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Abstract 

Coalescence fibrous filter cartridges are widely utilized in the oil industry to remove 

hazardous aerosols of lubricating oil from gas streams, which can be potentially 

dangerous to the human health and the environment. In this Thesis, I present an 

Eulerian-Lagrange approach to simulate flow and oil transport on real fibrous filter 

cartridges used in the industry. The flow field is computed by solving the Reynolds-

Averaged Navier-Stokes (RANS) equations and the filter cartridge is modelled as a 

porous boundary condition. Next, oil particles are injected into the filter cartridge and 

the location where the particles cross the filter surface is recorded. This thesis has two 

objectives. The first one is to determine the most appropriate turbulence model to 

simulate the flow processes happening inside the cartridge. This is done by using a 

simple geometry with only one cartridge and considering three commonly used 

turbulence models (namely k-Ɛ standard, k-Ɛ realizable, and k-ω SST). Calculated 

values of the pressure drop between the inlet and outlet are then compared to available 

experimental data for different flowrates in order to determine the most suitable 

turbulence model. The second goal is to study real operating conditions consisting of 

four cartridges working in parallel. To this end, two cartridge geometries are used: one 

symmetric and one asymmetric. After computation of the flow field, oil droplets are 

injected into the filter cartridge and the oil mass distribution in each of the four 

cartridges is calculated, with the purpose of determining whether the oil distribution is 

uniformly distributed along the four cartridges or not, for both configurations.  
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1. Introduction 

1.1 The background of the coalescing filters 

Coalescence filters are widely used to remove droplet aerosols such as oil mist from air. 

They typically consist of multiple layers of fibrous media, which can be wettable 

(‘‘oleophilic’’) or non-wet table (‘‘oleophobic’’). Oil mist is emitted by air compressors 

and engine crankcases in the size range of about 0.1–1μm. The aerosol is removed quite 

efficiently by such filter media, often within the first few layers, and collects on the 

fibers, where it coalesces with time into much larger drops (Kampa et al., 2014).  

 

It is important to analysis the flow filed in the filters. For the reason, gain the knowledge, 

to explore the processes, to determine permeability, to determine pressure drop, 

filtration efficiency without spending lots of money in experiments. 

 

1.2 The objects 

This paper has two goals. The first one is to determine the most appropriate turbulence 

model to simulate the flow processes happening inside the cartridge. This is done by 

using a simple geometry with only one cartridge and considering three commonly used 

turbulence models (namely k-Ɛ standard, k-Ɛ realizable, and k-ω SST). Calculated 

values of the pressure drop between the inlet and outlet are then compared to available 

experimental data for different flowrates in order to determine the most suitable 

turbulence model. The second goal is to study real operating conditions consisting of 

four cartridges working in parallel. To this end, two cartridge geometries are used: one 

symmetric and one asymmetric. After computation of the flow field, oil droplets are 

injected into the filter cartridge and the oil mass distribution in each of the four 

cartridges is calculated, with the purpose of determining whether the oil distribution is 
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uniformly distributed along the four cartridges or not, for both configurations. 

The first goal can be achieved by simulating the air flow of 5 (100 m3/h, 200 m3/h, 

300 m3/h, 400 m3/h, 500m3/h) flow rates through a simple geometry with the 3 

turbulence models. The pressure drop is calculated when the simulations have 

convergence and compared with the experimental data. The whole process is like the 

Fig 1.1 shows: 

 

Fig 1.1 The process of the Fluent simulations 

 

The second goal needs two steps. Simulate the air flow of 300m3/h in two 4-cartridges 

filters (one is symmetric, and one is asymmetric) with the appropriate turbulence model, 

then use the DPM (Discrete Phase Model) to simulate in the different injection time (5s, 

10s, 15, 20s), the oil droplets in the air flow passing through the filters. The oil particle 

mass distribution normalized to the total mass flow rate can be found in each cartridge 

to check whether the distributions are even or not.  
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1.3 The CFD method 

There are many partial differential equations in fluid theory, for example, the Reynolds-

Averaged Navier-Stokes (RANS) equations, it is difficult to solve them in the 

conventional method. And it is impossible in practice to investigate the fluid dynamics 

processes happening inside a filter cartridge using conventional laboratory experiments. 

To this end, computational fluid dynamics (CFD) can be very helpful for engineers in 

filter design and optimization, especially in modern days given the constant advances 

in computer power and software development.” 

 

The core idea for CFD is using discretization methods, such as the finite volume 

method, to obtain discrete solutions of the governing equations of flow, which to date 

do not have an exact solution. Grid-based methods consist in dividing the continuum 

domain into an appropriate number of elements and calculate an approximate solution 

of the governing partial difference equations in some given points, e.g., the centroids 

of the elements. Obviously, the greater number of elements, the higher the quality of 

the approximate solution. In cases where experimental data are available, results of the 

CFD simulations can be compared and the mesh refined if the match is not satisfactory.  

 

 

Fig 1.2 The relation between the theory, the experiment and the CFD  

Theoretical 
analysis

CFDExperiment
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The CFD method can be used to solve the problems that the theoretical analysis and 

experiment are impossible to solve. But the CFD needs the foundation of the theory, 

and the experiment can verify the results of the CFD method. In the first goal, the 

pressure drop should be calculated in the CFD process and compared with the 

experimental data to determine the most suitable turbulence model. 
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2. Theoretical background 

The core idea for the CFD software to solve the fluid mechanics problems is to use the 

finite volume method (FVM). It is a calculation method for solving partial differential 

equations numerically. In the finite volume method, the physical entity is divided into 

grid cells to calculate. 

 

2.1 The turbulence models 

The first goal of the simulations is to determine the most suitable turbulence model for 

the next steps from the three turbulence models (the k-Ɛ standard, k-Ɛ realizable and k-

ω SST models). The pressure drops are calculated only when the residuals of the 6 

parameters that the continuity, the velocity of x, y, z directions, the kinetic energy (k), 

the energy dissipation rate (ε and ω) are convergent. 

 

The continuity equation represents the conversation of the mass: 
𝜕𝜌

𝜕𝑡
+

𝜕(𝜌𝑢𝑖)

𝜕𝑥𝑖
= 0 (2.1) 

In which 𝜌 is the density of the flow, 𝑢𝑖  is the velocity for the corresponding direction. 

 

Then the N-S equation is the most important equation for the fluid studies. It shows 

how the momentum changes in the control volume where need to calculate. For NS 

equation, its general equation can be written: 
∂𝑢𝑖

𝜕𝑡
+ ∑ 𝑢𝑗𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
=  −

1

𝜌

𝜕𝑝

𝜕𝑥𝑖
+ ∑

1

𝜌𝑗
𝜕𝜏𝑖𝑗

𝜕𝑥𝑗
+ 𝑔𝑖 (2.2) 

In this equation, p is the pressure, 𝜏𝑖𝑗  is the stress tensor, 𝑔𝑖 is the external force. 

 

According to the Fluent tutorial guide, the both two k- ε turbulences consist of 2 basic 

equations: the kinetic energy k and the turbulence dissipation ε: 
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𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌𝑘𝑢𝑖)

𝜕𝑥𝑖
=  

𝜕

𝜕𝑥𝑖
 [

𝜇𝑡

𝜎𝑘
 

𝜕𝑘

𝜕𝑥𝑗
] + 2𝜇𝑡𝐸𝑖𝑗𝐸𝑖𝑗 − 𝜌𝜀        (2.3) 

𝜕(𝜌𝜀)

𝜕𝑡
+

𝜕(𝜌𝜀𝑢𝑖)

𝜕𝑥𝑖
=  

𝜕

𝜕𝑥𝑖
 [

𝜇𝑡

𝜎𝜀
 

𝜕𝜀

𝜕𝑥𝑗
] + 𝐶1𝜀

𝜀

𝑘
2𝜇𝑡𝐸𝑖𝑗𝐸𝑖𝑗 − 𝐶2𝜀𝜌

𝜀2

𝑘
 (2.4) 

𝑢𝑖 is the velocity for the corresponding direction;𝐸𝑖𝑗is the rate of deformation;  𝜇𝑡 =

 𝜌𝐶𝜇
𝑘2

𝜀
  is the eddy viscosity. The differences between the standard k- ε  turbulence 

model and the realizable one is that 𝐶𝜇 is constant for the standard k- ε turbulence 

model. The left terms of both 2 equations represent the kinetic energy k and dissipation 

rate 𝜀 change in time plus the transport of k and 𝜀 by advection. The right terms are 

transport and k and 𝜀 by diffusion plus the rate of production of k and 𝜀 plus the rate 

of the destruction of k and 𝜀. The k- 𝜀 turbulence model is recommended for planar 

shear layers and recirculating flows. It is very useful for the free-shear layer flows with 

relatively small pressure gradients and the confined flows where the Reynolds shear 

stresses are important. And for the Realizable k-  𝜀  model, it provides improved 

solutions for the spreading rate of both planar and round jets. It also exhibits superior 

performance for flows involving rotation, boundary layers under strong adverse 

pressure gradients, separation, and recirculation. In virtually every measure of 

comparison, Realizable k-ɛ demonstrates a superior ability to capture the mean flow of 

the complex structures. 

 

By referring to the Fluent tutorial guide, the k-𝜔 SST turbulence model combines the 

k-𝜔  and the k-  𝜀  turbulence models. The first one is used in the inner boundary 

condition and the latter one is used in the free shear flow. The SST is the short name of 

the Menter's Shear Stress Transport. The k-𝜔 SST model has a better prediction for the 

adverse pressure gradients. The equations for the k and 𝜔 are: 
𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑖
(𝜌𝑘𝑢𝑖) =

𝜕

𝜕𝑥𝑗
(𝛤𝑘

𝜕𝑘

𝜕𝑥𝑗
) + 𝐺𝑘 − 𝑌𝐾 + 𝑆𝑘  (2.5) 

𝜕

𝜕𝑡
(𝜌𝜔) +

𝜕

𝜕𝑥𝑖
(𝜌𝜔𝑢𝑖) =

𝜕

𝜕𝑥𝑗
(𝛤𝜔

𝜕𝜔

𝜕𝑥𝑗
) + 𝐺𝜔 − 𝑌𝜔 + 𝑆𝜔 (2.6) 

In these equations,  𝐺𝑘 represents the generation of turbulence kinetic energy due to 

mean velocity gradients. 𝐺𝜔 represents the generation of 𝜔. 𝛤𝑘 and 𝛤𝜔 represent the 



8 

 

effective diffusivity of k and 𝜔 , respectively.  𝑌𝐾  and 𝑌𝜔  represent the dissipation 

of k and 𝜔 due to turbulences. The All of the above terms are calculated as described 

below. 𝑆𝑘 and 𝑆𝜔 are user-defined source terms. 

 

2.2 The porous-jump function  

For the cartridge filters inside the vessel, the porous-jump type in the FLUENT software 

can be used for the filters. Its principle is the Darcy’s Law: 

Q =
kA(Pa−Pb)

μL
 (2.7) 

Q is the flow rate through this medium, k is the permeability, A is the cross section of 

the medium, (Pa − Pb) is the total pressure drop from a side to b side, L is the thickness 

of this medium, μ is the fluid viscosity. 

 

The pressure gradient ∆P = (Pa − Pb)  is the most important figure for both the 

simulations and the experiments. The method for choosing the correct turbulence model 

is comparing all the flow rate pressure gradients of all 3 turbulence models and 

comparing them to the experiment data. 

 

Furthermore, in the Fluent, an additional inertial loss term is introduced into the formula: 

∆P = − (
μ

k
v + C2

1

2
ρv2) L (2.8) 

Additionally, v is the velocity normal to the porous face, C2  is the pressure jump 

coefficient. 

 

2.3 The Discrete Particle Method 

DPM is the Discrete Phase Model. It is used for the discrete particle calculation in the 

simulations. In the case, when the air flow is steady after the residuals have the 

convergences, the simulation of the injection of particles should begin. It means the air 
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flow is combined oil droplets like the aerosols in the real environment that pass through 

the filters (the task is to find out how much oil trapped in the cartridge filters). The 

injection time decides the total amount of the particles into the filters. Because the 

process is discrete, the time step needs to be evaluated by the formula: 

t∗ = 0.15 k/ε (2.9) 

k is the average volumetric kinetic energy in the 4-catridge filters geometry. 

𝜀 is the average volumetric energy dissipation rate in the 4-catridge filters geometry. 

And the number of the steps: 

𝑁 = 𝑡/𝑡∗（2.10） 

t is the total injection time. 

 

The maximum track step numbers is the max step to track the particles’ fate (trapped, 

reflected, escaped etc.). If its value is too small, the tracks of some particles are 

incomplete, the results are not credible. The value of it shoule be estimated by: 𝑁𝑚𝑎𝑥 =

𝐿 ∗ 𝑁𝐶𝐸𝐿𝐿 

𝐿 is the length scale for the simulation, 𝑁𝐶𝐸𝐿𝐿is the amount of the cells. 
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3. Simulations 

3.1 Determine the suitable turbulence model 

This process is that simulates the different flow rates of air (100m3/h , 200 m3/h , 

300m3/h, 400m3/h, 500m3/h) passing through the filter geometry. The pressure drop 

Δp is the index to calculate and compare with the experiment data when the residuals 

of the 6 parameters (continuity, the velocity of x, y, z directions, the kinetic k and the 

energy dissipation rate εor ω) are convergent. 

 

Fig 3.1 The out view of the filter, arrows show the direction 

of the air flow 

The arrows show the positions of the inlet and the outlet of the geometry. The area of 

the inlet is 0.022698𝑚2, the outlet is 0.010207𝑚2. The inlet velocities can be estimated 

by the formula: 𝑉 =
𝑄

60𝐴
  [m/s], which are 1.22 m/s, 2.44 m/s, 3.66m/s, 4.88 m/s, 6.10 

m/s. 

 

 
Fig 3.2 The inside construction of the filter 

In the Fig 3.2, the cylinder is the cartridge filter, the height is the 1.32m. 
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The mesh is the necessary pre-process of the simulations. The mechanism of the 

FLUENT solving the fluid problem is FVM (Finite Volume Method), dividing the 

whole geometry into small cells to approach the exact values for complex constructions. 

The finer the mesh does, the more elements the project will contain, and the results are 

more reliable, but it will take more time and consume more CPU sources. 

 

The set-up of the boundary conditions is that the inlet velocity is from 1.22 m/s to 6.10 

m/s, the outlet gauge pressure is zero, which means the outlet pressure is the atmosphere 

pressure. The cartridge-lid should be set as the wall because the top of the cartridge 

filters is considered that not any flow can penetrate it. 

 

The porous-cartridge part is the part of the filter where the flow passes through. The 

parameters can be set by according to the Darcy’ Law (2.8):  

∆P = − (
μ

k
v + C2

1

2
ρv2) L (2.8) 

the permeability k=7e-11 m2 is found by matching the numerical values with the 

experimental values, the thickness L is 0.025m, due to neglecting the kinetic energy 

loss in the porous zone, 𝐶2 =0. 

 

The under-relaxation number for the solution control means how much to choose the 

value changes for the next iterations. For example, if the pressure under-relaxation 

number set as 0.3, 𝑃𝑖+1 = 𝑃𝑖 + 0.3 ∗ ∆𝑃. The fomula represents that the pressure if the 

(i+1)th iteration is the ith plus the change, the change value can be adjusted (the under-

relaxation number is between 0~1). The larger value if the changes have, the time need 

for the convergence is small, but the process is more unstable and will get a rougher 

result. The smaller ones have the opposite effect. For the different simulations the 

appropriate under-relaxation numbers are necessary. 

 

The residual conditions are the convergence conditions which simulations once reach, 
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the process is stop. The default values for all 6 residuals are 1*e-3, which are not enough 

for the simulation results. All of them should be modified to 1*e-4, and the under-

relaxation numbers should be carefully chosen because the larger values they have, the 

more impossible to get the convergence. 

 

According to the FLUENT tutorial guide, the residuals are not the only standard to 

determine that the results can be trusted. In this simulation, the pressure drop is the 

index need to be calculated, so the monitor of the inlet pressure can make sure the value 

of the pressure drop is credible. 

 

Finally, initialize the process. Choose the standard initializing the velocity is relative to 

the inlet. Then calculate.  

 

 

Fig 3.3 The example of the residual plot behavior 

The Fig 3.3 shows that all the 6 residuals are convergent. 
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Fig 3.4 The example of the inlet pressure plot 

The Fig 3.4 is the inlet pressure plot. According to the plot, at the 8500 iterations, the 

inlet pressure is quite steady, and its value is about 18mbar. 

 

The post-process for the simulations is selecting the surface integrals at the report 

sections. Calculate the inlet and outlet total pressure drop in the averaged-weighted 

areas. Recalling that the total pressure is the sum of the static pressure and the dynamic 

pressure. 

 

The groups of all the data of the simulations and experiment are: 

 

Flow rate V inlet k-eps 

real(mabr) 

k-eps 

standard 

k-omega 

SST 

experiment 

100 1.22 3.45 2.79 2.55 3.94 

200 2.44 7.92 6.98 6.13 8.65 

300 3.66 13.25 11.84 9.56 14.11 

400 4.88 18.33 16.77 14.65 20.22 

500 6.10 24.82 21.32 18.69 26.97 
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Tab 3.1 the pressure drop results 

 
Fig 3.5 The diagram of the pressure drop 

The Fig 3.5 shows all the 3 turbulence models results comparing to the experiment data. 

In the diagram the k-ε realizable model is very close to the experiment results than the 

other 2 models. 

 

The theoretical analysis of the conclusion is that the two k-ε models are more suitable 

for the recirculating flow simulations than the k-ω SST model. Furthermore, the k-ε 

realizable is the most suitable because it is specified from the standard one improving 

its performance in the rotating flow when it has a strong adverse pressure gradient. But 

the pressure drop of all the three turbulence models are below the experiment data, the 

reason is that inertial effects are neglected, the 𝐶2 =0. 

 

3.2 Create and simulate the air flow through the 4 cartridges filters 

This paper is to find out how the injection time and the symmetry of the geometries 

affect the ability of the filters to remove the oil droplets from the air flow. The DPM 

method can simulate the discrete oil particles in the air flow. Before this process, the 

0

5

10

15

20

25

30

100 200 300 400 500

Pressure Drop

K-Eps real K-Eps stand k-omega SST Exp



15 

 

simulation of the air flow is necessary, because when the simulation of the air flow have 

the convergences, the DPM should begin, and the values of the kinetic energy k and the 

energy dissipation rate ε of the average volume are needed to evaluate the time step 

of the DPM simulation. 

 

The flow rate of the air flow is 300m3/h, due to the previous result the most suitable 

turbulence model of this simulation is the k-ε realizable model. 

 

Fig 3.6 The out view of the asymmetric geometry 

 

Fig 3.7 The out view of the symmetric geometry 
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Two geometries are created, they share the same size (the inlet areas are 0.022698𝑚2, 

the outlet areas are 0.010207𝑚2), the only difference is that the symmetric geometry 

has the outlet in the center of the geometry top face as the green area in the Fig 3.7 and 

the other one outlet is on the one of the side faces, as the Fig 3.6 shows. 

 

 

Fig 3.8 The inside constructures of the 2 geometries 

The two geometries inside constructures are also the same, the heights of the 4 cylinders 

are 1.32m. 

 

Then mesh the geometries and get the cell numbers are 1.2 million, which is needed to 

evaluate the maximum number of steps by N ≥ L ∗ NMESH. 

 

According to the flow velocity formula 𝑉 =
𝑄

60𝐴
  [m/s], the inlet velocity equals 3.66 

m/s for the flow rate 300𝑚3/ℎ. The cartridges share the same settings with the previous 

one. The permeabilities are 7*e-11𝑚2, the thickness is 0.025m. The residuals are all set 

as 1e-4. 

 

Monitor of the inlet pressure, the average volumetric kinetic (k), the average volumetric 
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energy dissipation rate (Ɛ) in the turbulence section is necessary. When the residuals are 

convergent, the values in the plots of these three parameters should be stable. Initialize 

and start the simulation. After about 27000 iterations, the residuals have the 

convergences, if the convergence condition is the default value 1e-3, the quantities of 

the average volumetric kinetic (k), the average volumetric energy dissipation rate (Ɛ) 

are wrong. Because when the default conditions are met, the plots are still decreasing, 

the values of them are not credible. The two geometries have the same behavior of the 

residual, the inlet pressure, the kinetic and the energy dissipation rate plots. Like the 

Fig 3.9, the Fig 3.10, the Fig 3.11 the Fig 3.12 show, all the plots are steady. 

 

 
Fig 3.9 The plot of the residuals 

 

Fig 3.10 The plot of the inlet pressure 



18 

 

 

Fig 3.11 The plot of the 4 cartridges kinetic energies 

 
Fig 3.12 The plot of the 4 cartridges dissipation rate 

The value of the k is 0.44m2/s2 and the value of the ε is 9.17 m2/s3. 

3.3 The DPM simulation 

The DPM (Discrete Particle Model) is the tool commonly used to simulate the discrete 

particles in the continuous flow. The effect of the injection time and the symmetry of 

the geometries should be demonstrated by the mass distributions normalized to the total 

mass flow rate. 

 

The injection time are 5s, 10s, 15s, 20s. The time step can be estimate by the formula:  

τ = 0.15k/Ɛ  

in which the k is the average kinetic energy of the 4 cartridges, the Ɛ is the average 



19 

 

volumetric energy dissipation rate. After calculating the τ is 0.00  

7s.  Then the numbers of step can be calculated by: N= T/τ, T is the injection time 

which are 5s, 10s, 15s, 20s. 

 

The Max. Number of Steps 𝑁 ≥ 𝐿 ∗ 𝑁𝑀𝐸𝑆𝐻, L is the Step Length Scale, 𝑁𝑀𝐸𝑆𝐻 is the 

element numbers of the mesh. N= 7 million. The DPM iteration interval is 10 which 

means every 10 iterations the simulation will start an injection. And the injection is just 

needed to do once. 

 

The Saffman lift force option is selected because this form of the lift force is intended 

for small particle Reynolds numbers and recommended only for submicron particles. 

The virtual mass force is required to accelerate the fluid surrounding the particle.  

 

The diameter of the particles is 300 nm. The injection surface is at the inlet. The material 

of the droplets is fuel-oil liquid. The boundary conditions are set as trapped in the 4 

cartridges to simulate that the oil droplets are eliminated by the cartridge filters in the 

real industrial filed. The other parts are set as reflect to let the droplets into the cartridges. 

The turbulence is dispersing discrete random, and the direction of the injection should 

be normal to the surface of the inlet. The relaxation number of the discrete control is 0 

because the injection is only needed to do once. The mass flow rate is 8.334*e-5 kg/s 

and the velocity are 3.66 m/s same as the air flow. 

 

After the DPM process is finished. In the summary of the particle-tracks of the report 

section, the mass distribution can be calculated. 
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Tab 3.2 The mass distribution of the symmetric geometry 

 

Tab 3.3 The mass distribution of the asymmetric geometry 

 

The mass distribution of the 4 cartridges inside the symmetrical geometry can be 

considered as equal, the slight differences may be caused by the meshes difference 
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which cannot be perfectly divided or due to the turbulence. And with the injection time 

increasing, the total mass distribution is also increased. 

 

The asymmetrical geometry also has the almost equal mass distribution in the 4 

cartridges. The symmetric or asymmetric do not cause obvious differences in the 4 

cartridges. 

 

4. Conclusions 

According to the comparison between the simulation results and the experimental data, 

the optimal turbulence for the coalescing filters is the k-ε realizable，but the values of 

the pressure drop are still lower than the real one. The reason is that the inertia effect is 

not considered, if the jump coefficient 𝐶2 is set, the result is closer. 

 

When the injection time increases from 5s to 20s, the percentage of the mass 

distribution of each cartridge is rising, and the sum of them also ascents.  

 

The mass distribution of each cartridge in the symmetric and asymmetric geometries 

are almost the same. The slight difference may be caused by the meshes and the 

turbulence.  
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