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Abstract. The paper describes results of experiments and CFD simulation for an original
catalytic converter part and WALKER’s replacement. Pressure drop was measured for
catalysts, which influences on exhaust backpressure, an important parameter affecting the
engine power, fuel consumption, emission of harmful gases and wear components. First the
pressure drops was examined in the original catalyst and in prototypes of WALKER’s. The
prototypes differed in that their monoliths had different lengths, density of channels and
contents of precious metals (PGM). In the next stage reverse engineering was applied, which
included laser scanning of parts and then processing the point clouds in Leios2 program.
Recreated 3D geometry of catalysts in Catia v5 program was prepared for computational fluid
dynamics. For all studied cases the measured data were used to calculate coefficients of porous
media model i.e. viscous and inertial resistances, which were used in the Ansys Fluent
program. Static pressure drops on the monoliths were then predicted by the CFD model for
different gas mass flow rates through the catalysts. Exhaust velocities and flow uniformity
were also analysed. Comparison of the results for all parts allowed for stating, which prototype
is better and which has operating parameters comparable to the original part.

1. Introduction

Reducing the emission of toxic substances is an important problem of modern automotive industry due
to the significant share of transport in environmental pollution and human health. Progressive process
of tightening emission standards forces car manufacturers to develop exhaust aftertreatment systems,
that enable to meet future standards. In order to reduce emissions and fulfillment of standards,
catalytic converters are commonly used in cars thereby continuously improved and used in various
combinations, which is confirmed by numerous scientific studies [1, 2, 3].

A catalytic converter contains a honeycomb monolith with a network structure of parallel channels
through which gases flow. The substrate has coating of washcoat (y—Al,Os3) which increases porosity
of channel walls and at the same time it plays a role of the carrier for active catalysts layer i.e. PGM —
platinum group metal (e.g. Pt, Pd, Rh) [1, 2, 3].

Catalysts must meet a number of requirements: having a small thermal capacity, high mechanical
and chemical resistance, resistance to thermal shocks and vibrations as well as constant activity during
changes in the composition of gases treatment. They should also have good thermal conductivity in
order to allow the catalyst rapidly warm up to working temperature (“light-off”’) which ensures
adequate catalytic activity [4].
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Currently the most known is a three-way catalytic converter (figure 1) in which reduction and
oxidation of harmful flue gas components into non-toxic gases are performed by the following
chemical reactions simultaneously at stoichiometric conditions [1, 2]:

e major oxidation reactions of incomplete combustion products i.e. carbon monoxide and

unburned hydrocarbons:

2CO0+0, =2CO, 1)
CmHn+(m+2)02:mC02+gHZO @)
e major reduction reactions of nitrogen oxides:
2NO+2CO= N, +2CO, 3)
2NO, +2CO =N, +2CO, +0, 4)

The physical and chemical phenomena (multi-physics and multi-scale) take place inside the
monolith substrate channels involving energy, mass and momentum transfer as well as heterogeneous
kinetics of the reactions. The efficiency of the monolith converter depends on these phenomena. Two
approaches can be considered i.e. macroscopic scales (substrate and channels) and molecular scales
(washcoat and catalytically activity surface). In the gas phase (figure 1) convective and diffusive
transport of mass, momentum and energy appear in axial and radial directions. The energy balance of
the solid is affected by diffusive transport (conduction) as well as radiation and chemical reactions in
gas phase and within the catalytic porous surface (adsorption - surface reactions - desorption) called
exothermic reactions. Heat transfer mechanisms consist of heat conduction along the monolith, heat
from reactions, convection of chemical compounds in the gas phase and thermal radiation [5, 6].
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Figure 1. Schematic of catalytic converter with physical and chemical phenomena.

With reference to engine’s charge exchange work, there are two important aspects of the catalytic
converter operation. The first of them — ecological aspect (favorable), refers to reduction of harmful
emissions what was mentioned. The second one is the energy aspect (negative) consisting in the
increase of the flow resistance in the exhaust system. Rise both the flow resistance of fresh charge as
well as exhaust gases, increases charge exchange work while contributing to reduction of internal and
effective work of the engine. This situation also leads to lower effective efficiency of the engine,
especially in the field of partial loads. In the model approach, the catalytic converter can be treated as
an element of local (detailed constructional data of converter are unknown) and linear (linear
resistance with energy dissipation along the exhaust flow) resistance of exhaust system [7].
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2. Experiments

The objective of the research was to determine the pressure drop in catalysts, which refers to the static
pressure drop of gases moving through obstructions (monolith). The pressure drop was measured
against the direction of flow. The average pressure in the exhaust pipe during the exhaust stroke is
meant as the exhaust pressure and the atmospheric pressure is the ambient pressure. The difference
between these two pressures is commonly defined as exhaust backpressure [8]. In other words, the
exhaust backpressure can be defined as the resistance pressure imposed on the engine due to the
resistance of the exhaust system in facilitating the flow from engine to the outside ambient [9]. Flow
resistance generated by a converter can be considered as a local resistance (Darcy model) [10]:

Ap =g ©)

2Vey
where:

Ap, Pa—pressure drop; & — resistance factor of the catalyst; w,.,, m/s —average velocity of exhaust

ex?

gas in the catalyst; v,,, m*/kg — average specific volume of exhaust gas within the catalyst.

X 1

Relationship of the resistance factor and Reynolds number &= f (Re) can be determined because the

resistance factor decreases as inflow Reynolds number of exhaust gases increases [10].

Backpressure is a scalar quantity, not a vector quantity, and has no direction. The gas flows in one
direction only, and the flow is driven by pressure gradient with the only possible direction of flow
being that from a higher to a lower pressure [11]. Backpressure should be used to denote exhaust
pressure at the exhaust manifold, which is equal to the exhaust gas pressure drop over the whole
exhaust system. In accordance with the terminology used in fluid dynamics, the use of the term as in
experimental practice “catalytic converter backpressure” in favour of “catalytic converter pressure
drop or loss” should be avoided.

An increase in exhaust backpressure decreases NOx, due to the increased exhaust gas remaining in
the cylinder. Excessive backpressure in the exhaust system creates overmuch heat (e.g. exhaust valves
and turbine), lowers engine power output (0,3 kW of power per 10 mbar of pressure loss) and fuel
consumption in the engine cylinder, that may cause poor performance (e.g. reduced intake manifold
boost pressure, cylinder scavenging and combustion effect) and damage of the engine parts (e.g.
turbocharger problems — seals, increased pumping work etc.). Therefore backpressure in a certain level
(specified by the engine manufacturer) contributes to improvement of the engine performance and
reduces emissions [8, 11, 12, 13].

Experimental measurements were made in a laboratory test facility. The test stand, presented in
figure 2, consisted of feed tube with mass flowmeter of air inflow (in 8 growing values) and micro
manometer (for static pressure — pressure loss) installed on the inlet side. In addition, the stand allows
also for measuring the temperature of air at the inlet of feed tube and ambient temperature and
pressure. The results were collected on a computer in Excel files through the LabVIEW software.

The object of the study was OEM (Original Equipment Manufacturer) catalytic converter for Ford
Focus 1.6 EcoBoost 110 kW and its spare part for Aftermarket from WALKER brand - six prototypes
with different properties of monoliths (table 1). For each part, the experimental results were collected
for further analysis i.e. for calculation of coefficients for CFD simulations.

Figure 2. Measurements in a laboratory test facility: original part (left), prototype A (right).
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Table 1. Properties of the monoliths used.

Diameter Cell PGM Weight Wall

Part x Length density loading ratio thickness
(inch)  (cell/inch®)  (g/ft)  (Pt:Pd:Rh) (mm)
OE part 4.66 x 4 400 N/A N/A N/A
Prototype A 466 x3 400 40 0:3:1 0.18
Prototype B 4.66 x 3 400 40 0:2:1 0.18
Prototype C  4.66 x4 400 40 0:3:1 0.18
Prototype D 466 x4 400 50 0:3:1 0.18
Prototype E  4.66 x 4 400 60 0:3:1 0.18
Prototype F 466 x4 600 30 0:3:1 0.11

3. Reverse engineering

The process of duplicating an existing part without drawings, documentation or a computer model is
known as reverse engineering (RE). In other words, RE is also defined as the process of obtaining a
geometric CAD model from 3D points from scanning or digitizing existing part. The generic process
of RE is composed of three-phases: scanning, point processing and 3D model development [14].

At the beginning part geometries (OE and AM) have been scanned (figure 3) by noncontact
scanning technology in order to obtain cloud of points from parts, which define the surface geometry.
A laser scanner (ROMER Absolute Arm RA-7530) was used which has a measuring range of 3 m and
point repeatability 0.03 mm. The output of the scanning were points clouds data from the Metrolog X4

The next step was importing the point cloud data to the Leios 2 software as presented in figure 4,
where cleaning of noise in the collected data and reduction of the number of points were applied.
Triangle meshes were made using built-in tools and cross-sections as NURBS (Non-uniform rational
B-spline) were generated, which were the basis for the next stage of model reconstruction.

Figure 4. Points cloud in the Leios 2 program: original part (left), prototype A (right).
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The last stage of the RE process was generation of 3D models in Catia v5 based on prepared base
geometry from Leios 2 (cross-sections splines, points and planes). The 3D models ware made in the
Generative Shape Design module and then Part Design module. The generated 3D models are
presented in figure 5.

Figure 5. 3D models in Catia v5: original part (left), prototype A (right).

In addition, thanks to the capabilities of the Leios 2 software, inspections of the models have been
carried out i.e. the point cloud with the finished reconstructed 3D model have been compared. The
results of the comparison are presented in figure 6, where the point clouds are shown against the 3D
models. The most important geometrical features have been reproduced in tolerance +0.5mm which is
enough for CFD simulations.

Figure 6. Deviations of point clouds vs. 3D models: original part (left), prototype A (right).

4. CFD modeling

In order to prepare computational fluid dynamics (CFD) simulations first, internal geometries of
catalysts were created from 3D models. All the insignificant details in the geometry models have been
simplified e.g. edges, fillets, grooves, etc. This allowed for a better mesh adjustment, and generation of
tetrahedral mesh for inlet and outlet side, while hexahedral mesh was used for the monolith. The size
of the elements was 4E-03 m, what gave the total number of 460 thousand mesh elements in the whole
3D model (figure 7).

Figure 7. Simplified 3D models with mesh: original part (left), prototype A (right).
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Modeling of flow through the catalytic converter was carried out using the Ansys Fluent CFD
package. CFD simulations offer an opportunity to minimize cost and time consumption due to
avoidance experimental tests. Ansys Fluent was used to provide detailed information on the flow field
as function of various design and operating parameters [15, 16].

Steady state flow simulations through the catalytic converter were performed. The flow inside the
anisotropic porous medium (monolith) was treated as laminar due to very small hydraulic diameter of
the flow channels, whereas in the remaining volume of flow domain the turbulence was modelled by
means of the realizable k—& model with standard wall functions approach for near-wall treatment.
The k-epsilon turbulence model is based on model of transport equations for the turbulent Kinetic
energy k and its dissipation rate ¢ [15, 16].

The governing equations for the flow within the domain are the Reynolds Averaged Navier-Stokes
(RANS) equations. The total mass conservation equation (continuity equation), is [15, 16]:

op _
—~4V. =0
- +V-(pV)

(6)
where:
p, kg/m® -density; t, s -time; V, m/s - fluid velocity vector.
The momentum conservation equation called volume average Navier-Stokes (VANS), is [15,16]:
9 (p7)+V-(pW)=—Vp+V-(2)+ pG + S,
ot ()

where:
p, Pa - pressure; r, Pa - stress tensor; @G, m/ s’ - gravitational acceleration; S, - body force
(source term).

As mentioned above the equations were solved in steady state, thus the first terms in equation (6) and
(7) were omitted. The gravitational acceleration appearing in equation (7) was also neglected. For the
porous zone, the velocity is replaced with the superficial velocity, which is equal to the fluid physical
velocity inside the porous zone multiplied by the medium porosity. The source term S, of the external
body force was non-zero in the porous media zone only and was modelled using the Darcy-
Forcheimer for simple homogenous porous medium [16, 17]:

S, :ﬂz—(ﬁvi +C2£pvi2j
AL a 2 ®)

where:

Ap, Pa - pressure drop; x, Pa-s - laminar fluid viscosity; ¢, m’ - permeability of the medium:;

C,, 1/m - inertial resistance; v,, m/s - velocity normal to the porous face in one specific direction;

o, kg/m® - density; AL, m - thickness of the medium in one specific direction.

As seen in equation (8), the first part accounts for viscous resistance (viscous loss), with a
proportionality coefficient 1/« and the second term accounts for inertial resistance (inertial loss) with
inertial resistance coefficient C,. To find the viscous and inertial resistance coefficients for a porous
material, a pressure drop correlation Ap= f(v) modelled with a quadratic polynomial function was

determined from the experiments. From equation (8), it may be noticed that a source term will also
take the form of parabolic function, which in general can be written in the form [17, 18]:

)
Ap=av; +bv, ©)

Comparing equations (8) with (9), the viscous and inertial resistance coefficients can be calculated
from the following relations [17]:
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1_b
a  pAL (10)

__2a
o (11)

The experimentally determined pressure drops were used to calculate the coefficients 1/« and C,.
These in turn were used in the CFD simulation which allowed for predicting the flow in the model.

5. Results
After the CFD simulations for original part and six prototypes, experimental and numerical results

were compared as presented in figure 8. The presented polynomials from experimental results on the
plot were used to calculate the viscous and inertial resistance according to equation (10) and (11).
Percentage relative error (PRE) in figure 8 was defined as:

Apexp - Apmod

PRE = x100% (12)
Apexp
where:
Ap,,,, Pa - measured pressure drop; Ap,,,, Pa- pressure drop predicted by the CFD model.
4 -3 51 -8
2) Ap = 17,64v2 + 116,5v b) 4| 14p=2683v+107v
3 _ = ]\ -6
£ ISR S
o4 2 m == -4
& 1E &2 &
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. \
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Figure 8. Pressure drop vs. velocity (experimental vs. CFD data): a) original part, b) prototype A.

The average of PRE is the percentage mean relative error (PMRE), which for all the analyzed cases
did not exceed 3 %. The experimental results for tested parts are summarized in figure 9.
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Figure 9. Experimental data of pressure drop vs. velocity for original part and prototypes.
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The red line in the figure 9 means that the value of backpressure from aftermarket part shall not
exceed the value of original part by more than 25 % according directive 70/157/EEC.

For initial values of mass flow rate (e.g. 0.016 kg/s), CFD model became convergent (with small
residuals) and stable (on the outlet side) after about 600 iterations. However, for large mass flow rate
(e.g. 0.15 kg/s), CFD model was stable after about 200 iterations. Figure 10 shows a comparison of
parts with the pressure drop fields for the initial mass flow rate 0.016 kg/s.
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Figure 10. CFD results of pressure drop: original part (left), prototype A (right).

Subsequently, figure 11 shows a comparison of velocity streamlines. It is possible to notice, where in
the geometry the greatest velocities and the fluid recirculation before entering to the monolith are.
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0.000e+000 0.000e+000
[m s”-1] - [msh-1]

Figure 11. CFD results of velocity: original part (left), prototype A (right).

The flow distribution, through the monolith affects the conversion efficiency, catalyst utilization and
faster “light-off” during the cold start period. Therefore, design goals include a minimum pressure
drop with an ideal flow uniformity index of 1. Figure 12 presents flow velocity variations across the
inlet face of the monolith, where for original part uniformity index was 0.89 and for aftermarket 0.88.
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Figure 12. CFD results of velocity - front wall of monolith: original part (left), prototype A (right).
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In figure 13 the velocity across the porous substrate and also pressure drop are presented. The pressure
changes rapidly, where the fluid velocity changes as it passes through the monolith. The pressure drop
can be high, due to the inertial and viscous resistance of the porous media.
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Figure 13. Parameters of flow through monolith of prototype A: a) velocity, b) static pressure.

Finally the earlier CFD simulation for ambient temperature (300 K) and simulation for inlet side
temperature 773 K were compared. As can be seen in figure 14, the difference in pressure drop is
significant and a place, where the temperature fields are the highest, is around the monolith, which is
desirable due to the positive effect of the temperature on conversion of harmful substances.
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Figure 14. Increasing temperature at inlet for prototype A: comparison (left), temp. fields (right).

6. Summary
Increasingly stricter requirements for emissions standards, force the manufacturers of exhaust systems
of both, the first assembly (OEM part) and the spare parts (replacement part for aftermarket), to apply
new technologies and intensify research around them. One of these solutions that help to know better
the behaviour of flow (static pressure, velocity and temperature fields) inside the catalysts is CFD.

This study shows the differences in flow through the catalysts after using a different geometry and
monoliths, compared to the original part. Using another similar part (cone) at inlet side, affects the
distribution of gas to the substrate. However, in this case maintained a similar uniformity index, as in
the original part, was maintained. Furthermore, simulations allowed to predict which prototype with a
monolith has a similar pressure drop as in the original part and these are prototype B, E, C and on the
limit A and D. Prototype F had a high pressure drop due to higher CPSI value of monolith, which is
caused by lower porosity (OFA — Open Front Area or also called void fraction).

Experimental and numerical analysis allowed to choose the appropriate prototypes for further
testing in a certified unit that carries out backpressure and emission tests in order to obtain approval
for WALKER catalytic converters.
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