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Abstract. DPF is an important device in the exhaust system of Diesel engine. In this paper we simulate
velocity and pressure distributions in DPF to determine kinematic and hydraulic characteristics. This will
provide the basis for designing and selecting size of channels in DPF. Numerical simulations were made
using ANSYS Fluent commercial software and OpenFOAM open-source software. The results show that
the difference between the two softwares is negligible. A compact 1D mathematical model developed based
on the Darcy equation, momentum equation and continuity equation. The mathematical model solved by
shooting method for boundary value problem. Simulation results from 1D and 3D approaches are very
coincident.
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1 INTRODUCTION

The OpenFOAM (Open Field Operation and Manipulation) CFD Toolbox is a free, open source CFD
software package produced by OpenCFD Ltd. It has a large user base across most areas of engineering and
science, from both commercial and academic organizations. OpenFOAM has an extensive range of features
to solve anything from complex fluid flows involving chemical reactions, turbulence and heat transfer, to
solid dynamics and electromagnetics. It includes tools for meshing, notably snappyHexMesh, a parallelized
mesher for complex CAD geometries, and for pre- and post-processing. Almost everything (including
meshing, and pre- and post-processing) runs in parallel as standard, enabling users to take full advantage
of computer hardware at their disposal.
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Figure 1: Diesel particulate filter.
ANSYS FLUENT software contains the broad physical modeling capabilities needed to model flow,
turbulence, heat transfer, and reactions for industrial applications ranging from air flow over an aircraft
wing to combustion in a furnace, from bubble columns to oil platforms, from blood flow to semiconductor
manufacturing, and from clean room design to wastewater treatment plants. Special models that give the
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software the ability to model in-cylinder combustion, aeroacoustics, turbomachinery, and multiphase
systems have served to broaden its reach.

During the last few years, an increased demand of diesel engine is caused by the customers because of its
improved performance and low fuel consumption. However, the diesel engine still has some disadvantages,
two of which are its high NOy and particulate matter (PM) emissions. PM emissions can be reduced by
internal purification technology such as fuel combustion optimization. Nevertheless, as the emission
standards become more and more stringent, the after-treatment devices become the indispensable tools.
Among the after-treatment devices, a diesel particulate filter (DPF) placed in the exhaust line of vehicle is
a well-established tool for PM emissions reduction.

At present, the dominant DPF configuration is that of a wall-flow honeycomb multi-channel structure with
alternatively blocked inlet and outlet channels, whose structure is shown in Figure 1. Thus the exhaust gas
is forced through the porous walls and the particles are captured inside the porous walls or on the surface
of the inlet channels. The deposited particles increase the pressure loss of DPFs, and excessive pressure
loss penalizes the engine fuel economy. Accordingly, the particles must be oxidized to avoid the impact of
pressure loss on the fuel economy, which is called regeneration process. In this study we simulate velocity
and pressure distributions in DPF to determine kinematic and hydraulic characteristics. This will provide
the basis for designing and selecting size of channels such as channel width, channel length, wall thickness,
flow rate in DPF. Numerical simulations were made using the above-mentioned ANSYS Fluent and
OpenFOAM softwares.

2 3D SIMULATION BY USING OPENFOAM AND FLUENT SOFTWARES

Porous media in diesel particulate filter (DPF) is simulated using OpenFOAM 1.7.1. The obtained result is
compared with that of Fluent software. A 3D computational domain is extracted from a DPF. Input parameters
are get from previous study such as size of DPF, properties of porous, boundary conditions, etc. The
rhoPorousSimpleFoam is used as a solver in OpenFOAM. Compressible and laminar flow is considered in
the simulation. Energy equation is also included in model. The 3D domain can be seen in Figures 2 and 3.
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Figure 3: 3D Computational domain.
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The problem can be depicted briefly as follows:
- Features of the problem
o Compressible and laminar flow
o Included energy equation
- Porous:
o Viscous resistance: 1e12 m
o Inertial resistance: 5e8 m!
- B.C:
o Mass flow rate inlet: 3e-5 kg.s™
o Temperature inlet; 652 K
o Pressure outlet: 101325 Pa
- Properties:
o Dynamic viscosity is based on Sutherland's law with two coefficients as
Ci= 1.4792e-6 kg/m.s.K¥2; C,= 116 K
o Cp=1007 J.kgtK?
o Molecular weight: 28.9 g.mol*
o ldeal gas
- Geometry:
o Channel width: 2.11 mm
o Channel length: 304.8 mm
o Wall thickness: 0.432 mm
Results at 200" iteration are presented in this section. The same problem is also carried out using Fluent
in order to show comparisons. Figure 4 presents residuals from 2 tools.
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Figure 4: Residuals.
Figures 5 and 6 show pressure and velocity magnitude contour from 2 CFD tools. We can see that
pressure drop of the gas across the filter is about 1640 Pa.
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Figure 5: Absolute pressure. a) OpenFOAM, b) Fluent.
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Figure 6: Velocity magnitude. a) OpenFOAM, b) Fluent.
Figure 7 presents velocity vector at typical cross section a long z-direction. It should be noted that
magnitude of the vector represents x and y velocity. Color of vector represents magnitude of velocity.
z-position OpenFOAM Fluent
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Figure 7: Velocity vector at cross sections.
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Figure 8 shows lines where data is used to display in Figures 9-10.
Inlet channel
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Outlet channel
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Figure 8: Lines for displaying data.
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Figure 9: Velocity profiles along z-direction.
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Figure 10: Wall velocity profiles along z-direction.
From above results, they can be seen that there is a good agreement between OpenFOAM simulation and
Fluent. Velocity in outlet channel increases dramatically. While the velocity in inlet channel increases at
entrance and obtains maximum at position of 50 mm. This is due to hydrodynamic entry length. Then the
velocity reduces until zero, as expected. Along length of the filter, wall velocity decreases up to position of

100 mm and then the wall velocity increases sharply. This can be explained by pressure difference of inlet
and outlet channels which drives the wall velocity.

3 1-DIMENSION DPF MODELING

This study is to form a compact solver, 1D solver, which can be get results quickly with moderate accuracy
according to a few input parameters. Figure 11 shows notation of the physical model. The pressure
difference between inlet channel and outlet channel along the filter can be expressed as follows.

Ap=p,—p, =f(U,x,w,c,L,p,p, a,B)
where
inlet velocity, m/s
axial position, m
wall thickness, m
cell width, m
channel length, m
density of working gas, kg/m?
dynamic viscosity of working gas, kg/m.s
permeability, m?
inertial parameter, 1/m

m=QEDOD MO s XC
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Figure 11: Schematic diagram of the wall-flow filter.
Assumptions were made for the model:
- Steady state
- Incompressible fluid
- 1dimension
Mathematical model was formulated by 5 governing equations as
1. Pressure drop across the thin filter wall by using the modified Darcy’s equation

1
P, =P, :EWU\N"‘_BPWU&V 1)
a 2
where uy is wall flow velocity (m/s)
2. Momentum equations
2
dup_ 1dp pp @)
dx p dx pC
du? 1d
u; __1dp, _pn )

dx p dx pC
where factor F equals to 28.454.
3. Continuity equations

du, 4
—Ll———u 4
dx c " ®
du, 4
=2 _7 5
dx ¢ " ©)
Rearrange the above equations as
EqQ. 4 plus Eq.5 yields
% + % =0
dx dx

= d(u1+u) =0
= U1 + Uz = const.
ApplyB.C.: x=0= u1=U;u=0.
Therefore,
u+tu=U (6)
Eg. 3 minus Eq. 2 yields

2 2
d(uz —u;) :Ed(pl P,) _ FP; (u, —u,)
dx p dx pC
Substituting Eq. 1 and Eqg. 6 into the above equation

1
dl Hwu, + = Bpwu?
duz -U*+2u,U-uj) 1 (oc " ZBp W)

dx p dx

F
_TP;(UZ_U_'_UZ)
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- —U? o 4 dx 2 dx
Substituting u,, from Eq.5 )d(ZUZU U ) — _ Fl’; (—U+2U2)
dx dx pC

2
©2U%=1 EWEd u22+prWc d (du j —F—PZ(—U+2u2)
dx pla 4dx° 2 16 dx \ dx> pC

- d’u, _8paU du, 8Fa U 4aF 1 Bcpa. du, d?u, _

O |+

U+—
dx> pwe dx  we® 2 we® 2 2u dx dx?
Let A= 4pal _ 4(12 where Re _pue
UWC  WC i
4oF
Az = wc®
_Bepo _of o
4u  4U
Then, the above equation becomes
U, _op B2 op AU xdid—” 0
dx? dx dx dx? @)
B.C.. ux0)=0
Uz(L) =U

To facilitate usage of the above formulation, the model was programmed using Microsoft Excel as a
macro. The boundary value problem (Eq. 7) is solved by using shooting method. A lot of comparisons were
performed to validate the 1D model. Figure 12 showed a typical comparison about pressure difference
between inlet channel and outlet channel along the DPF. As can be seen, there is a good agreement between
3D and 1D approaches.
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Figure 12: Test case for the 1D solver.
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4  CONCLUSIONS

3D simulation of flow and pressure in DPF was performed in this paper by using the open source CFD
toolbox OpenFOAM. The results of simulation were compared with those of the commercial software
Fluent. They show good agreement between two tools. To overcome disadvantage of both tools is that they
take long time from pre-processing to post-processing for the problem. So, a compact 1D solver was
developed. The model is based on Darcy equation and empirical coefficients. The 1D model was solved by
using shooting method. Deviation between two approaches was negligible.
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MO PHONG BA CHIEU VA MOQT CHIEU BQ LQC KHOI PONG CO DIESEL

Tém tit. DPF 1a mot thiét bi quan trong trong hé thong loc khoi dong co Diesel. Trong bai bao nay chung
t61 m6 phong phan bd van toc va ap suat trong DPF dé xac dinh déc tinh dong hoc va thuy luc, mham tao
co so thiét ké va chon Iya cac kénh trong DPF. M6 phong s6 dugc thuc hién sir dung phan mém thuong
mai ANSYS Fluent va phin mém mi nguon mé OpenFOAM. Két qua cho thiy sai 1éch giita hai phan mém
1a khong dang ké. Mot md hinh toan 1D gon nhe duoc phat trién dua trén phuong trinh Darcy, phuong trinh
dong lugng va phuong trinh lién tuc. M hinh toan duoc giai bang phuong phap ban cho bai toan gia tri
bién. Két qua mo phong tir chuwong trinh 1D va 3D 14 rat trung khép nhau.

Tir khéa. Loc khoi dong co Diesel, md phong s6, mo hinh x6p, OpenFOAM, Fluent.
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