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Abstract. This study investigates hydrocyclone performance of an oil injected screw
compressor. Especially, the oil separation efficiency of a screw compressor plays a significant
role for air quality and non-stop working hour of compressors has become an important issue
when the efficiency in energy is considered. In this study, two separation efficiency parameters
were selected to be hydrocyclone inlet diameter and flow volume height between oil reservoir
surface and top of the hydrocyclone. Nine different cases were studied in which cyclone inlet
diameter and flow volume height between oil reservoir surface and top were investigated in
regards to separation and energy performance aspects and the effect of the parameters on the
general performance appears to be causing powerful influence. Flow inside the hydrocyclone
geometry was modelled by Reynolds Stress Model (RSM) and hydro particles were tracked by
Discrete Phase Model (DPM). Besides, particle break up was modelled by the Taylor Analogy
Breakup (TAB) model. The reversed vortex generation was observed at different planes. The
upper limit of the inlet diameter of the cyclone yields the centrifugal force on particles to
decrease while the flow becomes slower; and the larger diameter implies slower flow. On the
contrary, the lower limit is increment in speed causes breakup problems that the particle
diameters become smaller; consequently, it is harder to separate them from gas.

1. Introduction

Cyclones known as separators are commonly employed to extract particles or droplets from the system
with the help of centrifugal forces. Besides, cyclone structures can be easily manufactured and they
have low maintenance and investment costs. While these advantages make the cyclone systems quite
popular in the industry, their complex flow characteristics with swirls cannot be solved with
mathematical models. Therefore, experimental or numerical approaches have been used to determine
the performance of the cyclones. There are many experimental studies regarding to the design of
cyclone systems [1] [2] [3]. However, experimental approaches have its own difficulties to identify the
flow inside the cyclone since visualization of entire fluid flow inside a closed geometry is very
challenging. Hence, observations from inlet and outlet measurements have been typically used to
quantify performance parameters of these systems while numerical studies can help to understand the
flow characteristics in cyclone systems locally. As a result of improvements in computer processors
and solver programs, the time needed to complete a numerical solution has been decreasing; therefore,
nowadays many numerical studies [4] [5] [6] related to fluid flow in cyclone systems can be found.
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As the fluid flow inside cyclone systems is inherently turbulent, the studies about the turbulence model
for swirling flows [6] are investigated. It was realized that the Reynolds Stress Model (RSM) has been
widely accepted for swirling flows in these studies while Reynolds Averaged Navier-Stokes (RANS)
have been generally employed for fluid flow simulations since this method gives results with
reasonable error [7] compared to Large Eddy Simulation (LES) solutions.

In addition to fluid flow simulations in cyclone systems, the particles can be essentially observed with
two different methods, namely volume of fluid (VOF) and discrete phase method (DPM). The oil
reservoir at the bottom of the oil tank and desired number of particles can be modelled in VOF method
with certain restrictions. The limitations in VOF model can be mainly summarized as computational
time being longer in VOF than DPM method and VOF method is being unable to model the surface
tension or velocity on the droplet surface. On the other hand, DPM is a simulation technique widely
used for particle flows and in DPM method particles can be traced and monitored. Furthermore,
different particle models such as collision of particles or particle break-ups can be employed. Studies
[8] show that the DPM results in cyclone modelling become more accurate with Euler-Lagrangian
approach.

When flow characteristics in cyclones and hydrocyclones are considered, gas flow characteristics are
observed to be the same for both systems while the particle characteristics show some differences.
Particularly, dust cyclones are used for separate solid particles such as dusts while hydrocyclones are
utilized for separation of liquids from gas flow. When solid particles flow in the gas phase, there is no
change in the shape of solid particles whereas shape of the liquid particle in gas flow can change due
to speed, pressure or specification of a gas [9]. However, there is a common challenge for cyclones
and hydrocyclones that small particles are typically hard to separate from large particles. There are
many studies regarding to dust cyclone geometries and turbulence models used in these studies can be
employed for hydrocyclones; however, the studies about particles are not applicable for
hydrocyclones. When the fluid flow speed becomes large enough, the liquid droplets break-up and the
droplets start to flow as small droplets; as a result, the high speed in hydrocyclones becomes an
undesirable situation. On the other hand, collision of solid particles can be interpreted as elastic
collisions while the liquid particle collision causes both coalescence and elastic collision. A particle
diameter increases after a collision and if the particle diameter passes the already set critical diameter
value, the particle may break up to smaller particles. Therefore, the break up and coalescence effects
must be considered for hydrocyclones [10]. The breakup effect on separation performance was studied
by Gao et al. [11] extensively.

The cyclone geometry was investigated by different researchers. The famous experimental studies
based on dust cyclones are examined again with different methods or simulations [5]. Noroozil et al.
[12] not only investigated the cyclone inlet diameter effects on cyclone performance, but also the
angle of the inlet port of the cyclone. The cyclone main body diameter performance effect on its
performance was studied by Yetilmezsoy, 2006 [13].

In this study the inlet diameter and flow volume effects on separation and energy efficiency of hydro
cyclones were simulated and investigated. Simulation was based on RANS method. The particles were
traced with DPM method and the coalescence and breakup effects were considered. As a result
decreasing inlet diameter increases breakup of droplets and the tiny diameters cannot separate from
flow and decreasing the diameter of the main [14] body of the cyclone increases the pressure drop.
The optimum dimension rate between main body and inlet diameter is tried to be found and discussed.
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2. Numerical Model

One of the methods to compress air in industry is to use oil injected screw compressors. In this type of
compression, oil is injected into airend to ensure lubrication for rotating screws and provide seal for
air leakage (i.e., preventing back flow of air). Once the compression is achieved, oil and air mixture
needs to be sent to the hydrocyclones where air is separated from oil. In this study, a simplified
numerical model was generated to study performance of separation and energy efficiencies of
hydrocyclones. This model was also described and used by Gao et al. (2014) to investigate effects of
the central channel on the flow field in an oil-gas hydrocyclones. In this study, three dimensional
hydrocyclone with rectangular inlet has been employed and shown in Figure 1. Parameters to describe
the hydrocyclone are given in Table 1.

Table 1 Hydrocyclone geometric parameters

Swirl volume height (H) 2D 25D 3D
Hydrocyclone inlet duct Height (a) 03 04| 05| 03 |04 05| 03|04 05
Width (b) 0.15 |0.15| 0.15 | 0.15 |0.15| 0.15 | 0.15 |0.15| 0.15
Area (a*b) |0.045|0.06 | 0.075|0.045|0.06 | 0.075|0.045 | 0.06 | 0.075

Hydrocyclone central duct | Diameter (d) 0.5D 0.5D 0.5D

Height (h) D D D

Inlet length (L) D D D

Hydrocyclone diameter (D) D D D

The numerical model illustrated in Figure 1 was generated with SolidWorks based on the parameters
provided in Table 1. Three-dimensional hydrocyclone geometry was imported to ICEM-CFD for
meshing (Figure 2). Number of elements were different for each simulated case because geometry was
changing from one case to another. Table 2 below provides mesh information of the studied nine
different cases. In these models, grid independency is ensured by using Gao et al. (2014) [10]. Briefly,
three different swirl volume height (H = 2D, 2.5D, and 3D), with three different hydrocyclone inlet
duct sizes (0.15 x 0.3, 0.15 x 0.4 and 0.15 x 0.5) were used to study the effect of separation and energy
efficiency of hydrocyclones. In order to observe the effects of inlet diameter and swirl volume height
on hydrocyclone performance, nine different combinations from diameter and height sets were created
and listed in Table 1. Figure 2 shows the computational grid of the numerical model for swirl volume
height is being 3D and height of hydrocyclone inlet duct is being 0.5. Total number of elements is
258,064.

Table 2 Studied cases (total of nine different models was generated for the study).

Swirl volume height (H) 2D 2.5D 3D
Helght of hydrocyclone 0.3 0.4 0.5 0.3 0.4 0.5 0.3 0.4 0.5
inlet duct (a)
Number of Cells 203269 | 206473 | 203353 | 226227 | 229088 | 245907 | 255255 | 257837 | 258064
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Figure 1. Numerical model with Figure 2. Numerical model with
parameters computational grid

Once the meshing was completed, boundary conditions were defined. Pressure and velocity were
coupled in equations of motion for incompressible flows. As an outlet boundary condition a static
pressure value of pressure outlet was specified while velocity inlet boundary condition was assigned
for the inlet. Thus, the velocity at the outlet surface must adjust itself to match the rest of the flow
field, similarly at the inlet surface the pressure needs to adjust itself so that the inlet and outlet
boundary conditions were not over specified mathematically. DPM particle injection surface was also
employed to the inlet surface. In DPM modeling settings, inlet and outlet surfaces were assumed to be
an escape boundary condition. All the walls were modeled with no slip boundary wall condition
except for the bottom wall. The bottom wall was set to no slip boundary wall condition for turbulence
model and trap model for DPM model. Gravity was also defined along -y direction for all simulations.
Air and oil material properties were defined for computational grid. Specifically, the air density and
viscosity were taken as 3.5 kg/m?® and 2.09x10° kg/m.s, respectively at 0.2 MPa pressure and the oil
density and viscosity were taken as 830 kg/m? and 5.08 kg/m.s, respectively at 95°C.

There were mainly three assumptions made during this study. First assumption was about the inlet of
the cyclone. In this study, a rectangular duct was used instead of a circular pipe. Second assumption
was regarding to the oil reservoir. The reservoir oil below the tank was assumed to be a wall with trap
condition so that oil surface flow of oil reservoir remained the same. Therefore, the bubble and the
returning cached particles would be eliminated. Third assumption was about the shape of the particles.
The particles in the study were proposed to be a spherical ball and no change in their shape was
allowed during simulations.

In the numerical model the RSM is preferred for the viscous turbulence model. For tracing droplets
DPM model was used with sub modules that are Saffman Lift force, Discrete Random Walk (DRW),
Breakup, Stochastic Collision and Coalescence. There are a lot of combinations of turbulence solver
models for solving different flow problems moderately or decreasing computational time in Fluent.
Kaya and Karag6z [6] discusses the best combination for solver models. The most convenient
combination was found to be PRESTO for pressure discretization, SIMPLEC for pressure velocity
coupling, QUICK for momentum discretization, second-order upwind for turbulent kinetic energy and
turbulent dissipation rate and lastly first order upwind for Reynolds stress based on their study. In
turbulence modelling, the Reynolds Stress Model (RSM) was utilized to solve Reynolds-averaged
Navier-Stokes equations. Although use of RSM increases the computation time of the simulation, this
model is typically recommended for cyclone, highly swirling flows in combustors, rotating flow
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passages, and the stress-induced secondary flow in ducts. Discrete phase model (DPM), utilized in this
study, is widely used for the particle flows. In this model particles were added to the flow to track the
liquid droplets. The volume fraction of oil particles was generally lower than 10-12% in the flow so
that they did not influence the main phase flow of inside the oil tank. The velocity of the particle was
dependent on shear force in the particle, main phase velocity and particle. Another additional
parameter was about changing velocity of particle is acceleration “a” due to other forces on the
particle.

u, 1
—=—(u—up)+a 1)
dt T

After some analytical integration, the particle velocity at new location n+1 was formulated as:
n

uZ+At(a+u—)
n+1 p

u, = At @

1+—

p

And the new location was computed with basic location formula of physics.
1
n+l _ .n _ n n+1

X,  =x,+ 2At(up +u, ) ®3)

Forces acting on a particle, defines the acceleration of a particle, were formulated with Lagrangian
model in Fluent. The acceleration of a particle was basically dependent on a drag force, density
difference between main flow and particle, and an additional acceleration force (F,) where this force
played an important role when the density of the main phase was greater than the density of the
particle.

u, 9,(p,=P)
_=FD(u—up)+ + F, (4)
dt p
p
18y CpRe
F,=—" ®)
pp P 24
dpluy,—u

The oil particles have greater density than air; therefore, Fy becomes negligible. The Saffman lift
constant is greater than other additional acceleration force terms, so only Saffman lift force was used
in the current study.

1/2
- 2Kv / pd;; - -
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Instantaneous oil droplet velocity to particle observation in turbulent flow was included when DRW
model was activated. The DRW model, uses the fluctuating velocity components, is a discrete
piecewise constant functions of time:

u=u+u @)
As a result of collision of particle, the particle diameter increases. When the particle diameter and its
velocity reach to a certain value, the particle may breakup more tiny particles before it is collided
again. The collision possibility of a particle with N-1 particles is approximately (1/2) N2. When two
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particles collided, they may be coalesced or bounced. The reaction of the collision of two particles can
be calculated by a collisional weber number.

U2,D
We, = 22rel” el

©)

When two particles collided, the event results in coalescence or elastic collision. There is another type
of coalescence that while two particle flows to same direction if they get closer each other below the
critical distance they coalescence. The critical offset is dependent to the Weber number and relative
radius between particles. The critical offset formulated by O’Rouke [15] on below.

' 24f
b, = (rl + rz) min(1.0, W—) (10)
e

The actual collision parameter b equals to(r; + 73)VY. Y is a random number between 0 and 1. If the

b, 1s greater than the actual b, particules are collided with coalescence. The term f is a related the
ratio between particle radius.
3 2
ny = () — N N
f (T'z) - (Tz) 2.4 (7‘2) + 2.7 (7‘2) (11)

O’Rouke [17] claims that the coalescence causes energy loss; therefore, the coalescent particle
velocity cannot be calculated because momentum equation but itself would not be enough. The
derived expression for the coalescent particle velocity can be computed from:

’ m1v1+m2v2+m2(v1+v2) ( b_bCTit )

vy = (12)

my+m, r1+72=berit

In oil droplet breakup, Taylor analogy method is used for low-Weber-number injections. As a result
weber number less than 100 the TAB model can be applicable. If one of the particle distortion equals
the half of the droplet diameter, droplet assumed to be broken up. The break up occurs when y gets

higher than 1 and y can be calculated by formula below.

y(t) = We, + e~ t/ta) [(yo — We,) cos(wt) + = (% 4 Yoo Wee
w \ dt tq

) sin(wt)] (13)

3. Results and Discussions

Gao et al. (2014) discusses their simulation and experimental results, so results of the simulation can
be compared with the experimental results. The deviation among the current study, experimental and
simulation results by Gao's team is in acceptable level. The results provided in Table 3 are also plotted
in Figure 2. For the flow with 14.4 m/s velocity the Low-Re Corrections option is enabled.

Table 3 Pressure loss variations with inlet velocity for Gao's experimental and numerical studies and
current study

Inlet Velocity (in m/s) 18.10 17.29 16.89 16.30 15.20 14.40
Pressure drop comparison (in Pa)

Experimental results 44953  3711.46 2808.99 2235.87 1861.66 1468.11
Simulation results by Xiang 4299.10 3487.84 2534.73 1913.09 1473.48 1320.43
Simulation results of current study | 4239 3382 2645 2144 1529 1510
Deviations in simulation results




9th International Conference on Compressors and their Systems IOP Publishing
IOP Conf. Series: Materials Science and Engineering 90 (2015) 012074  doi:10.1088/1757-899X/90/1/012074

Simulation results by Xiang 4% 6% 10% 14% 21% 10%
Simulation results of current study | 6% 9% 6% 4% 18% -3%
5000.00 ] ] ]
-e-Simulation by Gao et. al
-4 Experimental Study by Gao et al
4500.00 —m—Current Study 'A,A
A
4000.00 i
= 'y
£ 350000
"2 3000.00
= S
;E 2500.00 /?
2000.00 e //‘t/ ‘
1500.00 e
1000.00
1400 1450 1500 1550 16.00 1650 17.00 17.50 18.00 18.50

Inlet Velocity (m/s)

Figure 3. Pressure loss variations with inlet velocity for Gao’s experimental and numerical
studies and current study

Tangential velocities on the line parallel to the Z axis at the 75 mm offset from the bottom surface
illustrated in Figure 3 show us the central reverse flow swirl channel shape. Besides, it is compared
with the simulation results by Gao et al. [10] and they are in acceptable range.
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Figure 4. Tangential velocities on the line parallel to the Z axis at the 75 mm offset fromy =0

As a result of high swirl flow velocity the lowest height cyclone has highest pressure lost as shown in
Figure 4. Furthermore, for the same volumetric flow rate while inlet diameter is decreasing, flow
speed increases therefore it is obvious that the pressure loss increase is inversely proportionally to the

inlet diameter.
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Figure 5. Pressure loss variations with different inlet duct height and swirl volume height

Inlet velocity of the cyclone is known to be effective for the separation performance. The higher inlet
velocity causes to increase breakup rate of the particles and the lower inlet velocity slowdowns
swirling flow yielding decrease in centrifugal force effect on the particles and decrease in the
separation performance. Cyclone height is another effective parameter for the separation; it basically
defines the end plane of the swirling flow. The particles flow through the swirling flow and the
particles crashes the oil surface at the end of the swirl; therefore, they would be trapped. If the cyclone
height is too long, the swirl slows down and more particles would start to discharge from the port. If
the cyclone height is too low, there would not be enough time for particles to reach the cyclone surface
because particles must flow with swirl. The separation efficiency is calculated from equation 14 below
which is a function of total mass of the particles at the inlet and outlet. As a result of breakup and
coalescence, the total number of particles may change in flow volume.

eff% — Min"Mout (19)

n

Figure 5 shows change of separation efficiency along with inlet duct height. It is noticed that while the
cyclone height is increasing from 3D to 2D, separation performance seems to be increasing. On the
other hand, for each swirl volume height separation performance shows a decline when inlet duct
height is increased. In other words, Figure 5 illustrates that when the inlet diameter decreases, the
separation performance shows an increase. Therefore, the separation efficiency increase is inversely
proportional with decreasing inlet area.
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Figure 6. Separation efficiency with different inlet duct height
and swirl volume height

4. Conclusions

The optimum point of the separation performance is found to be related with velocities and the flow
angles in the cyclone. There are many parameters that can change flow velocity and flow angles.
Therefore, prediction of the relation between cyclone geometry and performance is more reliable with
performing experiments or simulations.

The height of the cyclone seems to be a significant parameter for separation efficiency and energy
consumption. It was noted that while the height is decreasing, the rise of pressure loss is also
increased. Another important point is that if the cyclone height is too short, the oil below the tank may
be suctioned to the outlet port as a result of low pressure area at the middle of the cyclone. This effect
cannot be observed in this study because the oil surface below the tank was assumed to be a surface.

Change in the inlet port diameter seems to be affecting separation efficiency. Specifically, the
influence was more for short cyclones than long ones. In short cyclone geometry, the particles are
trapped at the bottom surface because swirl changes direction from downward to the upward more
sharply in close of bottom trap condition surface. The particles cannot hang on the multiphase flow
due to sharp turns and separates. When the bottom surface is closer to the inlet port, the differences of
velocities between downward and upward are more from the inlet velocity near the bottom surface,
thus increases sharp turn effect.

While the inlet diameter is getting smaller, the separation performance increases the increment rate of
the efficiency curve inclination decreasing. Because the high velocity inlet results in more efficient
separation, the inlet velocity shows an increase and the breakup possibility of the particles also
increases yielding separate particles with 10°> mm diameter.
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