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emission, comes from the exhaust of an automobile. Catalytic converter plays a vital
role in the reduction of such greenhouse gasses. The objective of the present study is
to examine an automobile catalytic convertor to present a detail and comprehensive
report on the key parameters affecting the flow uniformity inside the converter and
thus attempting to achieve minimum pressure drop across the converter to reduce the
backpressure. The catalytic converter geometry is modified to increase the conversion
efficiency of the converter. The results reported in the latter part of this paper gives a
good insight about the recirculation zones created in the base and also velocity and
pressure plots to find a solution for uniform flow within the monolith and also achieved
a reduction in pressure drop of 3.7 Pa.
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1. Introduction

The catalytic convertor geometry is as shown in Figure 1. Carbon monoxide (CO) is produced
within exhaust when a rich air-fuel mixture is burnt within the combustion chamber [1]. Nitrous oxide
appears mainly in the form of nitric oxide (NO) and nitrogen dioxide (NOz); these gasses are
responsible for acid rains.
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Fig. 1. Three-way catalytic converter [1]

The variables for the present study are the geometry of the inlet cone, placement of monolith,
shape of the exit cone. Experiments with a catalytic converter for passenger cars show that a
significant improvement of the conversion rate service life can be attained by uniform flow [2]. A new
design of the monolithic substrate, in which the inlet face of the substrate is shaped to form a cone
or a parabola, has been tested. The parameters used were the velocity flow uniformity index.
Holmgren et al., [3] pointed out the advantages of the design as the catalyst is more efficiently used,
and the catalyst will be less deactivated.

The Enhanced Diffusion Header (EDH) converters and oblique diffuser converters with different
configurations were designed and simulated by the CFD analysis. A Parameter study was abrupt
expansion length on flow characteristics was investigated. Simulation results indicate that EDH and
an oblique diffuser can improve the flow uniformity and decrease pressure loss in the converters [4].
Chakravarthy et al., [5] showed that momentum unevenness cost by the recirculation zone certainly
changes the comprehensive achievement of the monolith, especially during the cold- start transient
operations . Hayes et al., [6] pointed out that flow distribution under both reacting and non-reacting
conditions is a dominant parameter of the convertor variables that is monolith cell density, diffuser
angle, and aspect ratio. The authors studied the escalation in performance of the monolith attributed
to converter length, cell densities, and metal loading. It was reported that by augmenting the
monolith length, an increase in the light-off of carbon mono-oxide occurs. Light-off augmented with
lower cell densities of monolith up to 20 CPI, due to lower thermal mass, also conversion efficiency
increases at lower cell densities [7]. An experimental study was carried out by comparing a three-
way catalytic converter of viz: Proton and Fiat type converter considering critical input parameters
as cell density, substrate length, hydraulic channel diameter. The result showed augmentation of CO,
NOxy, as the engine speed increases, Fiat converter has advanced in oxidizing the carbon mono-oxide.
Conversion of hydrocarbon at 1000 rpm of fiat cover was at increased levels with comparison to
proton converter [8]. Two different geometries full and reduced scale was numerically and
experimentally analyzed, three critical locations with the converter were investigated. Due to the
abrupt expansion of flow within the expander, considerable recirculation zones were created, making
the flow non-uniform. Velocity profiles were generated by evaluating two velocities as 10.38m/s and
8.31 m/s; the curves plotted showed a proper parabolic curve expected for homogeneous
momentum. It was concluded that momentum distribution is greatly influenced by momentum
within the expander region and closely related to Reynolds number [9]. Experimental and numerical
analysis was carried out to evaluate the dependence of local and average heat transfer characteristics
on Reynolds number by using air-jet impingement laterally. As Reynolds number increases, the
Nusselt profile curve shows the maximum value Nusselt number (Nu) was very closely related to the
Reynolds number (Re) [10]. Two types of catalytic converter were studied one is closed coupled, and
the other is underbody converters attributed to pressure decline and homogeneity index. The
numerical analysis revealed a backward momentum in the expander region of the converter,
indicating a non-homogeneous flow. The authors suggested optimization of inlet cone angle, but not
provided any optimization regarding this [11]. Variables under study were converter length, cell
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densities, and typical metal loading. The results showed that augmenting the monolith length boost
light-off and maximum conversion. The maximum conversion efficiency is also increased up to 160
mm. Most of the researchers modeled the monolith as porous media, defining a relationship
between the pressure and the resistances forces using the Ergun equation [12].

The study has an unambigious and a tangible research gap to study,the inlet cone angle identified
as the most influential paramerter affecting the flow uniformity within the converter also not much
data had been reported in literature. Due to implimentation of BS-VI norms, much stringent norms
had been enforced, in order to achieve this norms the performance improvement of catalytic
conveter is utmost necessary and had been done recently. The work had been carried forward in this
paper to achieve permformance parameter optimization of an automobile catalytic converter.

This paper aims to locate and evaluate the critical parameter affecting the momentum of velocity
and pressure inside the converter and optimization of the inlet cone angle as identified most
influential parameter justified in the latter part of the paper so that to achieve uniformity inflow,
least pressure rise across the monolith. In the present research work, the catalytic converter is
optimized for flow improvements, cost, and conversion of pollutants using CFD. In this analysis, a 3D
geometry is modeled.

2. Geometry and Simulation
2.1 Model Characteristics

The catalytic converter components such as expander and diffuser, channel bricks are shown in
Figure 2. Two different geometry are analyzed: (a) base model geometry and (b) variant 01 geometry.
The central change with the previous efforts is that they established the catalytic convertor as a
permeable means [2,4]. Consequently, it was considered a multi-carrier component, as illustrated in
Figure 2. It is, to a greater extent, an exact explanation of the existing geometry. The base design
geometry consists of 100 CPSI. Figure 2 also indicates three sections (labeled Ai, Az, and As) on which
the momentum field is inspected in depth.

INLET
——

Az Az Ay
Fig. 2. The computational domain used for the simulation of the results

Figure 3 shows the various dimension of the actual geometry of the converter with inlet on the

right-hand side. The first brick is of 60 mm length. This geometry is analyzed in depth in
computational fluid modeling software STAR CCM+.
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Fig. 3. Schematic representation of three-way automobile catalytic converter
(All dimensions are in mm)

2.2. Boundary Conditions

At the inlet, to the catalytic converter, a velocity of 10.38 m/s and 8.31 m/s was considered. The
inlet temperature is constant at 300 K. For 10.38 m/s situation, the Reynolds number (based on
hydraulic diameter) inside every monolith carrier is Recn = 378. The stream at the inner side of the
converter carrier is laminar; the movement in the estuary manifold is turbulent. The working
conditions for the component are briefed in Table 1. The K-epsilon turbulent model was used for the
analysis [13-16]. The k-¢ model predicts the turbulent flow near-wall region and laminar flow very
accurately in central channels of the monolith; considering the transition of flow from laminar to
turbulent inside the monolith, the model accurately predicts the pressure and velocity field, which
otherwise were inaccurately predicted by RNG k-¢, k-w as justified various authors [17-33].

Table 1
Working conditions and variables for the catalytic convertor simulations
Brick carrier components

brick length 60 mm
Carrier diameter 2.5mm

Wall thickness 0.10 mm
Mean momentum 2.5m/s
Channel Reynolds number 378

Inlet velocity V1=10.38m/s
Inlet velocity V2 =8.31m/s
Inlet Temperature 300 K
Pressure 1atm

2.3 Inlet Velocity Calculation

The mean channel velocity of 2 and 2.5 m/s into an individual monolith route is used for the
geometries. The inlet velocities are calculated for channel velocities of 2.0 and 2.5 m/s and found to
be 8.31 and 10.38 m/s, respectively.
2.4 Model Validation

The results reported by Pushpavanam et al., were used to validate the current study. They used

85 channels of the ceramic monolith with a wall thickness of 400 um, the inlet diameter of 40 mm,
diffuser length was 53 mm, and the inlet flow velocity was 10.63 m/s [9].
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Figure 4 shows similar trends as reported by Pushpavanam et al., [9] for the predicted velocity
profile at location A2 first increasing and then decreasing. This indicates that the proposed model is
realizable and be able to study the momentum characteristics of the converter with various
configurations. The momentum circulation in the catalytic converter is analyzed with the help of the
velocity profile and flow index.
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Fig. 4. Velocity magnitude Vs. Non-dimensional transverse
coordinate at location A;

3. CFD Computations Results

The mesh dependency test has been conducted for different mesh element sizes. The Table 2
shows the results obtained by the CFD analysis at various mesh element sizes.

Table 2
The grid independence test
Mesh Max Size Mesh Elements Dimensionless Pressure

5 154 0.998922409
4 197 0.998167155
3 280 0.997727411
2 505 0.997640757
1 1660 0.997534706
0.8 2703 0.997698947
0.6 4968 0.997893122
0.4 12114 0.998344804
0.2 36500 0.998348192
0.1 146002 0.998358275

3.1 Pressure and Velocity Contours

The CFD analysis of the established model was carried out by plotting various velocity and
pressure contours and analyzing the results for the same. The velocity contour in Figure 5 shows a
uniform flow in the middle channels of the monolith; at the inlet of the monolith, red color indicates
a maximum velocity of 8.7 m/s. The flow velocity is more uniform in the second brick of monolith
(Right side brick).
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Fig. 5. Velocity contours at the midsection of catalytic converter

for inlet velocity 8.31 m/s

Figure 6 shows the flow at the inlet of brick first is mal-disturbed due to sudden expansion in the
flow into a number of channels present at starting of a monolith, also rise of pressure is maximum
up to 62.2 Pa in this region, vortices are seen, which shows a non-uniform flow within the expander
region, this uneven discharge leads in the decreased transformation efficiency of the converter. This
indicates that the inlet cone angle design plays a critical role in the conversion efficiency of convertors
and also affects flow uniformity inside the monolith.

Pressure (Pa)
236 36.4 49.3 62.2

Fig. 6. Pressure contour at the midsection of catalytic converter
for inlet velocity 8.31 m/s

Figure 7 shows a clear view of vortices created near the circumference of the inlet cone, which is
the leading cause of non-uniform flow within the inlet expander; this will cause a reverse flow in this
region, affecting the parabolic nature of the velocity profile. This vortex has to be reduced to have
more uniform flow within the monolith; this also suggests an improvement in cone angle design to
have a more consistent flow, and thus increase conversion efficiency rates.

Fig. 7. streamline velocity plot for 8.31m/s

Figure 8 shows velocity contours at the mid-section of the catalytic converter for inlet velocity of
10.38 m/s. It offers similar results as discussed for inlet velocity of 8.31 m/s shown in Figure 5. The
flow in the middle channels of the monolith is more uniform; also, there is a recirculation zone
created near the walls of the inlet cone shown. Also, there is an inactive zone present near the walls
of the inlet cone represented by blue color responsible for non-uniformity within the flow.
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Fig. 8. Velocity contours at mid-section of catalytic converter for

inlet velocity 10.38 m/s

Figure 9 shows a clear view of recirculation zones near the walls of the inlet cone represented
with green color, and also rise of pressure is high up to 88.3 Pa; this will define a non-uniform flow
with the base design with cone angle 57.3°. From Figure 7, 8, and 9, there are pieces of evidence of
non- uniform, highly mal-disturbed flow, which will affect the conversion efficiency and also extra
back pressure due to high pressure within the convertor.

Pressure (Pa)
33.4 51.7

0.0 88.3

Fig. 9. Pressure contour at the midsection of catalytic converter for
inlet velocity 10.38 m/s

-3.3 15.0

A planeviz: A, is defined along the axis of the geometry, at the center of the first brick transversely
and at the center of the second brick transversely, respectively. The velocity plot for inlet velocity of
10.38 m/s indicates the blue region, which is term as inactive zones in turn; these stagnant zones
increase flow mal-distribution, as shown in Figure 10.

Figure 10(a) shows that the flow is concentrated at the central region inside the monolith
channels, so there is an uneven mass flow rate distribution within the monolith channels. The blue
region indicates inactive zones. Figure 10 (b) shows that in the variant 01 model, the flow inside the
monolith channel is more consistently distributed as compared to the other model; also, the inactive
zones are reduced, which is termed as non-uniformity.

¥elority(mis) Velocity(m/s)
-7.6 .7.6
6.1 61
= 46
3.0 3.0
1.5 15
0.0 0.0
(a) (b)
Fig. 10. Velocity contour at plane A for inlet velocity of 10.38 m/s (a) Base Model: Cone Angle =
57.3°% (b) Variant 01: Cone Angle = 57.3°
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3.2 Flow Distribution

Figure 11 shows the transverse velocity profile at various locations (A1, Az, and As) in the base
model design for an entrance momentum of 10.38 m/s. the curves show peak momentum at the
center and zero at the walls. The correct parabolic velocity profile is not followed, as seen from the
graph, required for laminar momentum; this is the probable cause of uneven momentum circulation
within the catalytic convertor.

The analysis of the flow distribution is repeated for a lower inlet velocity of 8.31 m/s, as shown in
Figure 12. The uneven momentum circulation is higher at location A1 at the inlet diffuser as compare
to location A2 and location As.

Figure 12 shows the maximum velocity is 6.68 m/s at the center; this value is lower as compared
to the maximum velocity corresponding to 10.38 m/s. This shows that for higher inlet velocities
(higher mass flow rate) gives rise to stronger recirculation pattern in the inlet cone, due to which the
flow becomes more non-uniform across the channels.
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Fig. 11. Significance of momentum Vs. Fig. 12. Significance of momentum Vs.
dimensionless distance in the radial dimensionless distance in the radial direction
direction at 10.38 m/s for 8.31 m/s

3.3 Pressure Effects

Figure 13 shows the significance of pressure magnitude Vs. dimensionless radial co-ordinates for
10.38 m/s. The maximum pressure is observed at location A; is 60 Pa. The pressure decrease across
every carrier in the brick gives rise to pressure at the location A;.

The pressure drop across the catalytic converter was found to be 66.4 Pa. As there is a need for
more uniform flow across the convertor, keeping pressure drop minimum, certain modifications are
suggested as per the literature review shown in Table 3.

Table 3

Geometry modification of the catalytic converter

Model Cone angle Monolith brick Monolith brick Inlet pipe Inlet pipe
(Degrees) length Diameter Diameter length

Base Model 57.3 60 40 19 21.5

Variant 01 Model 45 70 37.03 19 28.35
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Fig. 13. Significance in pressure magnitude
Vs. dimensionless radial co-ordinates for
10.38 m/s

3.4 Velocity and Pressure Distribution

The momentum circulation along the radial coordinate is further homogeneous, as illustrated in
Figure 14. The variant 1 model velocity profile is following nearly a parabolic curve required for
laminar flow. This indicates a more uniform flow within the convertor. The fluid momentum is
completely laminar within the catalytic converter.

The pressure drop characteristics are also studied by estimating the numerical values of pressure
across the catalytic converter. Figure 15 shows the pressure drop across the convertor for 8.31 m/s.
It is found that the base design results in a total pressure drop across the converter. It is 48.3 Pa for
a cone angle of 57.3°. The pressure drop is reduced to 45.6 Pa for variant 03 cone angle 52.3°. Thus
a pressure drop improvement of 3.7 Pa is achieved by modifying the geometry, which in turn will
reduce the engine backpressure value, thus improving specific fuel consumption.

This shows that the estuary expander corner is the most critical parameter in designing the
catalytic converter.
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104
Jp— 60
81 A, 50
{‘/ﬁ-—w g
£ 6 :/ “5-’ 40
£ 0
2 4 o 30
i a
2 20
, 10
l)ll] 0I2 0:4 ﬂlﬁ OIS 1 ‘D
r/iR n ] o o
CA=57.3 CA=523 CA=45
Fig. 14. Significance of momentum Vs. Fig. 15. Influence of diffuser angle on pressure drop
dimensional distance in the radial direction corresponding to inlet velocity 8.31 m/s (CA = Cone
for 10.38 m/s Angle)
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Figure 16 shows the growth in pressure in the transverse direction. The maximum increase in

pressure is at 80 Pa at the A, location. The pressure drop across the variant 1 model is 84.9 Pa.
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Fig. 16. Significance in pressure magnitude
Vs. dimensionless radial for variant 1 model
at 10.38 m/s

3.5 Flow Index Effect

A dimensionless parameter, flow uniformity index (y), indicates the range of uneven momentum
within the monolith carrier. Ideally, y should be unity for no variable momentum within the
converter. The flow index value is 1.8 at the center of the channels. This shows higher mass flow rates
is concentrated at the center of the converter.

Figure 17 shows the flow index values. The flow index value is 1.6 at the center of the channel at
location As. Inside the convertor being, the flow is more uniform for a model for variant one as

compare to the base design.
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Fig. 17. Significance of flow index along with
dimensionless transverse distance for 10.38 m/s
at Az location
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4. Conclusions

The flow distribution in a base design monolith is non-uniform due to the geometry of the inlet
manifold and catalytic monolith. The base model velocity and pressure analysis in Figures 11, 12, 13
do not flow a Gaussian profile curve required for uniform flow inside the converter. Flow mal-
distribution has reasonably significant effects on the conversion efficiency within the converter,
mainly at higher flow rates. The optimization between consistent flow within the convertor and
minimum pressure drop has to be selected. As seen from the results, the flow uniformity within the
convertor is being optimized at the cost of the higher pressure drop as compared to base model
geometry. Decreasing the diffuser angle below a particular value increases the pressure drop across
the convertor. It is found that an optimum value of the diffuser angle for minimum pressure drop
and uniform flow must be selected. The improvement in pressure drop characteristics is reported
with an inlet cone angle of 52.3°. The reduction in pressure of 3.7 Pa is achieved for a 52.3° cone
angle at the inlet. Hence there will be a reduction in backpressure and also a reduction in brake
specific fuel consumption; the flow uniformity index is also improved by a value of 0.05 as compared
to base design geometry. The performance improvement of a monolith is achieved, considering the
above results. A transient response analysis of a monolith can be viewed in future work.
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