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0Oil spills can cause severe harm and environmental pollution. Among the various treatment methods available,
those that utilize hydrodynamic properties are more environmentally friendly and efficient. In this study, a free-
surface vortex method was used to recover crude oil, and the flow process of crude oil with a high viscosity and
density in a vortex was studied by conducting scale-scale laboratory experiments. The motion of the oil phase in
the same-scale flow field was simulated using a commercial simulation software (ANSYS Fluent), and the
tangential velocity distribution in the cylindrical coordinate system was used to reflect the motion of the oil
phase. The experimental and simulation results demonstrate that a vortex can be used for oil recovery. The flow
and recovery efficiency of crude oil were simulated and compared with the flow properties of a white oil with a
low viscosity and density. Crude oil existed more in the form of large droplets in the flow, and the oil core was
denser after forming a vortex. The experimental results revealed that the flow performance of crude oil was
worse than that of white oil. The recovery efficiency of crude oil after passing through the vortex was lower than
that of white oil. In addition, the recovery system was connected to a cyclone separation device. The feasibility of
cyclone separation in offshore oil-water separation was verified by comparing the separation efficiency of the
crude and white oils. The separation efficiency of crude oil was related to the split ratio. Within a certain range,
the separation efficiency increases linearly with the split ratio. Combined with the principle model and numerical
simulation results, the vortex motion was described in a three-dimensional space. The generalization of the
application range of the recovery and separation method was summarized.

1. Introduction

Oil pollution is a severe environmental problem in oceans (Liu and
Wirtz, 2009; Eronat et al., 2019). The increasing demand for energy has
increased the probability of marine oil spill accidents. Oil spills with a
discharge volume of more than 100,000 gallons are considered major oil
spills (Ventikos et al., 2004; Abhinav and Pradipta, 2021); these include
the oil spills of offshore drilling platforms in the Gulf of Mexico and 19-3
in Penglai Bay (Alves et al., 2014, 2015). Serious oil spill accidents not
only cause environmental pollution but also lead to casualties, causing
pollution in large areas of the sea and incalculable economic losses (Wei
et al., 2015; Cao et al., 2021; Yu et al., 2020).

0Oil spill recovery methods can be divided into physical, chemical,
and biological methods (Etkin and Nedwed, 2021; Bayat et al., 2015;
Kandanelli et al., 2018). Chemical and biological methods have obvious
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disadvantages, such as the high cost involved and the poor applicability
of biological methods. Physical methods have been widely used owing to
their low cost and easy applicability, but they have insufficient recovery
capacities, while chemical and biological methods have high efficiencies
(Giron-Sierra et al., 2015; Zhang et al., 2016; Etkin and Nedwed, 2021).
A common physical method of recovering oil spills is using machinery
such as oil skimmers. Several types of oil skimmers, such as vacuum oil
and weir skimmers, have been developed (Ornitz and Champ, 2002;
Fingas, 2011). These skimmers operate based on their shapes or the
pressure within a space (Tkalich, 2000; Ventikos et al., 2004). In this
study, a novel oil skimmer is developed. It is surrounded by steel plates
and has a simple structure. A cylindrical flow field can be formed inside
it. A free-surface vortex can be formed inside the skimmer, relying on the
flow properties of the vortex to handle large volume flow rate of liquid
with in a shorter time and obtained larger oil content as the liquid
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mixture has been enriched by the hydrocyclone (An et al.,, 2021).
Experimental tests indicate that the vortex skimmer has a higher pro-
cessing capacity than other skimmers.

The velocity distribution of the vortex reflects the movement trend of
liquids in a space. Various researchers have studied vortex motion in a
two-dimensional (2D) plane (Rankine, 1858; Rosenhead, 1930; Burgers,
1948; Einstein and Li, 1955; Vatistas et al., 1988; Mih, 1990). Their
research focused on the tangential velocity distribution of the vortex,
with several velocity models describing the movements of the vortex
being proposed. These models can represent the trend of the velocity
changes very well. However, a three-dimensional (3D) description of the
vortex is required to study the characteristics of the newly developed
skimmer. Some researchers have observed that a free-surface vortex can
drag objects from the free surface to the bottom of the vortex. Khazam
and Krestra (2008) studied the sedimentation of suspended solids in
liquids in industrial agitation tanks. Their study revealed the primary
mechanism to be solid settlement and demonstrated that a stable vortex
is an effective method for achieving solid settlement. Xu et al. (2020)
studied the effects of surface vortices on the sedimentation and disper-
sion of suspended particles in a stirred tank. Through experiments and
numerical simulations, they analyzed the sedimentation process, dis-
tribution, and power consumption of the particles. They observed that
the average dispersion index was related to the degree of sedimentation
of the suspended particles. The structure of the vortex had a greater
impact on the sedimentation of suspended particles on the surface.
However, fewer studies have been conducted on the drag effect of the
vortex on the fluid at the free surface, making it necessary to investigate
the motion law of oil in a vortex. Some researchers have studied the
space velocity circulation of vortex model and further explored these
models from the perspective of velocity circulation changes (Mulligan
et al., 2016, 2019; Chan et al., 2022). Studies have focused on the ver-
tical velocity components at the outlet and investigated the relationship
between the height of the model and vortex dimensions. Some
semi-empirical conclusions have been obtained by performing certain
experiments (Shemshi and Kabiri-Samani, 2016; Kumar et al., 2017;
Tastan and Yildirim, 2018).

Although free-surface vortex skimmers recover oil spills on the sea
surface, the recovered liquid has a high water content. If the recovered
liquid is not treated, the efficiency of oil spill recovery decreases
significantly. Cyclone separation devices are common devices used for
oil-water separation under the premise of occupying a small space. For a
mixed liquid with a high water content, it is advisable to use a guide
vane to separate the liquid. Guide vanes can be divided into spiral, in-
clined flat, and arc vanes. Fig. 1 (a) shows the guide vanes used in some
studies (Shi et al., 2012; Wang et al., 2019; Kataoka et al., 2008, 2009;
Matsubayashi et al., 2012; Liu et al., 2020; Liu and Bai, 2016). In this
study, a 3D printed polymer material diversion structure formed by
sweeping was used, as shown in Fig. 1 (b). The flow direction changed
under the influence of the guide vane, and the axial flow became a
strongly swirling flow. Further, the water and oil were separated by
centrifugal force. Axial cyclones have better separation effects (Tsai
et al., 2004; Hsiao et al., 2010; Liow and Oakman, 2018); therefore, this
study combined an oil skimmer with an axial cyclone to develop a novel
oil spill recovery and separation device. Research on the oil collected
from the free surface using an oil skimmer and separated by an axial
cyclone is necessary for the further application of this oil spill recovery
and separation technology.

The motion of a vortex to recover oil spills has been partially
investigated in previous studies (Yang et al., 2020; An et al., 2021). To
further study the motion of a vortex, a 3D control equation and 2D
distribution model of vortex velocity were combined to derive the vortex
velocity in a 3D space. We begin with the tangential velocity and expand
the use of the tangential velocity model. To investigate the applicability
of the recovery and separation technique, the recovery and separation
processes of different oils were compared in this study. This paper pre-
sents a systematic experimental test and Computational Fluid Dynamics
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(b)

Fig. 1. Guide vanes, (a) guide vanes in past studies, (b) guide vanes in
this study.

(CFD) analysis. The phenomenon observed in the experiment using the
oil skimmer was compared with the simulation results, and the velocity
distribution law was analyzed from the simulation results. An analysis of
the experimental results further revealed the mechanisms behind the oil
spill recovery and separation technology when used at sea. The experi-
mental tests and simulations used crude oil with a high density and
viscosity and white oil with a low density and viscosity. The effects of
the oil properties on the effectiveness of the recovery and separation
technology were studied.

2. Materials and methods
2.1. Experimental facilities

Vortex recovery and cyclone separation experiments were performed
in this study. A schematic of the experimental equipment and connec-
tion is shown in Fig. 2 (a). The flow field size of the test pool was 4.04 m
x 2.01 m x 0.75 m (length x width x depth). The experimental device
consisted of two parts, an oil skimmer and a cyclone separator, and their
design details are shown in Fig. 2 (b) and Fig. 2 (c), respectively. Both
the height and diameter of the skimmer were 300 mm. The vortex oil
skimmer that was submerged in water included a cylindrical metal
container with an outlet pipe connected to the bottom. The skimmer
used buoys that allowed it to float in the water. The bottom of the
skimmer was piped into an electric submersible pump to power the re-
covery operation. The suction power of the electric submersible pump
was adjusted using a frequency converter, and the flow was controlled.
The frequency varied from 20 to 40 Hz, with an incremental increase of
5 Hz each time. The entrance flow rate was sensitive to pump frequency
and valve opening degree. The cyclone separator was a hydrocyclone
with an axial inlet. The hydrocyclone had two underflow ports in the
radial direction that water flowed out of. It also had an overflow port in
the axial direction through which oil flowed to the center. A guide vane
was arranged at the front end of the cyclone, and the second half of the
pipe was tapered. The axial length of the cyclone separator was
approximately 1 m. The diameter of the inlet was 32 mm, and the
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Fig. 2. (a) Schematic of the experimental equipment and its connection, (b)
designs of the skimmer, (c) designs of the hydrocylcone.

diameter of each outlet was 25 mm. Solenoid valves were installed at the
overflow and underflow ports, and their opening degree was controlled
by a programmable logic controller program, the adjustment accuracy of
which was 1%.

The liquid used in the experiment was composed of two parts. The
highest content was tap water, which filled the test pool. The tested oil
spill on the water surface was crude oil from the Bohai Sea; its properties
are discussed in Section 2.2. The tested white oil was a type of light
yellow lubricating oil that was lighter and less viscous than crude oil.
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Crude oil was dumped into to the test pool to simulate a real sea surface
oil spill.

The underflow pipe of the experimental equipment simulated a sea
discharge pipe of an offshore treatment device, where the treated
seawater would eventually return to the marine environment. The
overflow pipe simulated a pipeline connecting the offshore treatment
device to an offshore platform or ship. The discharge was a high-oil-
content separated liquid. To maintain the continuity of the experiment
and reflect the separation effect, the underflow and overflow ports were
separated by an acrylic plate so that the test pool was divided into clean
water and sewage areas.

The flow rate of the experiment ranged from 8 to approximately 40
L/min. The flow process is summarized as follows. Under the action of a
centrifugal pump and electric submersible pump, a vortex was generated
in the oil skimmer, and the floating oil on the surface flowed through the
pump with the water mixture and then flowed through the guide vane
inside the cyclone separation device. Under the action of the vane, oil
and water were separated from each other. The oil phase flowed to the
overflow outlet along the axis of the separation device and was dis-
charged into the sewage area. The water phase was discharged into the
clean water area along the tangential underflow pipe.

The state of the small amount of crude oil on the water surface is
shown in Fig. 3, and the amount of oil gradually increased from left to
right. A small amount of crude oil could not cover the water surface
evenly. There was a continuous area and large, scattered oil droplets.
After the oil volume increased slightly, the crude oil still could not fully
occupy the gas-liquid interface, with a large number of holes on the oil
film. Owing its high surface tension, crude oil cannot be laid flat on a
water surface as small particles under the action of gravity; however,
this state can be achieved when the oil is aggregated. The oil film could
not fully occupy the interface until the average thickness of the oil film
exceeded approximately 2 mm.

2.2. Measurement and comparison of oil properties

In the experiment, the temperature was often below 25 °C and the
viscosity of crude oil was larger than 10 Pa s under such condition. To
extend the method in this study to variant oil viscosities, reducing the
viscosity of crude oil is necessary in the tests. Hence, considering envi-
ronment temperature, wider range of viscosity was obtained by blending
crude and white oil with different ratios as presented in Fig. 7.

To identify the density and viscosity—temperature characteristics of
the crude oil and oil blended with diesel oil, rheological tests were
performed on the oil samples. A Hakke RS6000 advanced rotating
rheometer (Thermo Fisher Scientific) was used to conduct the rheology
experiment. Measuring rotors Z38 and Z43 were used in the experiment.
Water bath heating was adopted to keep the temperature of the oil
sample constant in the experiment.

The densities of crude oil at 20-70 °C were measured, and the
measurement results were fitted to an exponential function curve, as
shown in Fig. 4. As the temperature increased, the density of the crude
oil gradually decreased from approximately 966 kg/m® to approxi-
mately 930 kg/m3. The logarithmic coordinate was used for tempera-
ture; therefore, it can be approximated that the relationship between the
temperature and density of crude oil is logarithmic. The temperature of
the test pool was measured during the experiment. The field tempera-
ture was approximately 15 °C and the crude oil density was approxi-
mately 975 kg/m>. When measuring the temperature, there were
measurement errors; therefore, the error bars are plotted in Fig. 4.
Because the temperature errors were all less than 0.2 °C, the error bars
were magnified 50 times. The fluctuation amplitude can be kept almost
the same, and the errors have little effect on the density-fitting result.

The crude oil sample was placed in a rotating cylinder cup Z43 and
installed in the rheometer. The temperature of the oil sample was
maintained during the measurement using a bath water temperature
control system. For the same oil sample, the temperature was measured
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Fig. 3. State in which a small amount of crude oil floats on the surface of water.

1 — .

080 | 0O crude oil i

Density, kg/m?
o
3
T
1

940 |- -

920 PR S S S S S S Er S S S T A S | TR FET TR RS FETETTET I
20 30 40 50 60 70

Temperature, °C

Fig. 4. Fitting curve of crude oil density at different temperatures.

from low to high, and the temperature was changed from 5 to 50 °C. To
compare the rheological properties of the oil sample to those of white
oil, the same test was performed on white oil at 15 °C. The viscosity of
white oil is approximately 0.03 Pa s, which is much smaller than that of
crude oil. Different volume fractions of diesel oil were added to the
crude oil samples.

1600
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Fig. 5 (a) shows the shear stress-shear rate curves of crude oil and
white oil at different temperatures. The data demonstrates that the
relationship between the shear stress and shear rate of crude oil at
different temperatures is linear. As the shear rate increases, the shear
stress gradually increases. As the temperature increases, the rate of
change of the shear stress of crude oil decreases rapidly, and the slope of
the curve decreases rapidly. The slope of the white oil curve is much
smaller than that of the crude oil curve. Fig. 5 (b) shows the viscosi-
ty—shear rate curves of crude oil and white oil at different temperatures.
Even if the temperature rises to 50 °C, the viscosity of crude oil is still
considerably higher than that of white oil. To obtain different viscos-
ities, the viscosity can be adjusted by changing the temperature; how-
ever, the adjustment range is limited. For laboratory experiments,
adding diluents can be used to acquire more viscosity data. In this
experiment, diesel was used as the diluent. Different amounts of diesel
oil were added to the crude oil, and oil products with different properties
were obtained.

Fig. 6 shows the shear stress—shear rate curves of crude oil samples
with different volume fractions of diesel oil. The shear stress of the
sample after adding diesel oil is significantly reduced, and the viscosity
of the sample containing 25% diesel can behave like crude oil heated to
50 °C. The rheological properties of the samples with different volume
fractions of diesel at various temperatures were tested. As shown in
Fig. 7, the viscosity—temperature curves of each sample were obtained.
As the proportion of diesel increases, the viscosity of the oil sample
gradually decreases. When more than 15% of diesel is added, the density
of crude oil is reduced to less than 20% of the original. During the
experiment, the viscosity reduction of crude oil samples was mainly

(b)
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Fig. 5. (a) Shear stress and (b) viscosity of oil samples.
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Fig. 7. Viscosity of oil samples with diesel oil.

accomplished by adding diesel oil. Heat is used as a supplement to
prevent the excessive adhesion of crude oil to the experimental facilities.

3. Model and numerical method
3.1. Flow models

The free-surface vortex is described by a governing equation, and its
continuity and momentum conservation equations can be constructed.
The classic vortex structure is illustrated in Fig. 8. The ideal vortex
motion is a steady axisymmetric structure that rotates around a fixed
axis at the symmetry line of the section. Therefore, to facilitate the
description of the motion state of the vortex, the motion in the three
directions of x, y, and z in the Cartesian coordinate system was trans-
formed into tangential, radial, and axial motions in the cylindrical co-
ordinate system, respectively, which are reflected by the subscripts 6, r,
and z respectively.

The free-surface vortex is an incompressible flow; thus, its density is
constant. The continuity equation takes the following form:

qu’+%+&

or 0z o 0 M
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Fig. 8. Schematic of typical vortex structure.

where V is the velocity. The first subscript indicates the gth phase, and
the second subscript indicates the speed direction.

The ideal vortex motion is steady and unrelated to time. However,
the formation process of the vortex was investigated in this study, and
thus the time-derivative terms of the motion in each direction were
temporarily retained. Because of the axis symmetry, all d/00 terms in the
equation are equal to zero. Finally, the following momentum conser-
vation equation was obtained:

Ve v e, qua(‘;f IRy, (vz Voo — %) @
a;/;,, N Vqra;/:, . qua;/;, - VqTaz - piq % o, (v2 - ‘%) ®)
6(\)/;,1 + Vq,a;/r‘” + qua(\)/z,,, =g —piq %" +0,V?V, 4
P Z ap, (5)

v="> au, (6)

where pg and v, are the density and viscosity of the gth phase, respec-
tively and aq is the volume fraction of the gth phase.

In the process of the generation and development of vortex motion,
in addition to the spatial distribution of speed, depressions also devel-
oped on the surface. Considering the state of the oil spilled on the sur-
face, the air-oil-water three-phase layered distribution was present in
the surrounding environment. Because there was almost no interpene-
tration between the phases, clear interfaces between the phases were
observed. The VOF model is the most suitable (Hirt and Nichols, 1981).
This model assumes the volume fraction of each phase. In each calcu-
lation unit, the sum of the volume fractions is 1, that is,
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where a4, @y, and a,, represent the volume fractions of the air, oil, and
water, respectively.

The method tracks the interface between phases and only necessi-
tates solving the continuity equation of the volume fraction of multiple
phases, which greatly simplifies the calculation.

3.2. Vortex model

The earliest description of vortex motion was formulated by Rankine
(1858). Rankine described a 2D vortex model on a horizontal section
and divided the distribution of its tangential velocity into regions.
Rankine first proposed the concept of the vortex core radius. In a
circumferential area based on a certain radius, the vortex maintains the
characteristics of a rigid vortex, while maintaining the same angular
velocity. The tangential velocity exhibits a linear relationship with the
radial position of the selected fluid micelles. Outside this circle, the
vortex is assumed to be a potential vortex extending infinitely.
Combining the two distribution curves, the location where they intersect
gives the radius of the vortex core. This ideal model indicates that, at the
radius of the vortex core, the circulation of the vortex motion reaches its
maximum value. Subsequently, the circulation remains fixed as the
position expands outwards. From the perspective of circulation, as the
radial distance increases, the value of circulation first increases with a
power of two, and then remains unchanged after reaching its maximum.

This model first qualitatively describes the velocity distribution
during vortex movement and can also roughly predict the velocity of
other locations based on the maximum velocity. However, owing to the
use of a piecewise function, the speed transition was not smooth, which
contradicts the actual observation.

Decades later, Rosenhead (1930) proposed a new model using a
unified equation to describe vortex motion. In his model, the circulation
no longer reached a maximum at the radius of the vortex core, and it
continued to increase radially outwards. Later, Vatistas et al. (1988)
improved the model, and the tangential velocity was no longer associ-
ated with the maximum circulation value, but rather with the circulation
inside the circle at the location. This study compares these types of
models. For details, see the following results and discussion. See the
appendix for the specific form of the models.

Analyzing the tangential velocity model is helpful for understanding
the law of vortex motion. Applying the model to the 3D space and
analyzing the distribution and change law of the velocity reveals the
mechanism of oil spill movement.

3.3. Numerical approach

In this study, a numerical calculation of the free-surface vortex was
performed. The relevant numerical calculation method settings and
model conditions can be found in Yang et al. (2020). The atmospheric
pressure outlet was set on the upper part of the model, and the negative
pressure outlet was set at the bottom. The internal impeller of the pump
in the experiment rotates at a high speed, and a negative pressure is
formed inside, so that the liquid in the oil hood is continuously sucked.
The negative pressure outlet position set in the simulation is consistent
with the pump position to achieve the same effect. To maintain a stable
liquid level, velocity inlets were set on the side of the model to replenish
the water in the flow field. The simulation performed a transient-state
calculation with a time step of 0.0005 s. The Semi-Implicit-Method for
Pressure Linked Equations (SIMPLE) algorithm was used to solve the
momentum equation, and the second-order upwind style was used for
discretization. When initializing the flow field, it was divided into three
layers: gas, oil, and water. To distinguish it from white oil and relate it to
the experimental conditions of crude oil after viscosity reduction, the oil
density was set to 960 kg/m> and the viscosity was set to 0.4 Pa s. A
constant-coefficient interfacial tension model was added between the
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phases to simulate the stress state of crude oil in the experiment.

The vortex in the skimmer is complex and exhibits obvious stratifi-
cation and strong rotation. Therefore, the Renormalization Group (RNG)
k—¢ model of the Reynolds average equation was used to solve the
continuity equation. In complex shear flows with a large strain rate, a
vortex, and separation, the RNG k-¢ model performs better than the
standard k—¢ model, which assumes the turbulent viscosity coefficient to
be constant. Although some simplifications are made, the RNG k-¢
model is still suitable for this study because of its flow computational
burden. The law of vortex motion can be studied by comparing and
verifying the simulation results and experimental phenomena.

4. Results and discussion
4.1. Spatial distribution and movement process of crude oil

To describe the movement state of crude oil, an isosurface was
established where the oil content inside the flow field was 50% of the
simulation results. In Fig. 9, the distribution of the crude oil at the initial
moment and the distribution of the tangential velocity on the horizontal
sections are shown. At this instant, the velocity at every location in the
flow field was 0, and the oil film maintained a horizontal layered state as
it floated on the water surface.

Assuming that the bottom surface of the flow field is the surface with
z = 0 and the upward direction is the positive direction of z, four cross-
sections with 2 = 0.03 m, 2 = 0.1 m, 2 = 0.17 m, and z = 0.24 m were
established. These four heights were selected because the liquid surface
dented after the vortex was generated. A height of 0.24 m ensured that
there was as much of the liquid phase as possible on the cross-section. A
minimum height of 0.03 m was used to limit the influence of the bottom
boundary layer region on the speed as much as possible.

Fig. 10 compares the movement of crude oil and white oil during the
vortex generation process, and also shows the distribution of the
tangential velocity at different heights. At 5 s, the oil phase began to
accumulate on the free surface, showing an inverted cone shape as
shown in Figs. 10 (a-1) and Fig. 10 (b-1). The degree of accumulation of
crude oil was higher than that of white oil. A steeper interphase interface
appeared between the oil and water. Simultaneously, however, the
surface white oil still covered almost the entire surface, and the accu-
mulated oil sunk smaller. At 6 s, the crude oil extended downward to
below z = 0.05 m, and the white oil was only more concentrated as
shown in Figs. 10 (a-2) and Fig. 10 (b-2). At 8 s, both crude oil and white
oil flowed to the bottom outlet, formed an oil core on the axis, and
flowed continuously downstream. There was almost no crude oil at the
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Fig. 9. Initial oil film and tangential velocity distribution.
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Fig. 10. Crude oil phase distribution at (a-1) 5, (a-2) 6 s, (a-3) 85, (a-4) 95, (a-5) 12 s, (a-6) 17.5 s, white oil phase distribution at (b-1) 5, (b-2) 6 s, (b-3) 8 5, (b-4)

9s, (b-5) 12's, (b-6) 17.5 s and tangential velocity cloud diagram.

liquid level in Figs. 10 (a-3), while the liquid level in Figs. 10 (b-3) still
contained a certain amount of white oil. At 9 s, the crude oil had started
to flow downstream intermittently as shown in Figs. 10 (a-4). Most of the
white oil still existed above the flow field, flowing out continuously with
the vortex as shown in Figs. 10 (b-4). Meanwhile, the tangential velocity
of the upper layer was at its maximum, after which it began to gradually
decrease. The velocity distribution of the white oil flow field was larger
than that of the crude oil flow field. At 12 s, almost all the crude oil in the
flow field had flowed downstream, and the white oil still had a conical
accumulation area above the flow field as shown in Figs. 10 (a-5) and
Fig. 10 (b-5). The tangential velocity of the white oil flow field was still
greater than that of the crude oil flow field. At 17.5 s, almost both of the
two oils had cleaned in both cases as shown in Figs. 10 (a-6) and Fig. 10
(b-6). The tangential velocity at the bottom of the flow field exhibited a
certain increasing trend after development, and the upper velocity

decreased comparatively. A vortex of a similar scale was observed in the
experiment. The liquid surface sagged in the simulation within 10 s of
the pump being started in the experiment. The phenomenon was
consistent with the simulation results.

4.2. Tangential velocity

As the vortex developed, the liquid surface became concave, and
there may have been a gas phase at the center of the horizontal section.
The vortex must be fully developed to reflect its velocity characteristics.
Therefore, a liquid level of z = 0.24 m at 8 s was selected for further
studies on the tangential velocity of the vortex. The tangential velocity-
radial position figure of the three models was drawn, and the data ob-
tained by numerical calculation were used as a reference. The radial
displacement of the maximum tangential velocity was selected as the
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radius of the vortex core. The velocity loop at this location was I, which
was introduced into the model for drawing.

As shown in Fig. 11, the velocity distribution trends of the three
models were consistent with the simulation results. The tangential ve-
locity of the Rankine model was lower than the simulation result
everywhere, and there were significant differences between the results
predicted by the Rankine model and the simulation results outside the
radius of the vortex core. The tangential velocity of the Rosenhead
model was higher than the simulation result everywhere, and the rela-
tive deviation was large. The simulation results better fit the Vatistas
model. In Fig. 11, there are two areas in which the simulation results
show large deviations. Area 1 is located at the center of the vortex, while
area 2 is near the sidewall of the skimmer. Owing to the influence of the
boundary conditions, the velocities in these two areas were inconsistent
with the prediction of the model. The objects of the aforementioned
models include potential vortices extending outwards infinitely in a 2D
plane. Therefore, the tangential velocity gradually decreases along the
radial position, and the changing trend gradually slows. The potential
vortex is an ideal phenomenon without friction loss; however, in prac-
tice, vortex motion causes energy loss due to friction. Although the en-
ergy was replenished through the velocity inlet conditions in the CFD,
the tangential velocity in the simulation dropped abruptly near the
skimmer wall boundary condition.

To study the distribution law of tangential velocity in a 3D coordi-
nate system, the separation variable method was used to transform the
tangential velocity model into a model using the 3D coordinate system.
The free-surface vortex is an axisymmetric structure under ideal con-
ditions; therefore, the tangential velocity Vjy should be a function of the
radial position r and height z. The expression that introduces separable
variables into the tangential velocity is

Vo=o(r)w(z) @®

As height z was determined, y(2z) was constant, and the velocity still
followed the aforementioned vortex model. By substituting it into the
momentum conservation equation in cylindrical coordinates, the linear
equation y(z) of z can be obtained.

In the flow field, two points were selected, and their tangential ve-
locities at different z values were analyzed. Here, we define dimen-
sionless r/h, where r is the radial position and h is the depth of the flow
field. As Fig. 12 shows, the r/h value of the selected points is between
0.12 and 0.52, and the interval is 0.04. The selected positions were along
the X-axis and Y-axis directions to analyze the velocity distribution
under different 6.

As shown in Fig. 13, the tangential velocity distributions of crude oil
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Fig. 11. Comparison of tangential velocity of classic models.
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Fig. 12. Selection of positions of different r/h.

and white oil were compared when the oils moved for 7 and 14 s,
respectively. It is observed that when r/h is lower than 0.2, the
tangential velocity exhibits an obvious nonlinear distribution near the
bottom surface. As z decreases, the velocity increases rapidly. There was
a very thin boundary layer on the bottom surface, and the velocity had a
very large gradient. When r/h ranges from 0.24 to 0.4, the velocity
generally changes linearly, as shown in Fig. 13 (c), (d), (g), and (h).
However, within this range, the tangential velocity changes slightly with
altitude. When r/h is between 0.44 and 0.52, the tangential velocities at
different times and positions differ. When the vortex with crude oil on
the surface moved to 7 s, the tangential velocity fluctuated slightly with
different heights, and the fluctuation on the Y-axis was stronger than
that on the X-axis, as shown in Fig. 13 (a) and Fig. 13 (b). At 14 s, it can
be observed from the previous analysis that there was no oil in the re-
gion. The velocity at which z/h is larger on the X-axis maintains linear
characteristics, whereas the velocity in the same area on the Y-axis
suddenly decreases, which is related to the simulated inlet conditions. As
shown in Fig. 13 (b), (d), (f), and (h), the velocity changes suddenly in
the Y-axis direction because of the influence of the inlet boundary
conditions and disturbance of the external flow. In areas less affected by
boundary conditions, the tangential velocity is less affected by the
height. It is speculated that the tangential velocity distribution still
conforms to the law of the theoretical model, but the corresponding
velocity circulation parameters change.

When the surface was covered with white oil, the tangential velocity
of the vortex was slightly higher than that of the vortex covered with
crude oil at 7 s. The viscosity of the spill oil on the surface and interfacial
tension between the phases affects velocity development. When the time
reached 14 s, the vortex was fully developed and the velocity difference
disappeared, indicating that the final state of the vortex was unrelated to
the initial oil spill condition.

4.3. Comparison of treatment efficiency

In the simulation, the surface oil slick was initialized and a vortex
was created to collect the surface oil phase. Further, the export oil phase
flow and treatment efficiency of different oil layer thicknesses and oil
product types in the recovery process were compared for the time level.

As shown in Fig. 14, the period from 8.5 s to 11.5 s was intercepted to
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Fig. 13. Tangential velocity of r/h = 0.12 to 0.52, (a) crude oil at 7 s on the X-axis, (b) crude oil at 7 s on the Y-axis, (c) crude oil at 14 s on the X-axis, (d) crude oil at
14 s on the Y-axis, (e) white oil at 7 s on the X-axis, (f) white oil at 7 s on the Y-axis, (g) white oil at 14 s on the X-axis, and (h) white oil at 14 s on the Y-axis.
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large mass, so that the oil phase at the bottom outlet had a continuous
stage. According to the time curve, crude oil had a steeper curve than
white oil, indicating that the oil clumps at the outlet were flatter than
those of white oil. In terms of sequence, crude oil was collected earlier
than white oil of the same thickness. The density difference between the
crude oil and water was smaller than that between the white oil and
water. The density, viscosity, and interfacial tension determined the
recovery time. Fluidity and diffusion can also affect the recovery
process.

Comparing the flow process of different oil products after 11 s, the
line in the upper part of Fig. 15 is white oil, and the solid line in the
lower part is crude oil. Zooming in on the two circled areas above, many
small oil droplets rapidly pass through the bottom outlet. The initial oil

8.5

Fig. 14. Variation in oil phase flow rate with time under different oil film

thicknesses.

compare the outlet oil phase flow when the oil film thicknesses were 10
and 20 mm. During the formation of the vortex, the surface oil was
concentrated in the middle. Thereafter, the oil flowed to the outlet as a

9.5 10.0

running time, s

film of white oil was 20 mm, and the oil droplets in the second half
underwent two types of flow processes. The first one is shown in the
enlarged area on the left, where numerous small oil droplets continu-
ously passed through rapidly, and the instantaneous flow reached 10 L/
min. The second one is shown in the enlarged area on the right, where
the oil droplets are relatively large and the interval between them is also
slightly larger, and the instantaneous flow could reach 30 L/min. When
the initial oil film of white oil was 10 mm, there were large oil droplets at
the outlet after 11 s. The frequency was relatively low, with
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Fig. 15. Oil dripping process.
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approximately 10 droplets flowing every second. When crude oil was
distributed on the surface, there was little oil dripping over the same
period, even though the thickness of the oil layer increased from 5 to 20
mm. To compare the sizes of the oil droplets more intuitively, the area
enclosed by the curve and y = 0 is colored, and the area covered by the
color is the volume of the oil droplets. The oil droplet size in the crude oil
experiment was within the range that can be observed by the naked eye,
which is consistent with the simulation results. The instantaneous oil
content at the outlet in the simulation was approximately equal to the
experimental results.

The oil phase flow rate through the outlet can be calculated by
considering the volume of the oil at the initial moment as the total oil
volume. Using the ratio of the flow rate through the outlet and the total
volume as the cumulative oil spill treatment efficiency, the law of cu-
mulative treatment efficiency over time can be obtained. As shown in
Fig. 16, the recovery start times were different because the types of oil
were different. The recovery of crude oil generally occurred earlier than
that of white oil. The recovery process of white oil gradually slowed
after the dotted line. Once the cumulative treatment efficiency was
higher than 80%, the recovery capacity suddenly decreased. In contrast
to crude oil, the reduction in the processing rate occurred after the cu-
mulative processing efficiency reached 95% or higher. The processing
efficiency values for several key time points are listed in Table 1. The
thicker the crude oil, the earlier the recovery process started; the thinner
the crude oil, the faster the recovery rate. After the thickness of the white
oil increased, the recovery process did not change, but the recovery rate
decreased. For both crude oil and white oil, the final cumulative treat-
ment efficiency was above 95%. For the small space enclosed by the
skimmer, the oil film was almost completely recovered within 20 s. In
the simulation, the skimmer was fixed, and liquid in the same area could
be processed repeatedly. The oil remaining on the liquid surface was
affected by the continuous action of the vortex, and eventually, most of
it was sucked to the bottom of the vortex. Table 1 also shows that a large
amount of recycling work was completed in a very short period. For the
5 mm crude oil film, for example, 63% of oil phase was recovered be-
tween 7 s and 8 s. Therefore, the simulation results can be referred to in
practical engineering applications. In the experiment, the cumulative
treatment efficiency cannot reach 100% because of the emulsification.
The simulation results were qualitatively analyzed for different oils and
thicknesses.

4.4. Comparison of separation performance

The internal pressure of the oil spill separation device can reflect

T T T T I T T T
- 100 F
N T-_—
B
5 8of .
=1
=
[}
é 60 B
§ —— S5mm crude oil
?‘: 40| ! 10mm crude oil |
= ,' — 15mm crude oil
= ' 20mm crude oil
g 20 k ,’ = = 10mm white oil |
© f 20mm white oil
/ y
0 ! B
1 1 M 1 1 M 1

10 12

running time, s

14 16

Fig. 16. Cumulative treatment efficiency of the two oils.
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Table 1
Cumulative treatment efficiency of different amounts of oil, %.

Oil film thickness Recovery time

6.5s 7s 8s 10s 15s 18s
5 mm 0 20.098 83.131 97.190 97.565 97.571
10 mm 1.392 19.028 70.617 98.683 98.941 99.040
15 mm 4.343 21.510 67.440 99.539 99.745 99.755
20 mm 6.457 22.242 63.090 98.456 98.558 98.600
10 mm 0 0.295 30.263 90.716 99.103 99.106
20 mm 0 0.359 21.055 73.266 95.486 97.622

energy consumption and provide technical parameters for the further
separation of oil-water mixtures. The pressure of the overflow pipe was
the value relative to that of the free surface, and the pressure was 0 when
the water surface was static. Fig. 17 (a) shows the change in overflow
pipe pressure. When the pump frequency was determined, the total inlet
flow was changed by adjusting the valve opening, and the pressure
decreased as the inlet flow increased. When the frequency of the pump
increased, a higher internal pressure appeared at the same inlet flow.
This is because reducing the valve opening increased the flow resistance
and pressure. When white oil was used for the same experiment, the
pressure also decreased with an increase in the flow rate. Given the same
starting frequency of the pump, the white oil experiment can often give a
much larger inlet flows. In the crude oil experiment, the pump frequency
was increased from 20 to 40 Hz, and the flow rate was increased from 8
to 40 L/min. In contrast, in the white oil experiment, the pump fre-
quency increased from 25 to 30 Hz, and the flow rate increased from 15
to 85 L/min. The data indicate that the flow resistance of crude oil is
greater than that of white oil, and the rheology measurement also il-
lustrates this point. Moreover, for the same flow, crude oil exhibits a
higher viscosity and coefficient of friction. And for the same distance, it
experiences a greater pressure loss than white oil. Conversely, crude oil
aggregates more easily than white oil, and when aggregated oil interacts
with the wall surface, it hinders movement, increasing flow resistance.

The relationship between the flow rate and pressure in the overflow
pipe is shown in Fig. 17 (b). As the flow rate of the overflow pipe
increased, the pressure increased linearly. Different pump frequencies
roughly determined the range of flow, but did not affect the relationship
between the pressure and flow rate. The maximum flow rate at the
overflow port was approximately 22 L/min.

The overflow and underflow ports were sampled and the samples
were placed in a graduated cylinder and allowed to stand until the
mixture formed layers. The volume and total volume of the oil were
determined, and the ratio of the volume was the oil content of the
sample. The sampling results indicated that the oil content of the
overflow port was always higher than that of the underflow port. As
shown in Fig. 18, this was one of the sampling results. The left side
shows the overflow port liquid sample, and the right side shows the
underflow port sample. The ratio of the oil content of the overflow to the
underflow is between 1.5 and 8.4, and in most cases is between 2.5 and
5.

The ratio of the overflow flow rate to the total inlet flow rate is
defined as the split ratio, and the ratio of the overflow and inlet oil flow
rates is defined as the recovery efficiency. Eq. (9) is used to calculate the
recovery efficiency, where Qy,.r refers to the oil volume flow rate of the
overflow, and Qj, refers to the oil volume flow rate of the inlet.
e= % x 100%

in

©)

As Fig. 19 shows, the relationship between the recovery efficiency
and the split ratio is linear. An et al. (2021) noted that the relationship
between the recovery efficiency and split ratio is unrelated to the
amount of oil spilled; therefore, the recovery efficiency of crude oil is
more sensitive to changes in the split ratio. As the split ratio increases,
the recovery efficiency also increases. The split ratio was calculated



M. Yang et al.
T T T T T
Ll M |
=
<
3 &
> 0.8 - -
£
2
g
= 0.6 -
. <
g S
e L 4
5 0.4 A <> - o
o crude oil  white oil
Z B 20Hz X 25Hz
8 o
802t @ 25Hz X 28Hz .
= A A 30Hz X 30Hz
[) 35Hz
0.0 | 40Hz B
1 M 1 M 1 M 1 M 1
0 15 30 45 60 75 90

volume flow rate of inlet, L/min

(2)

Ocean Engineering 263 (2022) 112383

1.00 T y T y T
B 20Hz
ES 0.75 @ 25Hz _
< A 30Hz
g V¥ 35Hz
2 < 40Hz
2 L —— fit line 4
% 0.50 O
>
=]
G
o
g
5 025 F E
2
2
(=9
0.00 | E
1 1 1

20 25

volume flow rate of overflow port, L/min

(b)

Fig. 17. Relationship between pressure and flow rate of (a) inlet and (b) overflow.

Fig. 18. One of the sampling results at overflow port and underflow port.

according to Eq. (9), assuming the same inlet and outlet oil-phase flow
rates. When the split ratio reaches 100%, the recovery ratio should be
100%. However, the relationship between the split ratio and recovery
efficiency of crude oil did not match the prediction. This difference can
be attributed to two reasons. First, for crude oil, the linear relationship is
applicable only to lower split ratios. Second, the slip velocity of crude oil
is different, which also leads to different oil contents of the fluid
involved in cyclone separation under different split ratios. These factors
limit the linear law of recovery efficiency.

5. Conclusions and suggestions

Experimental tests and CFD simulations were performed to investi-
gate the working characteristics of an oil spill treatment device
composed of a free-surface vortex oil skimmer and an axial hydro-
cyclone separator. A small-scale recovery and separation device was
fabricated and tested, and a model of the same scale was established via
simulation. The flow, pressure, and content data for each phase were
collected during the experiment. The experiment verified that the VOF
model and RNG k-& model can be used to calculate vortex motion and
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can simulate similar flow states with a flow computational burden.

The spatial distribution of the tangential velocity was derived by
combining a 2D velocity model with the governing equation of the cy-
lindrical coordinate system. According to this equation, the tangential
velocity is linearly distributed in the vertical direction, and the trend of
the change must be judged according to the boundary conditions or the
interphase interface. Further studies may explain the nature of the
vortex-recovered surface oil. Because of the different properties of oil,
the state of movement in the vortex is significantly different. After ag-
gregation, different forms of oil exhibit different oil properties. The free-
surface vortex can also recover oil with a high density and viscosity, and
the oil is more likely to move in the form of large oil droplets.

The experiment verified the separation characteristics of axial
hydrocyclone in crude oil processing. The differences in the influence of
oil properties on the separation law were compared. The flow in the
separation equipment is influenced by the rheological properties of the
mixture. The spin state and energy loss were closely related to the
treatment fluid. Within this range, increasing the split ratio can improve
the separation efficiency. The law exhibits a similar performance for
different oils.
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Appendix

The vortex model proposed by Rankine (1858) is divided into two regions, and the boundary between these regions is a circle formed by the radius
of the vortex core. The inner area of the boundary is a rigid vortex and the outer portion is a potential vortex. The velocities at the boundary line are
equal. The Rankine vortex model is expressed as follows:

vy =L <
= <y
¢ 277}‘31
r (A1)
e
2rr

In Eq. (A.1), r is the radial position and ry, is the radius of the vortex core.
Rosenhead (1930) proposed the following empirical formula based on experimental data and mathematical analysis:

r r
Vo=r A.2
"Tor Pt r2 (A-2)
Vatistas et al. (1988) proposed an empirical formula for tangential velocity based on the amount of circulation:
r
4 (A.3)

|/ —
LN
Eq. (8) can be substituted into Eq. (4) according to the separation of variables method. If ¢(r) is expressed in the form of Eq. (A.2), we obtain:

(P+r2)rv,

2 2
dro (P +2)r v () (A4)

V,=— '
e oy VYT 20

According to actual observations, at an infinite distance of the flow field, the radial and axial velocities of the vortex both tend toward 0, so y" () =
0 and i/ () is a constant. When z = h, the flow was on the free surface; y(z) = 1. In summary, we obtain:

y(z)=k(z—h)+1 (A5)
The tangential velocity of the 3D flow field can be expressed as:
r r
Vo= 55— lk(z—h) -1 A.6
‘ 27rr2+r,2ﬂ[(Z )1l (A.6)
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