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2. Deep Learning

3. Perceptron
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5. Support Vector Machine (SVM)
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1. Multitask-based Temporal-channel-wise Convolutional Neural
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2. Flow Conventional Neural Network (FCNN)
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2. Flatten Layer
3. Kernel
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1. Rectified Linear Units (ReLU)

2. Adam

3. Weighted Binary Cross Entropy (WBCE)
4. Loss Function

5. Stratified

6. Dual Continuous

7. Dispersed Flow

8. Multi-beam gamma-ray Densitometry
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Introduction

A two-phase flow (i.e. liquid-liquid or gas-liquid) is
a usual occurrence in chemical and petrochemical
industries. In a gas-liquid system, density difference
and viscosity ratio of phases are greater than in a
liquid-liquid system, and so, flow regimes are quite
different. Many studies have focused on the behavior
of gas-liquid two-phase flow. After experimental tests,
flow pattern (flow regime) and holdup fractions as two
crucial factors can be evaluated by conventional or
new approaches (i.e. machine/deep learning) for the
flow characterization [1]. Deep learning or generally
machine learning has a wide application in various
areas such as pattern recognition, machine vision,
image processing, volumetric data analysis, as well as
two-phase flow characterization [2-3]. Deep learning
algorithms have been basically developed to utilize
images for computer vision, feature extraction, visual/
image processing, and parameter estimation in various
research areas. To the best of our knowledge, there
is no attempt to utilize two-phase flow images in the
deep learning programs for flow characterization.
The current study investigates the capability of a
newly developed deep learning framework called
flow conventional neural network (FCNN) on a two-
phase oil-water flow characterization. For this goal,
the flow behavior was investigated in a horizontal and

Accepted: November/08/2022

30-degree inclined pipe through the captured flow
images.

Materials and Methods

An experimental setup was designed to evaluate two-
phase oil-water flow in a Plexiglas pipe with length of
14 m and inner diameter (ID) of 3 cm. The pipe was
once positioned horizontally and then was inclined at
300.

In this study, a tap water (density 0.995 g/cm3 and
viscosity 1.01 cP at ambient temperature) and a lamp
oil (density 0.785 g/ cm3 and viscosity of 1.68 cP at
ambient temperature) were utilized. The phases were
pumped in various flow rates (0.1- 0.9 m/sec) and
water fractions (between 0.18 and 0.98) to provide
a comprehensive dataset. Practically, the oil phase is
flowed first, and the water is introduced to the line
gradually to reach the desired initial phase fraction [4].
The interfacial tension between tap water and lamp oil
was measured to be 17.2 (mN/m).

In the current study, a deep learning model is proposed
which is capable to predict flow regime and liquid
holdup based on analyzing input flow pattern image
and the learning of underlying physics. The proposed
model embeds physical phenomena into the network
layers. The schematic of proposed framework is
presented in Figure 1.
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Fig. 1 Structure of the designed FCNN, M: Max Pooling, C: Convolution Layer, F: Flatten Layer, A: Activation ReLU function.

Results and Discussions

Figure 2a demonstrates the flow regime map in the
proposed experiments. At lower mixture velocities, the
stratified flow regime is the common flow pattern in all
input fraction of water. At moderate mixture velocities,

Inaddition to horizontal experiments, a similar flow rate
condition for 300 upward inclined pipe was evaluated.
Figures 3a and 3b present the flow pattern and holdup
fraction in the 300 inclined pipe. As expected, the
inclination helps better separation of flow pattern
boundaries. The flow patterns of dispersed water in

dominating flow is dual continuous which shapes in input
water fractions above 0.5. In addition, at high mixture
velocities, dispersed flows were observed, either dispersed
oil in water which is when the water input fraction is high,
or dispersed water in oil which is when the water input
fraction is low. Another discussed parameter is the liquid
holdup fraction which is measured using the fast closing
valves in the all experiments. The comparison between
water input fraction and water holdup fraction is depicted
in Figure 2b. Approximately, most of data is spread in a
linear trend. However, in the dispersed oil in water flow,
the holdup fraction deviates from the straight linear line
due to oil and water interaction and wettability preference

oil were better extended which relates to gravity force
[5]. In addition, some points with stratified labeling in
horizontal flow received the label of dual continuous
when the pipe inclination is increased to 30-degree.
Another notable difference occurred in holdup fraction
where, a notable reduction was observed in holdup
fraction in all cases due to the gravity impact.

of Plexi-glass. The deviation is depicted in dashed ellipse

region.
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Fig. 2 (a) Resulted flow pattern map — Horizontal pipe, (b)
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Fig. 3 (a) Resulted flow pattern map — 30° inclined pipe,
(b) Comparison between water input fraction and holdup
fraction — 30° inclined pipe.

To prepare images for machine learning, the image
should be in binary format which contains only 0 and
1. The total number of experimental data is 270 which
consisted from stratified, dual continuous, dispersed
water in oil and dispersed oil in water in two inclination

Comparison between water input fraction and holdup fraction —
Horizontal pipe, the dashed ellipse confirms that holdup fraction
show more deviation in dispersed oil in water flow regime.

angles of zero and 30°.
About 70% of database was selected randomly for



network training and the remained 30% for testing.
The selected structure for FCNN is the most suitable
for training due to testing different scenarios and
training evaluations. The results of comparing the
holdup fraction measured and predicted values show
that the model is capable for prediction of holdup
fractions with overall Average Absolute Relative Error
(AARE) of 1.216% and 0.981% for horizontal and 300
inclined pipelines, respectively.

Conclusions

This study contributes to knowledge gaps in flow
pattern detection and holdup estimation through a
promising methodology to recognize and predict two-
phase flow patterns by a deep learning neural network,
named FCNN, which was trained, tested and validated
via an experimental dataset. The main key of this
research is to present a comprehensive investigation
of flow regime map and holdup fraction in horizontal
pipe, and a 30° inclined pipe using the FCNN model.
The proposed model is able to predict the flow pattern
of input images with an accuracy of 91% and 96%
for horizontal and inclined flows, respectively. This
great matching between observed and predicted flow
regime confirms the model capability for flow pattern
recognition. In addition, the water holdup fraction
was predicted with accuracy of 1.22% and 0.98% in
horizontal and inclined flows, respectively. The results
have revealed that the proposed model is enough
accurate and reliable. Therefore, the researchers will
be able to apply the flow images, and accurately,
categorize flow regimes and estimate the holdup

Petroleum Research, 2023(February-March), Vol. 32, No. 127

fractions by the developed FCNN.
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