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Abstract

In a pursuit towards improving the fuel efficiency and carbon di-
oxide (CO,) control, the paper shall be confined to optimize
exhaust systems to have a reduced back pressure (BP) output
which has a direct influence on fuel efficiency. This objective is
achieved by an experimental study and to reduce the huge
number of iterations; Design of Experiments (DoE) technique is
used which shall pave way for reduced number of experimental
analysis on different setups of exhaust systems. Results are
achieved using Flow Analysis-Flow Lab and Engine Lab with
constant inlet mass flow rate and inlet temperature (engine
conditions). This methodology shall give a direct behavior of
different exhaust setups for the same engine conditions and the
exhaust system setup that achieves the most reduced BP output
shall be chosen as the optimized assembly.

Keywords: Fuel efficient vehicle, muffler optimization,
back pressure reduction, design of experiments (DoE),
CO, control

1. Introduction

The objective of this project is to investigate the various
factors that have a direct relation with back pressure
created in the exhaust system. Experiments are carried out
using different exhaust setup and DOE methodology is
implemented to reduce the number of experimentations
carried out. The parameters considered for optimization
are percentage openness in baffle, number of baffles in
muffler, inlet profile of the muffler, outlet profile of the
muffler, tail pipe, diameter of the pipe and number of
bends in exhaust pipe [2]. Experiment has been done with
seven factors at two levels. An orthogonal array of L16 is
created for the statistical design of experiments based on
Taguchi method.

The testing was conducted on a Sl engine but the science
holds good for both CI and SI engines. Only the fuel
efficiency target achieved shall have a different number

compared to Cl engine and CO, reduction will have an
exponential variation.

In any engine the exhaust back pressure has a direct impact
on %fuel consumption. They have an exponential relation
wherein any increase in BP will reduce fuel efficiency
exponentially. The paper shall explain an experimental
methodology to optimize the exhaust muffler to increase
the fuel efficiency of the vehicle. The iterations assure 11-
12% increase in fuel efficiency. From the data measured
and tabulated, CO, released from exhaust system based on
fuel used can be calculated because fuel consumption has a
direct correlation with CO, released. This leads the project
aiming at two important results of increasing the fuel
efficiency of a vehicle through exhaust optimization to
reduce back pressure and also in hand control CO,
emission through exhaust. CO, emission control to an
extent of 63% is estimated to be possible.
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Fig. 1 BSFC as a function of back pressure
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Fig. 2 Dependence criteria of exhaust system and fuel consumption

2. Steps in Experimentation

The experimenter must clearly define the purpose and
scope of the experiment.

The objective of the experiment may be, for example to
determine the optimum operating conditions for a process
to evaluate the relative effects on product performance of
different sources of variability or to determine whether a
new process is superior to the existing one.

The experiment will be planned properly to collect data in
order to apply the statistical methods to obtain valid and
objective conclusions. The following seven steps
procedure may be followed:

1) Problem statement

2) Selection of factors, levels and range
3) Selection of response variable

4) Choice of experimental design

5) Experiment Setup and Conditions

6) Analysis of data

7) Inference from analysis of variance

2.1 Problem Statement
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To find the optimum solution to design an exhaust system
for increased fuel efficiency needs various experiments and
iterations. The time and resources for conducting
experiments incurs more cost. Design of analysis and
experiments is the tool to reduce the time and number of
experiments and to find the optimal solution.

2.2 Selection of Factors, Levels and Ranges

These factors include the design factory which can be
controlled during experimentation. Identification of these
factory leads to the selection of experimental design.
Often, the experience and the specialized knowledge of
engineers and scientists dominate the selection of factors.

The Various factors considered for the iterations are
chosen after close consideration and quantitative
comparison of its effect on the exhaust back pressure
value. To bring clarity, a comparison graph is plotted with
different diameter of pipes used inside the muffler and the
variations between mass flow rate and back pressure are
reflected as shown in the graph.

- mmm

Back Pressure (bar)

Mass Flow Rate (kg/hr)
Fig. 3 Performance comparison between tubes with different
perforations

Fig. 4 Sample muffler assy-complex design with 3 baffle plates
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Fig. 5 Reduced number of baffle plated for Back Pressure reduction
2.3.1 Factors

A total of seven factors were selected by taking opinion
from several experts.

Percentage of openness in baffle of muffler.
Number of baffles in muffler

Inlet profile of muffler

Outlet profile of muffler

Diameter of pipe

Number of restrictions

Tail pipe.
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2.3.2 Response

» Backpressure reading.
» Corresponding CO, level in exhaust gas

2.4. Choice of Experimental Design

Experimentation design is a body of knowledge and
techniques that assist the experimenter, to conduct
iterations economically, analyze data and make
connections between the conclusions from the analysis and
the original objectives of the investigation. [4]

The traditional approach in the industrial and the scientific
investigation is to employ trial and error methods to verify
and validate the theories that may be advanced to explain
some observed phenomenon. This may lead to prolonged
experimentation and without good results. Some of the
approaches also include one factor at time
experimentation, several factors one at a time and several
factors all at the same time.

2.5 Experimentation Setup and Conditions

The exhaust system is divided in to two parts, hot end and
cold end. The region between Exhaust manifold and a
catalytic converter is hot end, catalytic converter to muffler
tail is cold end. Here the experiment has been carried out
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for the exhaust system of a definite petrol engine and the
measured readings are correlated to find the optimum
result.

COLDEND ASSY

HOT END ASSY

Fig. 6 Exhaust System Classification

2.5.1 Setting the Boundary Conditions

A blower is a machine for moving volumes of a gas
with moderate increase of pressure.

Fig. 7 Blower — Experimental apparatus for setting engine conditions

Hot end system of the exhaust is an assembly mounted
with converter, shell and mounting mat. Air from engine
out, passes through this assemble and this is where
chemical reactions occur for emission control and then the
exhaust gasses pass through to the muffler assembly for
noise control. During the pass through time, exhaust gases
attain a peak temperature at the mid bed of the hot end
assembly through the initial part. After that the system acts
as a heat sink, gradually dissipates thermal energy. Care
was taken to study the thermal behaviour of the real system
and the exhaust gas temperature and mass flow rate at the
cold end inlet was measured. Gasses with the equivalent
thermal condition and mass flow rate are generated by
using a blower. The generated air acts as an input mass for
the cold end system.
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Table 1: Factors under consideration for orthogonal array
5. Mo Parameter Level1 Level 2
1 % of openness 40 60
2 Mo of Baffle 2 3
3 Inlet profile of muffler Curve Flat
4 Qutlet profile of muffler Curve Flat
5 Diameter of pipe 40 mm 50 mm
6 Mo of restrictions 10 12
T Tail pipe Straight Inclined
Fig. 8 Blower Tank — Experimental apparatus for setting engine Table 2: Orthogonal Array
conditions
In the experimental setup, the pressure sensor measures the GZC: = £ § = g % = 2 § B =
. = = — o o o o m
backpressure at the exit of the exhaust system. From the S =] R
CO, emission report, the CO, emission level will be 3 3 3 3 p 3 p 3
extrapolated against the measured backpressure.
2 1 1 1 2 1 2 2
BSFC=r/p g/kWh 3 1 1 2 1 2 1 2
P can be obtained from engine specification
r =BSFC*p kg/h 4 1 1 2 2 2 2 1
5 1 2 1 1 2 2 1
We know,
1ltr petrol = 750 grams; this shall help to convert r from 5 1 2 1 2 2 1 2
kg/hr to I/h and for every 1l of petrol, CO, emission =
2392 grams (at fixed rpm and mass flow rate for 1 hour) 7 1 2 2 1 1 2 2
» CO; output for the amount of fuel consumed = 8 ! z ? ? ! ! !
2392*r kg/h 9 2 1 1 1 2 2 2
» CO; emitted for consumed amt of petrol per
minute = 2392*r*60 kg/m 10 z 1 1 2 2 1 1
2.6 Analysis of Data " 2 ! 2 ! ! z !
B 12 2 1 2 2 1 1 2
2.6.1 Choice of Orthogonal Array
13 2 2 1 bl 1 bl 2
» Degrees of freedom required, 12 > 2 3 > p > p
» Main factors = 7(each factor has one degree of
freedom) 15 2 2 2 bl 2 bl 1
» Total degrees of freedom =7 16 2 2 2 2 2 2 2
> To accommodate 7df, we will use Lg(2") or Li,(2")
15 ) )
or Lys(27) OA. With the above mentioned array as reference,

» Here L16(215) OA is chosen for better results.

experimentation was started and all combinations were
tried and the corresponding BP readings were noted down.
For every BP value measures, the corresponding CO,
emission level was calculated by the procedure explained
above. The CO, readings were tabulated. [3][4]
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Table 3: Ranking of factors Table 4: Quantitative analysis to find significant factors
c5 52 §
Lewvel 1 2 Difference Rank g § g g = 2 = 5 =
= ww =
w > F
A 552, 5725.6 27.1
B 5TE. 500.3 7.9 A 3175.0375
c 533 539.1 0.1 B 244270375 | 1| 24427.04 24427 04 1
D 535, 543 7.6 & o 515 8375
E 551.4 B1T 44 4 2
D 4467175
F 555.5 522.6 33.1 4
E 81011175 | 1 8101117 1
G 521.4 55T 35.6 3
F 46246375 | 1| 4624637 4624 637 1
Average response Y= Qrand total of all observations / POOLED ERROR
Total number of observations
[ (ACD) | 38375925 | [ dzvoi97 |
Y=539.1875 G ‘ 5285.1175 ‘ 1 | 5285.117 ‘ 1 ‘ 5285117 | 1 ‘
10.13

Main Effects Plot for Means
Data Mears

2.7 Inference from Analysis of Variance

— \
T \ Table 5: Measured back pressure and calculated CO readings
£ —
E: . ~ — sNo| A|B|cCc|D|E|F|G@ kg,-‘izuh co2 E’::S"’"
g T T 1| 1| 1|1 |1]1]1]1 10.34 364
% 2|t |11 2] 1|2]2 124 a7
3121212 1243 &37
— 4| 1|1 2|2]|2]2]|1 153 444
- 5| 1211 ]2]2]1 15.43 a7
' ; 6l 1| 2] 1] 2] 2]1]2 181 474
- —— - 71221 ]1|2]2 182 198
Fig. 9 Mititab interpolation 2 1 2 2 2 1 1 1 58 P
L. . . 9 2|1 |11 ] 2]2]2 224 558
2.6.2 Predicting Optimum Conditions o] 211111 2121111 Py e
nl 21211 ]2]1 2401 578
Based on the objective of the experiment, in each level 21| 2]2]1|1]2 2443 615
minimum value is taken for optimum condition. B 2|21 ]1]1|1]2 2573 627
Bl 2|21 ]2]1]2]1 %13 680
B,E, G F, A, D; Cy 15 2 2 2 1 2 1 1 278 536
Mprecicton= ¥ +(B2-Y ) +(F2-¥)+H(G1-Y) +(E2-¥ ) +(A2- w]2lol2fafofafa] m o

V)+(D1-Y)+(C2-Y)

- 978.05
:4651570.653

Uprediction
Correction Factor

Number of baffles (factor B) is found to be significant
after performing ANOVA. Therefore it can be reported
that, number of baffles included plays the most vital role
in back pressure increase.
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Table 6: Back pressure and fuel consumption correlation

Back Pressure BSFC Fuel Consumption
psi bar ke/KWh ke/KWh Increase %
0.0689 1 0.22 - -
0.10335 1.5 0.239 0.019 0.201
0.1378 2 0.268 0.029 0.21
0.17225 2.5 0.297 0.029 0.239
0.2067 3 0.319 0.022 0.275
0.24115 3.5 0.351 0.032 0.287
0.2756 4 0.378 0.027 0.324
0.31005 4.5 0.402 0.024 0.354
0.3445 5 0.429 0.027 0.375
0.37895 5.5 0.443 0.014 0.415
0.4134 6 0.481 0.038 0.405
0.44785 6.5 0.509 0.028 0.453
0.4823 7 0.531 0.022 0.487
0.51675 7.5 0.549 0.018 0.513
0.5512 8 0.575 0.026 0.523
0.58565 8.5 0.599 0.024 0.551
0.6201 9 0.628 0.029 0.57
0.65455 9.5 0.653 0.025 0.603
0.689 10 0.681 0.028 0.625
0.72345 10.5 0.711 0.03 0.651

2.7.1 Correlation of results

This completes examining the effects of various mounting
design of exhaust system and the effects of various factors
of internals in the muffler. The experimental inlet
conditions and boundary conditions were set appropriately
that it represented the conditions encountered by a gasoline
vehicle exhaust system.

Bp Vs BSFC

032

y=pa7get Pl 0297

—4—Bp BSFC

BSF kg fkwh)

——Expon. |8p BSFC)

Back Pressurefbar)

Figure 10: Back pressure Vs brake specific fuel consumption

From figure 10 it is evident that any increase in back
pressure has a significant impact on the fuel consumption.
The measured readings in table 8, shows a clear
comparison between Back pressure and BSFC. The large-
scale analysis predicts a linearity between the two but by
micro managing the relation between the two and
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considering real time situations like driving capability of
the driver, climate and road conditions, aerodynamics of
the vehicle they have an exponential relation that is, any
increase in back pressure has an exponential and adverse
effect on the operation and reliability of the engine. It
reduces the fuel economy of the vehicle in particular.

BP Vs CO2 Emission

= 2760602

—e— 1% Vs COZ Emission

C0OZ Emission {apm)

Expon. (BF vs 002 Emission)

10 125 15 175 bis) 25 5 75 30

Back pressure | bar)

Figure 11: Back pressure Vs CO2 emission

Figure 11 shows the correlation and is derived from the
direct relation between fuel consumption and the amount
of CO, released to the atmosphere. The estimation is for a
definite engine at a defined condition and hence will vary
between different driving conditions.

3. Conclusion

The iterations conclude that, number of baffles in the
exhaust muffler contributes more than 52% of back
pressure increase in the exhaust system. The increase in
back pressure has an exponential relation with fuel
efficiency and directly reduces fuel efficiency of the
vehicle.

With optimized design CO, control to an extent of 63% is
estimated to be possible and also 11-12% increase in fuel
efficiency can also be achieved with exhaust system
optimization.

4. Future Works

The project shall be refined and a full exhaust system shall
be optimized to give more efficient exhaust system. For
this the factors under consideration for experimentation
shall include;

4.1 Emission Control Components

» Substrate - Flow through Catalytic Converters

»Wall Flow Traps included in hot end (Particulate
Filters, HC traps, NO traps etc.)

» Fine Particulate traps for gasoline lean burn will be
required when particulate matter increases due to
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recirculation of exhaust air. Direct Injection. Lean
burn trap.
» Packaging or Routing

4.2 NVH Components

» Shell routing and shape
» Internals of muffler (baffle plate, perforated pipes)
» Integrated Muffler (in-built Converters)
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