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ABSTRACT: Medium coalescence technology is a research
hotspot for the separation of oil-in-water emulsions. However,
the coalescence mechanism is still unclear, making it challenging to
effectively improve the separation performance. Herein, the
microscopic mechanism of medium coalescence was revealed.
We found that the effective collision positions under the action of
the flow field include the exposed granule surface, adherent droplet
surface, and three-phase contact line. Furthermore, a numerical
model of the microscopic process of water-in-oil emulsion
permeation through a granular bed was established. The effects
of different parameters (including the number of medium layers, Reynolds number, and inlet concentration) on the microscopic
process of capturing dispersed-phase droplets in the bed and the pressure drop in the coalescence area were studied. The numerical
results show that the droplets form the bridging structure between the granules. On the one hand, the bridging structure promotes
the capture of the droplets by the bed; on the other hand, it causes pressure-drop fluctuations in the coalescence area and
asymmetric distribution of the velocity field.

1. INTRODUCTION
Water-in-oil (W/O) emulsions are ubiquitous in oil
exploitation and processing.1−5 Water in oil causes serious
harm, such as a reduction in the viscosity of lubricating oil,
resulting in lubrication shortage; moreover, it causes equip-
ment metal parts to rust, seriously shortening the service life of
the equipment.6−8 Therefore, it is necessary to remove the
water present in the oil. However, water-in-oil emulsion usually
has strong interface stability characteristics, causing dehydra-
tion problems.9,10 Commonly used oil dehydration methods
include gravity sedimentation, chemical demulsification,
vacuum dehydration, centrifugal separation, and electric field
dehydration.2,11−14 However, these methods have many
disadvantages, such as high energy consumption (electric
field and vacuum dehydration), secondary pollution (chemical
demulsification), and low efficiency (centrifugal separation and
gravity sedimentation).15−17 In recent years, media coalescence
technology has attracted wide attention from domestic and
foreign scholars owing to its advantages of high efficiency,
being environmentally friendly, and low energy consumption.18

Coalescence is the process through which multiple tiny
dispersed-phase droplets collide with each other and fuse into a
larger droplet. At the macroscopic level, the coalescence
separation mechanism takes advantage of the difference
between the affinities of the oil and water phases toward the
coalescing material, causing the dispersed-phase droplets to
grow from small to large on the coalescing medium and then to
be removed from the continuous phase. Hazlet studied the
variation of water droplets in coalescing materials. They found

that the following three main processes were involved in the
coalescence and separation of droplets: approach and collision,
drainage and adhesion, and droplet release.19 Researchers
generally agree that bed characteristics, emulsion properties,
and operating conditions considerably affect coalescence.20,21

Many researchers believe that the longer the bed length, the
longer the residence time of the emulsion in the bed, which is
beneficial to improve the separation efficiency. However, Li
believes that there is a critical value of the bed length beyond
which the bed separation efficiency no longer increases.22,23

Generally, superficial flow velocity is a crucial factor in
determining the coalescence efficiency, and an increase in
superficial velocity decreases the separation efficiency.24,25

Šecérov Sokolovic ́ experimentally and mathematically reasoned
to obtain critical velocity under different operating conditions
and determined that the separation efficiency was slightly
affected by the superficial flow velocity when the superficial
flow velocity was lower than the critical flow rate.26 Moreover,
Li concluded that the coalescence efficiency decreases with
increasing inlet concentration; however, Zhou and Maiti had
the opposite opinion. Generally, the smaller the characteristic
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size of the coalescence materials, the better the separation
performance.22−24 Magiera and Blass explored the coalescence
effect of three fiber diameters on droplets of different sizes.
They found that the coalescence efficiency of droplets
increased remarkably with decreasing fiber diameter.27

Kulkarni et al. designed layered fiber filters and examined the
effect of the ratio of hydrophobic and hydrophilic fibers on the
separation effect.7 They also studied the separation effect of a
composite bed of a coalescence material made using nano- and
micron-scale fibers. They found that adding nanofibers to the
coalescence bed resulted in a pronounced increase in the bed
pressure drop.28 The processes occurring in coalescence beds
are very complex, and the separation mechanism has been
unclear until now. However, researchers have focused on
macroscopic separation performance and rarely reported the
study of the coalescence mechanism, especially the micro-
scopic process of droplets passing through the coalescence bed
in the liquid-phase environment.29 The absence of research on
the microscopic mechanism of coalescence separation has
seriously restricted the further development and application of
coalescers.
We aim to study the microscopic process of water-in-oil

emulsion passing through the coalescence bed in more detail
and reveal the microscopic mechanism of coalescence
separation. Moreover, an experimental platform for the
granule-droplet coalescence microscopic process under the
action of the flow field is built, the microscopic process of
water-droplet coalescence on granules is observed, and the
location of the effective collision is investigated. Furthermore,
the microscopic process of water-in-oil emulsion permeation
through the coalescence bed was analyzed, and the effects of
the number of medium layers, Reynolds number Re, and inlet
concentration on the coalescence process of dispersed-phase
droplets and pressure drop in the coalescence region were
considered.

2. EXPERIMENTAL SECTION
2.1. Experimental Materials and Instruments. n-

Octane (density is 703 kg·m−3, viscosity is 0.547 mPa·s,
surface tension is 28.5 mN·m−1), deionized water (density is
998.5 kg·m−3, viscosity is 2.476 mPa·s, surface tension is 73.6
mN·m−1), and glass beads (surface energy is 57.8 dnyes·cm−1)
were purchased from Shanghai Maclean Biochemical Tech-
nology Co., Ltd. (China), Aladdin Reagent Co., Ltd.
(Shanghai), and Tianjin Ibiza Glass Bead Co., Ltd. (China),
respectively.
The capillary glass tube and organic glass cylinder (30 mm ×

30 mm × 30 mm) were made in-house. The microinjection
pump (LongerPump, MF-401), infusion pump (Sino, LD-
P2020), high-speed camera (NAC, ACS-1M60, maximum
frame rate of 100,000 fps), and contact angle instrument
(Kino, SL200KB) were used.

2.2. Experimental Process. Figure 1 shows the
experimental device of the effective collision location under
the action of the flow field, which is divided into three parts:
droplet generation, fluid delivery, and video recording systems.
The microinjection pump pushes n-octane out of the capillary
glass tube. When the gravity of the droplet is enough to
overcome the surface tension, the formed n-octane droplet
drips down from the head of the capillary glass tube. The
velocity of fluid movement is regulated by adjusting the flow
rate of the infusion pump. The collision behavior of the water
droplets under the action of the flow field is recorded using a

high-speed camera with a shooting speed of 10,000 fps using
luminescence to adjust the brightness of the shooting
environment.
During the experiment, the glass granule was fixed in the

appropriate position in the organic glass cylinder. Additionally,
we added an appropriately large amount of n-octane to the
beaker, opened the exhaust valve, and closed valve V. The
infusion pump flow rate was adjusted so that n-octane flows
into the organic glass cylinder at a specific constant flow rate.
Next, we switched on the white luminescence LED lamp,
adjusted the location of the high-speed camera and the organic
glass cylinder through the elevator, and adjusted the
magnification and focal length of the camera using a computer
software to obtain a clear image. The injection volume of the
microinjection pump was adjusted to make the capillary glass
tube extrude droplets of the right size, and a high-speed camera
captured the dynamic behavior of the droplets colliding with
the granule.

3. SIMULATION SECTION
3.1. Model Description. Based on the effective collision

location study, we continue to analyze the microscopic process
of water-in-oil emulsion permeation through the coalescence
bed using numerical simulations. Figure 2 shows the

computational domain of this process. The model is simplified
as a two-dimensional model to reduce the computational cost.
The calculation domain with a size of 240 × 32 μm2 is divided
into three regions: the feed side, coalescence region, and
permeation side. Additionally, dispersed-phase water droplets
with 8 μm diameters are randomly distributed on the feed side,
and the water-in-oil emulsion passes through the granular bed
with a certain velocity.

Figure 1. Experimental device of the effective collision location under
the action of the flow field.

Figure 2. Computational domain of the microscopic process of water-
in-oil emulsion permeation through the coalescence bed.
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Oil is the continuous phase in the channel, and its dynamic
viscosity and density are 2.3 mPa·s and 730 kg·m−3,
respectively. The dispersed phase is water droplets; its dynamic
viscosity and density are 1 mPa·s and 980 kg·m−3, respectively.
The interfacial tension of water in oil is 36 mN·m−1.

3.2. Governing Equations. This study used the coupled
level set and volume-of-fluid (CLSVOF) method to track the
phase interface. The method uses the level-set function to
calculate the volume fraction of the VOF. Simultaneously, it
corrects the level-set function using the volume fraction of the
VOF.30 Therefore, this technique overcomes the drawbacks of
the level set, and VOF methods can accurately calculate the
curvature and normal direction of the phase interface and
perform a more accurate capture of the phase interface. The
governing equation of the microscopic process of water-in-oil
emulsion permeation through the coalescence bed includes the
continuity and momentum equations. The Eulerian forms of
these two equations are given below.
Continuity equation:

(1)

Momentum equation:

(2)

Here, ρ and μ are the mixing density and viscosity of oil and
water phases, respectively, v ⃗ is the velocity of the fluid, P is the
pressure, g⃗ is the acceleration due to gravity, and F⃗ is the
volume surface tension term.
The physical properties in the equations are determined by

weighing the volume fraction of physical properties within each
control body. For a two-phase system, the density and viscosity
in each control body are as follows.

(3)

(4)

The VOF method implements phase interface tracing by
defining a volume function F(Ω, t) (Ω is the computational
grid cell), with F(Ω, t) representing the volume fraction
occupied by the fluid in the grid cell, i.e.,

(5)

0 < F(Ω, t) < 1, Ω across the interface between oil and water
phases.
The level-set method implements phase interface tracking by

defining a symbolic distance function ϕ(x), i.e.,

(6)

The curvature k of the kinematic interface and its normal
vector n⃗ are defined subsequently.

(7)

(8)

The Heaviside function is introduced to smooth the
viscosity and density at the phase interface to avoid numerical
instability near the phase interface due to the significant
difference in viscosity and density between the two phases.

(9)

The surface tension σ using the continuum surface force
model is described as follows:31

(10)

(11)

CLSVOF uses segmented lines instead of curves for the
construction of the phase interface, where the distance
function ϕ is used to calculate the acquisition of the normal

Figure 3. Comparison of simulation results with experimental results: (a) qualitative analysis; (b) quantitative analysis.
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vector of the phase interface, and, using the following equation
to reinitialize, the geometric method is used to reinitialize ϕ,
i.e., to obtain the minimum distance d from the grid centroid
to the interface.

(12)

3.3. Numerical Methods. In this study, ANSYS Fluent
18.0 (CFD software) was used to simulate the microscopic
process of water-in-oil emulsion permeation through the
coalescence bed. The inlet boundary is the velocity inlet,
outlet boundary is the pressure outlet, upper and lower
boundaries are symmetrical, and the media surface is a nonslip
wall.
The finite volume method is used to discretize the governing

equations. The simple algorithm is used for pressure−velocity
coupling; the least squares cell-based method is used to obtain
the gradient solution, PRESTO! is used to find the pressure
solution, the Geo-Reconstruct technique is used to acquire the
volume fraction solution, and the second order upwind
method is used for the momentum and level-set function
solutions.
The time step Δt = 10−7 s, and the maximum number of

iterations in Δt is 300. The convergence test demonstrates that
the calculation results converge within 300 iterations. The
physical quantities near the two-phase boundary, requiring a
fine mesh, change drastically, and the phase interface region is
grid-encrypted using the adaptive mesh refinement technique.

3.4. Model Validation. Mitra et al. experimentally
investigated the dynamic processes of droplets after impacting
spherical granules.32 In this study, the numerical model was
validated using the same parameters used in the experiment
conducted by Mitra et al. Figure 3 presents the comparison of
the simulation and experimental results. Based on Figure 3a, it
can be found that the simulation results successfully show the
morphological changes after the droplets impact the granules.
Based on Figure 3a, it can be observed that the error between
the simulated results (where Dmax is the maximum

spreading diameter of the droplet and Dd is the droplet
diameter) and the experimental results are within 8%, and the
simulation results are consistent with the experimental results.
Consequently, it can be concluded that the numerical model of
this study has high accuracy and can be used for the simulation

study of the microscopic process of water-in-oil emulsion
permeation through the coalescence bed.

4. RESULTS AND DISCUSSION
4.1. Effective Collision Location. The effective collision

location is where droplets can coalesce into larger droplets or
adhere to the coalescence medium after a collision. There are
three cases in total where droplets collide with granules�free
droplets collide with granule surfaces, free droplets collide with
three-phase contact lines, and free droplets collide with the
surfaces of adhered droplets�where the three-phase contact
lines are the locations where water, oil, and solid phases are in
contact with each other. Figure 4 shows the collision behavior
of the dispersed phases under the action of the flow field.
Based on the figure, it can be observed that when the free
droplets contact the surface of the exposed granule, the granule
intercepts the free droplets. The droplets gradually spread
along the granule surface, where the point of impact is assumed
to be the center, and adhere to the surface stably. When the
free droplet collides with the three-phase contact line, the free
droplet interfacial film breaks instantly, and the free and
adhered droplets coalesce at the three-phase contact line.
Furthermore, when the free droplet collides with the surface of
the adhered droplet, the interfacial film ruptures to form a
liquid bridge, and the free and adhered droplets rapidly
coalesce. Therefore, the effective collision locations of droplets
under the flow field include the surface of exposed granules,
the surface of adhered droplets, and the three-phase contact
line.

4.2. Effect of Media Layers. Figure 5 shows the
permeation of the water-in-oil emulsion through the granular
bed under different media layers; it can be seen that the water
droplets coalesce and grow up on the feed side near the
entrance of the coalescence area. This is due to the water-in-oil
emulsion in the flow through the coalescence region near the
entrance. Due to the interception of the media, the coalescence
region near the entrance produces flow around granules,
promoting the collision between the dispersed phase of water-
droplet coalescence. When there is one medium layer, the
water droplets adhere to the granule surface and coalesce when
flowing through the coalescence area. The water droplets form
a bridging structure between the granules (Figure 5a1). The
bridged water droplets block the flow channel and are
immediately forced to slip on the granules’ surface (Figure
5a3). The water droplets and the bridging structure coalesce
into larger water droplets. The formation of the bridging

Figure 4. Collision behavior. (a) Surface of exposed granules; (b) three-phase contact line; (c) surface of adhered droplets (experimental
conditions: droplet diameter_3.5 mm, granule diameter_10 mm, We_0.0285).
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structure enables the granules to capture the water droplets
behind them. Due to the small number of medium layers, part
of the water droplets escaped from the coalescence area
without being captured by the granules (Figure 5a3). When
the droplet size increases to a critical value, the grown water
droplets fall off the granule surface and move to the
permeation side (Figure 5a4,a5).
When the number of medium layers is two, the water

droplets adhere to the granules and form a bridging structure
(Figure 5b1), and the grown-up water droplets coat the second
layer of granules (Figure 5b2). Under normal circumstances,
the interfacial tension causes the water droplets to become
spherical. However, the dropped water droplets become square
(Figure 5b3), possibly due to the smaller size of the geometric
model along the y-axis. The bridging structure completely
blocked the flow channel in the coalescence zone and formed
oil-in-water-in-oil droplets (Figure 5b4). At the location of the
second layer of granules, the bridging droplets near the upper
boundary completely block the flow channel, and the bridging
droplets near the lower boundary have not yet completely
blocked the flow channel (Figure 5b4). Correspondingly, the
fluid flow velocity near the lower boundary is significantly
higher than that at the upper boundary (Figure 5b5).
Therefore, we can conclude that the bridging structure
blocking the flow channel causes the velocity field in the
coalescence region to exhibit an asymmetric distribution.
Although the adhered water droplets slip along the granule

surface when the number of medium layers is three, the grown
water droplets always adhere to the granules in the coalescence
area and the grown water droplets do not fall off the granule
surface (Figure 5c3,c5). The main reason is that the residence
time of water droplets in the coalescence region grows as the
number of medium layers increases. Increasing the granular
surface area improves the bed’s ability to capture water
droplets. We again observed an asymmetric velocity field
distribution due to the blocking of the flow channel by the
bridging structure (Figure 5c3,c4).
The pressure drop is one important economic indicator of

coalescence separation technology. The larger the pressure
drop, the greater the flow resistance of the fluid flowing
through the coalescence bed and the greater the processing
cost of coalescence separation technology. Therefore, we

studied the effects of layer numbers, Reynolds number, and
inlet concentration on pressure drop in the coalescence region.
It can be observed from Figure 6 that the larger the number of

media layers, the greater the pressure drop in the coalescence
area, and the pressure drop in the coalescence area fluctuates
with time. This may be caused by the formation of a bridging
structure that blocks the flow channel. When the bridging
droplet completely blocks the flow channel, the pressure drop
in the coalescence area is the largest. In the case of three
medium layers, the bridging structure entirely blocks the flow
channel at 112 μs and the pressure drop simultaneously
reaches a maximum in the agglomeration region.

4.3. Effect of the Reynolds Number. Figure 7 shows the
permeation of the water-in-oil emulsion through the granular
bed at different Reynolds numbers. It can be seen from Figure
7 that when Re is small, i.e., when Re = 20, the size of the
bridging structure formed is much larger and the bridging
structure tends to completely block the flow channel (Figure

Figure 5. Microscopic process of trapping and coalescence of
dispersed-phase droplets under different media layers (simulation
conditions: Re_60, inlet concentration_29.8%).

Figure 6. Pressure drop in the coalescence area under different media
layers (simulation conditions: Re_60, inlet concentration_29.8%).

Figure 7. Microscopic process of trapping and coalescence of
dispersed-phase droplets under different Reynolds numbers (simu-
lation conditions: number of media layers: 3, inlet concentration:
29.8%).
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7a3). When the inlet velocity is large, i.e., when Re = 100, the
bridging structure breaks to form a large number of satellite
droplets and the satellite droplets quickly flow through the
permeation side (Figure 7b3,b5) due to the increase in the
Reynolds number, which leads to an increase in the scouring
force of the continuous phase fluid acting on the bridging
structure. Consequently, the increase in scouring force causes a
rise in the amplitude of the interface disturbance of the
bridging structure. When the amplitude of the disturbance
exceeds the stability conditions of the interface, it causes the
droplets to break and produce satellite droplets. Figure 8

displays the pressure drop in the coalescence area at different
Reynolds numbers. The Reynolds number has a substantial
effect on the pressure drop in the coalescence area, and the
higher the Reynolds number, the greater the pressure drop in
the coalescence area.

4.4. Effect of Inlet Concentration. Figure 9 shows the
permeation of the water-in-oil emulsion through the granular
bed at different inlet concentrations. It can be seen from Figure

9 that when the inlet concentration is 14.9% (Figure 9a), water
droplets adhere to the granule surface; however, no bridging
structure is formed between the first layer of the granules
(Figure 9a1). The adhered water droplets crawl on the granule
surface along the flow direction and move to the downstream
side (Figure 9a1,a2). The bridging structure breaks under the
scouring action of the fluid to form satellite droplets (Figure
9a3). The bridging structure that completely blocks the flow
channel does not form when the inlet concentration is low
(14.9%), mainly because the lower the concentration of the
dispersed phase, the smaller the number of water droplets per
unit volume, which is not conducive to the subsequent
coalescence of droplets on the bridging structure. When the
inlet concentration is 21.7% (Figure 9b), the droplets tend to
form a bridging structure that completely blocks the flow
channel because the number of droplets per unit volume
increases (Figure 9b4). Figure 10 shows the pressure drop in

the coalescence area at different inlet concentrations. For more
details on the pressure drop, see the supplementary material. It
can be seen from Figure 10 that the inlet concentration has no
considerable impact on the pressure drop in the coalescence
area. However, the greater the inlet concentration, the larger
the maximum peak-pressure drop in the coalescence area. For
example, when the inlet concentrations are s14.9, 21.7, and
29.8%, the maximum peak-pressure drops in the coalescence
area are 77.3, 81.8, and 84.9 Pa, respectively.

5. CONCLUSIONS
We studied the microscopic process of water-in-oil emulsion
coalescence separation using experimental and numerical
simulation methods. The effective collision locations of liquid
droplets under the action of flow fields were analyzed using
experimental techniques. The effects of the number of medium
layers, Reynolds number, and inlet concentration on droplet
demulsification behavior and coalescer pressure drop in the
coalescence separation process were investigated using the
CLSVOF method. The main conclusions of this study are as
follows:

1. Under the action of the flow field, effective collision
locations include the exposed granule surface, adhered
droplet surface, and three-phase contact line.

Figure 8. Pressure drop in the coalescence area at different Reynolds
numbers (simulation conditions: number of media layers: 3, inlet
concentration: 29.8%).

Figure 9. Microscopic process of trapping and coalescence of
dispersed-phase droplets under different inlet concentrations
(simulation conditions: Re_60, number of media layers: 3).

Figure 10. Pressure drop in the coalescence area at different inlet
concentrations (simulation conditions: Re_60, number of media
layers: 3).
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2. Although the bridging structure promotes water-droplet
capture by the bed, it causes fluctuations in the pressure
drop and asymmetric distribution of the velocity field.

3. During the coalescence separation process, the pressure
drop fluctuates with time. The higher the number of
medium layers and the greater the Reynolds number, the
larger the pressure drop. An increase in the inlet
concentration increases the maximum peak-pressure
drop.
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