
 

  
Abstract—Emission regulations for diesel engines are being 

strengthened and it is impossible to meet the standards without exhaust 
after-treatment systems. Lack of the space in many diesel vehicles, 
however, make it difficult to design and install stand-alone catalytic 
converters such as DOC, DPF, and SCR in the vehicle exhaust systems. 
Accordingly, those have been installed inside the muffler to save the 
space, and referred to the catalytic muffler. However, that has complex 
internal structure with perforated plate and pipe for noise and 
monolithic catalyst for emission reduction. For this reason, flow 
uniformity and pressure drop, which affect efficiency of catalyst and 
engine performance, respectively, should be examined when the 
catalytic muffler is designed. In this work, therefore, the flow 
uniformity and pressure drop to improve the performance of the 
catalytic converter and the engine have been numerically investigated 
by changing various design parameters such as inlet shape, porosity, 
and outlet shape of the muffler using the three-dimensional turbulent 
flow of the incompressible, non-reacting, and steady state inside the 
catalytic muffler. Finally, it can be found that the shape, in which the 
muffler has perforated pipe inside the inlet part, has higher uniformity 
index and lower pressure drop than others considered in this work. 
 

Keywords—Catalytic muffler, Perforated inlet cone, Catalysts, 
Perforated pipe, Flow uniformity, Pressure drop. 

I. INTRODUCTION 
IESEL engines have a higher durability, thermal 
efficiency, and less CO2 emission which is one of the 

culprits of global warming, than gasoline engines. For this 
reason, that has been widely used all over various industries. 
However, emission regulations are being strengthened as years 
go by, it made exhaust after treatment systems of the diesel 
engine essential and various engine techniques required in 
order to decrease the exhaust emissions, and development of 
exhaust after treatment systems are needed [1]-[3]. In general, 
the flow is very complex inside the catalytic muffler and 
induces the non-uniform flow patterns in front face of the 
monolith, and that causes the malfunction and/or low 
conversion efficiency of the catalysts. Retaining uniform flow 
to prevent performance reduction of the catalysts, therefore, is 
very important. 

Like this, numerous studies to obtain the uniform flow have 
conducted with three-dimensional flow characteristics, air gap 
length, and angle of the diffuser at air gap through cone shape 
optimization of inlet and outlet [4]-[6]. And study on various 
cell shapes with concentration limit of flow to increase 
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conversion efficiency of the catalyst has investigated [7], [8]. 
Likewise, change of uniformity index with inserts such as pulse 
generator or vane was investigated through the comparison of 
the performance index and flow characteristics with parametric 
results [9], [10]. However, study on the flow uniformity in front 
of the catalyst inside the muffler which has perforated plate and 
pipe cannot be easily found in the literature due to the complex 
shape and turbulent characteristic of the flow. 

In this work, flow characteristics inside the different possible 
configurations of catalytic muffler are investigated numerically. 
After developing the mathematical models adopted in this work 
firstly, model validation work by comparing the pressure drop 
values with experimental ones is conducted. In order to 
evaluate the flow performance of the catalytic muffler, three 
different types of flow characteristics such as streak lines inside 
the catalytic muffler, flow uniformity index in front of the first 
catalyst DOC, and pressure drop between the inlet and outlet 
pipes are investigated in the following. Finally, some 
concluding remarks are presented. 

II. MATHEMATICAL FORMULATION 

A. Governing Equations 
Internal flow is assumed to be three-dimensional turbulent 

flow of incompressible, non-reacting, and steady state to 
investigate the optimum flow characteristics of the catalytic 
muffler. Continuity and momentum equations applied to AVL 
FIRETM [11] are summarized as follows. 

 

0i

i

u
x

∂
=

∂
 (1) 

 

( ) 2
3

ji k
i j eff ij

i i j j i k

uu upu u
x x x x x x

ρ μ δ
⎡ ⎤⎧ ⎫∂ ⎛ ⎞∂ ∂∂ ∂ ∂ ⎪ ⎪= − + + −⎢ ⎥⎨ ⎬⎜ ⎟∂ ∂ ∂ ∂ ∂ ∂⎢ ⎥⎪ ⎪⎝ ⎠⎩ ⎭⎣ ⎦

 (2) 

 
where, ijδ is Kronecher delta and valid coefficient of viscosity,

effμ , means sum of the viscosity, μ  and eddy viscosity, tμ . 
Likewise, turbulent kinetic energy, k , and the dissipation rate, 
ε , have the following relation, i.e., 

 
2

t
kCμμ ρ
ε

=  (3) 

 
Here, the turbulence quantities, k and ε , can be obtained by 

using the following standard k ε−  [12]. 
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where P is generated when flow is transformed by stress. 
Likewise each coefficient is determined by general values of 
muffler such as Table I. In this work, substrate is considered for 
porous medium, and turbulent kinetic energy, k , inside the 
porous medium and dissipation rate, ε , to consider laminar 
process in the channel is calculated as follows [11]. 

 
3 / 2

3 / 4

por

kC
Lμε =  (6) 

 
where porL is turbulent length scale which estimates the 
turbulent characteristics inside the porous medium. 
Tube-friction pressure drop model is applied to this study due 
to pressure drop generated by the wall friction within the 
porous medium, and it is calculated as follows: 

 

2/

2
L T

hyd

dP w
dx d

λ ρ
= −  (7) 

 
where Lλ is 64 / Redϕ , and Tλ is 1/ 40.316 / Red , and it, 
respectively, appears the laminar and turbulent tube-friction. 
And shape factor, ϕ , changed with shape of the cross sections 
is 1, when the cross section is circle [11]. 

 
TABLE I 

THE TURBULENT CONSTANTS USED IN THE k ε− MODEL [12] 

C μ  1Cε  2Cε  kσ  εσ  

0.09 1.44 1.92 1.0 1.3 

 
Likewise, the velocity distribution of a moving fluid from the 

exhaust pipe tocatalytic converter affects conversion rate and 
durability of the catalyst. Therefore, index about this should be 
established. Uniformity index is to grasp homogeneous limit of 
the fluid at the front face of the catalyst. In this study, the 
formulation is described by Weltens et al. [13] 
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where, n is number of cells, S is total monolith area, iS is local 
cell area, iu is local velocity, and u is mean velocity. 
Uniformity index hasvalue between 0 and 1, and if value is 
close at 1, the meaning is uniform velocity distribution. 

B. Grid Generation 
Fig. 1 shows the schematic of the catalytic muffler with 

perforated inlet cone, catalysts such as DOC and DPF inside the 
muffler, and perforated pipe at the exit part with overall 
dimensions. After used grids changed surface data file (*.STL) 
to use shapes generated for three-dimensional CAD at the 
commercial CFD code (AVL FIRETM), that was generated by 
using FAME Hybrid function [11]. Afterwards, calculation has 
been repeatedly conducted to gain decrease of the calculation 
time and valid convergence, and grid system was optimized. 
Total length of used model is 603.8mm, internal diameter is 
198.5mm, entrance diameter is 76mm, exit diameter is 56mm, 
and pore, in which diameter is 10mm, at cone and exit pipe in 
the part of the inlet and outlet is respectively about 24, 120. 

 

 
Fig. 1 Catalytic muffler adopted in this work 

 

 
(a) Case1(b) Case 2 

 

 
(c) Case3(d) Case 4 

 

 
(e) Case5(f) Case 6 

Fig. 2 Computational grid system of the catalytic muffler 
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C. Boundary Conditions 
Table II presents boundary conditions of this work. Mass 

flow rate of inflowing exhaust gases are 100, 200, 300, and 400 
kg/h, workingfluid is air of 20°C, density and coefficient of 
kinematic viscosity are respectively 1.204 kg/m3, 1.51 10-5 
m2/s, the surface of a wall is applied for wall function, and heat 
transfer effect at the surface of a wall is not considered. Outlet 
condition is 1 atm (atmosphere condition). 

 
TABLE II 

BOUNDARY CONDITIONS USED IN THIS STUDY 
Variable Unit Value 

Mass flow rate kg/h 100, 200, 300, 400
Air °C 20

Density kg/m3 1.204
Coefficient of kinematic viscosity m2/s 1.51 10-5

Outlet condition atm 1

 
TABLE III 

THE TEST CASES ADOPTED IN THIS WORK 
Cases Cone Perforated Cone Catalysts Perforated Pipe 

1 × × × ○ 
2 ○ × × ○ 
3 × ○ × ○ 
4 × × ○ ○ 
5 ○ × ○ ○ 
6 × ○ ○ ○ 

III. RESULTS AND DISCUSSION 
In this work, six different types of catalytic muffler named as 

Cases 1 to 6 are considered as listed in Table III. They are 
classified in terms of inlet cone, perforated inlet cone, catalysts 
within the muffler, and perforated pipe at exit, respectively. 

The perforated inlet cone has 24 holes evenly distributed 
outer part of the cone, which leads to 4.6% of porosity, while 
the perforated pipe at exit does 120 holes with 79.1% of 
porosity. The surface meshes of each Case are illustrated in Fig. 
2. In order to evaluate the flow performance of the catalytic 
muffler, three different types of flow characteristics such as 
streak lines inside the catalytic muffler, flow uniformity index 
in front of the first catalyst DOC, and pressure drop between the 
inlet and outlet pipes are investigated in the following section. 
Here, the pressure drop is important in view of exhaust system 
design because this affects the vehicle fuel efficiency, while the 
flow uniformity index influences the conversion efficiency of 
the catalysts inside the muffler. 

A. Model Validation 
Firstly, the pressure drop values between the inlet and outlet 

pipes are compared with experimental ones obtained by 
KATECH (Korea Automotive Technology Institute) to validate 
the present numerical models. Fig. 3 shows pressure drop with 
7 different mass flow rate values for Case 6, which has 
perforated inlet cone, catalysts, and perforated exit pipe. The 
calculated and measured pressure drop slightly increase with 
mass flow rates, however, those values are nearly flat ranging 
from 1 to 2 kPa. Also, it can be found that the present 
simulation values are nearly identical to those obtained from 
experiment. 

 
Fig. 3 Comparison of the pressure drop for the Case 4 with mass flow 

rate 

B. Flow Distributions 
Fig. 4 shows streak lines within the catalytic muffler with 

different inlets and catalyst configurations. If there is no 
catalyst, the flow is very complex and does not have uniform 
flow distribution. In case with catalysts, however, the flow 
becomes more uniform because the exhaust gases should flow 
through each channel within the catalysts. The longitudinal 
velocity contours in front of DOC and DPF are depicted in Fig. 
5 for the Cases of 4 to 6. If there is no inlet cone such as Case 4, 
the flow is observed to be impinged to the left wall and gases 
mainly flow along the wall; therefore, flow is concentrated on 
the surface wall of the muffler. In Case 5, i.e., with inlet cone 
without circumferential holes, the concentrated part of the flow 
is moved to center region of the muffler and forms velocity 
gradients in the surroundings. Fig. 5(c) shows the flow pattern 
for Case 6 of perforated inlet cone. Here, it can be seen that the 
exhaust gases flow through the holes and form the velocity 
spikes along the side wall. Also, it is observed that the flow 
concentration in the center part is slightly avoided compared to 
Case 5 because of the side holes in the inlet cone. 

 

 
(a) Case 1 

 

World Academy of Science, Engineering and Technology
International Journal of Mechanical and Mechatronics Engineering

 Vol:8, No:5, 2014 

995International Scholarly and Scientific Research & Innovation 8(5) 2014 ISNI:0000000091950263

O
pe

n 
Sc

ie
nc

e 
In

de
x,

 M
ec

ha
ni

ca
l a

nd
 M

ec
ha

tr
on

ic
s 

E
ng

in
ee

ri
ng

 V
ol

:8
, N

o:
5,

 2
01

4 
pu

bl
ic

at
io

ns
.w

as
et

.o
rg

/9
99

83
22

.p
df



 

 
(b) Case 2 

 

 
(c) Case 3 

 

 
(d) Case 4 

 

 
(e) Case 5 

 

 
(f) Case 6 

Fig. 4 Streak lines within the catalytic muffler with different inlets 
and different catalyst configurations 

 

DOCDPF 

(a) Case 4 
 

DOCDPF 

(b) Case 5 

DOCDPF 

(c) Case 6 

Fig. 5 The longitudinal velocity contours in front of DOC and DPF, 
respectively, within the catalytic muffler with mass flow rate of 

400kg/h for Cases 4 to 6 
 
Fig. 6 presents the comparison of the uniformity index 

defined in (8) for different Cases 1 to 6 with mass flow rates of 
100, 200, 300, and 400 kg/h. Since the catalysts make the flow 
more evenly distributed, Cases 4 to 6 show higher uniformity 
index than Cases 1 to 3. Although the muffler has catalysts 
inside it, the inlet configuration greatly affects the flow 
uniformity as shown in Fig. 6. Also, it can be found that the 
inlet cone plays a guide vane for flow uniformity while the 
perforated cone provides more uniform velocity distributions.  

 

World Academy of Science, Engineering and Technology
International Journal of Mechanical and Mechatronics Engineering

 Vol:8, No:5, 2014 

996International Scholarly and Scientific Research & Innovation 8(5) 2014 ISNI:0000000091950263

O
pe

n 
Sc

ie
nc

e 
In

de
x,

 M
ec

ha
ni

ca
l a

nd
 M

ec
ha

tr
on

ic
s 

E
ng

in
ee

ri
ng

 V
ol

:8
, N

o:
5,

 2
01

4 
pu

bl
ic

at
io

ns
.w

as
et

.o
rg

/9
99

83
22

.p
df



 

 
Fig. 6 Comparison of the uniformity index (UI) for the catalytic 

muffler with different configurations and different mass flow rates 

C. Pressure Drop 
The pressure drop values measured between inlet and exit 

pipes are depicted in Fig. 7 with four different mass flow rates. 
As expected, the more exhaust gases flow into the catalytic 
muffler, the more pressure drop occurs. Also, because the 
catalysts within the muffler block the flow, the pressure 
difference becomes larger than the cases of without catalysts. 

 

 
Fig. 7 Comparison of the pressure drop for the catalytic muffler with 

different configurations and different mass flow rates 

IV. CONCLUSION 
In this work a mathematical model for analysis of flow in a 

catalytic muffler with DOC and DPF has been developed and 
applied for the analysis of pressure drop and flow uniformity 
within the catalytic muffler. The following conclusion can be 
drawn from this work. 
(1) The flow is more uniform in Cases 4 to 6 than others 

because the exhaust gases should flow through the 
channels of the catalysts. 

(2) Among the real cases of 4 to 6, which have catalysts inside 
the muffler, the perforated inlet cone makes the flow more 

uniform than others, thus, that can arise higher catalyst 
efficiency. 

(3) Since the inserted catalysts hinder the flow, more pressure 
drop is measured in cases 4 to 6. Also, the perforated cone 
blocks more flow and induces more pressure drop than 
other inlet configurations. 
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