
Vol.:(0123456789)

SN Applied Sciences            (2023) 5:57  | https://doi.org/10.1007/s42452-023-05279-x

Research Article

Study on optimization of vehicle exhaust system noise and hook 
position based on multi‑source experimental data analysis

Jianqiang Xiong1

Received: 13 October 2022 / Accepted: 5 January 2023

© The Author(s) 2023    OPEN

Abstract
The exhaust system is one of the main sources of vehicle noise, and the hook position is one of the main factors affect-
ing the exhaust system noise. Therefore, using the data optimization analysis method and optimizing the hook position 
parameters can improve the acoustic characteristics of the exhaust system and the vehicle ride comfort. In this paper, 
the method of multi-source test data analysis is proposed to obtain the A-weighted noise data of the exhaust system at 
different positions of the hook. Then, through preprocessing and regularization calculation and analysis of A-weighted 
noise characteristic data, the analysis results of multi-source test data with different location parameters are obtained. 
The noise contribution of multi-source test data analysis of hook C and hook A is 53.4% and 41.2%, while the noise con-
tribution of multi-source test data analysis of hook B and hook D is negligible. Through the analysis and calculation of 
the multi-source test data of the hook position, the main influence data of the hook position on the noise is obtained, 
which provides a reference for further optimizing the vehicle exhaust noise characteristic parameters.

Article Highlights
•	 A multi-source experimental data analysis method is 

proposed to study the influence of exhaust system 
noise characteristics.

•	 This method is suitable for the study of system charac-
teristics under the action of multiple factors, so as to 
accurately analyze the stability of system.

•	 If the influencing factors and their level numbers are 
selected reasonably, then the contribution of the influ-
encing factors to the noise can be accurately evaluated 
from a quantitative perspective.

•	 In the next section, the current research status related 
to the paper is analyzed, summarizes the shortcomings 
of the current research, and points out the significance 
of the paper. Section 3 describes the composition and 
implementation scheme of the equipment system 
for the test. In Sect. 4, the calculation and analysis of 
multi-source test data are carried out, and the influence 
results of various factors on interior noise are obtained. 
The last section summarizes and prospects the future 
research contents.
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1  Introduction

The noise generated by vehicle driving is the main 
source of urban traffic noise and the main factor affect-
ing vehicle riding comfort. For this purpose, many schol-
ars have conducted in-depth research on the vibration 
and noise of vehicles. Taking the vertical acceleration 
parameters of seats as the evaluation index, the vehicle 
suspension system model is built, and the vehicle com-
fort is improved through the optimization of structural 
parameters [1]. The NVH characteristics of vehicles with 
lightweight chassis components are studied [2]. The 
influence of tire structure-borne noise on vehicle NVH 
is studied by numerical method [3]. Active suspension 
system is adopted to improve vehicle stability and com-
fort [4]. Genetic algorithm and immune algorithm are 
used to optimize the virtual prototype of the suspension 
to improve ride comfort [5].

As an essential component for automobile exhaust puri-
fication, exhaust noise reduction, and meeting exhaust 
and noise regulation, the exhaust system is a significant 
component that affects automobile noise, vibration and 
harshness (NVH). Meanwhile, the vibration and noise pol-
lution caused by exhaust systems has been paid more and 
more attention. The excitation sources of exhaust system 
vibration are engine mechanical vibration, engine airflow 
impact, acoustic excitation and body vibration [6]. Mak-
ing the natural frequency of the exhaust system avoid the 
excitation frequency of engine idle speed and economical 
speed could improve the vibration of the exhaust system 
and make its strength more reliable. In the meantime, the 
NVH of the vehicle could be effectively improved [7, 8]. The 
vibration of the exhaust system is transmitted to the chas-
sis and body through hooks and suspension, thus affecting 
the NVH of vehicles. The reasonable design of the exhaust 
system suspension position could ensure evenly distrib-
uted force on each hook to improve the fatigue life of the 
exhaust system. Moreover, it could also reduce the interior 
noise and improve riding comfort by reducing the exhaust 
system to the vehicle transfer vibration energy to avoid 
resonance with the engine and the body. Hence, it is sig-
nificant to carry out the optimization analysis of exhaust 
system suspension position and the study on vibration 
and noise to enhance the NVH of vehicles.

2 � Related work

Many researchers use the methods of structural param-
eter optimization design, simulation and test to carry 
out the analysis and research of exhaust system noise to 

obtain the best design parameters and structure combi-
nation of exhaust system, so as to improve the acoustic 
quality of automobile exhaust system.

Shojaeifard et al. have optimized the hook position of 
the exhaust system by adopting the average driver degree 
of freedom displacement method. Then, through static 
and dynamic analysis, the position where the minimum 
exhaust system hook vibration energy transfer is deter-
mined to reduce the contribution of the exhaust system 
to the vibration of the vehicle and improve the interior 
acoustic comfort [9, 10]. As well, Guhan et al. adopted the 
computational fluid dynamics (CFD) methodology and 
took back pressure, noise and weight as objectives to 
optimize the structural parameters of the exhaust system. 
The results of the simulation and experiments showed that 
the objective parameters were significantly improved 
[11–13]. He et  al. constructed the loudness model of 
the exhaust system structure to analyze the influence of 
exhaust system structural parameters on the loudness 
and verified the model by the orthogonal experiment 
and simulation method. The simulation results showed 
that the model could accurately predict loudness, thus 
providing a reliable basis for the optimization of acoustic 
structure parameters [14]. To improve the power density 
of diesel engines using turbochargers, Liu et al. analyzed 
the influence of exhaust system structural parameters on 
exhaust emission and exhaust energy recovery to obtain 
the best exhaust performance and exhaust energy utiliza-
tion structural parameters [15, 16]. Without changing the 
overall structural parameters of the tailpipe in the exhaust 
system, Verma et al. adopted bionic principles to improve 
the design of the tailpipe in the tractor exhaust system. 
The simulation results of sound pressure level, velocity 
amplitude and velocity vector contour showed that the 
attenuation of exhaust noise is effectively improved, and 
the exhaust energy loss is reduced to a certain extent [17]. 
Min et al. applied the finite element method (FEM) to con-
struct the finite element model of the exhaust system and 
obtained the vibration mode diagrams under three dif-
ferent conditions: natural, partially constrained and fully 
constrained. They applied the harmonic method to con-
duct vibration mode optimization analysis and obtained 
the optimal suspension position [18]. Meanwhile, Wu et al. 
established a finite element model of the exhaust system 
by using the FEM. First, they used Nastran software to cal-
culate and analyze the statics and dynamics of the exhaust 
system. With the hook and bellows stiffness as optimiza-
tion variables, they established a multi-objective optimiza-
tion model for the vibration of the exhaust system. Accord-
ing to the model optimization results, the vibration of the 
exhaust system was significantly improved [19].

Based on the optimization design of the inlet and out-
let structure parameters of the muffler of the exhaust 
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system, a digital prototype is established using CATIA 
software, and simulation analysis is carried out based 
on the transfer matrix method. The results show that 
the noise level of the exhaust system is improved [20]. 
According to the relationship between the structural 
parameters of the exhaust system and the interior noise 
quality of the vehicle, an evaluation model of structural 
acoustic quality is constructed by using the depth con-
fidence network method. Then, the simulation analysis 
of variable parameters is carried out, and the structural 
parameters of the exhaust system with better acoustic 
quality are obtained [21].A variable device is designed 
in the exhaust system. By optimizing the structural 
parameters of the variable device, the transmitted 
vibration is significantly reduced, and the driving com-
fort is improved [22]. The influence of different exhaust 
manifolds on exhaust noise characteristics is studied, 
which provides a theoretical basis for the structural opti-
mization design of exhaust manifolds [23]. The bionic 
method was used to optimize the tractor tailpipe, and 
the tailpipe with low noise performance was obtained 
[24]. Aiming at the effect of automobile under multiple 
working conditions, the acoustic performance simula-
tion under different structural parameters is carried out 
by using relevant software, and the key parameters are 
optimized and analyzed to obtain the optimized com-
bination of exhaust system structural parameters with 
improved noise performance [25, 26].

In conclusion, researchers have carried out qualitative 
optimization simulation research on the structural param-
eters of the exhaust system from the aspect of modeling. 
Although these research methods can obtain the qualita-
tive results of the effects of various factors on the acous-
tic characteristics of the exhaust system, the results of the 
quantitative contributions of various factors to the acous-
tic characteristics are not clear. Therefore, when formulat-
ing measures to improve the acoustic characteristics of the 
exhaust system, it is not accurate enough, and even some 
key acoustic influencing factors will be ignored, resulting 
in that the acoustic characteristics of the exhaust system 
cannot be effectively improved.

At present, there are few quantitative studies on auto-
mobile vibration and noise influencing factors. Based on 
this, the Taguchi method and the orthogonal test design 
are proposed to study the contribution of the exhaust sys-
tem hook position on the interior noise. After obtaining 
the experimental data, the contribution of each hook posi-
tion in the exhaust system to the interior noise is calcu-
lated and analyzed. The influence of which hook position 
in the exhaust system on the interior noise is determined 
as the key factor, which could provide a reliable theoretical 
basis for the optimization of exhaust system hook position 
and the improvement of interior acoustic quality.

3 � Experimental method

3.1 � Equipment

In the interior noise test experiment with the change 
in the hook position of the exhaust system, the model 
adopted was the 2010 Jetta 1.6 L manual model, shown 
in Fig. 1.

When the hook position changes, the interior 
A-weighted noise measurement was the digital sound 
level meter, the model was HS5633A, shown in Fig. 2.

3.2 � Experimental scheme

The path and size of the exhaust system transferring 
noise energy to the car will change with the hook posi-
tion, resulting in a difference in the interior noise. When 
testing the noise in the vehicle used in the experiment, 
the primary conditions of the experiment process were 
as follows:

(1)	 The vehicle was under the idle speed, and the engine 
speed was 2000r/min;

(2)	 Only the hook position of the exhaust system was 
changed, and other structural parameters remained 
unchanged. The adjustment of local position is shown 
in Fig. 3;

Fig. 1   Noise test vehicle

Fig. 2   Noise test digital sound level meter
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The sound level meter remained unchanged in the test 
position of the vehicle, and the digital sound level meter for 
noise measurement was placed between the driving seat and 
the front passenger seat. Its placement is shown in Fig. 4.

When selecting the influencing factors of exhaust system 
noise for test, the main factors of noise influence should be 
analyzed emphatically, and the secondary factors can be 

ignored. If more accurate test and analysis results of exhaust 
system noise test are required, the number of noise influenc-
ing factors and their levels during the test shall be increased. 
However, this will increase the difficulty of the implementa-
tion of the test scheme, and also bring a lot of work to the 
calculation and analysis of the test data. Therefore, the selec-
tion of noise influencing factors should be based on their 
own test conditions and actual research needs.

In this interior noise test, four factors and three levels 
are selected, among which factors were Hook A, Hook 
B, Hook C and Hook D, and three levels are three dif-
ferent test positions for each hook. According to the 
design rules of the orthogonal experiment, the L934 was 
adopted to conduct the partial test, and the experiment 
scheme is shown in Table 1 [27, 28].

4 � Results and discussion

4.1 � Experimental outcome

According to the test conditions and scheme design, 
the digital sound meter level was applied to test the 
A-weighted noise value, and its value is shown in Table 2.

4.2 � The horizontal sum of hook factors

Based on the data corresponding to the test serial 
number of each vehicle and the four hook factors, the 
horizontal sums of the four hook factors at different 
positions are as follows:

Fig. 3   Local exhaust system hook position

Fig. 4   Placement of sound level meter in car test

Table 1   Noise test scheme Test number The position change of four hooks in the exhaust system

Hook A Hook B Hook C Hook D

1 Forward 20 cm Forward 20 cm Forward 20 cm Forward 20 cm
2 Forward 20 cm Theoretical position Theoretical position Theoretical position
3 Forward 20 cm Backward 20 cm Backward 20 cm Backward 20 cm
4 Theoretical position Forward 20 cm Theoretical position Backward 20 cm
5 Theoretical position Theoretical position Backward 20 cm Forward 20 cm
6 Theoretical position Backward 20 cm Forward 20 cm Original damping
7 Backward 20 cm Forward 20 cm Backward 20 cm Original damping
8 Backward 20 cm Theoretical position Forward 20 cm Backward 20 cm
9 Backward 20 cm Backward 20 cm Theoretical position Forward 20 cm

Table 2   Interior A-weighted 
noise value

Test number 1 2 3 4 5 6 7 8 9

Test data 54.4 dB 52.7 dB 53.7 dB 51.6 dB 53.4 dB 55.7 dB 54.8 dB 56.3 dB 53.8 dB
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4.3 � The horizontal mean of hook factors

According to the horizontal sum at different values of the 
four hook positions, the horizontal mean of each level is 
calculated as follows:

T1A = 54.4 + 52.7 + 53.7 = 160.8

T2A = 51.6 + 53.4 + 55.7 = 160.7

T3A = 54.8 + 56.3 + 53.8 = 164.9

T1B = 54.4 + 51.6 + 56.8 = 162.8

T2B = 52.7 + 53.4 + 56.3 = 162.4

T3B = 53.7 + 55.7 + 53.8 = 163.2

T1C = 54.4 + 55.7 + 56.3 = 163.9

T2C = 52.7 + 51.6 + 53.8 = 158.1

T3C = 53.7 + 53.4 + 54.8 = 161.9

T1D = 54.4 + 53.4 + 53.8 = 161.6

T2D = 52.7 + 55.7 + 54.8 = 163.2

T3D = 53.7 + 51.6 + 56.3 = 161.6
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4.4 � The influence trend of hook factors

According to the test and calculation, the horizontal values 
were set as the abscissa of the plane-coordinate system, 
and the mean values of the horizontal sum were set as the 
vertical-coordinate system. As a result, the influence trend 
of hook position factors under different horizontal values 
on interior A-weighted noise value, as shown in Fig. 5.

The range value was calculated according to the hori-
zontal mean of each hook position factor, and the process 
was as follows:

4.5 � Intuitiveness analysis results of hooks

Large range values of hook position factors demonstrate that 
the change in this factor will have a great influence on inte-
rior noise. Therefore, the adjustment of this factor should be 
cautious because it will affect the quality of noise in the car. 
The above calculation shows that the range value of hook C 
is the largest, followed by hook A, and hook D and hook B are 
successively smaller. The influence of the four hook position 
factors on the interior noise is in descending order:

Based on these results, moving hook C position in the 
exhaust system has the most significant impact on the 
interior noise while moving hook B has little impact on the 
interior noise. Under the influence of uncontrollable factors, 
reducing the change in the position of hook A and hook C 
as far as possible could lower the influence of the exhaust 
system on the vehicle noise. Furthermore, the influence of 

RA = max{53.6, 53.7, 54.9} −min{53.6, 53.7, 54.9} = 1.3

RB = max{54.3, 54.1, 54.4} −min{54.3, 54.1, 54.4} = 0.3

RC = max{54.6, 52.7, 54.0} −min{54.6, 52.7, 54.0} = 1.9

RD = max{53.9, 54.4, 53.9} −min{53.9, 54.4, 53.9} = 0.5

Hook C > Hook A > Hook D > Hook B

Fig. 5   The influence trend of 
hook position horizontal value 
on interior noiseRETRACTED A
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hook B and hook D position change could be treated as sec-
ondary factors, and the researcher could even ignore these 
two regulatory factors.

4.6 � Variance analysis for the hook position factors

Only the qualitative results of the hook position factors could 
be obtained through intuitive analysis, but the quantitative 
results could not be obtained. Therefore, for the control of 
hook position in the exhaust system, there were no precise 
control requirements. Through the variance analysis of test 
data under the change of hook position factors, the quanti-
tative results of factors on vehicle noise could be obtained, 
which could provide a reliable analysis for the formulation 
of noise control measures.

The total sum of squares (TSS) of the exhaust system hook 
is ST:

Since the number of tests is N = 9, so the total freedom 
of the exhaust system hook is fT:

The total sum of square of hook position single factor:

S
T
=

9
∑

i=1

y
2

i
−

1

9

(

9
∑

i=1

y
i

)

i
2
= (54.4)

2 + (52.7)
2 + (53.7)

2 + (51.6)
2 + (53.4)

2

+ (55.7)
2 + (54.8)

2 + (56.3)
2 + (53.8)

2 −
1

9
(54.4 + 52.7 + 53.7 + 51.6 + 53.4 + 55.7 + 54.8 + 56.3 + 53.8)

2

= 2959.36 + 2777.29 + 2883.69 + 2662.56 + 2851.56 + 3102.49 + 3003.04 + 3169.69 + 2894.44 − 236584.96

= 26304.12 − 26287.22 = 16.9

fT = N − 1 = 9 − 1 = 8

S
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3

3
∑
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2
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3
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S
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1

3
{(161.6)2 + (163.2)2 + (161.6)2} − 26287.22 = 26287.45 − 26287.22 = 0.23

Since the factor level of each hook position is 3, the free-
dom of the hook position is calculated as follows:

Due to no empty column in the test protocol, the sum 
of smaller of squares fluctuations SB and SD in the test is 
taken as the error sum of squares, and the sum of single 
factor freedom fB and fD is taken as the freedom of error fe . 
The error sum of squares, ( Se ) and freedom ( fe ) are calcu-
lated as follows:

The results of variance analysis show the impact of each 
hook position in the exhaust system on the interior noise 
in Table 3.

Compared with the intuitive analysis, the variance 
analysis of vehicle noise could provide the quantitative 

fA = Factor level − 1 = 3 − 1 = 2

fB = Factor level − 1 = 3 − 1 = 2

fC = Factor level − 1 = 3 − 1 = 2

fD = Factor level − 1 = 3 − 1 = 2

Se = SB + SD = 0.16 + 0.23 = 0.39

fe = fB + fD = 2 + 2 = 4
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foundation for the influencing degree of each hook posi-
tion on the vehicle noise, which also offers a reliable refer-
ence for the accurate control of noise factors. The contribu-
tion of each hook position factor to the interior is shown 
in Fig. 6.

From the variance analysis of noise test data, the 
exhaust system hooks C and A are significant factors for 
the increase in vehicle noise with the contribution of 
53.4% and 41.2%, while the position change of hooks B 
and D has little influence on the increase in vehicle noise.

Fang et al. have obtained the optimization compari-
son results of each scheme through the analysis of differ-
ent design schemes [29]. This method only compares the 
overall characteristics of the scheme, but the influence 
of each single factor on the noise in the scheme has not 
been studied. Therefore, there is blindness in the control 
of influencing factors, which leads to inaccurate control 

of factors. The quantitative analysis results of the impact 
of hook position change on noise can be obtained by the 
method adopted in this paper. Therefore, the main influ-
encing factors can be accurately controlled, while the 
secondary factors can be ignored. The method adopted 
can reduce the research and development cost, shorten 
the research and development time, and provide a basis 
for the accurate optimization design of the exhaust sys-
tem hook.

5 � Conclusion

In this paper, four factors and three levels are taken as 
the test scheme, and the influence of the change of 
the position of the exhaust system hook on the vehi-
cle interior noise characteristics is studied. According to 
the intuitiveness and variance analysis of A-weighted 
noise test data, the quantitative contributions of hook 
C and hook A to the vehicle interior noise are 53.4% and 
41.2% respectively, Which are the main factors. Hook B 
and hook D are secondary factors and can be ignored. 
This result provides a theoretical basis for the accurate 
optimization design of the hook position of the automo-
bile exhaust system.

The method used in this paper is applicable to the 
research on the influence of multiple factors on the sys-
tem. Based on the limited number of test, it can find out 
the quantitative contribution of each influencing factor 
and improve the stability and anti-interference of the 
system. Because the interaction between the relevant 
factors is ignored in the test, there will be some errors 
when the method is applied to systems with strong 
interaction between the factors.

In the future, in order to improve the accuracy of 
research methods, it is necessary to increase the number 
of factors and levels, as well as the number of test, and 
also consider how to analyze the interaction between 
various factors.

Table 3   Variance analysis Source of 
deviation

Square sum (S) Freedom (f) Mean square 
(V)

Statistics (F) Contri-
bution (ρ 
%)

Hook A 7.16 2 3.58 35.8 41.2
Hook B 0.16 2 0.08 0.8
Hook C 9.22 2 4.61 46.1 53.4
Hook D 0.23 2 0.12 1.2
e 0.39 4 0.10 5.4
TSS 16.9 8 100

Fig. 6   The contribution of exhaust system hook factors to noise
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