the previous research on the wave characteristics and the proposed correlation.

Author Working
Fluids

Geometry JG and JL (m/s) Regime Wave Equation

Ousaka et al. [34] Air–water Pipe dia.= 25.4mm 16–30
0.04–0.1

Annular
Freq. = ( )f 0.0066 JL

D
ReG
ReL

1.18

Velocity, = ( )c J3.0 L
ReG
ReL

0.78

Paras et al. [26] Air–water Pipe dia.= 50.8mm 10–66
0.02–0.2

stratified -
Annular

Velocity , = + ⎡⎣ ⎤⎦
c J0.75 0.002 ( )G

hL
D

5 0.5

Mantilla [29] Air–water Pipe dia.= 50 and 152mm 5–80
0.0035–0.01

Stratified -
Annular

Freq. St= 0.25 X-1.2

Velocity, = +
+

c ψUG UL
ψ1

;

Amplitude, = −1350 3.25hw
hL

ReG
ReL

Δ 0.1
0.5

for ≤ 0.005ReG
ReL

0.1
0.5

Al Sarkhi et al.
[15]

Air–water Pipe dia.= 0.076mm 40–80
0.0035–0.004

Annular Freq. St= 1.1 X0.93

Velocity, c/jL= 2.379 X-0.9

Gawas et al. [17] Air–oil Pipe dia.= 152.4 mm 10–20
0.005–0.02

Stratified -
Annular

Freq. St= 5.102 X-0.495

Velocity, c/jL= 3.51 X-0.81Amplitude, = ( )0.67hw
D

hw
D

Δ Δ 0.71

= X0.58( )hw
D

Δ 0.53

Bae et al. [28] Air–water Rectangular
channel= 40×50mm

5–25
0.01–0.08

Stratified Freq. St= 0.057X-1.33+ 0.89

Amplitude, =
⎡

⎣

⎢
⎢
⎢
⎢

−
⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

⎤

⎦

⎥
⎥
⎥
⎥

−
exp3.84hw

hL

ReG
ReLΔ

0.1
0.5 0.0067

0.0053

2

for ≤ 0.005ReG
ReL

0.1
0.5

Separator

Water

Air

L

Personal Computer

Valve Valve

Flow
Meter

Flow
Meter

by pass
valve

Water Tank

Mixer

Air
Regulator

Light source

High Speed
Video Camera

PT
x/L = 0 x/L = 1

PumpPump

Fig. 1. The schematic diagram of the experimental apparatus.

Fig. 2. The configuration of the simple T mixer.
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R2013a. It was set as a raw grayscale image. Before the further steps
was executed, the condition of raw image should be checked in order to
ensure the position of the object. The rotation process was applied to fix
the misalignment between the length of the pipe and the horizontal axis
of the image. The cropping process was also implemented to remove
unused part of the image. Next, the image filtering was done to enhance
the image quality. As suggested by do Amaral et al. [24] and Widya-
tama et al. [25], the combination of filter bottom hat filter and top hat
filter was used to increase the image contrast (Fig. 5(b)).

The next steps reversed the each value of the pixel with its com-
plement value. The result of the complement process is shown in
Fig. 5(c) where in comparison to the previous one, the processed image
contains the brighter air-liquid interface and darker background image.
Then the background subtraction process, as applied by Vallée et al.
[33] and Kuntoro et al. [22], was carried out. This steps mainly was
used to reduce any uneven condition on the image. The value of liquid
film thickness was determined by finding the maximum grayscale value
of each column. Next, the distance of the air-liquid interface and the
bottom of the image was determined and it represented the film

thickness of the stratified flow. The result of this process is depicted in
Fig. 5(f). In detail, the figure shows the raw image which is overlapped
by the obtained liquid air interface (red line).

It is realized that the implementation of shadowgraph method
produces limitations, such as the presence of local blindness due to the
interface blockage which occurs in front of the measuring plane. As a
result, the local film thickness sometimes cannot be detected accu-
rately. However, this method still offers numerous advantages and
moreover it can be developed through various available algorithm to
minimize the problems. Recently, Widyatama et al. [25] have proposed
sequence steps to overcome the limitation of slug flow object mea-
surement due to the presence of dispersed bubble. It produces a better
object recognition in comparison to the conventional binary conversion
procedure. In term of the measurement of film thickness, Kuntoro et al.
[22] and Motonya et al. [20] have proposed specific methods to over-
come the problem of the inaccurate film thickness detection due to
interfacial oscillation. In the present work, median, and top and bottom
hat filter were applied. Median filter is used to reduce the noise while
the combination top hat filter and bottom hat filter produce an image
containing a better contrast composition. On the most of 3D wave
pattern case, the filter Savitzky-Golay is used to interpolate the inter-
face contour. The filter was set on polynomial order of 3 as used by
Gowri et al [34] (see Fig. 6b). Although those sequence methods has
successfully solved the problem on the 3D wave interface, a more ad-
vanced process to extract quantitative parameter on this regime should
be developed on the further study since in the present study, the data
can be biased by the use of the filter especially on the 3D wave pattern
with high oscillation frequencies.

Fig. 6 indicates the implemented process to overcome the presence
of local blindness during the film thickness measurement. In Fig. 6(a),
the front side of the 3D wave shows a blurry interface. It is probably due
to the 3D wave pattern which oscillates around the centre of the pi-
peline. The treatment applied in this case is shown in Fig. 6(b). In the
left side, the edge detection process cannot optimally perform due to
the blurry interface. Consequently, the results show a fluctuated in-
terface. Whereas the right side of Fig. 6(b) depicts the result of the
smoothing process applied in this works. As shown in the figure, the
problem due to local blindness can be overcame. In addition, the result
of edge detection is plotted in Fig. 6(c), and it shows a well-represented
stratified interface.

Light source

High Speed
Video Camera

0.4 m

DOF = ±2 mm

A

A

Section A - A

Lens = 85 mm
Aperture = f/2.8
Object distance = 0.4 m

Sharp object

Blurred
interface

Fig. 3. (a) The scheme of observation area. (b) The cross sectional view of the horizontal pipe.
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Fig. 4. The image processing steps at longitudinal section.
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2.2. Wave parameter measurement

The comprehensive understanding of the wave characteristics is
important to evaluate two phase flow model. Here, the parameters
which will be discussed are the film thickness, the wave amplitude, and
the wavelength.

a. Film thickness

Film thickness is the main parameter which is essential to extract
the other interfacial characteristics of the stratified flow. The mea-
surements were done in four reference points as shown in Fig. 7. Each
reference point produced the film thickness time series data as illu-
strated in Fig. 7(b).

The example of the film thickness time series information is shown
in Table 2. From the table, it is noticed that each flow pattern produces

different pattern of the film thickness time series data. For example, the
2D wave is characterized by the presence of small amplitude as well as
the uniform period wave acting as sinusoidal wave. The 3D wave is
denoted by presence of bigger the wave amplitude. The irregular wave
can be found although the uniform wave still dominant in this case.
Close observation of Table 2 reveals also that the roll wave and pseudo
slug pattern show the intermittent pattern.

b. Wave Frequency

In the present experimental study, the dominant wave frequency
was determined by using the fast fourier transform (FFT). The fre-
quency was determined by the value of frequency axis corresponding to
the maximum FFT value as shown in Fig. 8. In the figure, under a
constant JL of 0.03m/s, the JG= 5m/s and JG= 16m/s were chosen
as the example. In order to validate the obtained dominant frequency
from Fast Fourier Transform (FFT), manual counting from the film
thickness time trace was conducted.

c. Wave Velocity

As shown in Fig. 7, each reference measurement point produces a
film thickness time series data. As a result, a brief comparison of each
data can be performed to obtain the wave velocity. Here, the wave
velocity, represented by lag time, was determined by using the cross
correlation method of two set of time series data. The cross corelation of
Rxy(t) gathered from x(t) and y(t) is described as follows:

∫= +
∞

−∞

R t x τ y t τ dτ( ) ( ) ( )xy
(1)

where t is the lag time and Rxy is defined as the cross correlation
function of the x(t) and y(t)

d. Wave Amplitude

Each time series data of air-liquid stratified flow obtained from the
image processing technique can be approached as the signal wave flow.
One of the wave characteristics is the wave amplitude. The wave am-
plitude (Δhw) is defined as the difference between wave height (hw) and
the wave base height (hLB). This method was also introduced by
Mantilla [29]. The wave height (hw) is determined from average of
wave peaks above the mean film thickness plus 1.5 of the standard
deviation. On the other hand, the wave base height (hLB) is determined
from the average of wave valleys below the mean film thickness −0 to
−1.5 standard deviation. Fig. 9 presents the example of the char-
acteristics of local film thickness of the wave. Here the flow condition
was JL= 0.03m/s and JG= 12m/s.

e. Wavelength

The wavelength is defined as the difference between two con-
secutive wave peak. It was obtained by multiplying the wave velocity
and the moving time of the wave. Close observation of Fig. 9 between
8.8 and 10 s illustrates the example of wave unit. The unit wavelength is
represented by Lw symbol. In general, the average wavelength is cal-
culated as follows:

∑= −
=

−L c
n

t t( )w
i

n

i i
1

1
(2)

where c is the wave velocity, n is the number of wave during the ex-
periments, and ti is the time when wave reaches the peak i.

3. Results and discussion

As the liquid and gas superficial velocities were set on the desired

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 5. (a) Raw image. (b) Image after filtering process. (c) Image after com-
plement process. (d) Image after background substraction process. (e) Film
thickness detection process. (f) Film thickness detection result is plotted in the
grayscale image.
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flow condition, the visualization study utilizing a high-speed video
camera was carried out to obtain the brief description on the interfacial
wave structure of the stratified flow. Next, the image processing

technique was applied to determine the quantitative parameters of the
stratified flow in a horizontal pipe such as the film thickness, the wave
frequency, and the wave amplitude. In the next following section, the

Local blindness

Local blindnessThe detection of max. greyscale

With 
smoothing

Without 
smoothing

(a) the raw Image

(b) the film thickness detection result

(c) the film thickness plot

Fig. 6. Smoothing process to detect the local film thickness on the wavy stratified flow.

Fig. 7. (a) the film thickness detection result at four different reference positions, (b) the time series plot.
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analysis of image visualization is presented first followed by wave re-
gime map on the present work. Next, the wave parameters will be
comprehensively discussed. To provide a better understanding of the
wave characteristics, the dimensional analysis of each parameter will
be performed. As a result, the effect of both liquid and gas superficial
velocity as well as any non dimensional number were successfully re-
vealed.

3.1. Interfacial wave pattern

Fig. 10(a) shows the example of 2D wavy flow pattern. Here, the
flow condition of the JL= 0.03m/s and JG=4m/s was an example. In

this flow pattern, the gas-liquid phase was fully separated and a series
of small amplitude wave was observed. The interfacial wave during the
flow tended to be uniform and can be described as two-dimensional
wave. As the superficial velocity increases, the 3D wavy flow is ob-
served as depicted in Fig. 10(b). Here, the periodical wave still can be
observed. However, the wave perturbation, especially is triggered due
to the wave breakup mechanism around the inner wall, often occurs. It
causes the presence of irregular wave. Close observation of Fig. 10(b)
reveals that small ripple is also found in the 3D wavy flow.

Fig. 10(c) depicts the roll wave phenomena which was found at a
higher gas superficial velocity. It is characterized by the presence of the
sudden increase of liquid phase acting as rolling wave. It will increase

Table 2
The examples of the wave pattern were identified with the image processing analysis.

Data The original image The processed image The time series plot

2D Wave
JL= 0.03m/s
JG=5m/s

3D Wave
JL= 0.03m/s
JG=6m/s

Roll Wave
JL= 0.03m/s
JG=8m/s

Entrained Droplet+RW
JL=0.03m/s
JG=16m/s

Pseudo Slug
JL= 0.05m/s
JG=5m/s

Fig. 8. The determination of wave frequency with FFT method at constant JL of 0.03m/s.
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the shear stress along the flows and causes the liquid hold up of the flow
decreases. Fig. 10(d) shows the example of entrained droplet and dis-
turbance wave occurred at JL= 0.03m/s and JG= 16m/s. The ato-
mization and the droplet deposition around the inner wall is one of the
mechanisms leading to the formation of annular flow [7]. At slightly
higher liquid flow rate, the presence of hydraulic jump and temporary
blockage by liquid film can be observed as shown in Fig. 10(e). This
flow pattern is described as pseudo-slug flow as identified by Lin and
Hanratty [7]. As found in stratified roll, it is caused by the increase of
interfacial shear stress. The liquid phase is able to reach the top of the
wall. However, due to the small amount of the liquid, the liquid
blockage disappears as the time progressed. Next, the observed flow
patterns are plotted and added by transition line as depicted in Fig. 11.

3.2. Interfacial wave parameter

3.2.1. Wave frequency
Fig. 12 shows the effect of JG and JL on the wave frequency. From

the figure, it is observed that at JG < 8m/s and in low liquid flow
conditions (JL < 0.04m/s), the wave frequency tends to be higher due
to the presence of 2D and 3D wavy flow. In those flow patterns, the
periodic and uniform flow still occurs and the large disturbance wave is
rarely found. As a result, it produces the higher frequency. However, at
JG≥ 8m/s, the increase of gas superficial velocity on the constant li-
quid superficial velocity causes an increase in the wave frequency.

There are some previous studies which focus on the wave frequency
on the two-phase flow [1,15,35]. However, the proposed correlation
related to the wave frequency on the stratified flow has not been dis-
cussed yet. The available correlations consider the modified Martinelli
Parameter, representing the inertia of the gas and liquid phase, as the
main factor affecting the wave frequency [28,29]. Mantilla [29] pro-
posed a correlation to predict the wave frequency on the stratified and
annular flow by using nondimensional parameter X and St as shown in
Table 1. The X parameter is the Lockhart Martinelli Parameter while St
defines the Strauhal Number. They can be described as follows:

=X
ρ J
ρ J

L L

G G

2

2
(3)

=St
f D

J
· H

L (4)

where JL and JG represent the liquid and gas superficial velocity, ρL and
ρG are liquid and gas density, f describes the wave frequency, and DH is
hydraulic diameter of the pipe.

Bae et al. [28] developed the wave frequency correlation of the
stratified flow on the rectangular pipe. However, it was also mentioned
that the correlation was only appropriate for the JG≥ 15m/s. In term
of Annular flow, Al Sarkhi et al. [15] have proposed a correlation by
using the nondimensional parameter which is developed by Mantila
[29] to predict the frequency of the annular flow on the horizontal pipe
of 76.2 mm inner diameter.

Fig. 13 depicts the comparison of the present works and the pre-
vious studies. Here the horizontal axis is Martinelli Parameter (X) while
the Strouhal number (St) is set as the vertical axis. Close observation of
the figure reveals that as the Martinelli parameter increases, the
Strouhal number decreases. This results indicates that the increase of
interaction of interfacial wave is affected by the decrease of Martinelli
parameter. Previous studies, such as Mantilla [29], Al Sarkhi et al. [15],
and Bae et al. [28], produced the similar trend with the present work.
The data of their experimental works as well as the proposed correla-
tion are also plotted in Fig. 13 to elaborate the results more compre-
hensively. As shown in Fig. 13, It is found that the correlation proposed
by Mantila [29] overpredicts the experimental data. While the corre-
lation proposed by Bae et al. [28] overpredicts the experimental data
for X > 0.15 and underpredicts for X≤ 0.15. Next, the correlation of
Al Sharki et al. [15] which was built on the basis of experimental data
produces a higher value in comparison with the present experimental
data as well as the data of Mantila [29] and Bae et al. [28].

The discrepancy shown by previous studies indicates that further
analysis should be developed to formulate a better correlation which is
able to predict accurately the wave characteristics of the stratified flow.
Here, the dimensional analysis was carried out based on the experi-
mental data to reveal the dominant factor affecting the wave frequency.
It is generally known that the frequency of the wavy is influenced by
numerous factors such as the gas superficial velocity, the liquid su-
perficial velocity, the viscosity of the gas and the liquid, and the density
of the gas and liquid. The general function of the wave frequency is
written as follows:

=f f Jg JL D μL μG ρL ρg( , , , , , , ) (5)

Furthermore, those variables are summarized in Table 3 which
contains the name of the variable, the symbol of the variable, and the

Fig. 9. The example of local film thickness (JL= 0.03m/s and JG=13m/s).
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variable dimension.
From the table by using the pi Buckingham and theory, it is possible

to form five Pi dimensionless parameter (Π) by using Pi Buckingham
Theorem. In the present work, The D, JL, and ρL were chosen as a re-
peated variable. Those can be written as follows:

∏ =
f D
J
·
L1 (6)

∏ = J
J
G

L2 (7)

∏ =
ρ
ρ

G

L3 (8)

∏ =
μ

J ρ D
L

L L4 (9)

∏ =
μ

J ρ D
G

L L5 (10)

It is then processed to form a simpler non dimensional parameter.
Here, Π6 and Π7 were utilized to simplify the available parameter. The
mathematical operation process is described as follows:

∏ =
∏ ∏

∏
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Fig. 10. The example of various wave types.
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As a result, the general form of the function which contains all of the
dimensionless parameters can be expressed as follows:

∏ ∏ ∏ ∏= f ( , , )
1 4 6 7 (13)
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(14)

where a, b, and c represent the fitting coefficient of the formula. Next,
the Strouhal Number (St), the liquid Reynolds number (ReL), the gas
Reynolds number (ReG), and the Martinelli parameter (X) are generally
formulated as follows:

= =
f D
J

S
·

S Strouhal Number
L

t t (15)

= =
J ρ D

μ
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(18)

Next, the Eqs. (15)–(18) are substituted into the Eq. (14), and the
result is written as follows:

= ⎡
⎣⎢

⎤
⎦⎥

⎡
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Re
Re X

St a 1G

L

b c

(19)

To determine the fitting coefficient of Eq. (19), the fitting process is
carried out by using the present experimental data which is focused on
the irregular waves flow pattern (roll-wave, pseudo-slug, and the en-
trained droplet+ roll wave). Moreover, the data of previous studies
[14,28] were also utilized to produce well-represented correlation. The
final form of wave frequency correlation is written as follows.

= ⎡
⎣⎢

⎤
⎦⎥

−St Re
Re

X0.215 G

L

0.08
0.912

(20)

The proposed correlation should be evaluated to compare the result
of the predicted wave frequency with that of obtained by image pro-
cessing technique. Fig. 14 shows the comparison of the result of pro-
posed correlation and the experimental data. It is observed that in
general, the proposed correlation shows a good agreement with the
measured data. Most of the data lie under 50% error. In addition, the
further analysis is carried out to clarify the error value. The Mean
Absolute Percentage Error (MAPE) is formulated as follows:

∑=
−

×
=

MAPE
n

X X
X

1 100%
i

n
pred i i

i1

, exp,

exp, (21)

where Xpred i, is the Strouhal number obtained from the proposed
correlation, X iexp, is the data obtained from the experiment, and n de-
fines the number of data. Based on the analysis of the data obtained by
image processing technique, the calculated MAPE is 23.0%. Therefore,
it can be concluded that the proposed formula can accurately predict
the frequency of the wave represented by the Strouhal number. While
the MAPE of the data of the Bae et al. [28], and Shi and

Fig. 11. The wave regime map for the present study.

Fig. 12. The effect of JG and JL on the variation to wave frequency.

Fig. 13. The comparison of the result of the present work with the previous
studies.

Table 3
The dimension of the variable.

The variable Symbol The variable dimension

M L T

The frequency of wave f −1
The diameter of the pipe D 1
The superficial velocity of the liquid JL 1 −1
The superficial velocity of gas JG 1 −1
The dynamic viscosity of the liquid μL 1 −1 −1
The dynamic viscosity of the gas μG 1 −1 −1
The density of the liquid ρL 1 −3
The density of the gas ρg 1 −3
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Kocamustafaogullari [14] are, 21.8% and 23.9%, respectively. To
conclude, the Eq. (20) can be interpreted the phenomena of wave fre-
quency as follows.

– The ratio between Reynolds Number of the gas and liquid plays an
important role in the wave frequency. As the ratio of Reynolds
number increases, the Stouhal number, representing the wave fre-
quency ratio, increases. It shows the similar tendency with the in-
vestigation conducted by Ousaka et al. [35]. The Reynolds number
can be defined as the ratio of inertia force and viscous force.
Therefore, the viscosity of the fluid also influences the wave fre-
quency. As concluded by Setyawan et al. [1], the increase of liquid
viscosity causes the frequency of the wave decreases.

– The increase of the Martinelli Parameter leads the decrease of the
Strouhal number. The Martinelli Parameter is defined as the ratio
between the liquid Froude number and the gas Froude number.
Meanwhile, the Froude number, which is described as the ratio
between the inertia force and the gravitational effect, is strongly
affected by the phase velocity. The results also confirm to that of the
Setyawan et al. [1] who reported that the increase of the gas and
liquid superficial velocity also increases the wave frequency.

3.2.2. Wave velocity
Fig. 15 depicts the effect of JG and JL on the wave velocity. The

increase of the JL under the constant JG causes the wave velocity in-
creases except for the pseudo slug phenomena. At low JG and high JL,
each individual wave has different propagation velocity. It significantly
increases the possibility of wave coalescence during the flow. Due to the
small amount of the water, the pseudo slug pattern is formed. It is

characterized by the presence of a series of bigger wave which tem-
porarily blocks the cross-sectional area of the pipe. As the JG increases,
the wave breakup events is more dominant in comparison to the wave
coalescence so both of the frequency and the velocity of the wave be-
comes stable.

The comparison of the present work with the previous studies is
depicted in Fig. 16 where the Martinelli parameter and the ratio of
wave velocity with liquid superficial velocity are chosen as X and Y
axis, respectively. In general, a similar result between the present and
previous works is found. However, it is noted that the correlation
proposed by Al Sarkhi et al. [15] underpredicts the present experi-
mental data. It is mainly due to the different experimental condition.
The correlation of the Al Sarkhi et al. [15] was arranged by using the
experimental data on the high gas superficial velocity. While in com-
parison the result of Gawas et al. [17], the data tends to show good
agreement.

To obtain the correlation of the wave velocity, dimensional analysis,
as implemented in the previous section, was conducted. It is followed
by fitting process present experimental data as well as the data gathered
from previous literatures [14,28,29], especially where the JG≥ 5m/s.
By considering the important parameter affecting the wave velocity, the
correlation to predict the wave velocity is written as follows:

= ⎡
⎣⎢

⎤
⎦⎥

−J Re
Re

Xc/ 4.786L
G

L

0.18
0.51

(22)

From the Eq. (22), it is found that ratio of gas and liquid Reynolds
number shows the positive effect to the ratio of wave velocity and the
liquid superficial velocity. As the ratio of the gas and liquid Reynolds
number increases, the ratio of wave velocity and the liquid superficial
velocity increases too. It shows the similar tendency with the in-
vestigation conducted by Ousaka et al. [35]. Meanwhile, Martinelli
parameter which represents the ratio between the liquid Froude
number and the gas Froude number shows the negative effect on the
Strouhal number. It shows the similar tendency with the investigation
conducted by Gawas et al. [17].

The comparison of the proposed correlation with the present ex-
perimental data is shown in Fig. 17. In general, the predicted value
shows a good agreement with the experimental data of present study.
The MAPE is around 13.8%. Furthermore, the result of previous studies
[14,28,29] was also used to develop correlation. Next, the available
data was also analyzed to obtain the error value of proposed correla-
tion. The MAPE between the predicted value and the actual data of
Mantilla [29], Bae et al. [28], and Shi and Kocamustafaogullari [14]
were 15.3%, 14.1%, 40.3% and 9.5%, respectively.

3.2.3. Wave amplitude
The effect of JG and JL on the wave amplitude (Δhw) is clearly

Fig. 14. The performance of new correlation for wave frequency.

Fig. 15. The effect of JG and JL on the wave velocity.

Fig. 16. The comparison of the experimental data with previous studies.
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presented in Fig. 18. Under the constant JG, the Δhw tends to be higher
as the JL increases. On the other hand, the effect of JG seems to be more
complex since it also depends on the JL. At the JL≥ 0.04m/s, the in-
crease of the JG causes the Δhw decreases. It is due to the competition
between the wave break up and the wave coalescence. As the JG in-
creases, the wave breakup overcomes the wave coalescence to produce
a lower wave amplitude. At the JL < 0.04m/s, the Δhw also increases
as the increase of the JG because of the regime transition between 2D
and 3D wave into the roll wave. Then it tends to decrease as the flow
pattern change from the roll wave flow into the roll wave+ entrained
droplet.

The ratio of the Reynolds number (ReL0.1/ReG0.5) is considered as
the only dominant factor affecting the wave amplitude as concluded by
Mantilla [29] and Bae et al. [28]. The comparison of the experimental
data with the proposed correlation of the Mantilla [29] and Bae et al.
[28] is shown in Fig. 19. From the figure, it is found that in comparison
to present experimental data, the correlation of Mantila [29] is far
predicted rather than the experimental data. Meanwhile, the correla-
tion of the Bae et al. [28] shows that at the (ReL0.1/ReG0.5) < 0.015,
the value tends to be overpredicted while at the (ReL0.1/
ReG0.5)≥ 0.015, it is observed that the value is underpredicted. In
summary, both of proposed correlation can’t predict the phenomena of
the wave amplitude on the present experimental studies.

Therefore, the present study also propose a new correlation of the
wave amplitude on the basis of the various important parameter. Next,
the dimensional analysis on the present experimental data where the
JG > 6m/s as well as the data of Bae et al. [28] was conducted to

produce the correlation of the wave amplitude written as follows.

= ⎡
⎣⎢

⎤
⎦⎥

h
h

Re
Re

XΔ 0.03w

L

G

L

6.0 5.7

(23)

As shown in Eq. (23), the ratio of gas and liquid Reynolds number
and Martinelli Parameter show positive effect on the ratio of the wave
amplitude and the film thickness. As the Reynolds number increases,
the ratio of the wave amplitude and the film thickness also increases.
The Martinelli Parameter, which is the function of the gas and liquid
mass flow rate, plays an important role in the wave formation of the
two-phase flow.

The proposed correlation was compared to the experimental data as
shown in Fig. 20. The data of the Bae et al. [28] was also added to the
figure. Close observation of Fig. 20 reveals that the proposed correla-
tion predicts the ratio of the wave amplitude and the film thickness
well. The MAPE between predicted and actual value of the data of the
present study and Bae et al. [28] were 22.54% and 21.57%, respec-
tively.

3.2.4. The wavelength
Fig. 21 depicts the effect of JG and JL on the wavelength. It is noted

that the liquid superficial velocity plays an important role in the wa-
velength characteristic. At JL≥ 0.05m/s, the increase of the JG, in
general, leads the decrease of the Lw. The pseudo slug, which dom-
inantly occurs at low JG and high JL (JG≤ 6m/s and JL≥ 0.05m/s), is
characterized by the presence of high wave velocity which flows in low

Fig. 17. The comparison of the proposed wave velocity correlation with the
experimental data.

Fig. 18. The effect of JG and JL on the Δhw.

Fig. 19. The comparison of the experimental data of the wave amplitude with
the previous studies.

Fig. 20. The comparison of the proposed wave amplitude correlation with the
experimental data.
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frequency to produce long wavelength. As the increase of JG, the dif-
ference between gas and liquid inertia also becomes higher leading the
wave breakup occurs more frequently. As a result, the wavelength in-
creases. Whereas in the low liquid loading condition (JL < 0.05m/s),
the increase of JG tends to increase the LW. It is due to the occurrence of
regime transition form periodic wave, which contains a series of small
waves, to the disturbance wave. One of the main characteristics of
disturbance wave is the presence of high amplitude wave during the
flow.

The dimensional analysis is also used to reveal the dominant factor
affecting the Lw. The fitting process was done by using the present
experimental data on the JG > 6m/s. Furthermore, the data of Shi and
Kocamustafaogullari [14] and Bae et al. [28] were also used to de-
termine the fitting coefficient. Finally, the correlation of the wavelength
is obtained. It is written as follows:

= ⎡
⎣⎢

⎤
⎦⎥

− −L
h

Re
Re

X250w

L

G

L

5.07 5.48

(24)

On the contrary of the proposed correlation of the wave amplitude,
it is observed that the ratio of gas and liquid Reynolds number and
Martinelli parameter shows the negative effect of the ration of the
wavelength and the average film thickness. The increases of the gas and
liquid Reynolds number, as well as the Martinelli parameter, decreases
the ratio of-of the ration of the wavelength and the average film
thickness. Next, Fig. 22 shows the comparison of the proposed corre-
lation and the experimental result. It is important to be noted that the
available correlation of the wavelength has not been found yet. So the
presence of this correlation is important. As shown in the figure, the

MAPE between the predicted value and the experimental data of the
present study, Bae et al. [28] and Shi and Kocamustafaogullari [14]
were 23.4%, 22.0% and 22.4%, respectively.

4. Conclusion

In the present work, the image processing technique was applied to
determine the essential parameter on the wave dynamic characteristics
of the stratified flow. The result was analyzed to reveal the effect of the
change of gas and liquid superficial velocity on each parameter. In
addition, several correlations were proposed by using the dimensional
analysis. The results are summarized as follows:

a. The ratio of Reynolds number and Martinelli parameter plays an
important role in the proposed correlation of the wave frequency,
wave velocity, wave amplitude, and the wave amplitude.

b. On the proposed correlation of the wave frequency, the ratio of
Reynolds number shows the positive effect on the Strouhal number.
On the other hand, the increase of the Martinelli parameter shows
the negative effect on the Strouhal number. Here, it is found that
The Mean Absolute Percentage Error of the proposed correlation is
23.0%.

c. The proposed correlation of the wave velocity shows that the in-
crease of the ratio of the gas and liquid Reynolds number increase
the ratio of the wave velocity and the liquid superficial velocity. On
the other hand, the increase of the Martinelli parameter shows the
negative effect on the ratio of the wave velocity and the liquid su-
perficial velocity. The Mean Absolute Percentage Error of the pro-
posed correlation of the wave velocity is 13.8%.

d. The proposed correlation of the wave amplitude reveals that the
increase of the ratio of the gas and liquid Reynolds number and the
Martinelli parameter also increase the ratio of the wave amplitude
and the average film thickness. The Mean Absolute Percentage Error
of the proposed correlation of the wave amplitude is 22.54%.

e. On the contrary of the proposed correlation of the wave amplitude,
the dimensional analysis of the wavelength shows that the ratio of
the gas and liquid Reynolds number and the Martinelli parameter
also have the negative effect on the ratio of the wave amplitude and
the average film thickness. The proposed correlation shows a sa-
tisfying performance with The Mean Absolute Percentage Error of
the proposed correlation is 23.4%.
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