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A B S T R A C T   

The aim of the present study was to identify the interfacial behavior of the sub-regime of gas-liquid stratified two 
phase flow by using the pressure differential signal data. Here, the probability distribution function (PDF), power 
spectral density (PSD), kolmogorov entropy and discrete wavelet transform (DWT) were used to analyze the 
differential pressure signals. The indicators of each flow sub regime were analyzed on the basis of the quanti
tative values of the statistical curves, which were also validated by visual observation of the video images. The 
results indicated that there are six identified sub-regimes of stratified flow namely stratified smooth (S), two- 
dimensional (2-D) wave, three-dimensional (3-D) wave, roll wave (RW), entrained droplet + disturbance 
wave (ED + DW) and pseudo slug (PS). Next, the increase of liquid viscosity will shift the transition line from the 
RW to ED + DW to a lower both of JL and JG. The increase of the liquid viscosity provides a stabilizing effect to 
reduce the chaos of the pressure gradient fluctuation. For the RW and the ED + DW sub-regime, the increase of 
the liquid viscosity shifts the wavelet energy to a larger scale and lower frequency. For the PS sub-regime, the 
increase of liquid viscosity shifts the wavelet energy to a smaller scale with a higher frequency. For the RW sub- 
regime, the increase of JG will increase the wavelet energy at the small-scale and high-frequency decomposition 
levels.   

1. Introduction 

Gas-liquid stratified two-phase flow in horizontal pipes is often found 
in oil and gas transportation systems. The liquid flows along the bottom 
of the pipe, due to the difference in density between the two phases. The 
shape of the interface can be smooth or wavy. A good understanding of 
the interface structure of stratified flow is very important in order to 
develop the numerical models of adjacent flow regimes such as slug and 
annular. Therefore, the friction factor of the interface is an important 
parameter in predicting this transition model [1,2]. Under moderate 
both gas and liquid flow conditions, the interfacial wave generally has a 
small amplitude. At higher flow rates, these waves can often grow to 
large proportions. One example of a large amplitude wave is the roll 
wave [3]. Under a certain flow condition, the roll wave grows into a slug 
at the interface through other mechanisms [2]. Slugs with roll waves at 

lower levels causes the fluctuations of the flow rate and the pressure, 
whereas it can damage the equipment or instrumentation [4]. On the 
other hand, high pressure and velocity fluctuations of slug flow in the 
pipeline causes the pipe to burst/blast [5]. Therefore, slug flow is mostly 
avoided by engineers and operators in piping systems [6]. Thus, the 
interfacial structure and the pressure fluctuations in the stratified flow 
pattern are very important to be studied more deeply, in order to avoid 
the occurrence of slugs in the piping system. An in-depth understanding 
of the pressure gradient characteristics enables the industry to obtain the 
efficient two-phase flow system designs [7]. 

The interfacial structure of stratified flow has been studied by several 
researchers using visual methods. Govier and Omer [8]; Mandhane et al. 
[9]; Taitel and Dukler [1]; divided the stratified flow regime on the basis 
of the interfacial structure into two sub-regimes, namely stratified 
smooth and stratified wavy. This category was based on the visual 
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observations of the gas-liquid interface. The stratified smooth flow 
pattern occurs when both of the superficial gas and liquid velocities are 
low. When the superficial gas velocity is increased, a wave occurs at the 
interface resulting in a stratified wavy flow pattern. Spedding and 
Nguyen [10] conducted a visual study on the two-phase air-water flow 
regime map and divided the stratified flow into four sub-regimes, 
namely stratified (smooth), stratified + ripple, stratified + roll wave 
and stratified + inertial wave. At low water flow rates, the increase of 
the air flow rate causes a transition from stratified smooth to ripple and 
then to roll wave. At high air flow rates, the droplets are formed in the 
water layer. At moderate or nearly full water flow rates, the increase of 
the air flow rate causes a transition from stratified smooth to inertial 
wave and then to slug. Chen et al. [11], conducted both experimental 
and theoretical studies on the air-kerosene stratified wavy flow in a 
horizontal pipe, and divided the sub-regimes of the stratified flow into:  

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 curvature at the interface close to the pipe 
wall.  

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

d. Entrained droplet flow. Some parts of the liquid droplets escape from 
the liquid surface and entrainment/deposition phenomena occur. As 
the superficial 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. 

Fernandino and Ytrehus [12] conducted an experimental work on 
the water-air stratified two-phase flow with a rectangular channel sec
tion of 7 cm × 7 cm. They divided the stratified flow sub-regimes into 
stratified smooth, 2-D small amplitude and pebbled, 3-D and large 
amplitude and large-amplitude waves. Another flow pattern called as 
the pseudo-slug flow was identified by Lin and Hanratty [2] and Hudaya 
et al. [13]. Those sub-regimes are distinguished from the slug flow 
because the liquid slug touches the top of the pipe only momentarily and 
no blockage occurs. Hudaya et al. [13] distinguished six stratified flow 
sub-regimes on the basis of the recorded obtained from the experiment 
images using a high-speed video camera. Those are as smooth, 2-D wave, 
3-D wave, roll wave, entrained droplet + disturbance wave and pseudo 
slug. 

From the above reports in the identification of the sub-regime of the 
stratified flow visually, it shows that the interpretation of video images 
is subjective, hence the results among the investigators can be different. 
Therefore, it is necessary to develop a more objective method, whereas, 
the pressure gradient characteristics of the stratified flow pattern are 
very important to be studied more deeply in order to obtain an efficient 
two-phase flow system design. Here, it is necessary to use the pressure 
differential signal data to identify the stratified flow sub-regime, as well 
as to obtain the statistical characteristics of them. Several previous re
searchers have also succeeded in using pressure signal data to identify 
the flow regimes in a horizontal pipe as seen in Table 1. Although many 
researchers have identified the flow regime, no one has identified sub- 
regime on stratified flow using pressure differential signal data. 

In addition, other parameters that affect the interface structure/ 
pattern in two-phase flow are the physical properties of the fluid. 
Andritsos et al. [14] studied the effect of liquid viscosity on the transi
tion from a stratified pattern to a slug pattern in horizontal pipes. They 
reported that the increase of the liquid viscosity causes a sharp decrease 
the required superficial fluid velocity for the transition from stratified to 
intermittent. In addition, Matsubara & Naito [15], also reported that the 
increase of the liquid viscosity reduces the superficial velocity of the gas 

at the transition line from the stratified flow to intermittent flow pat
terns (slug and plug) and the transition from a roll wave to the annular 
flow. 

With the change of the sub-regime in the stratified flow, it is possible 
to noticed that the instability of the interfacial structure and the pressure 
fluctuations in transition region between sub-regimes is very likely to 
occur. Hence, a signal processing is needed to provide the information 
on the instantaneous state of the flow. In the present study, the differ
ential pressure signal will be analyzed by the Discrete Wavelet Trans
form (DWT) to explain the stratified flow sub-regime. DWT is a multi- 
resolution decomposition technique to produce a good local represen
tation signal in both the time and frequency domains simultaneously. 
DWT provides a signal decomposition time scale which is an interme
diary between the time and frequency domains [16]. The special nature 
of the basic wavelet function makes it possible to obtain a localized 
distribution of signal energy through the frequency octaves which gives 
a small dimension of the feature vector. This is very useful, if the Fourier 
spectrum is relatively featureless, therefore it is able to characterize the 
flow sub-regime. 

The discrete wavelet decomposition for the discrete signal f(t), t =
1,2, …,N can be described as [17]. 

f (t) =
∑

k∈Z
CJ2 ,kφJ2 ,k(t) +

∑J2

j=J1+1

∑

k∈Z
Dj,kψj,k(t) = AJ2 f (t) +

∑J2

j=J1+1
Djf (t) (1)  

where, ψ j,k(t) is a wavelet function derived by shifting and scaling a 
function ψ(t) (mother wavelet). φ(t) is the scaling function. AJ2 f(t) is the 
approximation signal component on the J2 scale i.e. the component with 
a frequency lower than 2− J2 fmax, where fmax is the maximum signal 
frequency that can be measured. Djf(t) is the signal detail component on 
the scale j(J1 + 1≤ j≤ J2), which is a frequency band component with 
respectively end points located at 2− jfmax and 2− j+1fmax: 

Djf (t)=
∑

k∈Z
Dj,kψj,k(t) (2) 

Table 1 
The previous researches of the identification of gas-liquid two phase flow pattern 
using the pressure sensor in a horizontal pipe.  

Authors Fluids and Regime Measurement 
conditions 

Method 

Cai et al. 
[26] 

Water-air 
(stratified, slug, 
intermittent 
transition and 
bubble) 

Two absolute 
pressure, D = 50 
mm, XDP = 1D, 
horizontal 

Kohonen self- 
organizing neural 
network to identify 
flow regimes 

Drahos 
et al. 
[27] 

Water-air (plug 
and slug) 

Wall pressure 
fluctuations, D =
50 mm, XDP = 8D, 
horizontal 

Chaotic time series 
analysis to obtain a 
new insight into the 
dynamics of 
intermittent flow 
pattern. 

Wu et al. 
[28] 

Oil-gas-water 
(stratified, 
intermittent and 
annular) 

Differential 
pressure, D = 40 
mm, XDP = 5D, 
horizontal 

The fractal analysis to 
analyze the signal for 
identification of flow 
pattern 

Santoso 
et al. 
[29] 

Water-air 
(stratified, plug 
and slug) 

Differential 
pressure, D = 24 
mm, XDP = 5D, 
horizontal 

Flow pattern 
identification method 
based on PSD and 
neural network 

Saini & 
Banerjee 
[30], 

Water-air (plug, 
less aerated slug 
and highly aerated 
slug) 

Pressure 
fluctuations, D =
50, 25 and 12 mm, 
horizontal 

Identifying the 
intermittent flow 
patterns using the 
recurrence analysis 

Saini & 
Banerjee 
[31], 

Water-air 
(stratified, wavy, 
onset slugging and 
slug) 

Pressure 
fluctuations, D =
25 mm, horizontal 

Recognizing the onset 
of slug using 
recurrence analysis 
(recurrence rate, 
determinism rate, and 
entropy)  
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The coefficients CJ2 ,k and Dj,k in Eqs. (1) and (2) are the wavelet 
decomposition coefficients, which can be calculated recursively from 
C0(f(t)) using the Pyramid algorithm. Eq. (1) means that the discrete 
signal f(t) separates DWT into low frequency components and a series of 
components in different frequency bands which is called multiresolution 
analysis. Due to the orthogonality of the wavelet base, the energy of the 
signal fluctuation can be represented by the decomposition coefficient. 
The local energy of the signal on the j scale is represented as: 

Ej =
∑

k∈Z
D2

j,k J1 + 1 ≤ j ≤ J2 (3) 

The entire-scale energy wavelet distribution can be treated as the 
decomposition of the signal variance into a scale, therefore the entire- 
scale energy distribution can be used as an indicator of the sub-regimes. 

The aim of the present experimental study is to identify the interfa
cial behavior of the sub regimes of gas-liquid two-phase stratified flow 
by using the differential pressure signals. Here, the probability distri
bution function (PDF), power spectral density function (PSD), kolmo
gorov entropy and wavelet analysis are used to distinguish each sub- 
regime in the stratified flow. The indicators of each flow sub regimes 
were analyzed on the basis of the quantitative values of the statistical 
curves, which were also validated by visual observation of the captured 
video images. 

2. Experimental apparatus and method 

The present experimental study was conducted at the Fluid Me
chanics Laboratory, Department of Mechanical and Industrial Engi
neering, Universitas Gadjah Mada, Indonesia. The working fluids were 
air and water. To vary the viscosity of the liquid, the water is mixed with 
the glycerine with the percentage of glycerin in the mixture was 30% 
and 50% as shown in Table 2. In the present work, the main parameters 
were the superficial velocity of liquid (JL) and air (JG), pressure gradient 
and sub flow regime. To simplify the explanation in this paper, we have 
used some abbreviations for the test liquids on the basis of their vis
cosities. The abbreviations in this paper are as follows: W: Air-water 
(dynamic viscosity μ = 1.002 mPa s), G30: Air-30 wt% glycerine (μ =
2.773 mPa s) and G50: Air-50 wt% glycerine (μ = 6.292 mPa s). 

The schematic diagram of the experimental apparatus used in the 
present study is shown in Fig. 1. The test section was made of trans
parent acrylic pipe with an inner diameter of 26 mm and a length of 9.5 
m (approximately 365 D). The water from the storage tank (inlet) and air 
from the compressor tube flow through the flow meter and into the 
mixer. In the mixer, each inlet was separated by a flat plate to form a 
stratified flow, then flows through the test section pipe to the separator. 
Water and air were separated in a separator, where the air was released 
into the atmosphere, meanwhile the water was collected by the outlet 
tank to be flowed back to the inlet tank. Here, JL was set from 0.02 m/s 
to 0.1 m/s, while JG was set from 4 m/s to 16 m/s. 

The flow characteristics were observed by using the Phantom Miro 
310 high speed video camera (HSV) as reported also by Hudaya et al. 
[13]. In the present study, HSV was set from 120 to 240 fps to capture 
the stratified flow phenomenon. The test section for visualization was 
equipped with a correction box made of transparent acrylic sheet placed 
at a distance of 5 m (192 D) from the inlet, to ensure a fully developed 
flow. The area between the correction box and the test section was filled 
with water because the refractive index of acrylic is almost to that of the 
water, thus reducing visual distortion. The lighting correction box was 

made up of rows of LED lights and layered, highlighted from behind to 
get the best picture. The pressure gradient between the two locations 
(pressure tap) installed on the liquid side of the stratified flow on the test 
section pipe was measured using a differential pressure transducer 
(DPT) as shown in Fig. 1. By measuring the pressure difference between 
two pressure taps, it is expected to get time series signal data for the 
average pressure drop. From the momentum conservation equation, the 
pressure drop is strongly influenced by the interfacial shear stress, and 
the interfacial shear stress is strongly influenced by the interfacial 
structure of the stratified flow. Therefore, in the present experimental 
study, time series of the pressure difference signals are used to analyze 
the interface structure along the test section. 

The equations to calculate the interfacial friction factor (fi) has been 
developed by Andritsos & Hanratty (1987) and Tzotzi & Andritsos 
(2013) using the liquid film thickness, while Hart et al. (1989) and [11] 
used the liquid holdup and wetted wall fraction. The interfacial friction 
factors (fi) are used to calculate the interfacial shear stress and predict 
the pressure drop. From these facts, it is considered that the pressure tap 
is placed on the liquid side of the stratified flow in the test section pipe to 
obtain more precise data and analysis. The first pressure tap is placed at 
a distance of 4400 mm (approximately 169 D) from the inlet, while the 
distance between the first and second pressure taps is 1600 mm 
(approximately 61 D). Meanwhile, the downstream pipe is intended for 
the installation of parallel wire conductance probes to measure liquid 
film thickness and calculate stratified flow wave parameters. However, 
it is not included in the present manuscript. The present manuscript 
focuses on the study of the results of visualization study and statistical 
characteristics of the interface behavior in the stratified flow using a 
differential pressure transducer (DPT). Here, the DPT brand Valydine 
with a capacity of 55 kPa of the accuracy of 0.25% was used. The voltage 
signal generated by the DPT was amplified by a pressure amplifier, then 
forwarded to data aquitition (DAQ) and recorded by a computer (PC) 
with the sampling rate of 1000 data/second. 

3. Results and discussions 

3.1. Sub regime and the flow pattern maps 

In the range of both JL and JG of the working fluid of W in the present 
study, there are six identified sub-regimes of the stratified flow as 
identified also by Hudaya et al. [13]. Those are stratified smooth, 
two-dimensional (2-D) wave, three-dimensional (3-D) wave, roll wave 
(RW), entrained droplet and disturbance wave (ED + DW) and pseudo 
slug (PS). Meanwhile under the condition of the working fluid of G30 
and G50, two-dimensional (2-D) wave, three-dimensional (3-D) wave do 
not appear during the observation as shown clearly in Fig. 2. 

Close observation of the flow map as shown in Fig. 2, it is noticed that 
the increase of the liquid viscosity, the transition line from the RW to ED 
+ DW shifts to the lower both JL and JG. In addition, the sub regimes of 
the 3-D wave and RW at JG = 6 m/s change to PS, while RW at JG = 5 m/ 
s changes to smooth. Next, the 2-D wave sub-regime changes to smooth. 
Thus, the increase of the liquid viscosity from W to G30 and G50 de
creases the RW region, while it increases the region of the stratified 
smooth, PS and ED + DW. This is also in a good agreement with that of 
Matsubara & Naito, [15]. 

The physical mechanism of the sub-regimes in stratified flow can be 
seen in Fig. 3, and explained as follows:  

− Transition from smooth to 2D wave 

The small addition of JG from the stratified smooth causes the growth 
of 2-D waves. Visually, an example of a transitional physical mechanism 
from a smooth to 2-D wave sub regime with a tested liquid W at JL =

0.03 m/s and JG = 5 m/s can be seen in Fig. 3(a). Hanratty (1983) 
suggested that these 2-D waves are generated by pressure variations and 
energy transfer from air to liquid through normal velocity fluctuations to 

Table 2 
Physical properties of the tested liquid.  

Liquid ρ (kg/m3) μ (mPa.s) σ (mN/m) 

Water (W) 997 1.002 72 
Water + Glycerine 30% (G30) 1073 2.773 69.2 
Water + Glycerine 50% (G50) 1100 6.292 68  
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the interface. The observations in this study indicate that 2-D waves do 
not appear continuously, but appear in clusters and maintain their 
identity over several periods. This is also in accordance with the 
observation results from Andritsos’s (1992).  

− Transition from 2D to 3D wave 

The increase of JG from the condition of the 2-D wave sub regime 
causes the growth of 3-D waves with irregular shapes. Visually, an 
example of a transitional physical mechanism from a sub-regime of 2-D 
wave to 3-D wave under a tested liquid W at JL = 0.03 m/s and JG = 6 m/ 
s can be seen in Fig. 3 (b) [14]. uses a physical interpretation of the 
Kelvin-Helmholtz (KH) instability to explain the physical mechanism of 
the growth of 3-D wave. The increase of JG from the sub regime of the 
2-D wave decreases the pressure above the liquid due to the Bernoulli 
effect. This pressure decrease causes the liquid to be more lifted and 
increases the destabilization of the interface so that increases the wave 
amplitude and forms the 3-D waves. The observations in this study 
indicate that 3-D waves do not appear continuously, but appear in 
clusters, irregular and maintain their identity over several periods.  

− Transition from 3D to RW 

The increase of JG from the condition of the sub regime of 3-D wave 
causes the growth of RW. An example of the transition of the sub-regime 
3-D wave to RW with tested liquid W at JL = 0.03 m/s and JG = 8 m/s 
can be seen in Fig. 3 (c). The increase of JG causes several 3-D waves to 
be pushed forward and the coalescence a small wave occurs with a larger 
and higher waveform. The impetus from the air flow continues, so that 
the crest of the wave will form a roll called a RW. Under this flow 
condition, RW does not appear continuously, but their appearance is in 
the clustered form.  

− Transition from RW to ED þ DW 

The increase of JG from the RW sub-regime condition causes the 
appearance of disturbance wave and entrained droplet. An example of a 
transition from a sub-regime RW to ED + DW under the tested liquid W 
at JL = 0.03 m/s and JG = 16 m/s can be seen in Fig. 3(d). The increase of 
JG from the sub regime of the RW decreases the pressure above the 
liquid, hence the liquid is lifted from the bottom and forms a thin layer 

on the pipe wall (disturbance wave). Some of the liquid layer will be 
released in the form of droplets at the top wall of the pipe, it forms a sub- 
regime of entrained droplet + disturbance wave (ED + DW). Lin and 
Hanratty [2] reported that the droplet deposition on the pipe wall is one 
of the initial mechanisms for the occurrence of the annular flow.  

− Transition from RW to Pseudo slug (PS) 

The increase of JL and reduction of JG from the condition of the RW 
sub regime causes the occurrence of PS. An example of a transition from 
the sub-regime RW to PS under the tested liquid W at JL = 0.05 m/s and 
JG = 5 m/s can be seen in Fig. 3 (e). Under this flow condition, it causes 
the increases of the size of the RW and decreases its movement, hence 
the waves behind it collide with the waves in front of it. This wave 
coalescence causes a hydraulic jump, in which the liquid briefly touches 
the top 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.  

− Transition from smooth to Pseudo slug (PS) 

The increase of the viscosity of the liquid from W (1002 mPa s) to 
G30 (2773 mPa s) and G50 (6292 mPa s) caused no 2-D waves in the 
ranges of JL and JG in this experiment. This is due to the low JG being 
unable to overcome the viscous dissipation or stabilizing effect by the 
increase of the liquid viscosity. Meanwhile, the 3-D wave also did not 
appear and changed to pseudo slug at JG = 6 m/s. An example of the 
transition from the smooth to PS under G50 tested liquid at JL = 0.03 m/ 
s and JG = 6 m/s can be seen in Fig. 3(f). The increase of JG from 5 m/s to 
6 m/s forms an aerated bubble on the surface of the liquid. It is getting 
bigger and bigger until covers the pipe cross section for a moment 
(pseudo slug) until finally decays and returns to a smooth interface 
condition. 

To describe each sub-regime of the three tested liquids (W, G30 and 
G50), JL = 0.02 m/s was chosen as an example of the stratified smooth 
sub-regime, while the sample for stratified wavy was selected under the 
condition of JL = 0.03 m/s, and JL = 0.05 m/s and JG = 0.05 m/s for PS. 
The examples of each sub-regimes can be seen in Figs. 4–6. The 
important informations from the figures can be summarized as follows. 
The stratified smooth flow occurs at low both JL and JG. An example can 
be seen in column (a) of Figs. 4 (i), 5 (i and ii) and 6 (i and ii), in which 

Fig. 1. Experimental apparatus.  
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the interface of the liquid and gas phases is flat. In the time series graph, 
the pressure gradient signal (column b) looks even. In the PDF graph 
(column c), it can be seen that the pressure gradient fluctuations are very 
small (<0.1 kPa/m) and the distribution of pressure gradient data ap
pears to be clustered in comparison to that of the other sub-regimes. In 
the PSD graph (column d), it can be seen that the magnitude of the 
dominant frequency of the stratified smooth is the lowest value (<1). 

In the case of the tested liquid of W, the increase of both superficial 
velocities of gas and liquid from stratified smooth conditions, it causes 
the formation of the small waves at the liquid and gas interface. These 
small waves are called 2-D waves. An example of 2-D wave under the 

flow condition of JL = 0.03 m/s and JG = 5 m/s can be seen in Fig. 4 (ii) 
column (a). Here, both liquid and gas phases are still completely sepa
rated, but small waves appear with a relatively uniform shape. The time 
series of the pressure gradient signal can be seen in Fig. 4 (ii) column (b), 
whereas no significant fluctuation in pressure gradient. Meanwhile, 
from the PSD graph in Fig. 4 (ii) column (d) it can be seen that the 
dominant frequency is low. This is due to the 2D waves appear discon
tinuous in clusters with a certain time lag. The magnitude of the 
dominant frequency is twice as large as that of the stratified smooth. In 
the experiments by using tested liquids G30 and G50, under the same JL 
and JG, the interface between the liquid and gas phases is still smooth. 

Fig. 2. The map of sub regimes in gas-liquid stratified flow (a) W, (b) G30 and (c) G50.  
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In the case of tested liquid of W, the increase of the superficial ve
locities both of gas and liquid from the 2-D wave causes the formation of 
3-D waves. As described by Chen et al., [11]; in the 3-D waves, 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 curvature at the interface 
close to the pipe wall. Bae et al. [18], reported that the 3-D waves have a 
regular frequency with the irregular shape in the lateral direction of the 
flow channel. The example of 3-D wave under the flow condition of JL =

0.03 m/s and JG = 6 m/s can be seen in Fig. 4 (iii) column (a). In the 
figure, the waves are formed with peaks and valleys periodically with 
irregular shapes in the lateral direction due to the breaking of the waves 
resulting from the water flowing into the side walls of the pipe. The time 
series of the pressure gradient signal can be seen in Fig. 4 (iii) column 
(b), which shows a significant increase in pressure gradient fluctuations 
in comparison to that of both stratified smooth and 2-D waves. In 
addition, it can be seen in the PDF in Fig. 4 (iii) column (c), the pressure 

gradient distribution is wider than the stratified smooth and 2-D wave. 
From the PSD in Fig. 4 (iii) column (d), it can be seen that the dominant 
frequency is low, but the magnitude value is approximately six times 
greater than the 2-D wave at the same JL. 

Under the flow condition of JL = 0.03 m/s and JG = 6 m/s of the 
tested liquids of G30 and G50, the increase of JG produces a hydraulic 
jump as a characteristic of PS, as described also by Ref. [2]. The photo of 
this sub-regime can be seen in column (a) of Fig. 5 (iii) and 6 (iii). A 
sudden increase in the waves (hydraulic jump) occurs until it reaches the 
top of the pipe, but the liquid has not completely filled the cross section 
of the pipe. An increase in JL but at a lower JG (JL = 0.05 m/s and JG = 5 
m/s) causes the occurrence of a larger hydraulic jump in the three liquid 
fluids (W, G30 and G50). The photo can be seen in column (a) in Fig. 4 
(vii), 5 (vii) and 6 (vii). This is in accordance with the previous study of 
Dukler and Hubbard [19], regarding the transition from stratified to 
intermittent. An example of a time series of the pressure gradient signal 

Fig. 3. The physical mechanism of sub-regime transition in stratified flow.  
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can be seen in column (b) in Fig. 4 (vii), 5 (iii), 5 (vii), 6 (iii) and 6 (vii), 
whereas the fluctuation the pressure gradient appears to be larger than 
that of the other sub-regimes. In column (c) it can be seen that the PDF 
has a long tail on the right which indicates that the high-pressure gra
dients due to hydraulic jumps occur less frequently than low pressure 
gradients. This can also be seen in the PSD image in column (d) which 
shows the dominant frequency of the pressure gradient is quite low (<1) 
but has a very large magnitude. 

Under the same JL = 0.03 m/s, the increase of JG from 6 m/s to 8 m/s 
and 10 m/s, the gas-liquid interface changes into coils as a feature of the 
sub regime of RW. It can be seen in column (a) of Fig. 4 (iv and v), 5 (iv 
and v) and 6 (iv and v). At JG = 8 m/s, the formed RW is larger than that 
of JG = 10 m/s. This can also be seen from the time series of the pressure 
gradient fluctuations in columns (b) of Fig. 4 (iv and v), 5 (iv and v) and 

6 (iv and v). The fluctuations in RW are larger than that of both 2-D and 
3-D waves, but smaller than PS. From the PDF in column (c) of Fig. 4 (iv 
and v), 5 (iv and v) and 6 (iv and v), it can be seen that the distribution of 
pressure gradient fluctuations is wider than both 2-D and 3-D waves. In 
addition, the PSD graphs in column (d) of Fig. 4 (iv and v), 5 (iv and v) 
and 6 (iv and v) show that the dominant frequency and magnitude of 
pressure gradient fluctuations are higher than that of both 2-D and 3-D 
waves. In comparison to the PS, the frequency of the dominant pressure 
gradient fluctuation is higher, but the magnitude is lower. 

Under the same JL = 0.03 m/s, the increase of JG from 10 m/s to 14 
m/s and 16 m/s, it is noticed that the droplets are found at the top wall 
of the pipe. Here, the liquid is lifted from the bottom of the pipe and 
begins to form a thin film on the pipe wall. This phenomenon was 
identified as the occurrence of the ED + DW sub-regime. This droplet 

Fig. 4. Example of photos, pressure gradient signal, PDF and PSD of stratified flow regime with liquid fluid (W).  
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deposition was reported also by Lin and Hanratty [2] as one of the initial 
mechanisms for the occurrence of annular flow. This is consistent with a 
study of Dukler and Hubbard [19]; in which at higher gas velocities, the 
liquid was insufficient to maintain its state and was swept around and up 
the pipe to form an annulus with some entrainment. These sub-regimes 
can be seen in column (a) of Fig. 4 (vi), 5 (vi) and 6 (vi). From the time 
series of the pressure gradient in column (b) of Fig. 4 (vi), 5 (vi) and 6 
(vi), it can be seen that the average pressure gradient is higher than the 
other sub-regimes. However, the amplitude is lower that of RW and PS. 
From the PDF of the pressure gradient fluctuations in column (c) of Fig. 4 
(vi), 5 (vi) and 6 (vi), the distribution of pressure gradient fluctuations 
looks more spread out than the smooth, 2-D wave, 3-D wave and RW. 
From the PSD of pressure gradient fluctuations in column (d) of Fig. 4 
(vi), 5 (vi) and 6 (vi), the dominant frequency of pressure gradient 
fluctuations is higher than the other sub-regimes, with a magnitude 
equal to PS. 

3.2. Stochastic analysis 

From the pressure gradient signals in column (b) of Figs. 4–6, under 
the superficial velocity of liquid of JL = 0.03 m/s, it is generally seen 
that, the increase of JG will increase the pressure gradient and dominant 
frequency. Meanwhile, to get a more detailed description of the distri
bution of pressure gradient fluctuations from the PDF, it is necessary to 
carry out further analysis using the stochastic analysis which includes 
the pressure gradient average, standard deviation, skewness and 
kurtosis. 

The average pressure gradient obtained from the experiments using 
three tested liquids of W, G30 and G50 can be seen in Fig. 7. In the range 
of JL and JG in this study, the increase of both JL and JG led to the in
crease of the pressure gradient. It is in a good agreement with that of 
Alqoshmal et al. [20]. The increase of liquid viscosity causes also the 
increase of the pressure gradient. This is caused by the increase of 

Fig. 5. Example of photos, pressure gradient signal, PDF and PSD of stratified flow regime with liquid fluid (G30).  
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Reynold number (ReL) will increase the wall shear stress, hence the 
pressure gradient increases as reported also by Taitel & Dukler [1]. From 
the three tested liquids, it can be seen that a significant increase in the 
pressure gradient occurs at JG > 12 m/s, whereas the entrained liquid 
droplets begin to occur. 

The standard deviations of the pressure gradient fluctuations ob
tained from the experiments using three tested liquids of W, G30 and 
G50 are shown in Fig. 8. The figures show that the highest standard 
deviation occurs in the sub regime of PS, while the lowest occurs in the 
sub regime of smooth. In the case of W, the standard deviation of the 
pressure gradient of the sub regimes of 2-D and 3-D waves are above the 
S, but still below the RW, ED + DW and PS. In the sub regime of PS, 
under a constant of JL, the increase of JG causes the decrease of the 
standard deviation to the lowest position at JG = 10 m/s which indicates 
the occurrence of RW. The further increase of JG in the sub regime of RW 
increases the standard deviation sharply starting from JG = 12 m/s, 

which indicates the occurrence of ED + DW. 
The slope of the pressure gradient distribution can be identified also 

from the skewness. The measured slope is divided into three curve 
models (positive, negative and symmetrical) with the reference value of 
zero (0). The model is positive if the skewness is higher than zero (0) and 
the curve tail extends to the right. The model is negative if the skewness 
is less than zero (0) and the curve tail extends to the left. The model is 
symmetrical if the skewness value is equal to zero (0). Fig. 9 shows the 
skewness of pressure gradient fluctuations obtained from the experi
ments. From the three tested liquids, it can be seen that the skewness of 
the pressure gradient distribution is higher than and equal to zero (0). 
The skewness of the PS sub-regime is the highest (far above 0) in com
parison to that of the other sub-regimes. This indicates that most of the 
distributions are in low pressure gradient. In the case of the tested liquid 
of W, the sequence of skewness values are PS, RW, ED + DW, 3-D wave, 
2-D wave and S sub-regimes. Meanwhile, in the experiments of G30 and 

Fig. 6. Example of photos, pressure gradient signal, PDF and PSD of stratified flow regime with liquid fluid (G50).  
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G50, the sequence of skewness values are PS, RW, ED + DW and S sub- 
regimes. The skewness value in the stratified smooth and 2-D wave sub 
regimes is ±0, therefore it is noticed that the pressure gradient distri
bution is normal or symmetrical. 

The degree of the sharpness of the pressure gradient distribution in 
comparison to the normal distribution can be identified from the kur
tosis value. Fig. 10 shows the kurtosis of the pressure gradient fluctua
tions obtained from the experiments of W, G30 and G50. From the 
figure, it is seen that the kurtosis of the pressure gradient distribution in 
the pseudo slug sub regime is generally higher than 3 (leptokurtic), as 
can be seen in the PDF which looks very sharp at the low-pressure 
gradient. This means that most of the pressure gradient fluctuations 
have almost the uniform low values. Thus, the shape of the PDF with a 
long tail to the right (very high skewness value) and sharp (very high 
kurtosis value) is an indication of the pseudo slug sub regime. For the 

other sub-regimes, it generally has a kurtosis value of less than 3 (pla
tykurtic) as shown in the PDF graph. In the experiment of W, the 
sequence of kurtosis values are PS, RW, 3-D wave, 2-D wave, ED + DW 
and S sub regimes. In experiments of G30 and G50, the sequence of 
kurtosis values are the sub-regimes of PS, RW, ED + DW and S. 

For comparison, Andritsos [21]; Strand [22] and Ayati & Carneiro 
[23] have conducted the experiments by using the parallel wire 
conductance probes and analyzed with kurtosis values to identify wave 
patterns in the stratified air-water flow. A summary of the experimental 
conditions of the above works can be seen in Table 3, while the evolution 
of kurtosis under the increase of JG from the current experimental data 
and from the data of previous researchers can be seen in Fig. 11. 

Fig. 11 above shows the comparation of the evolution of kurtosis 
under the increase of JG from the current experimental data and from the 
data of previous researchers [Andritsos [21]; Strand [22] and Ayati & 
Carneiro [23]]. From the figure, it is seen that the results of the 

Fig. 7. The effects of both JL and JG on the average pressure gradient.  

Fig. 8. The effect of both JL and JG on the standard deviation of the pres
sure gradient. 
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experiment conducted by Andritsos [21] showed a trend similar to the 
present study. Andritsos [21] reported that the Pseudo Slug sub-regime 
occurs at the highest tested liquid viscosity (79 CP), at JL = 0.024 m/s 
and JG = 5 m/s, which are located in the same PS region for the three 
tested liquid (W, G30 and G50) in the present study. The transition from 
PS to large amplitude (LA) wave is also the same at JG = 6 m/s. It is 
generally seen that an increase in JG decreases the kurtosis which in
dicates a decrease in wave amplitude. Meanwhile, at JG = 6 m/s to JG =

8 m/s, the increase of liquid viscosity increases the kurtosis which in
dicates the increase of the wave amplitude. In the present study, ED +
DW occurs at JG > 12 m/s, where this is also happened in the experiment 
of Andritsos [21]; whereas the atomization which is characterized by the 

presence of droplets touching the upper surface in the pipe. 
Although the data of Andritsos [21] and the present study have 

similar trends and the boundaries of the sub-regimes, there are differ
ences in the kurtosis boundary line. From the above previous data 
[Andritsos [21]; Strand [22] and Ayati & Carneiro [23]] show that all 
kurtosis values are positive. They suggest that the kurtosis value of 
higher than 3 is an indicator of the transition to the large amplitude (LA) 
wave or roll wave (RW) or also called as the Kelvin Helmhotz (KH) wave. 
Meanwhile, the value of kurtosis of 3 is wave growth in the form of 2D, 
the value of kurtosis of 2 is wave stagnation which may be caused by 
dissipative mechanisms such as air flow separation, wave breaking, 
interaction of non-linear waves or interaction with bulk flow (both 

Fig. 9. The effect of both JL and JG on the skewness of the pressure gradient.  
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turbulent and sheared). On the other hand, in the experimental present 
study, a kurtosis value of more than 3 is an indicator of the occurrence of 
the PS sub regime. In addition, for the sub regimes of 2-D wave, 3-D 
wave and RW are between 0 and 3, while ED + DW the kurtosis value 
is 0. The difference in the kurtosis value of the 2-D wave, LA wave and 
Atomization or ED + DW between the present study and three above 
previous works might be caused by differences in the characteristics of 
the sensors used. The three previous researchers used a parallel wire 
conductance probe, while the present study used a differential pressure 
transducer (DPT). 

From the results of the above three previous studies, this study 
provides the improvements and has advantages. First, by using the limit 

of JG = 4 m/s to 6 m/s and a kurtosis value of 3, the results of this study 
are able to provide clear boundaries between the PS sub-regime and 
other sub-regimes. Second, by using the limit of JG = 12 m/s and a 
negative kurtosis value, this study was able to provide a clearer 
boundary between the atomization sub-regime or ED + DW with other 
sub-regimes. Third, the use of differential pressure transducer (DPT) is a 
non-intrusive in comparison to that of the parallel wire conductance 
probe as used by previous researchers. 

3.3. Chaotic analysis 

Vial et al. [24] reported that the chaotic systems are characterized by 

Fig. 10. The effect of both JL and JG on the kurtosis of the pressure gradient.  
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the degree of the predictability (small perturbation growth rate) which 
can be measured by kolmogorov entropy. Fig. 12 shows the effect of 
both JL and JG on the entropy of the fluctuations of the pressure gradient 
obtained from the present experiments for all the tested liquids. In 
Fig. 12, (a), (b) and (c) correspond to cases of W, G30, and G50 
respectively. From the figure, it can be seen that the entropy in the PS 
sub-regime is the lowest in comparison to the other sub-regimes. This is 
because most of the pressure gradient fluctuations are almost uniform or 
homogeneous, while high pressure gradient fluctuations due to hy
draulic jumps are very rare. The uniformity of pressure gradient fluc
tuations at low values of the sub-regime of the PS is shown by high 
values of both skewness and kurtosis. 

In the sub-regime of stratified smooth (S), although visually it looks 
flat, in reality there is a small pressure gradient fluctuation which is 
quite heterogeneous as shown by the low value of kurtosis as discussed 
above. It makes a higher entropy than PS. The increase of the liquid 
viscosity causes the entropy in the sub regime of the stratified smooth 
increases and even partly higher than RW and ED + DW. Meanwhile, in 
experiments of W, the entropy for the sub regime of the 2-D and 3-D are 
slightly higher than the stratified smooth. 

In the sub regime of RW, the increase of JG will increase the entropy 
due to the increase of frequency of the disturbance wave, hence the 
pressure gradient fluctuation becomes more unstable/chaos. The in
crease of JG will increase the entropy until the transition of the sub 
regime of ED + DW, whereas after that the entropy is relatively stable 
even though the JG is increased. This is due to the increase of the liquid 
amount of at the bottom of the pipe that is lifted and turns into entrained 
droplets, therefore the fluctuations of the pressure gradient become 
higher. This condition is the beginning of the transition to the annular 
flow as reported by Lin & Hanratty [2]. In the stratified wavy, it is 
generally seen from Fig. 12 that the higher the viscosity, the lower the 
entropy. This means that the increase of the liquid viscosity provides a 
stabilizing effect to reduce the fluctuations of the pressure gradient. 

Table 3 
Summary of previous research regarding the identification of interfacial wave 
patterns in stratified flow by kurtosis analysis.  

Researchers 
(Year) 

Work fluids Experimental 
Conditions 

Measurement Method 

Andritsos 
[21] 

1. Gas = Air 
2. Liquid: 
⁃ Water (μ = 1 
CP) 
⁃ Water +
66% 
glycerine (μ 
= 16 CP) 
⁃ Water +
79% 
glycerine (μ 
= 70 CP) 

1. Pipe length = 10 
m, Pipe diameter 
= 25.2 mm 
2. JG (6 m/s – 18 
m/s) 
3. JL 

⁃ Water (μ = 1 CP) 
(0,01 m/s – 0,06 
m/s) 
⁃ Water + 66% 
glycerine (μ = 16 
CP) 
(0,002 m/s – 0,02 
m/s) 
⁃ Water + 79% 
glycerine (μ = 70 
CP) 
(0,002 m/s – 0,02 
m/s) 

Parallel wire 
conductance probes 
consist of a pair of 
chromel wires (24 A W G) 
with a diameter of 0.51 
mm and a distance 
between wires of 0.25 
mm, placed at a distance 
of 80D and 160D from the 
inlet. Sampling rate 1000 
Hz 

Strand [22] Air - Water 1. Pipe length = 35 
m, Pipe diameter 
= 100 mm 
2. JG (0 m/s – 12.5 
m/s) 
3. JL (0.03 m/s – 
0.13 m/s) 

The parallel wire 
conductance probes are a 
pair of gold-plated silver 
wires, 0.17 mm thick, 4 
mm apart and placed 23 
m (230D) from the inlet. 
Sampled rate at 100 Hz 
for 40.96 s. 

Ayati & 
Carneiro 
[23] 

Air - Water 1. Pipe length = 31 
m, Pipe diameter 
= 100 mm 
2. JG (1 m/s – 4 m/ 
s) 
3. JL (0.1 m/s) 

Parallel wire 
conductance probes are a 
pair of platinum wires 
with a diameter of 0.3 
mm and a distance 
between wires of 4 mm, 
placed at a distance of 
250D from the pipe inlet. 
Sample rate 500 Hz  

Fig. 11. The effect of JG on the kurtosis.  

Fig. 12. The effect of the both JL and JG on the entropy of the fluctuations of 
the pressure gradient. 
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3.4. Wavelet transform 

In the present experimental study, the wavelet transform is used to 
identify the sub regime in stratified flow from the pressure gradient 
signals. Wavelet transform decomposes the original signal into a shifted 
and scaled version. In a decomposed signal, the frequency band de
creases with the increase of the signal scale. Here, discrete wavelet 
transforms (DWT) were implemented to divide the original signal into 
details, whereas the Daubechies wavelets were used to decompose the 
signal into ten levels. 

Elperin & Klochko [16] clearly determined the maximum decom
position level. Here, the original signal is broken down into ten details. 
This is considered on the basis of the number of visually identified 

sub-regimes (6 sub-regimes), hence more detail (levels) is needed to 
obtain a better identification of sub-regimes from the wavelet transform. 
Detail one (D1) shows the details of the smallest scale with the highest 
frequency band, while D2, D3 and so on contain lower frequencies and 
larger scales as clearly reported by Catrawedarma et al. [25]. The results 
of the wavelet transform on a sub regime of the stratified flow obtained 
from the experiments are shown in Figs. 13–15. In column (a) D5 is 
chosen as an example, taking into account that the position of D5 is in 
the middle and from the results of the wavelet transform, it is noticed 
that the highest wavelet energy starts from D5 to D10. 

An example of a wavelet energy of a stratified smooth can be seen in 
column (b) of Figs. 13–15. In general, it can be seen that for the stratified 
smooth, the highest wavelet energy is at D5, except for JL = 0.03 m/s JG 

Fig. 13. The wavelet transform results in a stratified flow sub regime (tested liquid of W).  
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= 5 m/s (fluid G50) which is shown in column (b) of Fig. 15 (ii), where 
D5 and D10 have the same wavelet energy. 

From the example of a wavelet energy of W – 2-D wave (Fig. 13, ii) or 
(Fig. 16, ii), it can be seen that the highest wavelet energy is at D8 and 
the second order is D10. The two decompositions show that the details of 
the large, low-frequency scale of the pressure gradient fluctuations were 
caused by the appearance of the clustered 2D. The third order is D5 
(medium scale and frequency details) caused by small pressure gradient 
fluctuations (similar to smooth). The wavelet energy for JL = 0.02 m/s 
and JG = 6 m/s, can be seen in column (b) of Fig. 16 (i). It looks similar to 

JL = 0.03 m/s and JG = 5 m/s, whereas the highest wavelet energy is in 
D8 and the second order is D10. Meanwhile, under the flow condition of 
JL = 0.04 m/s and JG = 4 m/s, it can be seen in column (b) Fig. 16 (iii), 
the wavelet energy is different from the previous two pairs of JL and JG. 
The highest energy wavelet is on D6, whereas for a larger scale (D7 to 
D9) and for a smaller scale (D5 to D1) the wavelet energy is regularly 
getting lower and D10 is rising again with a height below D8. This is due 
to the different shape of the 2D wave, whereas the waveform is longer 
and the occurrence frequency is continuous, not as clustered as in the 
previous two pairs of JL and JG. 

Fig. 14. The wavelet transform results in a stratified flow sub regime (tested liquid of G30).  
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From the example of a wavelet energy of W - large 3-D (Fig. 13, iii) or 
(Fig. 17, ii), it can be seen that the highest wavelet energy is on D9 and 
D8. Both decompositions show that the large-scale pressure gradient 
fluctuations with small frequencies is caused by the appearance of 
quitely infrequent fairly large 3-D waves or with a certain time lag. On a 
smaller scale of pressure gradient fluctuation with higher frequency, the 
highest wavelet energy is at D6. It is caused by the small waves (similar 
to 2-D waves). For W - Small 3-D wave (Fig. 17, i), it can be seen that the 
highest energy wavelet is at D4 and D5. Both decompositions show a 
high frequency of small pressure gradient fluctuation scale. On the scale 
of low frequency of large pressure gradient fluctuations, the highest 

wavelet energy at D9 and D8 is slightly below it. 
An example of the wavelet energy of the RW can be seen in column 

(b) row (iv and v) of Fig. 13 for the tested liquid of W, Fig. 14 for G30 
and Fig. 15 for G50. For W - RW (Fig. 13, iv), it can be seen that the 
highest wavelet energy in D9 and D8 is slightly below it. Meanwhile, for 
the lower scale and higher frequencies, the highest wavelet energy is in 
D5 (with a height which is quite far below D9 and D8). Meanwhile for W 
- RW (Fig. 13, v), with the increase of JG on the same JL, it is seen that the 
highest energy wavelet shifts to D8 and D9. For lower scales and higher 
frequencies, the highest wavelet energy is at D5 with a height slightly 
below D8 and D9. This can also be seen from the distribution of pressure 

Fig. 15. The wavelet transform results in a stratified flow sub regime (tested liquid of G50).  
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gradient fluctuations in the skewness in Fig. 9 (a) which looks sym
metrical (close to 0) and the kurtosis in Fig. 10 (a) which looks sloping 
(<3). 

For G30 – RW (Fig. 14, iv), it can be seen that the highest wavelet 
energy is in D10 (D9 is almost the same slightly below D10). For lower 
scales and higher frequencies, the highest wavelet energy is at D5 with a 
height slightly below D9 and D10. This shows that the large and small- 
scale wavelet energies are almost the same. This can also be seen from 
the distribution of pressure gradient fluctuations in the skewness in 
Fig. 9 (b) which looks slightly above zero and the kurtosis in Fig. 10 (b) 
which looks close to normal (almost equal to 3). JL = 0.03 m/s and JG =

10 m/s as shown in column (b) of Fig. 14 (v), it is noticed that the in
crease of JG, it is seen that the highest energy wavelet shifts to D8 (D7 is 
slightly below it). For lower scales and higher frequencies, the highest 
wavelet energy is at D5 with a height far below D7 and D8. For G50 – 
RW (Fig. 15, iv), it can be seen that the highest wavelet energy is at D10 
(much higher value than other decomposition levels). For lower scales 
and higher frequencies, the highest wavelet energy is at D6. Meanwhile 
for G50 – RW (Fig. 15, v), it is noticed that the increase of JG, the highest 

wavelet energy is still the same at D10. For lower scales and higher 
frequencies, the highest energy wavelets are still the same at D6, where 
from D6 sequentially decreases to decomposition levels with smaller 
scales D5 and D4. From the wavelet analysis in the RW sub regime, it 
shows that the increase of the liquid viscosity shifts the wavelet energy 
to a larger scale and lower frequency. In addition, the increase of JG will 
increase the wavelet energy at the small-scale and high-frequency 
decomposition levels. 

An example of a wavelet energy of the sub regime of ED + DW under 
the flow condition of JL = 0.03 m/s and JG = 16 m/s can be seen in 
column (b) row (vi) of Fig. 13 for W, Fig. 14 for G30 and Fig. 15 for G50. 
In the experiment of W, it is seen that the highest wavelet energy is at 
D5. Meanwhile, for large scale and lower frequencies, the highest 
wavelet energy is in D8 with its height far below D5. In the experiment 
of G30, it is seen that the highest wavelet energy is at D5. In the 
experiment of G50, it is seen that the highest wavelet energy is at D8. 
Meanwhile, for small scale and higher frequencies, the highest wavelet 
energy is in D5. From the wavelet analysis in the sub-regime of ED +
DW, it is noticed that the increase of liquid viscosity shifts the wavelet 

Fig. 16. Photograph and wavelet energy for the 2-D wave sub regime.  

Fig. 17. Photograph and wavelet energy for the 3-D wave sub regime.  
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energy to a larger scale and lower frequency. 
From the wavelet analysis above, it is shown that the increase of the 

JG under a constant of JL causes an increase in wavelet energy at small- 
scale and high-frequency decomposition rates. This is due to the 
increasing relative velocity or slip between the gas and liquid phases, 
hence the frequency of the interfacial wave formation increases. This 
causes the increase of frequency of pressure gradient fluctuations. 
However, the increase of JG causes the interfacial waves to be pushed 
forward, hence the formation of large wave amplitudes could not 
possible. It makes the decrease of the amplitude of the waves, and the 
scale of the pressure gradient fluctuations is become smaller. Moreover, 
the increase of the liquid viscosity causes the wavelet energy to shift to a 
larger scale and a lower frequency. This is due to the need for higher 
forces to form interfacial waves with higher liquid viscosity. Hence, 
under the same JG and JL, the increase in the viscosity of the liquid 
causes the wave frequency to decrease. This causes the frequency of 
pressure gradient fluctuations to be lower, but the scale increases due to 
the increase of the friction factor. 

An example of the wavelet energy of the PS under the flow condition 
of JL = 0.05 m/s and JG = 5 m/s can be seen in column (b) row (vii) of 
Fig. 13 for W. Meanwhile for JL = 0.03 m/s and JG = 6 m/s, it can be 
seen in column (b) row (iii) Fig. 14 for G30 and Fig. 15 for G50. From the 
experiments of the tested liquid of W it is noticed that the highest 
wavelet energy is at D7. From the experiments of G30, it shows that the 
highest wavelet energy at D9. From the experiments of G50, it shows 
that the highest wavelet energy is at D7. Meanwhile, for G30 - PS 
(Fig. 14, iii), it shows that the highest wavelet energy is at D10. For G50 
– PS (Fig. 15, iii) it shows that the highest wavelet energy at D7. From 
the above facts, it can be seen that the increase of the liquid viscosity, the 
wavelet energy of the pseudo slug sub regime also increases, but the 
wavelet energy shifts to a smaller scale with a higher frequency. 

In comparison to the results of the analysis of the three methods 
(PDF, PSD, Kolmogorov entropy), Discrete Wavelet Transform (DWT) is 
able to better identify the stratified flow sub-regime based on the 
wavelet energy and decomposition level. The results of identification 
using the PDF, PSD and Kolmogorov entropy methods can be used to 
strengthen the identification results of DWT. 

4. Conclusions 

The interfacial behavior of the sub-regimes of the gas-liquid stratified 
two-phase flow was identified visually and using differential pressure 
signal data. In the present experiment, the working fluid were air and 
water with three variations of viscosity. Those are water (W), water +
30% glycerine (G30) and water + 50% glycerine (G50). Here, proba
bility distribution function (PDF), power spectral density (PSD), kol
mogorov entropy and discrete wavelet transform (DWT) were used to 
analyze the differential pressure signal. The quantification of the PDF 
was accomplished using the average, standard deviation, skewness and 
kurtosis. The results are summarized as follows:  

a. There are six identified sub-regimes of the stratified flow. Those are 
stratified smooth (S), two-dimensional (2-D) wave, three- 
dimensional (3-D) wave, roll wave (RW), entrained droplet and 
disturbance wave (ED + DW) and pseudo slug (PS). The increase of 
the liquid viscosity causes the transition line from the RW to ED +
DW shifts to a lower both JL and JG.  

b. A significant increase of the pressure gradient occurs at JG > 12 m/s, 
where the entrained liquid droplets begin to occur. The increase of 
the liquid viscosity causes the increase of the pressure gradient.  

c. The entropy in the PS sub-regime is the lowest in comparison to that 
of the other sub-regimes. This is because the pressure gradient fluc
tuations are almost uniform without any hydraulic jump. In the sub- 
regime of S, there is a small pressure gradient fluctuation which is 
quite heterogeneous. It makes a higher entropy than PS. For the sub- 
regimes of both the 2-D and 3-D waves are slightly higher than the S. 

In the sub regime of RW, the increase of JG will increase the entropy 
which is caused by the increase of the frequency of the disturbance 
wave, hence the pressure gradient fluctuation becomes more unsta
ble/chaos. The increase of JG causes the continue increases of the 
entropy until near the transition of the sub regime of ED + DW, 
whereas after that the entropy is relatively stable even though the JG 
is increased.  

d. In the sub regime of RW, the increase of the liquid viscosity shifts the 
wavelet energy to a larger scale and lower frequency. Next, the in
crease of JG causes an increase in wavelet energy at the smaller-scale 
and higher-frequency decomposition levels, namely from the initial 
condition the highest wavelet energy at D9 shifts to D8 for W and 
from D10 shifts to D8 for G30. Meanwhile for liquid tested of G50, 
the increase of JG, the highest wavelet energy is still the same at D10.  

e. In the sub regime of ED + DW, the increase of the liquid viscosity 
shifts the highest wavelet energy to shift to a larger scale and lower 
frequency, namely D5 for liquid tested of W and G30, and D8 for 
G50. For the sub regime of PS, the increase of the liquid viscosity will 
increase the wavelet energy of the pseudo slug sub regime, but the 
wavelet energy shifts to a smaller scale with a higher frequency. 
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