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Abstract: Oil–water flows are widely encountered in petroleum, chemical, nuclear reactors, and other
crucial industrial processes. Due to gravity and interaction between phases, horizontal and inclined
oil–water two-phase flows are characterized by remarkable multi-scale structure characteristics, such
as large-scale stratified interface and small-scale droplets entrainment. Moreover, a slight change
in the pipe inclination will lead to significant changes in the local oil–water flow structures, which
results in great challenges in the measurement of the interface structures. In this study, we design a
10 × 10 conductance wire-mesh sensor (WMS) to detect the interfacial characteristics of horizontal
and inclined oil–water flows. Firstly, we carry out horizontal and inclined oil–water flow experiments.
The influence of pipe inclinations on the flow transition boundary is analyzed. The three-dimensional
(3D) structures of oil–water flows are visualized based on the WMS measurement response. Then,
edge detection is implemented to process the two-dimensional (2D) flow images visualized by the
WMS. The influence of complexly distributed droplets is effectively removed by using binary image
morphological transformation and watershed algorithm, and thus, oil–water interface structures are
accurately extracted. Finally, the influence of the oil–water flow conditions and pipe inclinations on
the configuration, height, and length of the stratified interface are investigated.

Keywords: oil–water flow; horizontal and inclined pipes; conductance wire-mesh sensor; interfacial
characteristics

1. Introduction

Oil–water flows are always encountered in petroleum, chemical, nuclear reactors,
and other industrial processes. The characteristics of an oil–water stratified interface have
important significance for investigating the heat and mass transfer among different phases
and uncovering the flow pattern transformation mechanism. Due to gravity and interaction
between phases, horizontal and inclined oil–water flows are characterized by complex
structures. A slight change in the pipe inclination will lead to obvious changes in the
local oil–water flow structures, which bring great challenges to the measurement of the
interfacial characteristics.

Early studies on oil–water flow mainly focused on flow pattern detection and classi-
fication. Trollra [1] studied the flow patterns of horizontal oil–water two-phase flow and
proposed six typical structures: stratified flow (ST), stratified flow with mixing at interface
(ST&MI), dispersion of water in oil and water flow (D O/W&W), dispersion of water in
oil and oil in water flow (D W/O&D O/W), dispersion of oil in water flow (D O/W),
dispersion of water in oil flow (D W/O). Angeli et al. [2] identified stratified wavy flow,
three-layer flow, stratified mixed flow, and fully dispersed flow by using a high-frequency
impedance probe. Zhai et al. [3] detected the structures of horizontal oil–water flow using
mini-conductance probes and divided the ST&MI flow patterns more precisely. Rodriguez
and Oliemans [4] carried out experimental studies on horizontal and inclined oil–water
two-phase flows. It was observed that there were stratified wavy flows with smooth in-
terfaces and no dispersed droplets in the inclined pipe. Grassi et al. [5] suggested that the
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change in pipe inclination angle (±10◦, +15◦) has little influence on the flow pattern in the
state of liquid–liquid two-phase flow with a high viscosity ratio (800:1). Boostani et al. [6]
observed P o/w (plugs of oil in water), P w/o (plugs of water in oil), SL (slug flow), and
AN (annular flow) in the horizontal and inclined (+4◦, +7◦) pipe with an inner diameter of
11 mm. In addition, some scholars have investigated the flow pattern transition boundary
of horizontal and inclined oil–water flows. Hanafizadeh et al. [7] studied the flow pattern
transition boundary of oil–water flow at different inclination angles and found that the
transition boundary between stratified and non-stratified flow patterns basically remained
constant, while the transition boundary between non-stratified flow patterns would move
horizontally to the right in the upward inclined pipeline. Zhang et al. [8] predicted the
transition boundaries from oil–water stratified to annular flow based on mixed Froude
number, and developed the shear deformation mechanism of a three-dimensional interfa-
cial wave to describe the wave instability and the droplet formation. Paolinelli [9] proposed
a mechanistic model to determine the stability of dispersed liquid–liquid flow patterns and
achieved the prediction of the dispersed flow regime.

Generally, the horizontal and inclined oil–water flow patterns show obvious diversity
and instability, and the mechanism of the flow pattern transition is complicated. The
interfacial wave characteristics of ST flow were remarkably associated with the transition
between the stratified to non-stratified flow [10–12]. Angeli et al. [13] measured the interfa-
cial wave amplitude and wavelength with a parallel-wire conductivity probe and proposed
that the waves have to reach a certain amplitude before droplets can detach from their
crests. Zhai et al. [14] designed a novel conductance parallel-wire array probe to reconstruct
the interface structures of stratified oil–water flows, and the interfacial wave evolution
characteristics of the oil–water stratified flow without the droplet attachment were mainly
studied. For ST&MI and D W/O&D O/W flow, both the oil and water phases are contin-
uous. Droplets detach from the interface and are entrained in the continuous phases on
account of the oil–water interface turbulence and shear action. In this regard, the study of
oil–water interfacial characteristics plays an important role in revealing the entrainment
of dispersed droplets. However, the conductance probes reported in the literature are
only suitable for the measurement of the smooth liquid–liquid interface, and the existing
measurement techniques show evident limitations when droplets detach from the stratified
interface. The development of optical/laser-based techniques has allowed the application
of particle image velocimetry (PIV) and planar laser-induced fluorescence (PLIF). Morgan
et al. [15,16] used PLIF technology to extract the one-dimensional structure information of
the stratified interface with droplet detachment and measured the local parameters of the
droplets. Ibarra et al. [17] set up two-line planar laser-induced fluorescence and particle
velocimetry to detect 2D phase and velocity information. Although laser-based techniques
have obvious advantages in the microstructure detection of liquid–liquid two-phase flow, it
is mostly used to measure the one-dimensional interface structure along the axial direction
of the pipeline, while the liquid–liquid 3D interface structure has not been reported in the
literature.

Electrical tomography, such as ECT and ERT, has been widely used in the visualization
of liquid–liquid two-phase flow [18,19], but it has a low resolution for small-scale flow
structures. Wire-mesh sensor (WMS) has obvious advantages in measuring the local
structures of complex multiphase flow [20]. Conductance WMS was firstly proposed by
Prasser et al. [21], which consists of two layers of parallel wires upstream and downstream.
With the development of the hardware system and imaging algorithm [22–24], WMS has
gradually been applied to the detection of complicated flow structures, such as huge wave
and pseudo-slug in gas–liquid flows [25,26]. Despite the previous research efforts, the
application of the WMS in liquid–liquid two-phase flow is rarely reported. Capacitance
WMS was used by Da Silva et al. [27] and Rodriguez et al. [28] to detect horizontal oil–water
two-phase flows. However, the capacitive WMS presents a low resolution for horizontal
liquid–liquid flows, especially when the stratified interface and entrained droplets coexist.
So far, the conductance WMS has never been used in the measurement of horizontal liquid–
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liquid flows. It is a beneficial attempt to explore the capability of the conductance WMS in
measuring the complex interface characteristics in horizontal flows.

In this study, a 10 × 10 conductance WMS is designed to measure the interfacial
characteristics of horizontal and inclined oil–water flows. Horizontal and inclined oil–
water flow experiments were carried out and the flow pattern maps of the oil–water flow
under different pipe inclinations were obtained. The influence of the pipe inclination on the
flow transition boundary was analyzed. Edge detection was implemented to process the 2D
flow images visualized by the sensor. Then, 2D and 3D interface structures of ST, ST&MI,
and D W/O&D O/W flow were accurately extracted by using binary image morphological
transformation and watershed algorithm. Meanwhile, the influence of the oil–water flow
conditions and pipe inclinations on the configuration, height, and length of the stratified
interface were investigated.

2. Materials and Methods
2.1. Wire-Mesh Sensor System

Figure 1 shows the schematic of the conductance wire-mesh sensor measurement
system. The sensor is composed of two planes of stainless-steel wires which are positioned
mutually perpendicular. The wire diameter is 0.2 mm. The number of parallel wires on each
plane is ten. The two planes of the parallel wires form 10 × 10 crossing points. The wires
at the two planes serve as transmitters (T1, T2, . . . , T10) and receivers (R1, R2, . . . , R10),
respectively. The distance of two adjacent wires in the same plane is defined as the spatial
resolution of the sensor. The spatial resolution of the sensor is generally related to the
number of parallel wires and the pipe inner diameter. If the pipe inner diameter is fixed, a
large number of parallel wires are accompanied by high spatial resolution. Table 1 shows
the wire-mesh sensor configurations and spatial resolutions reported in the literature. The
spatial resolution adopted by scholars is always lower than 2 mm. In this study, the 10 × 10
wire-mesh sensor is used in a horizontal pipe with an inner diameter of 20 mm, which
has a higher spatial resolution of 2 mm. In addition, the axial spacing of the two wire
planes are generally less than or equal to the spatial resolution [29]. It can be explained as
follows. Wire-mesh sensor is expected to be sensitive to the conductivity of the phase at the
crossing points. The sensor operates in periodic excitation mode. If one of the transmitter
wires is activated, its neighboring transmitter wires and all the receiver wires are connected
with reference ground to keep zero potential. Thus, the potential field from the activated
transmitter wire was limited within a certain volume. The increasing of the axial spacing of
the two wire planes will lead to weakened receiver current, which causes the accuracy of
the measurements to deteriorate. Hence, the axial spacing of the two wire planes is selected
as 2 mm in our study.

Table 1. WMS configuration and spatial resolution reported in the literature.

NO. Author Measurement Object Pipe Diameter
(mm)

WMS
Configuration

Spatial
Resolution (mm)

1 Prasser et al. [21] Air–water flow 51.2 16 × 16 3.2

2 Prasser et al. [30] Air–water flow 192 64 × 64 3

3 Da Silva et al. [31] Gas–liquid–liquid flow 50 × 50 16 × 16 3.12

4 Parsi et al. [26] Air–water flow 76.2 16 × 16 4.76

5 Xiao et al. [32] Air–water flow 66 × 66 16 × 16 2.06

6 Lee et al. [33] Air–water flow 60 × 60 5 × 5 3
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Figure 1. The schematic of the wire-mesh sensor system.

A square-wave voltage signal is selected as the excitation signal VE. The duty cycle
and the peak-to-peak value of the excitation signal are 50% and 10 V, respectively. VE
is cyclically applied to the transmitters by an analog switch array (MT8816). The input
terminal of MT8816 is connected to +5 V, −5 V and GND cyclically according to the control
signal from a microcontroller unit (AVR ATmega16). During a certain period, only one
of the transmitters is connected with VE, and other transmitters are connected with a
reference ground. A signal conditioning module converts the currents from all the receivers
to voltage signals. For instance, the transmitter T9 is connected with the excitation signal.
The crossing points formed by T9 and R1 to R10 are marked with red circles. R1 to R10
are connected with the I/V conversion circuits. The current signal at each crossing point
is converted into a voltage signal, i.e., Vm,1 to Vm,10. Voltage signals Vm,1 to Vm,10 are
simultaneously acquired by NI USB-6363, Ch1 to Ch10, and the sampling frequency of each
channel is 90 kHz. Note that a marking signal VMark is generated by AVR ATmega16. The
marking signal is a square wave with the same period as the excitation signal VE and
collected by Ch0 of NI USB-6363. Figure 2 is a schematic of the sensor response signal.
The excitation order of the transmitters is indicated by the signal VMark. One frame data
corresponds to ten rising edges of VMark. The sensor response signals are expressed by Vm,1
(k) to Vm,10 (k) where k denotes the frame number. Based on the conductivity differences
between the two phases (oil and water), the voltage signals Vm,1 to Vm,10 can represent the
phase proportion at the crossing points.
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Figure 2. Schematic of the sensor excitation scheme and response signals.

The conductance WMS system used in this study is shown in Figure 3. More details
about the sensor systems can refer to Zhai et al. [34].
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Figure 3. Wire-mesh sensor system used in this study: (a) Wire-mesh sensor; (b) Sensor system.

2.2. Experiment of Oil–Water Two-Phase Flows
2.2.1. Experimental Setup

The schematic of the experimental setup for horizontal and inclined oil–water flows is
exhibited in Figure 4. The fluids used in the experiment are tap water and #15 industrial
white oil. The two phases are pumped from the tanks where they are stored separately
and blended through T-shape junction before entering a big pipe (inner diameter 125 mm,
length 1200 mm). The mixed flows then enter a small diameter acrylic pipe (inner diameter
20 mm) by a diverter. The length of the experimental section is 2430 mm. A high-speed
camera is placed at 1295 mm downstream the entrance of the experimental section. The
sensor is installed at 645 mm downstream of the high-speed camera. The experimental
section is installed on an adjustable lifting platform. The experimental setup is shown
in Figure 5. The test section is installed on an adjustable lifting platform, and the pipe
inclinations can be changed from 0 to 90◦.
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Figure 5. The experimental setup for horizontal and inclined oil–water flows.

Horizontal and inclined oil–water two-phase flow experiments are carried out, re-
spectively. The inclination angle is set to 0◦, +5◦, +10◦ and +15◦. The oil phase superficial
velocity Uso ranges from 0.106–1.842 m/s, while the water phase superficial velocity Usw
ranges from 0.111–1.67 m/s. We adopt that the water flow rate is fixed and the oil flow
rate is increased gradually for experiments with different pipe inclinations. A higher total
velocity of the two phases can be obtained due to the small diameter of the test section, and
thus, various flow patterns can be encountered in the experiment.

2.2.2. Flow Pattern Map

Flow images of oil–water two-phase flows captured by the high-speed camera are
shown in Figure 6. Seven flow patterns are observed in the horizontal oil–water flow
experiment, i.e., stratified flow (ST), stratified flow with mixing at interface (ST&MI),
dispersed oil slug and water flow (D OS&W), dispersion of oil in water flow (D O/W),
dispersion of water in oil flow (D W/O), dispersion of water in oil and dispersion of oil
in water flow (D W/O&D O/W), dispersion of water in oil and dispersion of oil in water
flow with water film (D W/O&D O/W WF). The ST flow has two separate layers and is
characterized by a smooth interface, as shown in Figure 6a. As for ST&MI, the oil–water
interface fluctuates, and small droplets gradually detach from the stratified interface (see
Figure 6b). For D OS&W, as shown in Figure 6c, the oil phase is not completely broken
by the water phase and is distributed in the upper part of the pipeline in the form of oil
slugs or larger oil droplets. D W/O&D O/W is composed of double continuous phases
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while water and oil droplets exist in the other phase (see Figure 6d). The structures of D
W/O&D O/W WF and D W/O&D O/W indicate some similarity (see Figure 6e). A water
film occurs at the top area of the pipe and wraps the continuous oil phase in D W/O&D
O/W WF. In D O/W, as shown in Figure 6f, the oil phase is broken by the water phase and
distributed in the form of small oil droplets in the continuous water phase. For D W/O, as
shown in Figure 6g, the oil phase is continuous and the water phase exists in the form of
droplets in the continuous oil phase.
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Figure 6. Typical oil–water flow images captured by the high-speed camera (0◦): (a) Usw = 0.184 m/s,
Uso = 0.162 m/s, ST; (b) Usw = 0.368 m/s, Uso = 0.236 m/s, ST&MI; (c) Usw = 1.105 m/s,
Uso = 0.106 m/s, D OS &W; (d) Usw = 0.737 m/s, Uso = 0.552 m/s, D W/O&D O/W;
(e) Usw = 1.105 m/s, Uso = 0.552 m/s, D W/O&D O/W WF; (f) Usw = 1.67 m/s, Uso = 0.236 m/s, D
O/W; (g) Usw = 0.111 m/s, Uso = 1.474 m/s, D W/O.

Flow pattern maps of horizontal and inclined oil–water flows are shown in Figure 6.
For horizontal oil–water flows, as shown in Figure 7a, ST and ST&MI flow dominate when
Usw and Uso are both low. With the increase in the total flow rate, the fluctuation of the
interface becomes more and more obvious, and the flow pattern transforms to D W/O&D
O/W and D W/O&D O/W WF flow. For a constant water flow rate, the flow pattern
gradually transforms to D W/O flow as the oil superficial velocity is increased. Conversely,
with the increase in the water flow rate, the flow pattern gradually evolves to D O/W flow.
For inclined oil–water flows, as shown in Figure 7b–d, the transition boundary between
ST and ST&MI moves to the right side as the pipe inclination increases. In addition, the
region occupied by the D W/O flow presents a tendency for expansion in the flow pattern
map. The transition boundary between D OS&W and D W/O&D O/W WF moves to the
right side, indicating that the oil slugs move faster in inclined pipes and are more difficult
to coalesce into the continuous oil phase, due to the slippage effect between phases.
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2.3. Processing of Data
2.3.1. Wire-Mesh Sensor Responses

Figure 8 shows the sensor response signals under typical flow conditions of horizontal
oil–water flows. In ST flow, as shown in Figure 7a, the amplitudes of Vm,8 to Vm,10 are
nearly 0 V, which corresponds to the oil phase around the receiver R8 to R10. In contrast,
Vm,1 to Vm,3 indicates high levels, which corresponds to the water layer. Note that although
receivers R1 and R2 are completely in the water phase, Vm,1 and Vm,2 still have low-
level signals. This is because some crossing points formed between receiver R1, R2 and
transmitters are outside the fluids. For D W/O&D O/W flow, as shown in Figure 8b, Vm,8
to Vm,10 indicate that amplitude fluctuates due to the presence of the water droplets in the
continuous oil phase. Note that Vm,3 to Vm,4 are high-level signals with transient decrease,
indicating the ability of the sensor in detecting the oil droplets.
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2.3.2. 3D Flow Visualization

The sensor response signal Vm,1 to Vm,10 is preprocessed by following the steps shown
in Figure 9. First, the mark signal VMark is read, and its rising edge information is derived.
In one frame data, the ith rising edge of VMark indicates that the excitation signal is applied
to the ith transmitter. Afterwards, for kth frame data, the extreme deviation, Vm (i, j, k),
of the jth receiver signal Vm,j (k) is figured out when the ith transmitter is excited (i, j =
1, 2, . . . , 10; k = 1, 2, . . . , N). Finally, normalized Vm (i, j, k) is normalized as:

VN(i, j, k) =
Vm(i, j, k)− Vo(i, j)
Vw(i, j)− Vo(i, j)

(1)

where Vw (i, j) and Vo (i, j) are the calibration data when the pipe is full of water and oil
separately. VN (i, j, k) has an approximately linear relation with the local water volume
fraction and thus can be used to visualize the flow structures.

Figure 10 shows the flow chart of 3D flow visualization. Normalized matrix VN
(k) is corresponding to the local water volume fraction of the kth frame data, as shown
in Figure 11a. Firstly, cubic spline interpolation is conducted for VN (k) to obtain the
interpolation matrix Vip (k), which can be used to visualize the 2D phase distribution, as
shown in Figure 11b. Then, dual thresholds, εw and εo, are introduced to remove or retain
the selected phase distribution. For ST, ST&MI and D W/O&D O/W flow, the value of
each point in the interpolation matrix Vip (k) is compared with εw. If Vip (k) is less than εw,
Vip (k) is set to a null value so that only the water layer and the oil droplets entrained in
the continuous water phase can be displayed. For D OS&W and D O/W flow, the values
of each point in Vip (k) are compared with εo. If Vip (k) is higher than εo, Vip (k) is set to a
null value, and thus, only the distribution of oil slug and oil droplets are retained. As for D
W/O&D O/W WF flow, all the phases are retained in the 2D flow visualization without
threshold processing. After the threshold processing, the interpolation matrix Vip (k) is
converted to Vε (k), which is used to visualize the selected phase distribution, as shown in
Figure 11c. In this paper, εw and εo are selected as 0.7 and 0.3, respectively.
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The 3D flow visualization can be obtained by arranging matrix Vε (k) along the time
axis and smooth transition between frames using cubic spline interpolation. Figure 12
shows the 3D flow visualization for different oil–water flow patterns. For ST and ST&MI
flow, as shown in Figure 12a,b, the 3D flow visualization can indicate that the interface
varies in configuration, and the oil droplets detach from the interface. When the flow
pattern changes to D W/O&D O/W flow, the interaction between oil and water phases
becomes more complex, leading to extremely nonuniform phase distribution. In this
case, as shown in Figure 12c, the 3D flow visualization fails to indicate the structures of
the interface, which is probably caused by the interaction between the interface and the
entrained droplets. In the D W/O&D O/W WF flow, the interface indicates an obvious
curve shape, and the intermittent water film can be seen at the upper part of the pipe,
as shown in Figure 12d. As for the D OS&W shown in Figure 12e, the oil phase mainly
exists in the form of a slug, and dispersed oil droplets can occasionally be observed in the
continuous water phase. For D O/W flow, as shown in Figure 12f, the 3D flow visualization
shows a large number of dispersed oil droplets, indicating that the sensor has a good
resolution for small-scale oil droplets.
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2.4. Reconstruction of Interface Structures

The characteristics of the oil–water stratified interface are of great significance for
investigating the heat and mass transfer between phases and uncovering the mechanism
of flow pattern transition. This paper focuses on the measurement of oil–water interface
characteristics. The sensor is used to detect the configuration, the height and the length
of the oil–water interface and explore the influence of oil–water flow conditions and pipe
inclinations on the interface characteristics.

The extraction process of the oil–water stratified interface and droplets are shown in
Figure 13. First, cubic spline interpolation is performed on the normalized matrix VN (k) to
obtain the interpolation matrix Vip (k), as shown in Figure 13a,b. Then, edge extraction is
conducted for Vip (k), and only the oil–water stratified interface and droplets are retained,
as shown in Figure 13c. Finally, cubic spline interpolation and smoothing transition are
carried out along the time axis to obtain 3D stratified interface and droplets, as shown in
Figure 14. As can be seen, the droplets around the oil–water interface in ST&MI and D
W/O&D O/W flows can distort the interface shape.

The droplets shown in Figure 14 should be removed to accurately extract the interface
characteristics of the oil–water flows. The extraction process of the oil–water stratified
interface is shown in Figure 15. Threshold transformation is performed on the interpolation
matrix Vip (k) to obtain the binarization matrix Vth (k), where the water phase and oil phase
are regarded as 1 and 0, respectively, as shown in Figure 16a,b. The binarization matrix
Vth (k) is processed by the morphological transformation, including the closed operation
and the open operation. The small holes can be filled through the closed operation so that
the dispersed oil droplets are removed. By using the open operation, the small connected
components can be deleted, and thus, the dispersed water droplets are removed. After
the morphological transformation, the binarization matrix Vth (k) is changed to Vinf (k), as
shown in Figure 16c.
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When large droplets adhere to the oil–water stratified interface or the distance between
droplets and the stratified interface is small, the sensor fails to identify the droplet and
interface due to its limited spatial resolution. In this case, the watershed algorithm based
on the morphology theory [35] is introduced to separate the droplets and interface. The
watershed algorithm includes operations based on distance transformation, gradient, and
marker control. Firstly, the gradient threshold is set according to the correct interface
extraction results to determine whether the interface is normal. If the gradient value of the
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pixel points changes abnormally, the watershed algorithm is run to segment the droplet
and stratified interface. In the course of segmentation, the algorithm takes the gradient
similarity of the neighboring pixels into account. Then, the pixels with an approximately
equal spatial gradient are connected to come into a closed contour, and thus, the influence of
oil droplets on the interface is eliminated, as shown in Figure 16d. The oil–water interfaces
extracted under typical oil–water flow conditions are shown in Figure 17. The result
shows that the data processing method adopted in this paper can effectively separate the
entrainment droplets around the stratified interface and achieve an accurate oil–water
interface.
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Energies 2022, 15, 6638 15 of 22

3. Results and Discussion
3.1. Interfacial Configuration

Evolution characteristics of the oil–water interfacial configuration at different pipe
inclinations are shown in Figures 18 and 19. When the water superficial velocity is low
(Usw= 0.184 m /s), as shown in Figure 18, the ST flow gradually transforms to ST&MI flow,
and then to D W/O&D O/W flow as the oil superficial velocity is increased. The stratified
interface of ST and ST&MI flow is concave, and the interface fluctuation characteristic is not
obvious, as shown in Figure 18a–c,e. When the flow pattern changes to D W/O&D O/W
flow, the fluctuations of the oil–water stratified interface are intensified, and the curved
interface shape is obvious, as shown in Figure 18d,f. A high oil-phase flow rate will lead
to an obvious interface wave, which is corresponding to remarkable droplets entrainment
near the stratified interface. When the inclination angle of the pipe increases, the fluctuation
of the stratified interface increases correspondingly.
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Figure 18. Evolution characteristics of oil–water interfacial configuration at different pipe incli-
nations (Usw = 0.184 m/s): (a) Uso = 0.368 m/s, ST&MI, 0◦; (b) Uso = 0.921 m/s, ST&MI, 0◦;
(c) Uso = 0.368 m/s, ST&MI, +5◦; (d) Uso = 0.921 m/s, D W/O&D O/W, +5◦; (e) Uso = 0.368 m/s,
ST&MI, +10◦; (f) Uso = 0.921 m/s, D W/O&D O/W, +10◦.

If the water superficial velocity is further increased to 0.737 m/s, as shown in Figure 19.
The oil–water flow changes from ST&MI flow to D W/O&D O/W flow as the oil superficial
velocity is increased. It should be noted that the top of the D W/O&D O/W flow is often
accompanied by water film in inclined pipes. This means the D W/O&D O/W WF flow
occurs. With the increase in oil superficial velocity, the height of oil–water stratified interface
does not decrease due to the appearance of water film structure in D W/O&D O/W WF
flow. The concave shape of the oil–water interface in D W/O&D O/W flow is not obvious.
In contrast, the interface characteristics are dominated by the remarkable fluctuations. The
pipe inclination has little influence on the wave characteristics of D W/O&D O/W flow,
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as shown in Figure 19a,c,e,g. However, the curved degree of the oil–water interface in the
inclined pipe is larger than that in the horizontal one, and the water phase gathers at the
top of the pipeline. For D W/O&D O/W WF flow, as shown in Figure 19d,f,h, the oil–water
interface is almost cylindrical, and the water phase wets the entire pipe interior while the
oil phase exists in the form of an oil core.
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Figure 19. Evolution characteristics of oil–water interfacial configuration at different pipe inclinations
(Usw = 0.737 m/s): (a) Uso = 0.368 m/s, D W/O&D O/W, 0◦; (b) Uso = 0.921 m/s, D W/O&D
O/W, 0◦; (c) Uso = 0.368 m/s, D W/O&D O/W, +5◦; (d) Uso = 0.921 m/s, D W/O&D O/W WF,
+5◦; (e) Uso = 0.368 m/s, D W/O&D O/W, +10◦; (f) Uso = 0.921 m/s, D W/O&D O/W WF, +10◦;
(g) Uso = 0.368 m/s, D W/O&D O/W, +15◦; (h) Uso = 0.921 m/s, D W/O&D O/W WF, +15◦.

3.2. Interfacial Height and Length

The interfacial height is derived in this section to quantitatively describe the interface
characteristics of oil–water two-phase flow. Figure 20 shows the time series of the interfacial
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height under typical flow conditions. Each point in the interfacial height series is derived
from one frame data of the sensor. As can be seen, the instantaneous interfacial height is
sensitive to the flow conditions. For ST flow, as shown in Figure 20a, the interfacial height
series shows low-frequency fluctuation, which can effectively reflect the interfacial wave
propagation. For ST&MI flow, as shown in Figure 20b, the interfacial height series presents
low-amplitude and high-frequency fluctuations, which are mainly caused by the interaction
between the interface and a few droplets detaching from the stratified interface. When
the flow pattern changes to D W/O&D O/W flow, as shown in Figure 20c, the interfacial
height series present obvious high-amplitude and high-frequency fluctuations.
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Figure 20. Time series of the interfacial height under typical flow conditions (0◦): (a) Usw = 0.184 m/s,
Uso = 0.162 m/s, ST; (b) Usw = 0.368 m/s, Uso = 0.552 m/s, ST&MI; (c) Usw = 0.737 m/s,
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The average height of the oil–water stratified interface for different flow patterns is
shown in Figure 21. In general, with the increase in the inclination angle, the average
interfacial height increases due to the slippage effect. With the increase in the oil phase rate,
the average interfacial height decreases. It is worth noting that, as shown in Figure 21c,
when Uso is equal to 0.921 m/s, the inclination of the pipe no longer leads to a decrease in
the average interfacial height, whilst the average interfacial height increases significantly
due to the appearance of D W/O&D O/W WF flow when the pipe is inclined.

Interfacial length is significantly associated with the heat and mass transfer charac-
teristics between phases and is a necessary parameter in calculating the interfacial shear
stress [36,37], which plays an important role in modeling the interface instability [38] and
predicting the flow parameters, such as pressure drop [39–41], phase volume fraction [42],
flow rate [43] and droplet entrainment fraction [44,45]. Thus, the interfacial length is
derived to quantificationally describe the interfacial characteristics of oil–water flows.

Figure 22 shows the time series of the interfacial length under typical flow conditions.
When the oil–water flow presents ST flow, as shown in Figure 22a, there are some fluctua-
tions in the interfacial length series in the horizontal pipe. This is because the oil–water
flow in the horizontal pipe is in the critical state of ST to ST&MI flow transition, and
the oil–water interface gradually loses its instability. When the oil–water two-phase flow
pattern changes to ST&MI flow, as shown in Figure 22b, the variation frequency of the
interfacial length series in horizontal pipelines increases. When the water and oil superfi-
cial velocities are 0.737 and 0.921 m/s, respectively, as shown in Figure 22c, the oil–water
flow presents D W/O&D O/W flow in horizontal pipe. The interfacial length series show
obvious fluctuations due to the interface instability and curved interfacial configuration of
D W/O&D O/W flow.
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Figure 23 shows the calculation results of the average length of the oil–water stratified
interface. When the water superficial velocity is low (Usw = 0.184 m /s), as shown in
Figure 23a, with the increase in the oil superficial velocity, the average interfacial length
first increases and then decreases. The flow pattern gradually changes from ST to ST&MI
flow. In this case, the interface fluctuation is small, and the interface shape is the main
influencing factor of the interfacial length. The average interfacial length tends to increase
as the curvature of the concave interface increases. When the oil superficial velocity increase
to 0.552 m/s, the average interfacial length reduces due to the decrease in the interfacial
height. When the oil superficial velocity is equal to 0.921 m/s, the average interfacial length
increases as the pipe inclination increases. This result coincides with the increase in the
interface curvature in inclined pipes.
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When the water superficial velocity Usw reaches 0.368 m/s, as shown in Figure 23b,
with the increase in the oil superficial velocity, the average interfacial length also first
increases and then decreases. The flow pattern gradually changes from ST&MI to D
W/O&D O/W flow, and the interface shape gradually becomes complex, which means
the average interfacial length tends to increase. When the oil-phase superficial velocity
exceeds 0.552 m/s, the interfacial height decreases, and it leads to a decrease in the average
interfacial length. In addition, it is observed that the average interfacial length of the
inclined pipe is basically higher than that of the horizontal pipe, which results from the
curvature increase in the concave interface in the inclined pipes.

When the water superficial velocity is equal to 0.737 m/s, as shown in Figure 23c, the
average interfacial length shows an increasing tendency with the increase in the oil flow
rate. The interfacial length in D W/O&D O/W flow is dominated by wave characteristics.
The pipe inclination always makes the interface structure complex and produces an increase
in the average interfacial length. When the oil superficial velocity reaches 0.921 m/s, the
average interfacial length increases obviously due to the presence of water film in the D
W/O&D O/W WF flow.

4. Conclusions

We designed a 10 × 10 conductance wire-mesh sensor (WMS) for detecting the in-
terfacial characteristics of horizontal and inclined oil–water flows. The experiments for
horizontal and inclined (+5◦, +10◦, +15◦) oil–water flow were carried out, and flow pattern
maps of oil–water flows with different inclinations were drawn. The influence of pipe
inclinations on the flow transition boundary was analyzed. The three-dimensional structure
of the oil–water two-phase flow was visualized based on the sensor measurement response.
It is found that the three-dimensional visualization results have limitations in uncovering
the oil–water stratified interface structure.

The evolution characteristics of oil–water interfacial configuration at different pipe
inclinations were studied. The stratified interface of ST and ST&MI flow is concave and
curved, and the interface fluctuation characteristic is not obvious. For D W/O&D O/W
flow, when the water phase flow rate is low, the fluctuation of the oil–water stratified
interface is intensified and the curved interface shape is obvious. When the water flow rate
is larger, the concave interface of D W/O&D O/W flow is no longer obvious. In contrast,
the interface characteristics are dominated by remarkable fluctuations. Additionally, when
the inclination angle of the pipe increases, the fluctuation of the stratified interface increases
correspondingly. It is worth pointing out that the top of D W/O&D O/W flow is often
accompanied by water film in inclined pipes. The curved degree of the oil–water interface
in the inclined pipe is larger than that in the horizontal one.

The oil–water interfacial height and length were measured based on the detected
interfacial configuration. The influence of oil–water flow conditions and pipe inclinations
on the interfacial height and length was studied. With the increase in the pipe inclination,
the average interfacial height increases due to the slippage effect. For a constant water flow
rate, the average interfacial height decreases as the oil phase flow rate is increased. The
average interfacial height increases significantly due to the appearance of D W/O&D O/W
WF flow when the pipe is inclined. The interfacial length is dependent on the configuration
and the fluctuations of the interface. The increase in the pipe inclination angle makes the
curvature of the concave interface and the shape change, which leads to an increase in the
interfacial length.

In general, the sensor designed in our study presents good performance for measuring
the interfacial characteristics of oil–water flows. As an effective tomography method for
multiphase flows, the sensor is applicable to pipelines with high temperature and pressure
and, thus, has good application prospects in oil–gas production and transportation, nuclear
engineering, and chemical engineering.
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