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a b s t r a c t
To reveal the flow characteristics in the packed bed of a fiber filter, the collision behaviors of water 
droplets with a single stainless steel (SS) fiber in oil were investigated. First, the forces acting on 
the water droplets during collisional processes were analyzed; then, a systematic test based on the 
visualization method was conducted to elucidate the effects of the emulsion flow rate, the value of 
N = rd/rf (ratio of the radii of the water droplets and the fiber) and oil viscosity on the motions of 
the water droplets colliding with the fibers. It was revealed that increasing the emulsion flow rate 
and N can clearly improve the collision velocity and the efficiency of the water droplet collision 
with a single fiber. However, the influence of the oil viscosity on the velocity of the water droplets 
approaching the SS fibers can be ignored. All of the findings will facilitate the design of efficient 
fibrous bed coalescers for emulsion and aerosol purification.
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1. Introduction

Water in refinery fuels has received much attention 
because it gives rise to many problems in the automotive, 
aviation, and petrochemical industries. Water not only 
causes corrosion in equipment and engine systems but also 
influences the lubricative properties of fuel and freezes in 
subzero conditions, restricting fuel flow and/or damaging 
the engine system [1–4]. Water is present in fuels in the forms 
of free water and emulsified water [1,3]. While free water 
can be separated easily by gravity settling, it is difficult to 
separate emulsified water from fuels due to the small size 
(of less than 100 μm) of these water droplets [2,3]. Recently, 
coalescence filtration has been commonly used to separate 
emulsified water from oil for economy and efficiency.

However, the performance of fiber filters can be affected 
by many factors, such as the properties of fluid and emulsion, 

the parameters of the fibrous bed, and the operating condi-
tions [5–10]. Many studies have been conducted to examine 
the effects of the influence factors such as emulsion flow 
rate, fiber radius, and continuous phase on the fiber filter 
performance. For example, some researchers have found 
that the coalescence efficiency of fibrous filters decreased 
with increasing emulsion flow velocity [11–14], and Li and 
Gu [15] investigated the effect of the superficial velocity on 
the filtration efficiency of fiber filter under a lower inlet oil 
concentration in water, found that the filtration efficiency 
first increased and then decreased with the increase in 
the emulsion flow velocity. Additionally, fiber radius also 
was found to have a clear influence on the filter filtration 
efficiency. A decrease in the fiber radius can improve the 
filter filtration efficiency, allowing more small droplets to 
be removed from the emulsion. Lu et al. [7] and Shin and 
Chase [16] believed that this improvement was due to the 
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larger specific surface area and smaller pore size between 
the fibers. The effects of the continuous phase viscosity on 
the filtration efficiency of fibrous filter were also studied. 
Mohammadi et al. [17] and Chiesa et al. [18] demonstrated 
that the collection efficiency of the fiber filter declined with 
the increase in the continuous phase viscosity due to the 
increase in the coalescence time [19].

Although many researchers have studied the effects of 
various factors on filter performance, their work has mainly 
focused on the collection efficiency, packed bed pressure 
drop, and so on. Limited efforts have been devoted to the 
study of the coalescence mechanisms and flow characteris-
tics involved in the fiber filter packed bed, and these mech-
anisms have not been understood fully. This may be due to 
the considerable complexity of the process water droplets 
undergo during coalescence with the water droplets and 
fibers in fibrous media [13]. Hence, the complex events 
occurring in a filter-separator are not adequately under-
stood. The present study aimed to examine the motion of 
water droplets moving toward and colliding with a single 
stainless steel (SS) fiber in oil in order to understand the 
mechanism of fiber filter treatment of water-in-oil emulsion. 
This research is important for the treatment of water-in-oil 
emulsions using fibrous filters.

In this paper, first, the forces acting on water droplets 
during the collisional processes were discussed based 
on theoretical analysis. Then, a series of experiments were 
performed by passing a water-in-oil emulsion through a 
confined cylindrical fiber in a transparent test cell. A visu-
alization method was used to track the motions of water 
droplets approaching a single microfiber in different experi-
mental conditions. The effects of the emulsion flow rate, the 
value of N = rd/rf , and the oil viscosity on the behaviors of 
the water droplet collision with single SS fibers were also 
studied in the present work.

2. Theoretical analysis

To better understand the effects of the influence factors 
on the collisions of water droplets with a single fiber in oil, 
the forces acting on the water droplets during the collisional 
processes were analyzed.

The velocity and acceleration of a spherical water drop-
let i approaching a single fiber can be calculated from the 
force balance over the droplet.
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In the present work, the effects of the pressure gradient 
and Basset history force can be neglected due to the micro-
scopic size of the droplets and a small Stokes number 
[20,21]. Additionally, in this paper, we only focused on 
the horizontal movements of the water droplets near the 
fibers; hence, the gravity and buoyancy force were also not 
considered. The forces m
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droplet approaching a single fiber have the components of 
lubrication, drag, and virtual mass (Fig. 1).
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where 

Fdrag is the drag force from the continuous liquid, 


Fvm 

is the force due to the virtual or added mass effect, and 

Flub 

is the lubrication force caused by the drainage of the liquid 
film between the approaching droplets and the fiber.

These forces can be described in greater detail by the 
following equations [22–25].
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where in Eqs. (4)–(6), Cd is the drag force coefficient, Cvm is the 
virtual force coefficient, f * is the lubrication force coefficient, 
and h = L–rd–rf is the gap between the droplet and fiber, as 
shown in Fig. 1.

In this work, the water droplets can be considered as 
rigid spheres [20]. This assumption can significantly simplify 
the calculation of the forces exerted on the water droplets by 
the oil.

The drag coefficient Cd depends on the Reynolds num-
ber based on the total velocity vector. For rigid spheres, the 
drag force coefficient in Eq. (4) is usually approximated as  
Cd ≈ 24/Red [26].

The lubrication force is caused by the drainage of the 
liquid film between the approaching droplet and the fiber, 
which is the main force resisting the approach of water 
droplets to the fiber. For a rigid sphere, f * ≈ 1 [20,26].

The virtual mass force generated due to the liquid 
around water droplet is accelerated by the motion of droplets, 
which in turn affecting the movement of the water droplets. 
Following previous studies, the virtual mass force coefficient 
Cvm is considered to have a small constant value of 0.02 [23].

Because only the droplet movements along the horizontal 
direction are considered, Eqs. (4)–(6) can be transformed as 
follows:

F r u vc d idrag = −6 2πµ ( )  (7)

 

Fig. 1. Radial force components between a water droplet and a 
single fiber.
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The ratio of the drag force to the lubrication force can be 
written as:
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where N is the ratio of the radii of the water droplet to the 
fiber, N = rd/rf.

It is clear from Eqs. (7)–(9) that the influence factors 
affecting the forces acting on the water droplets are the 
emulsion flow rate, oil viscosity, and the sizes of the water 
droplets and the fiber. Therefore, several experiments were 
performed to study the effects of these factors on the motion 
of water droplets approaching a single fiber to provide a 
microscopic understanding of the performance of the fiber 
filters separating the water droplets from oil.

3. Experiments

3.1. Test cell

The test cell was fabricated by using two polymethyl 
methacrylate (PMMA) plates (150 mm × 55 mm × 4.5 mm) 
with a rectangular channel, as shown in Fig. 2a. The channel 
size was 6 mm (width) × 120 mm (length) × 2 mm (height). 
The fiber was located in the middle of the channel and was 
positioned at the midplane to define a symmetric geometry, 
as shown in Fig. 2b.

3.2. Materials

All of the experiments were carried out at room tem-
perature under atmospheric pressure. Three oil with differ-
ent viscosities (0# diesel oil, 5# mineral oil, and 55# mineral 
oil; Sinopec Group, China) were used as the continuous 
phase, and deionized water was used as the disperse phase. 
The physical properties of these oils are described in Table 1.

Viscosities of the oil were determined by using a rotating 
Couette viscometer and the corresponding corrections were 
taken into account in the analysis of the data. The tempera-
ture of the device was determined before and after each 
set of experiments to ensure that there was no significant 
temperature variation.

 

 
Fig. 2. (a) Photograph of the assembled experimental test cell and (b) structural diagram of the channel and the position of a 
confined cylindrical fiber.
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The fibers used here were 304 stainless steel fibers (SS), 
and their size was measured with an optical microscope 
(Olympus CX41; Olympus Corporation, Tokyo, Japan) using 
Image-Pro Plus. The radii of the SS fibers were 8, 16, 53, and 
152 μm, respectively. All of the fibers were thoroughly rinsed 
with deionized water, acetone, and alcohol and were dried 
in air overnight.

3.3. Visualization and operation

A diagram of the experimental setup is shown in Fig. 3. 
The experiments were carried out by using an optical micro-
scope equipped with a high-speed CMOS camera (i-Speed 3,  
Olympus Corporation, Tokyo, Japan). The images were 
captured at an exposure time of 200 μs and videos were 
recorded at 300 frames per second. The water droplet radius 
rd was measured from the recorded images. The bulk fluid 
velocity u and the evolution of the water droplet velocity 
vi were both evaluated from the time history of the camera 
speed and the distance L between the water droplet and the 
fiber in the recorded videos. The bulk fluid velocity u was 
acquired according to the microdrop far from the fiber in 
the upstream, where the influence of fiber on the bulk fluid 
velocity was negligible. The distance L between the water 
droplet and the fiber was evaluated for each frame. The 
local speed of the water droplet was obtained by locating 
the center of the water droplet in one frame, calculating the 
relative speed from the movement of the center in several 

consecutive frames, and adding the speed of the camera 
corresponding to these frames. The gap h between the water 
droplet and the fiber was given by h = L–rd–rf. The origin of 
the coordinate system is located on the axis of the fiber as 
shown in Fig. 2b, so that the value of h is less than 0.

The collision of a single water droplet with a single fiber 
that we chose to study was approximated to be a head-on 
collision. This is because in our experiments, we observed 
that a water droplet of somewhat smaller size, following 
the streamline that was located at a certain distance from the 
centerline of the fiber in the flow direction, would pass the 
fiber without an obvious residence on the surface of fiber, 
even at the closest approach. However, if the water droplet 
followed a streamline closer to the centerline of the fiber, the 
colliding droplets would show a significant residence time 
on the fiber. Here, we chose to study the water droplets that 
had a residence time more than 20 ms.

The flow rate of the emulsion through the rectangular 
channel was controlled by a syringe pump with a 5-mL glass 
syringe. The emulsion flow rate Q ranged from 0.4 to 2.1 mL/
min. After any adjustment of the operating conditions, a 
time period of at least 30 s was allowed for the stabilization 
of the system. Several tests were repeated for a single set of 
operating conditions to provide parallel experiments.

3.4. Emulsion preparation

Water-in-oil emulsions were prepared by mixing oil with 
5.0 wt.% deionized water stirred with flat disc saw-tooth 
disperser (~500 rpm). The sodium alkane sulfonate surfactant 
(purchased from Tianjin Guangfu Fine Chemical Research 
Institute, Tianjin, China) in the emulsion was 100 ppm. For 
better observation of the outline of the water droplets in the 
emulsion, a water-soluble dye (Acid Red 27, purchased from 
Tianjin Guangfu Fine Chemical Research Institute, Tianjin, 
China) was added to the water used in the preparation of 
the water-in-oil emulsion. The emulsion must be constantly 
stirred during the experiment to prevent larger water drop-
lets from settling. Fig. 4a shows the image of the emulsion 
of the water droplet in 55# mineral oil that was taken by an 

Table 1
Physical properties of the oil samples (at 20°C)

Property Density/ρc (g/cm3) Viscosity/μc (mPa.s)

0# Diesel oil 0.823 4.65
5# Mineral oil 0.846 7.63
55# Mineral oil 0.876 99.6

Note: All of the values are the average values of three individual 
measurements.

 
Fig. 3. Schematic of the experimental setup: (1) springe pump, (2) optical microscope, (3) PMMA test cell, (4) high-speed camera, 
(5) personal computer, (6) beaker.

http://www.so.com/link?url=http://dict.youdao.com/search?q=beaker&keyfrom=hao360&q=%E7%83%A7%E6%9D%AF+%E8%8B%B1%E6%96%87&ts=1509436789&t=dbc412a28bb7a463d054f4351151ed7
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Olympus CX41 optical microscope, and the droplet diameter 
distribution is shown in Fig. 4b. The results indicate that most 
water droplets in emulsion range in size from 20 to 100 μm, 
and only a small number of water droplets have a diameter 
larger than 100 μm.

4. Results and discussion

System tests were performed to investigate the effects of 
three main factors, namely, the emulsion flow rate, the ratio 
of the radii of the water droplet to the fiber (N = rd/rf), and 
the oil viscosity, when evaluating the collision of the water 
droplet collision with a single fiber in oil. The evolution of 
the water droplet approach velocity and the number of the 
water droplet adhering on the fiber were observed to reveal 
the coalescence mechanism of the fiber filter treating the 
water-in-oil emulsion.

4.1. Effect of the emulsion flow rate

In this section, the effect of the emulsion flow rate on 
the water droplet approach velocity and the adhesion of the 
water droplet on the fiber was investigated. Six different 
flow rates were studied here, namely Q = 0.4, 0.6, 0.9, 1.2, 1.5, 
and 2.1 mL/min. The radii of the water droplets and SS fiber 
used here were rd = 20 and rf = 8 μm, respectively. All of the 
experiments were performed in 55# mineral oil because the 
viscosity of 55# mineral oil was sufficiently large, so water 
droplets were not easily settled from the oil. The velocity of 
the water droplets approaching the SS fiber and the number 
of the water droplets adhering on the SS fiber were tracked 
to reveal the influence of the emulsion flow rate on the per-
formance of a single fiber coalescing with the water droplets.

The evolution of the water droplet approach veloc-
ity vi with the distance h between the droplet and fiber are 
plotted in Fig. 5a. Comparison of the curves of the water 
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Fig. 4. (a) Emulsion of water droplets in 55# mineral oil and (b) statistics for sizes of the water droplets observed in Fig. 4a.
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Fig. 5. Effect of the emulsion flow rate (Q) on the evolution of the water droplet approach velocity (v) with the gap between the droplet 
and the fiber (h). (a) Changes of vi with h and (b) Log-Log plot of the changes of vi with –h.



B. Li et al. / Desalination and Water Treatment 166 (2019) 399–408404

droplets approach velocities with h obtained for different 
emulsion flow rates showed that the emulsion flow rate Q 
has a clear effect on the approach velocity. A higher emul-
sion flow rate results in a rapid reduction of the approach 
velocity, but the approach velocity at the same position is 
still significantly higher than that for slower emulsion flow 
rates. For example, as the value of h increases from –1,000 
to –50 μm, that is, as the gap between the water droplet 
and fiber decreases from 1,000 to 50 μm, the water droplet 
velocity for Q = 0.6 mL/min decreases from approximately 
1,800 to 750 μm/s, corresponding to a decrease of ~63.9%; 
the water drop velocity for Q = 2.1 mL/min decreases from 
approximately 6,100 to 3,150 μm/s, decreasing by ~48.4%. 
Moreover, to better compare the velocities of the water 
droplets near the fiber, the logarithmic variations of the 
water droplet velocities with log(–h) are plotted in Fig. 5b. 
As shown in this figure, the logarithmic variations show a 
linear relationship, and water droplet logarithmic velocities 
under a higher emulsion flow rate are clearly larger than 
those under a lower emulsion flow rate. This behavior is 
observed because the collision kinetic energy of the water 
droplet and the drag force acting on the water droplets 
increase with increasing emulsion flow rate.

Second, the changes in the number and the size of water 
droplets adhering on the fiber with the changes in the emul-
sion flow rate were also studied. As shown in Fig. 6, as the 
emulsion flow rate increases, the number and the size of the 
water droplets adhering on the fiber first increase and then 
decrease, with the statistics for the water droplets shown in 
Table 2. In addition, according to the data presented in the 
table, as the emulsion flow rate increases from 0.6 to 2.1 mL/
min, the number of the water droplet adhering on the fiber 
reaches the maximum at Q = 0.9 and 1.2 mL/min, while the 

maximum average radius is observed at Q = 1.2 mL/min 
and is rd = 34.6 μm. This behavior is observed because as 
the emulsion flow rate increased, the approach velocity of 
the water droplets increased, which was beneficial for the 
adhesion of the water droplets on the fiber, but the drag 
force acting on the sessile water droplets adhering on the 
fiber also increased. If the emulsion flow rate reached the 
critical value, the drag force acting on the water droplets can 
overcome the adhesion force between the droplet and the 
fiber, and detachment will occur. Hence, the higher flow rate 
can result in smaller water drops detach from the fiber.

Additionally, in our experiments, we observed that the 
water droplets with rd less than 10 μm cannot collide with 
the fiber, as can be confirmed by the sizes of the water drop-
lets adhering on the fiber in Fig. 6, and the motion of the 
water droplets is significantly affected by the flow field 
around the fiber, particularly for the small water droplets 
in the emulsions with a lower flow rate. This is because the 
collision process of the water droplets on the fiber was deter-
mined by the collision kinetic energy. According to Eq. (9), 
the lubrication force acting on water droplets increases with 
decreasing gap between the water droplet and the fiber. 
The water droplets must have sufficient kinetic energy in 
order to arrive at the fiber surface, and their kinetic energy 
can be increased by increasing the droplet mass or collision 
velocity in order to overcome the lubrication force.

As mentioned above, although the droplet collision 
velocity and the interception efficiency of a single fiber can 
be enhanced by increasing the emulsion flow rate, the num-
ber and the size of the water droplet adhering on the fiber 
will be decreased if the flow rate is larger than the critical 
value. Hence, an appropriate choice of the emulsion flow rate 
is the key to improving the filtration efficiency of the fiber.

 
Fig. 6. Photographs of the maximum number of water droplets on the fiber with rf = 8 μm under different emulsion flow rates.



405B. Li et al. / Desalination and Water Treatment 166 (2019) 399–408

4.2. Effect of the value of N = rd/rf

The effect of the ratio of the radii the water droplets and 
the fiber (N = rd/rf) is discussed here. A series of tests were 
performed to investigate the effect of N on the motions of 
the water droplets approaching the fiber and the adhesion 
of the water droplets on a single fiber in oil. The value of 
N was varied by changing the radii of either the fiber or 
the water droplets. All of these tests were performed in 55# 
mineral oil with an emulsion flow rate of 1.2 mL/min.

In this section, the effect of the fiber radius on the 
velocities of the water droplets approaching the fiber was 
studied first. The radii of the fibers used here were rf = 8, 53 
and 152 μm, and the radius of the water droplets selected 
in these tests was approximately 20 μm, corresponding to 
the values of N = 0.13, 0.38, and 2.5. As shown in Fig. 7a, 
the effect of N on the water droplet approach velocity is 
most significant, and a decrease in the value of N (i.e., larger 
fiber radius) leads to a greater decrease in the water drop-
let approach velocity. When the value of h increases from 
–900 to –60 μm, that is, when the gap between the water 
droplet and the fiber decreases from 900 to 60 μm, the 
water droplet approach velocity for N = 2.5 decreases from 

approximately 3,200 to 1,600 μm/s; for N = 0.13, the water 
droplet approach velocity decreases from approximately 
3,200 to 600 μm/s, which is approximately 1.6 times that of 
the value for N = 2.5. This behavior is observed because the 
flow field in the axial section of the fiber was significantly 
affected by the fiber; thus, increasing the fiber radius can 
enlarge the area of the flow field that is affected by the fiber, 
resulting in a decrease in the drag force acting on the water 
droplets. Moreover, according to Eq. (6), as the fiber radius 
increases, the lubrication force acting on the water droplet 
also increases. Hence, increasing the fiber radius, that is, 
decreasing the value of N, can accelerate the decrease in the 
water droplet approach velocity.

In addition, the influence of the water droplet radius 
on the velocity of the water droplets approaching the fiber 
was also studied. The change in the water droplet size was 
achieved by carefully selecting a water droplet with a cer-
tain radius to be examined based on a large number of 
experiments. The radii of the water droplets chosen here 
were rd = 36, 42 and 70 μm, and the fiber radius was fixed at 
rf = 8 μm, corresponding to N = 4.50, 5.25 and 8.75. The results 
are shown in Fig. 7b. Comparing Fig. 7b with Fig. 7a shows 
that the variations of the water droplet approach velocities 
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Fig. 7. Effect of the value of N varied by changing either the fiber or water droplet radius, on the evolution of the water droplet 
approach velocity (v) with the gap between the droplet and fiber (h). (a) Changing the fiber radius and (b) changing the water droplet 
radius.

Table 2
Statistics for the water droplets adhering on the fiber shown in Fig. 6

Flow rate  
Q/(mL/min)

Number of water droplet  
adhering on the fiber

Radius of the droplets adhering on the fiber/(μm)

Maximum Minimum Average

0.6 5 40 28 30.65
0.9 9 44 24 30.8
1.2 9 43 22 34.6
1.5 8 44 18 33.2
1.8 9 40 16 25.3
2.1 6 30 16 25.3
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with the values of N are similar to those in Fig. 7a; that is, 
a decrease in the value of N accelerates the decrease in the 
water droplet approach velocity. This means that larger drop-
let radius was helpful for the collision of the water droplets 
collision with the fiber. According to Eq. (10), it is known that 
if the fiber radius is fixed, as the value of N increases, the 
ratio of the drag force to the lubrication force acting on the 
water droplets also increases. Hence, increasing the radius 
of the water droplet can also improve the collision of the 
water droplet and the fiber.

The effect of N on the collision of the water droplets 
on the fibers can also be confirmed by an examination of 
Fig. 8. As observed from this figure, the number and the size 
of water droplets adhering on the smaller fiber (rd = 8 μm) 
are clearly greater than those on the larger fibers under 
the same experimental conditions, and the number of the 
larger water droplet adhering on the fiber is clearly larger 
than that of the smaller water droplet. Therefore, reducing 
fiber radius and increasing water droplet radius are effec-
tive methods for improving the interception efficiency of 
the fiber in practical applications.

4.3. Effect of oil viscosity

It is well-known that water separation in heavy crude 
oil is more difficult than in light crude oil in petroleum 
dewatering and desalting units due to the higher oil vis-
cosity. To reveal the mechanism by which the oil viscosity 
affects the motions of the water droplets approaching the 
fiber, three oils (0# diesel oil, 5# mineral oil, and 55# mineral 
oil) with different viscosity values were used to study the 
effect of the oil viscosity on the process of the water drop-
lets approaching the fiber in this section, and the results are 
presented in Fig. 9. The radii of fibers used here were rf = 8 
and 53 μm, the size of water droplets selected for study had 
diameters of approximately 20 μm, and the emulsion flow 
rate was 1.2 mL/min.

As shown in Fig. 9, the effect of oil viscosity on the water 
droplet approach velocity is not obvious. Fig. 9a shows the 
variations of the water droplet velocities with the value of 
h/rf when the fiber radius is 8 μm in three different types 
of oils. As observed from this figure, when the value of 
h/rf increases from –120 to –20, the approach velocity of the 
water droplet in 55# mineral oil decreases from approxi-
mately 3,100 to 2,000 μm/s, decreasing by approximately 

1,100 μm/s; the approach velocity of the water droplet in 0# 
diesel oil decreases from approximately 3,100 to 1,870 μm/s, 
decreasing by approximately 1,230 μm/s, which is only 
approximately 1.1 times of that in 55# mineral oil. Moreover, 
when the value of h/rf is larger than –20, the differences in 
the water droplet approach velocities in three different oils 
are much smaller than that of the value of h/rf between –120 
and –20.

To better understand the effect of oil viscosity on the 
variations of the water droplets velocities with the h/rf larger 
than –20, the processes of the water droplets approaching a 
larger fiber with rf = 53 μm were studied here, and the results 
are shown in Fig. 9b. Comparing this figure with Fig. 9a 
shows that the variations of the water droplets approach 
velocities with h/rf are similar, and the differences in the 
water droplets approach velocities in three different oils are 
very small. In Fig. 9a, when the value of h/rf holds between 
–120 and –20, the relative errors of the water droplets 
approach velocities are less than 3.8%, while when the value 
of h/rf is larger than –20, the relative errors are smaller than 
that of the value of h/rf between –120 and –20, and the largest 
relative errors are only about 2.4%, as shown in Fig. 9b.

According to Eqs. (8) and (10), it is known that the virtual 
mass force and the ratio of drag force to lubrication force 
are independent of the oil viscosity, but the virtual mass 
force depends on the density of the oil. When the value of 
h/rf is between –120 and –20, the virtual mass force is not 
negligible compared with the drag force and the lubrica-
tion force; hence, the water droplet approach velocity can 
be affected by the virtual mass force, even though the effect 
is very small due to the differences between the densities 
of the three different oils are small (as shown in Table 2). 
However, when the value of h/rf is larger than –20, the vir-
tual mass force is negligible compared with the drag force 
and the lubrication force. According to Eq. (2), the accel-
erations of water droplets of the same radius are the same 
under the same experimental conditions. Hence, the differ-
ences in the water droplets approach velocities between the 
three oils were very small when the value of h/rf was larger 
than –20.

In addition, in our experiments, we found that the num-
ber of the water droplets adhering to the fiber was increased 
with increasing oil viscosity, as shown in Fig. 10. The main 
reasons for this behavior were as follows: first, the test cell is 
placed horizontally in our experiments, and the large water 

 
Fig. 8. Photographs of the maximum number of the water droplets adhering on the SS fiber for different droplet radius under the 
same experimental conditions.
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droplets can be easily separated from the lower viscosity oil 
due to gravity; second, according to Eq. (7), as the oil viscos-
ity increased, the drag force acting on water droplets also 
increased, which was beneficial for the adhesion of the water 
droplet on the fiber when the water droplets collided and 
stayed on the fiber surface. Therefore, the number and the 
size of the water droplets adhering on the fiber increased 
with increasing oil viscosity under the same experimental 
conditions.

As mentioned above, for a small water droplet in oil, an 
increasing oil viscosity is helpful for the collision and the 
adhesion of the water droplet on the fiber and can improve 
the fiber interception efficiency of water droplets. This is 
different from the previous reports that higher oil viscos-
ity decreases the collection efficiency of the fiber filter [19]. 
This result may be obtained because we only investigated 
the effect of oil viscosity on the processes of water droplet 
collision with the fiber, and we did not examine the subse-
quent processes, such as the release of the enlarged water 
droplet from fiber surface and the settlement of the water 
droplets in oil. Each of these steps involves considerable 
complexity. All of these steps can affect the coalescence effi-
ciency of the fiber filter.

5. Conclusion

In the present work, we sought to understand the 
coalescence mechanism and the flow characteristics in the 
fiber filter treatment water-in-oil emulsion by investigating 
the processes of water droplets approaching and colliding 
with a single SS fiber in oil. First, the forces acting on the 
water droplets during the collisional processes with the fiber 
were analyzed; then, based on the theoretical analysis, the 
effects of the three main factors on the motions of the water 
droplet colliding with the fiber were studied. The following 
conclusions can be drawn from this work:

• Increasing the emulsion flow rate can raise the collision 
velocities of the water droplets on the fibers, which will 
improve the interception efficiency and the inertial col-
lision efficiency of single fibers. However, a higher flow 
rate, in turn, reduced the number and size of the water 
droplets adhering to the fibers.

• Increasing the value of N can reduce the effect of the 
fiber on the motion of the water droplets approach-
ing the fiber, which was helpful for the collision of the 
water droplets with the fiber. However, most of the water 
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Fig. 9. Effect of oil viscosity on the evolution of water droplet approach velocity (v) with the gap between the droplet and fiber (h). 
(a) Fiber radius rf = 8 μm and (b) fiber radius rf = 53 μm.

 
Fig. 10. Photographs of the maximum number of water droplets on the SS fiber with rf = 8 μm in oils with different viscosities.
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droplets approaching the fiber cannot easily collide with 
the fiber due to the effect of the flow field around the 
fiber, with the exception of the water droplets that have 
sufficient kinetic energy.

• The influence of oil viscosity on the collision processes 
between the water droplets and the fibers can be ignored.

These results are very useful for better understanding 
the mechanism of emulsion separation through a fiber fil-
ter and determining the optimum operating conditions, but 
they also suggest several new questions for guiding further 
studies in this field.

Acknowledgments

This work was supported by Tianjin key research and 
development program (17YFCZZC00290) and the National 
Students’ Innovation and Entrepreneurship Training Program 
(201814038004).

Symbols

rd — Droplet radius
rf — Fiber radius
N —  Ratio of the radii of the water droplet to the 

fiber  (N = rd/rf)
h —  Least-distance between the waterdroplet and 

the fiber
Cd — Drag coefficient
Cvm — Virtual force coefficient
Red — Droplet Reynolds number (Red = 2ρcrdvi/μc)
Flub  — Lubrication force vector

Fvm  — Virtual mass force

Fdrag  — Drag force vector
f * — Lubrication force coefficient
L —  Center distance between the waterdroplet and 

the fiber
u  — Emulsion phase velocity vector
vi  — Droplet velocity vector

Q — Emulsion flow rate
xi — Droplet position vector
μd — Viscosity of droplet
μc — Viscosity of the continuous phase
ρd — Density of droplet
ρc — Density of the continuous phase
i — Droplet i
er  — Relative motion vector
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