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A B S T R A C T   

The aim of the present study was to investigate the effect of the liquid physical properties on the liquid film 
thickness, wave frequency, and wave velocity in co-current gas-liquid stratified two-phase flow in a horizontal 
pipe. The present experimental study was conducted using an acrylic pipe with an inner diameter of 26 mm and a 
length of 9500 mm. The superficial velocity of liquid (JL) and gas (JG) were 0.02 m/s to 0.1 m/s and 4 m/s to 16 
m/s, respectively. A highspeed video camera was used to take the visual data which is then processed by the 
developed image processing techniques to obtain the time series data of the liquid film thickness. The probability 
distribution function (PDF) and discrete wavelet transform (DWT) were used to analyze the time series of the 
liquid film thickness. In addition, the data were also analyzed using the power spectral density (PSD) in order to 
obtain the wave frequency and the wave velocity. Next, the experimental correlations to predict the wave fre-
quency and the wave velocity were developed using the dimensional analysis. From the time series of the liquid 
film thickness, the effect of the viscosity and surface tension on the shifting of scale and frequency of the wavelet 
decomposition level, as well as the frequency and velocity of the waves were clarified. In addition, a correlation 
to predict the frequency and velocity of waves has been successfully developed, in which the Martinelli 
parameter, the ratio of gas and liquid Reynold numbers, and the Weber number play the important roles in the 
correlation.   

1. Introduction 

The horizontal stratified wavy flow is often found in oil and gas 
transportation systems. Under sufficiently high flow rates, waves in 
stratified flow grow with large enough amplitudes, one example being 
roll waves (Hanratty and Hershman, 1961). Under many flow condi-
tions, the roll wave grows into slug form by other mechanisms (Lin and 
Hanratty, 1986). Roll wave and slug at lower levels cause the fluctua-
tions in pressure and flow rate which can damage instrumentation 
(Bruno, 1988). In addition, Villarreal et al. (2006) stated that in the case 
of the production and transportation of hydrocarbons, the presence of 
slug flow causes the increase of the corrosion rate. Therefore, the op-
erators and the design engineer of the piping system mostly avoid the 
occurrence of slug flow (Dinaryanto et al., 2017). Thus, many piping 

systems are designed to operate in a stratified flow regime and avoid the 
slug. 

Aydin et al. (2015) reported that in the natural gas pipelines, a 
gas-liquid stratified flow can be observed, whereas the condensation 
occurs during the transport of single-phase natural gas. In this situation, 
the interfacial waves play the important role in the process of mass, 
momentum, and energy transfer between the gas and liquid phases. This 
is in line with the report from McCready and Hanratty (1985), who 
explained that a measurable increase in mass transfer rate for 
non-sheared non-wavy interfaces could reach ten (10) times the mass 
transfer rate for wavy interfaces. Those are also in a good agreement 
with those of Lockhart and Martinelli (1949), Andritsos and Hanratty 
(1987), Kowalski (1987) and Al-Wahaibi and Angeli (2011) who sug-
gested that the interface wave will affect the interface roughness 
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between the two phases, which in turn causes pressure drop. By 
designing a piping system that can operate in a stratified flow, it can 
certainly increase safety and efficiency. 

Several previous researchers (Govier and Omer (1962), Mandhane, 
et al. (1974),Taitel and Dukler (1976), Spedding and Nguyen (1979), 
Chen, et al. (1997), Fernandino and Ytrehus (2006) and Hudaya, et al. 
(2019)) has identified the interface structure of the stratified flow 
visually to describe the existing phenomena. In addition to using the 
visual method, Hudaya et al. (2019) identified the interface structure 
with image processing, where six sub-regimes of stratified flow were 
identified more clearly, namely: stratified smooth, 2D wave, 3D wave, 
roll wave, entrained droplet + disturbance wave and pseudo slug. 
Experimental studies on the interfacial wave characteristics of 
two-phase gas-liquid co-current flow in the horizontal pipe have been 

carried out by several researchers using various methods. The signal 
processing method from the measurement of liquid film thickness was 
carried out by Mantilla et al. (2009) and Bae et al. (2017) using a parallel 
wire conductance probe, Al-Sarkhi et al. (2012) used a flush mounted 
conductance probe and Gawas et al. (2014) used a two-wire capacitance 
probe. Setyawan and Indarto (2016) used the constant electric current 
method (CECM) to measure liquid holdup. Meanwhile, Hudaya et al. 
(2019) using the image processing method from the results of image 
recording using a Highspeed Video Camera. The experimental condi-
tions, measurement methods and the resulting equations can be seen in 
Table 1. Although the experimental study conducted by Bae et al. (2017) 
and Hudaya et al. (2019) have produced equations to predict wave pa-
rameters in stratified flow, but these equations have only been tested for 
air and water working fluids. Experimental studies with variations in the 

Table 1 
The Summary of studies on the wave characteristics of gas-liquid two-phase flow in horizontal channels.  

Researcher 
(Year) 

Experimental Conditions Regime Measurement Method Equation/Correlation 

Mantilla, et al. 
(2009)  

⁃ Working fluid:  

air – (water + gliserin) for viscosity 
variations 
air – (water + butanol) for surface 
tension variations   

⁃ Pipe diameter = 50.8 mm and 152.4 
mm  

⁃ JG  

D = 50.8 mm (5 - 80 m/s), D = 152.4 
mm (2 - 20 m/s)   

⁃ JL (0.0035 – 0.01 m/s) 

Stratified - 
Annular  

• liquid film thickness and wave 
parameters (conductance probe).  

• liquid film thickness < 4 mm (flush 
mounted conductance probe)  

• Thicker liquid film thickness (parallel 
conductance wire probes) 

Frequency St = 0.25 X-1.2 

St =
fD
JL
, X =

̅̅̅̅̅̅̅̅̅̅̅̅
ρL
ρG

J2
L

J2
G

√

Velocity cw =
ψJG + JL

1 + ψ
;  

ψ = 5,5
̅̅̅̅̅̅ρG
ρL

√ (μL
μw

ReSL

ReSG

)0.25  

Amplitude 
Δhw

hL
= 1350

Re0.1
SL

Re0.5
SG

− 3.25 

Wave spacing Lw =
cw

f 

Al Sarkhi, et al. 
[2011]  

⁃ Working fluid: water - air  
⁃ Pipe diameter = 76.2 mm, pipe slope 

variation (0o, 10o, 20o, 45o, 60o, 75o, 
90o)  

⁃ JG (40 – 80 m/s), JL (0.0035-0.004 
m/s) 

Annular  • Liquid film thickness and wave 
parameter (flush mounted 
conductance probes)  

• Liquid holdup (quick-closing valves) 

Frequency St = 1.1X∗− 0.93  

Velocity 
cw

JL
= 2.379X∗− 0.9 

Gawas, et al. 
[2014]  

⁃ Working fluid: oil - air  
⁃ Pipe diameter = 152.4 mm  
⁃ JG (10 – 23 m/s), JL (0.005 – 0.02 m/ 

s) 

Stratified - 
Annular 

Liquid film thickness and wave 
parameter (two wire capacitance sensor) 

Velocity 
cw

JL
= 3.51X∗− 0.81, for X∗ < 0.305 

cw

JL
= 5.102X∗− 0.495, for X∗ > 0.305 

Amplitude, 
Δhw

D
= 0.67

(
Δh0

D

)0.71 
or 

Δhw

D
= 0.58X0.53 

Setyawan, et al. 
[2016]  

⁃ Working fluid:  

air - (water + glycerin) for viscosity 
variation 
air – (water + butanol) for surface 
tension variation   

⁃ D. pipe 16 and 26 mm  
⁃ JG (12 – 40 m/s), JL (0.05 – 0.2 m/s) 

Annular Liquid holdup and wave parameter 
(Constant-Electric Current Method/ 
CECM) 

Frequency 

St = 0.258
(ρL

ρG

)0.574(μL
μG

)− 1.148( ReL

ReGm

)− 1.148(σL

σw

)− 0.11 

Velocity  
cw

JL
= 7.25

(
ρL
ρG

)0,35(μL
μG

)− 0,7( ReL

ReGm

)− 0,7(σL

σw

)0,2   

ReGm = DρG(JG − JL)/μG 

Bae, et al. 
[2017]  

⁃ Water - Air  
⁃ Rectangular channel (40 x 50 mm)  
⁃ JG (5 – 25 m/s), JL (0.01 – 0.08 m/s) 

Stratified  • Visualization (Particle Image 
Velocimetri and High Speed Camera)  

• Liquid flim thickness dan parameter 
gelombang (parallel wire conductance 
sensor) 

Frequency St = 0.057X− 1.33 + 0.89  

Amplitude 
Δhw

hL
= 3.84exp

⎡

⎢
⎣ −

⎛

⎝

Re0.1
SL

Re0.5
SG

− 0.0067

0,0053

⎞

⎠

2⎤

⎥
⎦

for 
Re0,1

SL

Re0,5
SG

≤ 0, 005 

Velocity cw =
ψJG + JL

1 + ψ
; , ψ = 5.5

̅̅̅̅̅̅ρG
ρL

√ (ReSL

ReSG

)0.25 

Hudaya, et al. 
[2019]  

⁃ Water - Air  
⁃ Pipe diameter 26 mm  
⁃ JG (4 – 16 m/s), JL (0.02 – 0.075 m/ 

s) 

Stratified  • Visualization (high speed camera),  
• Liquid flim thickness and wave 

parameter (Image processing) 

Frequency St = 0.215
[ReSG

ReSL

]0.08
X− 0.912  

Velocity cw = 4.786JL

(ReSG

ReSL

)0.18
X− 0.51  

Amplitude 
Δhw

hL
= 0.03

(
ReSG

ReSL

)6.0
X5.7  

Long 
λw

hL
= 250

(ReSG

ReSL

)− 5.07
X− 5.48  
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physical properties of fluids need to be carried out to test and develop 
the previously generated correlations. 

The effect of the physical properties of the liquid (viscosity and 
surface tension) on the wave parameters of the co-current gas-liquid 
two-phase flow in a horizontal pipe has been carried out by Mantilla 
et al. (2009) and Setyawan and Indarto (2016) on different regimes and 
experimental conditions. Mantilla et al. (2009) conducted a study on the 
stratified-annular regime with pipe inner diameters of 50.8 and 152.4 
mm, while Setyawan and Indaro (2016) in the annular regime with pipe 
inner diameters of 16 and 26 mm. Experimental conditions, measure-
ment methods and the resulting equations can be seen in Table 1. To 
complete the data base and obtain more comprehensive research results, 
the study of Mantilla, et al. (2009) need to be developed with a smaller 
pipe diameter, while the research of Setyawan and Indarto (2016) needs 
to be developed in a stratified regime. 

The aim of the present experimental study is to investigate the effect 
of viscosity and surface tension of the liquid on the wave parameters 
(frequency and velocity) of gas-liquid stratified flow in horizontal pipe. 
Here, the developed image processing methods are used to obtain the 
quantitative parameters from the stratified flow data. Furthermore, a 
comprehensive analysis was carried out and compared with the previous 
studies’ results. The dimensions analysis and fitting process of the pre-
sent and previous researcher’s data (Mantilla, et al., 2009, Setyawan and 
Indarto, 2016, Bae, et al., 2017) and Hudaya, et al., 2019) were applied 
to obtain the wave parameters correlation. 

2. Experimental apparatus and method 

Fig. 1 shows the schematic diagram of the experimental apparatus 
used in the present study. Air and water at atmospheric pressure were 
used as tested fluids. To vary the liquid viscosity, water was mixed with 
glycerin. The percentages of glycerin in the mixture were 30 and 50%. 
Meanwhile, to vary the surface tension of the liquid, water was mixed 
with butanol. The percentages of butanol in the mixture were 2 and 5%. 
To simplify the explanation in this paper, an abbreviation is used for the 
tested fluid based on the viscosity and surface tension of the liquid, 
namely W: air-water (dynamic viscosity, µ = 1.002 mPa.s), G30: air-30 
wt.% glycerin (µ = 2.773 mPa.s), G50: air-50 wt.% glycerin (µ =

6.292 mPa.s), B2: air-2 wt.% butanol (σ = 58 mN/m) dan B5: air-5 wt.% 
butanol (σ = 42.5 mN/m). The detail of the apparatus and method were 
described clearly by our former reports such as Hudaya et al. (2019), 
Catrawedarma and Deendarlianto (2021), and Wijayanta et al. (2022) 

2.1. Image processing techniques 

In general, the sequential steps of image processing used in the 
present work can be seen in Fig. 2. After the stratified flow phenomenon 
was recorded and transferred to a personal computer (PC) via Phantom 
Control Camera software, then the recorded video was extracted into a 
sequential grayscale image and loaded in Matlab for further processing. 
Although during the experiment the camera placement was adjusted 
with precision and care, but misadjustment between the horizontal axis 
between the pipe and the image still occurred and needed to be rotated. 
In addition, the cropping process was used to remove parts that were not 
used. The next step is the reversal of the image (image complement), 
which is the reversal of the value of each pixel which is replaced with a 
new value resulting from the subtraction of the maximum value (255) 
with its pixel value. The next step is background subtraction, which is 

Fig. 1. Experimental apparatus.  

Fig. 2. The image processing steps.  

S. Wijayanta et al.                                                                                                                                                                                                                              



International Journal of Multiphase Flow 158 (2023) 104300

4

the process of reducing the image by reducing the complement image 
with a background image that has been complemented by the comple-
ment process. In this study, a grayscale background image was created 
by combining a full air background image and a full water background 
image (top area: full air; bottom area: full water). This combination 
method has previously been carried out by Kuntoro et al. (2016) and 

Hudaya et al. (2019). Next, a filtering process is used to remove noise. 
Next, the liquid film thickness was detected, where the principle is to 
detect the position of the maximum gray value in each pixel column in 
the image. Liquid film thickness data was measured by calculating the 
distance between the y-coordinate of the base position and the position 
of the maximum gray value. Furthermore, the results of the detection of 
the liquid film thickness were plotted into a gray scale image. The results 
of the image processing process can be seen in Fig. 3. 

In addition, a smoothing process was carried out to overcome local 
blindness in the liquid film thickness detection process. Fig. 4 shows that 
the edge detection process cannot be optimal because the interface was 
blurry, so the results show a fluctuating interface. A smoothing process 
was carried out to overcome this problem. Furthermore, the edge 
detection results were plotted, where the stratified interface was well 
displayed. As shown in Fig. 4(c), the result of the liquid film thickness 
detection from image processing is in pixels. To convert from the pixels 
into the mm, it is calculated by multiplying the result of the liquid film 
thickness detection in pixels by the ratio of mm per pixel (mm/pixel). 
The inside diameter of the pipe (26 mm) which clearly shows the upper 
and lower limits on the raw image is used as a reference to be converted 
to pixel units using Phantom Camera Control (PCC) Application soft-
ware. From the conversion results, the value of the inside diameter of the 
pipe (26 mm) is equal to 82 pixels, so the ratio of mm per pixel is 0.32. 
This number is the smallest unit value of this measurement. Absolute 
uncertainty is equal to half of the smallest unit value, which is 0.5 ×
0.32 = 0.16. Thus, the uncertainty of the results of measuring the liquid 
film thickness in this study is ± 0.16 mm. 

2.2. The measurement of the wave parameter 

The method of measuring liquid film thickness, wave frequency, and 
wave velocity was the same as that carried out by Hudaya et al. (2019) 
as follows:  

a The thickness of the liquid film 

The liquid film thickness data extraction was carried out at four 
different reference locations as shown in Fig. 5(a). The sequential steps 
of image processing were carried out for all recorded data to obtain 
liquid film thickness data as a function of time. Each reference location 
produces liquid film thickness data as a function of time as shown in 
Fig. 5(b).  

a The wave frequency 

Fig. 3. (a) The raw image, (b) Complement process results, (c) Background 
subtraction process results, (d) Filtering process results, (e) The detection 
process of liquid film thickness, (f) The detection results of liquid film thickness 
in the grayscale image. 

Fig. 4. The local blindness smoothing process on the film thickness detection.  
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The liquid film thickness data resulting from image processing which 
is the time domain was analyzed into the frequency domain using the 
Power Spectral Density (PSD) function. The frequency of the interface 
wave was determined based on the value of the dominant frequency 
which has the largest magnitude value as shown in Fig. 6.  

a The wave velocity 

By using cross-correlation, the time delay between signals can be 
calculated. Cross-correlation Rxy(t) of the signals x(t) and y(t) is defined 
as: 

Rxy(t) =
∫∞

− ∞

x(τ)y(t+ τ)dτ (1) 

The delay time (t), corresponds to the maximum value of the cross- 
correlation function Rxy(t). For example, as can be seen in Fig. 5, this 
time delay is the average time of the wave to propagate from reference 
location 1 (x1) to reference location 2 (x3). By knowing the distance 
between the two locations, the wave velocity can be determined. 

3. Result and discussion 

3.1. The stratified flow sub-regime maps 

In the present experimental study, the criteria for dividing the 
interface waves refers to the proposed criteria by several previous re-
searchers (Chen, et al., 1997; Hudaya et al., 2019; Wijayanta, et al., 
2022) as follows:  

(a) Two-dimensional (2-D) wave flow. Here, the interface is basically 
flat without any crosswise curvature at the interface.  

(b) Three-dimensional (3-D) wave flow. Some parts of the liquid 
phase tend to climb the inner wall of the pipe due to the wave 
spreading effect, and there is a slight/crosswise curvature at the 
interface close to the pipe wall.  

(c) Roll wave (RW) flow. Here, some parts of the liquid phase rise up 
the inner wall of the pipe and a significant concave down cur-
vature is formed at the air-water interface.  

(d) Entrained droplet + Disturbance wave (ED + DW) flow. Some 
parts of the liquid droplets escape from the liquid surface and 
entrainment/deposition phenomena occur. As the superficial 

Fig. 5. (a) Detection results of liquid film thickness (b) the time series plot of liquid film thickness.  

Fig. 6. Determination of wave frequency with power spectral density (PSD) at JL= 0.03 m/s with JG = (a) 10 m/s and (b) 14 m/s with tested liquid W.  
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velocity of the gas increases, a significant fraction of the 
entrainment of the liquid appears in the air stream. It is estimated 
that an annular flow pattern occurs if the superficial gas velocity 
is high enough.  

(e) Pseudo slug (PS). This sub-regime is characterized by a sudden 
increase in waves (hydraulic jump) until it reaches the top of the 
pipe, but the liquid has not completely filled the cross section of 
the pipe and is immediately decayed by the force of the air. This 
event is called as the pseudo slug, because there is no blockage in 
the pipe. 

In the present experimental study, with the working fluid W, the sub- 
regimes identified in the stratified flow based on the interfacial wave 
structure were the same as those identified by Hudaya et al (2019) and 
Wijayanta et al (2022). Those are stratified smooth (S), two-dimensional 
(2-D) wave, three-dimensional (3-D) wave, roll wave (RW), pseudo slug 
(PS), and entrained droplet + disturbance wave (ED + DW) as can be 
seen in Fig. 7. In the experiment of the tested liquid of G30 and G50, 2-D 
and 3-D wave did not appear during the observation. In the experiment 
with the tested liquid of B2 and B5, stratified smooth did not appear 
during the observations. 

Sub-regime maps of gas-liquid stratified flow with three variations of 

the test fluids W, G30, and G50 have been carried out by Wijayanta et al 
(2022) as shown in Fig. 7(a–c). From the figure, it is noticed that as the 
viscosity of the liquid increases, the transition lines (JL and JG) from RW 
to ED + DW shift downward. The increase of the liquid viscosity will 
decrease the RW region, while the S, PS, and ED + DW regions increase, 
which is in accordance with the research results of Matsubara and Naito 
(2011). Meanwhile, from Fig. 7(a,d,e), it can be seen that the decrease in 
the liquid surface tension from W to B2 and B3 causes the transition 
lines (JL and JG) from RW to ED + DW to shift downwards. The decrease 
of the liquid surface tension will decrease the PS region, eliminating the 
stratified smooth region, and increasing the 3-D wave region for B2 and 
the 2D wave region for B5. Fig. 8 shows an example of the physical 
mechanism of the transition or formation of each stratified flow 
sub-regime, while a more detailed discussion can be seen in Wijayanta 
et al. (2022). 

In the present experimental study, the interface structure for the 
stratified smooth (S), roll wave (RW) and entrained droplet + distur-
bance wave (ED+DW) sub regimes can be captured by a highspeed video 
camera from a side view in the direction of the flow clearly according to 
the criteria. Moreover, to get a clear picture of the interface structure 
criteria of the 2-D wave and 3-D wave sub-regimes, a highspeed video 
camera was recorded from the side and top views in the direction of the 

Fig. 7. Sub-regime map on gas-liquid stratified flow with five variations of the tested liquid  
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flow. Picture. shows an example of a top view of the interface structure 
of the 2-D wave and 3-D wave sub regimes. In Fig. 9(a), it can be seen 
that the addition of a small amount of JG from the stratified smooth sub- 
regime conditions causes the growth of 2-D waves. It can be seen that 
some relatively uniform curved interface forms appear in the direction 
of the gas and liquid flow. There is no visible interface curvature in the 
direction crosswise of flow. This is in accordance with the criteria of 2-D 
waves. In Fig. 9(b), it can be seen that the addition of JG from the 
condition of the 2-D wave sub regime causes instability at the periphery 
near the inner side of the pipe. This causes a wave to grow near the right 
side of the inside of the pipe and hit the right side of the inside of the 
pipe. The thrust of the gas flow against the wave will form an interfacial 
curvature in the direction of the fluid flow, while from the right wall the 
inside of the pipe provides a back thrust to the left across the flow. As a 
result, the curvature of the interface will be greater moving forward in 

the direction of the flow and to the left across the flow until it hits the left 
side wall of the pipe. This causes the inner left wall of the pipe to provide 
a back thrust towards the right across the flow. The meeting of the thrust 
from the right and left side walls of the pipe causes the resultant force to 
be zero and the interfacial curvature is lost from the crosswise direction 
of flow. The thrust and movement of this 3D wave formation also affects 
the movement and curvature of the wave interface in front of it, so that 
both waves lose the interface curvature (straight across the flow). Next, 
the gas flow pushes the two waves so that they merge and move forward 
in the direction of the fluid flow as per the 2D wave criteria. 

3.2. Stratified flow interfacial wave parameters 

3.2.1. Liquid film thickness 
The examples of the interfacial behavior, time-series, probability 

Fig. 8. The physical mechanism of gas-liquid stratified flow sub-regime transition (Wijayanta, et al., 2022).  
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distribution function (PDF), and wavelet transform of the liquid film 
thickness (hL) of each stratified flow sub-regime under the variations of 
viscosity and surface tension can be seen in Tables 2–6. The use of 
wavelet transforms of the liquid film thickness data to identify the 
stratified flow sub-regimes is in principle the same as of Wijayanta et al. 
(2022) using pressure gradient signals. As reported by Elperin and 
Klochko (2002), the wavelet transform can provide a time scale for 
signal decomposition as an intermediary between the time and fre-
quency domains. In the decomposed signal, the frequency band de-
creases with the increase of the signal scale. Catrawedarma and 
Deendarlianto (2021) reported that level one detail (D1) shows the 
largest frequency band with the smallest scale, while D2, D3, and so on 
show a larger scale with a lower frequency. The basic theory and discrete 
wavelet transform (DWT) algorithm have been described in detail by 
Mallat (1989). 

From the example of experimental results using the tested liquid of W 
(Table 2), it can be seen that in the small 2-D wave sub-regime, relatively 
uniform small waves appear. From the time series of the liquid film 
thickness, it can be seen that the fluctuation of liquid film thickness (hL) 
is small. From the PDF, it can be seen that the distribution of the data 
appears to be clustered at hL of approximately 5 ± 0.16 mm to 6 ± 0.16 
mm. In addition, from the wavelet transform, the largest wavelet en-
ergies are found in D5 and D8. Large-scale and low-frequency detail (D8) 
in the fluctuations of liquid film thickness was caused by the appearance 
of clustered and intermittent small 2D waves. Meanwhile, inside the 2-D 
wave clusters, small 2-D waves were formed with fluctuations in the 
liquid film thickness which are much smaller than the 2-D wave clusters 
as indicated by the medium detail of scale and frequency (D5). From the 
experimental results using the tested liquid of G30 (Table 3) and G50 
(Table 4), there is no visible both 2-D and 3-D waves. Meanwhile, from 
the experimental results using the tested liquid of B2 (Table 5) and B5 
(Table 6), small 2-D waves were formed at JL and JG which were lower 
than the experiment with the tested liquid of W. The fluctuations of 
liquid film thickness were smaller with a higher frequency in compari-
son to that of the height of the formed small 2-D waves in the experiment 

using the tested liquid of W. From the time-series of the liquid film 
thickness, it can be seen that the fluctuation of liquid film thickness (hL) 
was small. From the PDF, it can be seen that the distribution of the data 
appears to be clustered at hL of approximately 5 ± 0.16 mm. In addition, 
from the wavelet transform, the largest wavelet energy in the detail of 
the scale and frequency of medium (D5), which shows fluctuations in the 
liquid film thickness, and the frequency of small 2- D waves were me-
dium size. 

From the experimental results using the tested liquid of W (Table 2), 
the increase of the superficial gas velocity from the 2-D wave condition 
causes a change in shape to a 3-D wave. The waveform looks irregular in 
the lateral direction. From the time series of the liquid film thickness, it 
can be seen that the fluctuation of the liquid film thickness is higher than 
that of the small 2-D wave. From the PDF, the distribution of liquid film 
thickness spreads from about 4 ± 0.16 mm to 9 ± 0.16 mm. In addition, 
from the wavelet transform, the largest wavelet energy is located in the 
large-scale detail and low frequency (D9). This means that the fluctua-
tion of liquid film thickness is in large scale with low frequency. 
Meanwhile, from the experimental results using the tested liquid of B2 
(Table 5), it can be seen that the formed 3-D wave is longer than that of 
W. From the time series of the liquid film thickness and the PDF, it is 
noticed that the distribution of the liquid film thickness data is spread 
from about 4 ± 0.16 mm to 11 ± 0.16 mm. From the wavelet transform, 
the largest wavelet energy is located at D9 equal to the tested liquid W. 
From the experimental results using the tested liquid of B5 (Table 6), 
visually it can be seen that the formed 3-D wave is shorter than the 
experiment using the tested liquid of W and B2. From the time series of 
liquid film thickness and PDF, it shows the distribution of liquid film 
thickness data spreads from about 3 ± 0.16 mm to 6 ± 0.16 mm. From 
the wavelet transform, the largest wavelet energy is also located at D9. 

From the experimental results using the tested liquid of G30 
(Table 3) and G50 (Table 4) under the flow condition of JL = 0.03 m/s, 
the increase of JG from the stratified smooth condition causes a hy-
draulic jump. This was defined by Lin and Hanratty (1987) as a char-
acteristic of the pseudo slug. In addition, the decrease of JG (5 m/s) at 

Fig. 9. Example of a top view of the interface structure of the 2-D wave and 3-D wave sub regimes  

S. Wijayanta et al.                                                                                                                                                                                                                              



International Journal of Multiphase Flow 158 (2023) 104300

9

higher JL (0.05 m/s) causes the hydraulic jump to be larger. This also 
happened in the experiment using the tested liquid of W. Meanwhile, 
from the experimental results using the tested liquid of B2 (Table 5) and 
B5 (Table 6) with the same JL (0.05 m/s), the hydraulic jump occurred at 
the JG which was lower again (4 m/s). This is in accordance with what 
was stated by Dukler and Hubbard (1975) as a transition from stratified 
to intermittent. From the liquid film thickness time-series, the fluctua-
tion of the liquid film thickness signal is seen to be the largest compared 
to the other sub-regimes. From the PDF, it forms a long tail as a char-
acteristic of the pseudo slug sub-regime. From the wavelet transform, 
the largest wavelet energy is located in D9 and D10 with the largest 
wavelet energy value compared to other sub-regimes. 

From the experimental results using the tested liquid of W (Table 2), 
G30 (Table 3) and G50 (Table 4) under the flow condition of JG = 8 m/s, 
a medium-sized RW sub-regime was formed, and at JG = 10 m/s, a small- 
sized RW sub-regime was formed. From the time series and PDF, the 
fluctuation of the liquid film thickness signals on medium RW also look 
larger than that of small RW. From the wavelet transform for the tested 
liquid of W (Table 2), the largest wavelet energy for the medium RW was 

located at D6, while for the small RW it was at D5. This shows that the 
increase of JG causes the RW frequency formed to be higher, but the 
scale or size was getting smaller. Meanwhile, from the wavelet transform 
for the tested liquid of G30 (Table 3) and G50 (Table 4), the largest 
wavelet energy for the medium RW was located at D7. The largest 
wavelet energy of the small RW for the G30 was located on D5, while for 
the G50, it was located on D4. It shows that the increase of the viscosity 
of the liquid causes the wavelet energy to shift slightly to a larger scale, 
but with a lower frequency. 

From the results of the experiment using the tested liquid of B2 
(Table 5) and B5 (Table 6) under the flow condition of JG = 6 m/s, a 
large RW was formed. The height of the wave was almost the same as the 
large 3-D wave, but it rolls. From the time series, it can be seen that the 
fluctuation of liquid film thickness was also almost the same as that of 
large 3-D waves. From the PDF, it has a long tail like the large 3-D wave 
and PS. Meanwhile, from the wavelet transform, the largest wavelet 
energy for B2 was located at D9, while for B5 it was located at D7. At JG 
= 8 m/s, medium RW occurs, while at JG = 10 m/s, small RW occurs. In 
the medium RW, the largest wavelet energy for B2 and B5 were located 

Table 2 
Example of photograph, time series, PDF and Wavelet energy of the liquid film thickness with the tested liquid of W  
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on D5. In small RW, the largest wavelet energy for B2 was located at D6, 
while for B5 it was located at D5, the same as for the tested liquid of W. 
From the wavelet energy, it shows that the decrease of the surface ten-
sion has no effect on the shift in scale and frequency of the largest 
wavelet energy. 

From the results of the experiment using the tested liquids of W, 
G30, G50, B2, and B5, under the JG = 14 m/s and 16 m/s the sub- 
regime ED + DW was formed. From the time series and PDF for the 
W, G30, G50, the distribution of liquid film thickness looks more uni-
form than the 3-D wave, RW and PS. Meanwhile, from the wavelet 
transform, the largest wavelet energy for W and G30 was located on D4, 
while for G50 it was located on D5. This shows that the increase of the 
viscosity of the liquid causes the scale of the fluctuation of the liquids 
film thickness to be larger, but the frequency was lower. For the tested 
liquid of B2 and B5, more liquids were lifted up to form droplets and 
some sticks to the top and sides of the inner wall of the pipe. The time 
series looks flatter than W, G30 and G50. This shows that the decrease of 
the surface tension of the liquid causes the liquid to be more easily lifted 
and become droplets, hence the liquid film thickness becomes flatter and 

uniform. From the PDF, it can also be seen that the distribution of liquid 
film thickness was more uniform than that of 3-D wave, RW and PS. 
Meanwhile, from the wavelet transform, the largest wavelet energy was 
located at D4 the same as in the tested liquid of W. This shows that the 
decrease of the surface tension of the liquid does not affect the shift in 
scale and frequency of the wavelet energy. 

The effect of the both viscosity and surface tension on the average 
liquid film thickness can be seen in Fig. 10, where variations in liquid 
viscosity have a large influence on the average liquid film thickness. The 
increase of the liquid viscosity causes an increase in the liquid film 
thickness. Meanwhile, the liquid surface tension variation has very little 
effect on the liquid film thickness. At JG = 10 m/s, the average liquid 
film thickness tends to increase slightly with the decrease of the surface 
tension. Meanwhile, at JG > 10 m/s, the decrease of surface tension has 
no effect on the average liquid film thickness. This is because most of the 
liquid is lifted up to form droplets and some sticks to the top and sides of 
the inner wall of the pipe. From Fig. 10, it can be seen that at JG ≤ 8 m/s, 
the error bar of the average liquid film thickness on the graph is larger 
than at JG > 8 m/s. This is because at JG ≤ 8 m/s, 3-D waves and Pseudo 

Table 3 
Example of photograph, time series, PDF and Wavelet energy of the liquid film thickness with the tested liquid of G30.  
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Slug (PS) are formed with irregular shapes and various liquid film 
thicknesses. Meanwhile, at JG > 8 m/s, small roll wave (RW) and ED +
DW were formed which have relatively regular shape and liquid film 
thickness. 

From the experimental results and discussion of the characteristics of 
the liquid film thickness above, it can be summarized as follows: first, 
the gas-liquid interface waveform of each stratified flow sub regime can 
be identified from the results of liquid film thickness detection using 
image processing. Second, the superficial gas velocity (JG) greatly in-
fluences the liquid film thickness, where an increase in JG causes the 
liquid film thickness to decrease. Third, variations in liquid viscosity 
have a large influence on the average liquid film thickness. The increase 
of the liquid viscosity causes an increase in the liquid film thickness. 
Meanwhile, the liquid surface tension variation has very little effect on 
the liquid film thickness. If we study further from the first point, the 
change of the gas-liquid interface waveform will be followed by a 

change in the liquid film thickness. Based on the stratified gas-liquid 
flow model in a pipe with a flat interface configuration, liquid film 
thickness data can be used to calculate the void fraction, gas perimeter, 
liquid perimeter and interface perimeter using the pipe geometric 
relationship equation. Thus, changes in the gas-liquid interface wave-
form will cause changes in the void fraction, gas perimeter, liquid 
perimeter and interface perimeter. Based on the momentum conserva-
tion equation, changes in the void fraction, gas perimeter, liquid 
perimeter and interface perimeter will have an impact on changes in 
interfacial shear stress and pressure gradient. Thus, based on the second 
and third points above, JG, liquid viscosity and liquid surface tension are 
important parameters in developing correlations to predict void frac-
tion, interfacial shear stress and pressure gradient as future research 
work. 

Table 4 
Example of photograph, time series, PDF and Wavelet energy of the liquid film thickness with the tested liquid of G50.  

S. Wijayanta et al.                                                                                                                                                                                                                              



International Journal of Multiphase Flow 158 (2023) 104300

12

4. The wave frequency 

The effect of JG on wave frequency under the variation of JL with the 
tested liquid of W, G30, G50, B2, and B5 is shown in Table 7. At JG = 8 
m/s the relationship between JG and frequency for almost all JL varia-
tions and the tested liquid has a complex tendency. This is caused by the 
appearance of the 2-D wave, 3-D wave, and PS with various shapes and 
time lag with low frequency. In Table 7 it can be seen that from the 
entire JL range in this experiment, at JG > 8 m/s, the frequency of the 
wave tends to increase with JG. This is due to the increased slip between 
the air and liquid velocities, so that the interfacial waves are more easily 
formed and their frequency increases. In the present experimental study, 
the RW and ED+DW sub-regimes are formed at the interface, where the 
frequency of the waves decreases with the increase in the viscosity of the 

liquid. This is due to the increase of the stabilizing effect of increasing 
the viscosity of the liquid, so that more energy is required to form waves. 
This is in accordance with the results of Setyawan and Indarto (2016) 
who suggested that increasing the viscosity of the liquid causes a 
decrease in the wave frequency. Meanwhile, at JL ≤ 0.04 m/s and the JG 
≥ 10 m/s, the addition of butanol or a decrease in the surface tension of 
the liquid causes an increase in the wave frequency. At JL > 0.04 m/s 
and JG ≥ 10 m/s, the addition of butanol or a decrease in the surface 
tension causes the frequency of the wave decreases. This is in accordance 
with the results of Setyawan and Indarto (2016) which was conducted at 
JL = 0.05 m/s to 0.2 m/s and JG = 12 m/s to 40 m/s, which suggests that 
the wave frequency decreases with the decrease of the liquid surface 
tension for all ranges of experimental conditions. 

Based on the discussion of Table 7 above, the emergence of 2-D wave, 

Table 5 
Example of photograph, time series, PDF and Wavelet energy of the liquid film thickness with the tested liquid of B2.  

S. Wijayanta et al.                                                                                                                                                                                                                              



International Journal of Multiphase Flow 158 (2023) 104300

13

3-D wave and PS produces a JG relationship to the wave frequency for all 
JL variations and the tested liquid was quite complex. Thus, the devel-
opment of correlation to predict wave frequency will be focused on RW 
and ED + DW with JG > 8 m/s. Several researchers have proposed the 
correlations for predicting the wave frequencies in gas-liquid two-phase 
flow as summarized in Table 1. However, correlations for predicting 
frequencies especially in stratified flow by experiments using variations 
in surface tension and viscosity of liquids have not been studied. The 
correlations proposed by the previous researchers used the nondimen-
sional parameters X (modified Martinelli parameter) and St (Strouhal 
number): 

St =
fD
JL

(2)  

X =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ρL

ρG

J2
L

J2
G

√

(3) 

Fig. 11. shows the comparison of the wave frequency from the pre-
sent experimental results and from previous researchers. From the 
Fig. 11, it is shown that the data from the present experiment have the 
same trend with that of previous works, whereas, the Strouhal number 
decreases with the increase of Martinelli parameter. The proposed 

Table 6 
Example of photograph, time series, PDF and Wavelet energy of the liquid film thickness with the tested liquid of B5.  
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correlations of several previous researchers were also presented in 
Fig. 11 as a comparison. As shown in Fig. 10, the correlation proposed by 
Mantilla et al. (2009) and Setyawan and Indarto (2016) over-predicted 
to the data from the present experiment. The correlation proposed by 
Bae et al. (2017) over-predicted for most X ≥ 0.18 and under-predicted 
for most X < 0.18 against St values from the present experimental data. 
The correlation proposed by Hudaya et al. (2019) was under-predicted 
at the value of X < 0.05 and the prediction is quite good for X ≥ 0.05 
against St values from the current experimental data. 

From the facts of Fig. 11 above, the prediction results from the cor-
relations of several previous researchers tend to be over/under predicted 
with respect to the present experimental data. This is because several 
parameters in the correlation are built based on the fitting process with 
data obtained from their respective experimental conditions (can be 
seen in Table 1), which is different from the present experimental con-
ditions. Thus, it is necessary to develop a new correlation through the 
fitting process with the present experimental data and several previous 
researchers, so that it is expected to be able to predict wave frequencies 
in stratified flow accurately. Here, dimensional analysis using Buck-
ingham’s Pi theory is used to examine the dominant factors that influ-
ence the frequency of the waves based on experimental data. From 
various references regarding several factors that influence the wave 
frequency, the wave frequency function can be written as follows: 

f = f (JG, JL, D, μL, μG, ρL, ρG, σL) (4) 

Moreover, a dimensional analysis was carried out using the Buck-
ingham’s Pi theory. 

Π1 =
f D
JL

(5)  

Π2 =
JG

JL
(6)  

Π3 =
ρG

ρL
(7)  

Π4 =
JL ρL D

μL
(8)  

Π5 =
JL ρL D

μG
(9)  

Π6 =
ρL J2

L D
σL

(10) 

Through simplification with operations (multiply and or divide) 
between these non-dimensional parameters, the Π parameter can be 
simplified to: 

Π1 = f
(

Π4, [Π5.Π2.Π3] ,
[
Π2.Π2

3

]1/2
.Π6

)

f D
JL

= a
[

JL ρL D
μL

]b[JG ρG D
μG

]c
⎡

⎣

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ρG

ρL

(
JG

JL

)2
√ ⎤

⎦

d[
ρL J2

L D
σL

]e (11) 

From the Eq. (11), the following equation is obtained: 

St = a Reb
L Rec

G

[
1
X

]d

Wee (12) 

The values of a, b, c, d, and e were searched by non-linier regression 
analysis using present experimental data on the RW and ED + DW sub- 
regimes, as well as data from Mantilla et al. (2009), Setyawan and 
Indarto (2016), Bae et al. (2017) and Hudaya et al (2019), resulting in 
the following new wave frequency correlation: 

St = 0.173
[

ReG

ReL

]0.049

X− 1.176 We− 0.012 (13) 

The Eq. (13) means that when the Reynold number ratio increases, 
the Strouhal number as a representation of wave frequency also in-
creases. This is in accordance with the results of Hudaya et al. (2019). 
Meanwhile, the increase of the Martinelli parameter causes the decrease 
of the Strouhal number. This is in accordance with that of Mantila et al. 
(2009), Bae et al. (2017) and Hudaya et al. (2019). In addition, from the 
correlation it is noticed that an increase in the Weber number causes a 
decrease in the Strouhal number, although the effect is very small. The 
effect of the Martinelli parameter on the Strouhal number is the largest 
compared to the ratio of the Reynold number and Weber number. This 
shows that an increase in JG has a very large effect on the frequency of 
the wave. An increase in JG will cause the Martinelli parameter to 
decrease, hence the Strouhal number as a representation of the wave 
frequency will increase. This is in accordance with the experimental 
results shown in Table 7, where at JG > 8, the wave frequency increases 
with the increase in JG. In this experimental study, at the gas-liquid 
interface, RW and ED + DW are formed. Meanwhile, at JG ≤ 8 m/s 
the relationship between JG and wave frequency for almost all JL vari-
ations and the tested liquid has a complex tendency. This is caused by 
the appearance of the 2-D wave, 3-D wave, and PS with various shapes 
and time lag with low frequency. Thus, the correlation to predict the 
wave frequency proposed from this study (Eq. (13)) is more accurate to 
be applied to the RW and ED + DW sub-regimes. The development of the 
correlation that is able to predict wave frequencies more accurately to be 
applied to 2-D waves, 3-D waves and PS requires further research and 
study. 

The proposed correlation from this study is then compared with the 
experimental results to find out how the level of correspondence be-
tween the predicted results and the experimental results. Fig. 12 shows 
that the proposed correlation has a good agreement with the experi-
mental data. Most of the data appears to be spread at approximately 30% 
error value. To confirm the difference between the predicted and 
experimental values, further quantitative analysis was carried out in the 

Fig. 10. The average of liquid film thickness with variation of JG and liquid 
physical properties (viscosity and surface tension). 
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Table 7 
Effect of JG, liquid viscosity and liquid surface tension on the wave frequency.  
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form of a measurement of the mean absolute percentage error (MAPE) as 
follows: 

MAPE =
1
n
∑n

i=1

⃒
⃒
⃒
⃒
Stprediction,i − Stexperiment,i

Stexperiment,i

⃒
⃒
⃒
⃒ x 100% (14) 

The MAPE value of the proposed correlation with experimental data 
from this study is 14.23%. Meanwhile, the MAPE value of the proposed 
correlation with data from Mantilla et al. (2009), Setyawan and Indarto 
(2016), Bae et al. (2017) and Hudaya, et al (2019) were 18.08%, 
27.16%, 16.74% and 21.43%, respectively. The MAPE value of the 
correlation proposed in this study with the overall experimental data of 
the present and those of previous researchers is 19.53%. Meanwhile, the 
correlation proposed by Mantilla et al. (2009), Setyawan and Indarto 
(2016), Bae et al. (2017) and Hudaya et al (2019) with the overall 
experimental data are 31.54, 25.09, 32.53 and 30.3%. The MAPE value 
of the proposed correlation is currently the smallest compared to the 
correlation proposed by previous researchers. 

5. The wave velocity 

The effect of JG on the wave velocity under the variation of JL with 
the tested liquid of W, G30, G50, B2 and B5 is shown in Table 8. At JG ≤

8 m/s the relationship between JG and wave velocity for almost all JL 

variations and the tested liquid has a complex tendency. This is due to 
the appearance of 2-D waves, 3-D waves and PS with varying shapes and 
time lags with low frequencies. From the entire JL range in this experi-
ment, at JG more than 8 m/s, the wave velocity tends to increase regu-
larly as JG increases. This is because the breaking of waves was more 
dominant than the merging of waves. In this experimental condition, a 
small RW and ED + DW were formed at the interface. From Table 8 it 
can be seen that the wave velocity decreases with the increase of liquid 
viscosity. This was due to the increase in the stabilizing effect of 
increasing the viscosity of the liquid, so that more energy was required 
to drive the wave motion. This was in accordance with the results of 
Setyawan and Indarto (2016) who suggested that increasing the vis-
cosity of the liquid causes a decrease in wave velocity. At JL ≤ 0.04 m/s 
and JG = 8 m/s to 16 m/s, the wave velocity decreases with the decrease 
of liquid surface tension. Meanwhile, at JL = 0.05 m/s to 0.075 m/s and 
JG = 16 m/s, and JL = 0.1 m/s with JG = 14 m/s and 16 m/s, the wave 
velocity increases with the decrease of liquid surface tension. This was 
because, at low JL, the formed waves were small, so the lower of the 
liquid surface tension causes the waves to decay more easily due to the 
impulse of the air flow. On the other hand, at high JL, larger waves are 
formed, so the lower of the liquid surface tension causes the waves to 
move faster due to a large enough airflow. 

Several researchers have proposed the correlations to predict the 
wave velocity in gas-liquid two-phase flow as summarized in Table 1. 

Fig. 11. Comparison of wave frequency from the results of the present study with previous works.  

Fig. 12. The comparison of Eq. (13) with that of the obtained data from the present work and previous researchers.  
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Table 8 
Effect of JG, liquid viscosity and liquid surface tension on wave velocity.  
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However, correlations to predict wave velocity in stratified flow by 
experimentation using variations in viscosity and liquid surface tension 
have not been studied. The correlation proposed by the previous re-
searchers used the nondimensional parameters X (modified Martinelli 
parameter) and cw/JL to predict the wave velocity. Fig. 13 illustrates the 
comparison of experimental data from the present study and those of 
previous researchers. From the X vs cw/JL graph, it was shown that the 
data from the current experiment and the previous researchers show the 
same trend, whereas the Martinelli parameter increases, the cw/JL de-
creases. The proposed correlation of several previous researchers was 
also applied in Fig. 12 as a comparison. As shown in Fig. 13, the cor-
relation of Setyawan and Indarto (2016) slightly over-predicted to the 
experimental data under the flow condition of the value of X ≤ 0.12. The 
correlation of Mantila et al. (2009) and Bae et al. (2017) slightly 
under-predicted for most of the X values with respect to cw/JL from the 
data from the current experiment. Hudaya et al. (2019) correlation 
resulted in quite good predictions for the value of X less than or equal to 
0.24 and under-predicted for the value of X more than 0.24 with respect 
to cw/JL from the data from the current experimental results. 

From the facts of Fig. 13, further analysis needs to be developed to 
formulate a correlation to predict the wave velocity of stratified flow 
accurately. Here, dimensional analysis was carried out as previously 
applied to wave frequencies. The influential variables and dimensions 
for the wave velocity in this study were the same as the wave frequency. 
Thus, it is possible to construct a dimensionless six Pi parameter (Π) by 
analysis of Buckingham’s Pi theory. D, JL and L were selected as 
repeating variables. The dimensionless parameters are expressed as 
follows: 

Π1 =
cw

JL
(15)  

Π2 =
JG

JL
(16)  

Π3 =
ρG

ρL
(17)  

Π4 =
JL ρL D

μL
(18)  

Π5 =
JL ρL D

μG
(19)  

Π6 =
ρL J2

L D
σL

(20) 

The same steps are taken as in the preparation of the non- 

dimensional wave frequency parameters so that the general form of 
the parameter function can be written as follows: 

Π1 = f
(

Π4, [Π5.Π2.Π3] ,
[
Π2.Π2

3

]1/2
.Π6

)

cw

JL
= a

[
JL ρL D

μL

]b[JG ρG D
μG

]c
⎡

⎣

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ρG

ρL

(
JG

JL

)2
√ ⎤

⎦

d[
ρL J2

L D
σL

]e

cw

JL
= a Reb

L Rec
G

[
1
X

]d

Wee

(21) 

Values of a, b, c, d, dan e are searched by non-liner regression 
analysis using current experimental data, as well as data from Mantilla 
et al. (2009), Setyawan and Indarto (2016), Bae et al. (2017), and 
Hudaya et al (2019), resulting in the following wave velocity 
correlation: 

cw

JL
= 5.853

[
ReG

ReL

]− 0.017

X− 0.734 We0.064 (22) 

The Eq. (22) means that the increase of the Reynold number ratio 
causes the decrease of the ratio of the wave velocity and JL, although the 
effect is very small. The increase of the Martinelli parameter causes the 
decrease of the ratio of wave velocity and JL with a large enough effect. 
This is in accordance with the results of the study of Hudaya et al. 
(2019). Meanwhile, the increase in Weber number causes the ratio of 
wave velocity and JL to increase although the effect is small. The effect 
of the Martinelli parameter on the ratio of wave velocity and JL is the 
largest compared to the Reynold number and Weber number ratios. This 
shows that the increase in JG has a large enough effect on the increase in 
wave velocity. An increase in JG will cause the Martinelli parameter to 
decrease, so the ratio of wave velocity and JL will increase. This is in 
accordance with the experimental results shown in Table 8, where at JG 
> 8, the wave velocity increases with the increase in JG. In this experi-
mental study, at the gas-liquid interface, RW and ED + DW are formed. 
Meanwhile, at JG ≤ 8 m/s the relationship between JG and wave velocity 
for almost all JL variations and the tested liquid has a complex tendency. 
This is caused by the appearance of the 2-D wave, 3-D wave, and PS with 
various shapes and time lag with low frequency. Thus, the correlation to 
predict wave velocity proposed from this study (Eq. (22)) is more ac-
curate to be applied to the RW and ED + DW sub-regimes. The devel-
opment of the correlation that is able to predict wave velocity more 
accurately to be applied to 2-D waves, 3-D waves and PS requires further 
research and study. 

The proposed correlation (Eq. (22)) from the present study is then 
compared with the experimental results to find out how the level of 
correspondence between the predicted results and the experimental 

Fig. 13. Comparison of wave velocity from the results of the present study with previous works.  
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results. Fig. 14 shows that the proposed correlation has a good match 
with the experimental data. Most of the data appear to be spread at 
approximately 30% error value. To confirm the difference between the 
predicted and experimental values, further quantitative analysis was 
carried out in the form of a measurement of the mean absolute per-
centage error (MAPE). The MAPE value of the proposed correlation with 
experimental data from the present study is 13.85%. Meanwhile, the 
MAPE value of the proposed correlation with data from Mantilla et al. 
(2009), Setyawan and Indarto (2016), Bae et al. (2017) and Hudaya et 
al (2019) are 13.88%, 11.7%, 20.94%, and 14.18%. The MAPE value of 
the correlation proposed in this study with the overall experimental data 
of the present and those of previous researchers is 14.91%. Meanwhile, 
the correlation proposed by Mantilla et al. (2009), Setyawan and Indarto 
(2016), Bae et al. (2017) and Hudaya et al. (2019) are 16.68%, 31.43%, 
21.48% and 17.2%. The MAPE value of the proposed correlation is 
currently the smallest compared to the correlation proposed by previous 
researchers. This shows that the proposed correlation from the results of 
this study more accurately predicts the frequency of stratified flow 
waves compared to the correlation proposed by previous researchers. 

6. Conclusion 

The effect of the liquid physical properties on liquid film thickness, 
wave frequency, and wave velocity of co-current gas-liquid stratified 
two-phase flow have been studied in this research using image pro-
cessing techniques. The characteristics of each flow sub-regime were 
analyzed using a probability distribution function (PDF) and discrete 
wavelet transform (DWT) based on time series data of liquid film 
thickness. In addition, the time-series data of the liquid film thickness 
was analyzed using power spectral density (PSD) to obtain wave fre-
quency and cross-correlation to obtain wave velocity. The results are 
summarized as follows:  

a Based on the stratified flow sub-regime maps, the increase of the 
liquid viscosity and the decrease of the liquid surface tension cause 
the transition line from RW to ED + DW to shift to a lower both JL 
and JG. The increase of the liquid viscosity causes the decrease of the 
RW region and increases the S, PS, and ED + DW regions, while the 
decrease of the liquid surface tension causes the decrease of the PS 
region, eliminates the S region, and increases the 2-D and 3-D wave 
regions.  

b In the RW and ED + DW sub-regimes, the increase of the liquid 
viscosity causes the wavelet energy to shift to a larger scale and a 
lower frequency, while the decrease of the liquid surface tension has 
no effect on the scale and frequency shift of the wavelet energy. The 

increase of the liquid viscosity causes an increase in the liquid film 
thickness. Meanwhile, the surface tension variation has a very small 
effect on the liquid film thickness.  

c Superficial gas velocity (JG), liquid viscosity and liquid surface 
tension are important parameters in developing correlations to pre-
dict void fraction, interfacial shear stress and pressure gradient as 
future research work.  

d In the 2-D wave, 3-D wave and PS sub-regimes, the relationship 
between JG with wave frequency and wave velocity is quite complex. 
Meanwhile, in the RW and ED + DW sub-regimes, the frequency and 
velocity of the waves tend to increase with increasing JG.  

e The new correlations to predict the frequency and velocity of the 
interfacial waves in co-current gas-liquid stratified two-phase flow 
have been developed with the MAPE of the correlation of wave fre-
quency and velocity of 19.53% and 14.91%, respectively. 
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