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Abstract 

Faurecia Exhaust Systems AB develops and manufactures exhaust manifolds 
for the car industry. In the developing process the FE-models are one of the 
main tools and they are becoming more and more important in the automotive 
development. In the tough competition between the manufacturers, the 
demands for fast development require good FE-models both from the 
manufacturers and their subcontractors. 
 
The main goal of this thesis is to update an existing FE-model of a close 
coupled exhaust manifold and look at the catalyst to investigate the behavior 
of the catalytic converter and suggest a way to model the monolith. 
 
The thesis combines analytical calculations with experimental measurements. 
By the use of modal theory, an analytical model is updated to resemble the 
experimental data. 
 
The results of this thesis work include a description of an updated version of 
the FE-model of the exhaust manifold. It also includes one example of how to 
model the catalyst assembly. The model of the catalyst assembly has been 
validated. 
 
The initial Finite-Element model showed relatively large differences for the 
first four natural frequencies, when compared to experimental data. Relatively 
large amplitude errors were also obtained when comparing frequency 
response function from the experiment and the model. An acceptable error 
was obtained for the natural frequencies when comparing the experimental 
result and the updated Finite-Element Model. The updating was mainly done 
by changing the mass and stiffness in the welds and the converter tube. 
 
Keywords: 
Frequency Response Function, Exhaust manifold, Monolith, Experimental 
investigation, FE-model, Modal analysis, Structural dynamics, Model 
updating. 
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Notation 

 Acceleration   m/s 
 Residue   - 

 Viscous damping  kg/s 
 Young’s modulus  Pa 
 Force   N 
 Frequency in Hertz  Hz 

 Auto spectrum of signal  - 
 Cross spectrum of  with  - 
 Auto spectrum of signal  - 

 Dynamic flexibility  m/N 
 Impulse response function  - 

 Moment of inertia  m4 

,  Position in vector  DL 
 Stiffness   N/m 
 Length   m 
 Mass   kg 

 Change of basis matrix  - 
 Laplace operator  rad/s 
 Displacement  m 

 Input signal, Frequency domain - 
 Displacement  m 
 Velocity   m/s 
 Acceleration   m/s2 

 Input signal, Time domain  - 
 Response signal, Frequency domain - 
 Response signal, Time domain - 

 Coherence function  DL 
 Relative damping  DL 
 Pole   - 

 Analytical mode vector  - 
 Experimental mode vector  - 

 Angular frequency  rad/s 
 Mass matrix   kg 
 Stiffnes matrix  N/m 
 Force vector   N 
 Responce vector  - 
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Note: 
DL, Dimensionless measure 
  - , The unit varies with variables 
 
Abbreviations 
 

CoMAC Coordinate Modal Assurance Criterion 
DOF Degree Of Freedom 
FE Finite Element 
FEM Finite Element Method 
FRF Frequency Response Function 
MAC Modal Assurance Criterion 
MDOF Multi Degree Of Freedom 
SDOF Single Degree Of Freedom 
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1 Introduction 

1.1 Background 

The dynamic analysis of the exhaust manifold is today mainly performed with 
a natural frequency analysis methodology. The catalyst assembly - that 
contains a ceramic monolith brick, a mat holding and protecting the monolith 
and the converter tube – is usually simplified in the FE-model for dynamic 
analysis. The converter tube is meshed with shell elements and the mass for 
the mat and monolith is distributed to the shell element by locally adjusting 
the density. 
 
 
1.2 Purpose and aim 

The aim is to update a FE-model of an exhaust manifold in order to be able to 
evaluate how to model a FE-model of the catalyst assembly, and analyse how 
this affects the result in the natural frequency analysis. The results from the 
analysis shall be compared to modal measurements of a real close couple 
exhaust manifold. 
One exhaust manifold should be analysed and tested and the most suitable 
method for representing the catalyst in a FE-model for dynamic analysis 
should be presented. 
 
 
1.3 Approach 

The initial issue that has to be investigated is how good the simplified FE-
model is. When compared with the experimental test of the exhaust manifold, 
some questions arise: 
 

• Is the structure linear? 
• Is it already good enough? 
• What is good enough? 
• What is the error before updating? 
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All of this has to be answered. A good way to do this is to perform a modal 
analysis. A range of different tools can be used for this purpose and a 
selection of them are used in this report, like Frequency response function 
(FRF), AutoMAC, MAC, CoMAC, reciprocity and direct comparison of 
modes. A brief explanation of these tools is included in chapter 2. For more 
information see literature on the subject. [1, 2, 3, 4, 5]  
 
When good experimental data has been collected and the data quality 
assessment is checked, the updating of the exhaust manifold can begin. 
 
After the first comparison between the exhaust manifold and its FE-model the 
second stage is to perform a modal analysis on a manifold without the 
monolith and update the FE-model without the monolith. This is done to 
eliminate any consistent errors in the material properties to avoid 
compensating for these material properties faults during the evaluation of how 
to define the monolith. 
 
Since the materials used in the manifold is given and known from the 
manufacturer, the updating is done in the welds. The connections, in form of 
welds, between individual parts, are difficult to predict beforehand, and 
hence, they are mainly responsible for the errors when comparing 
experimental and theoretical data. However, this assumption implicitly means 
that all modelling errors are accounted for by changing the physical properties 
of the welds and it is possible that this simplification will lead to a somewhat 
non-physical description of the welds true dynamic behaviour. 
 
When having a model of an exhaust manifold, that fits the experimental data, 
the creation of the catalyst model can be initiated. 
 
When the FE-model without the monolith is updated as close as possible to 
the manifold without the monolith, the chosen method to model a catalyst is 
integrated in the FE-model and correlated against the manifold with the 
monolith. 
 
The last part is to verify the chosen method to model the catalyst. This is done 
by using only the catalyst part of the manifold and performing a new modal 
analysis on this. This data is then correlated against the data from the updated 
FE-model of the catalyst.  
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2 Theoretical background 

In chapter two the theory behind modal analysis is described briefly. The tools 
used during the modal analysis and updating are explained. 
 
2.1 Frequency Response Function (FRF) 

When analysing the dynamics of a structure, a linear system modelling 
approach is typically used. The system is given an input force which gives an 
output response. The system can then be estimated by using these inputs and 
outputs. 
 
The systems eigenvalues and eigenvectors are referred to as the systems poles 
and residues. Poles are complex conjugate pairs, the imaginary part relates to 
the resonance frequency and the real part relates to the damping. 
 
Each mode can be seen as an independent single degree of freedom system, 
shown in the figure below. [4] 
 

 
Figure 2.1 A single degree of freedom system. 

  



14 

Using Newton’s second law to describe the single degree of freedom system 
(SDOF) over time above gives: 
 

  (2.1) 
 
This equation of motion is usually written as: 
 

 (2.2) 
 
Performing Laplace transformation gives: 
 

 (2.3) 
 

 (2.4) 
 
H(s) is the transfer function of the system and by using 

 , where  is the un-damped natural frequency in [rad/s] and 

√
 , where  is the relative damping, in equation (2.4) we get the 

dynamic transfer function (2.5). 
 

⁄   (2.5) 
 
By letting 2  and some algebraic work, the equation (2.5) 
becomes the frequency response for displacement (2.6). 
 

⁄
⁄ ⁄  (2.6) 

 
More interesting for modal analysis is the frequency response for accelerance 

 and by double differentiation of equation (2.6) the equation becomes: 
 

2 ⁄
⁄ ⁄  (2.7) 

 
The time signal is now transformed into the frequency domain and the 
frequency response function (FRF) shows a peak at every resonance 
frequency. An FRF of a single degree of freedom system is shown in figure 
2.2.  



15 

 
 

 
Figure 2.2 Example of a Frequency response from a SDOF-system,  

m=2 kg, c=0.03 Ns/m and k=20000 N/m. 
 
 
2.2 Modal Theory 

The single degree of freedom system (SDOF) above is a very special case and 
seldom exists in reality; instead the multi degree of freedom (MDOF) system 
is more illustrative. 
 
To get the mode shape from an M, C and K system, one way is to use the 
solution of the eigenvalue problem described below. 
 
Starting with the equation of motion for a two degree of freedom system in 
matrix notation, assuming un-damped system for simplicity C = 0, gives: 
 

t  (2.8) 
 
Where: 
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The general solution of (2.8) is: 
 

 (2.9) 
 
Thus: 
 

s  (2.10) 
 (2.11) 

 
Equation (2.9) and (2.11) into (2.8) and putting 0 gives: 
 

0  (2.12) 
 
To get equation (2.12) into a standard eigenvalue- eigenvector form, divide 
(2.12) by s2 and pre-multiply by . 
 

0  (2.13) 
 
The trivial solution of this equation is of no interest when looking at the 
eigenvalue problem, so the determinant of the coefficient must be equal to 
zero.  
 

det 0 (2.14) 
 
This determinant will be a polynomial in s2 and the roots of this polynomial 
are the eigenvalues. The eigenvalues are given by  and the solution vector 

 is corresponding to a particular eigenvalue and is called an eigenvector 
referred to as a mode shape. [6] 
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2.3 Modal theory in practice 

Modal properties are estimated from the FRFs obtained from the modal 
analysis. In a set of FRFs the resonance frequencies are linked to certain mode 
shapes. Each mode shape is representing a deflection shape in the structure. 
To estimate the residues and poles an estimation of the frequency response 

 has to be done. When performing a modal test on a structure, a 
measured input  is excited and a measured response  is given. See 
figure 2.3 

 
Figure 2.3 Example of a linear system. 

 
For this system, it holds that 
 

 (2.15) 
 
Multiplying both sides with the complex conjugate of  in equation (2.15) 
gives: 
 

X f X  (2.16) 
 
X f  is the correlated cross spectrum,  
And X  is the correlated auto spectrum,  
 
After averaging this ends up with the -estimator for , as 
 

 (2.17) 
 
The impulse response  is obtained from inverse Fourier transformation of 
(2.17).  includes both residues and poles, see equation 2.18. 
 

∑ · ·  (2.18) 
 
  are the residues and  are the poles. 
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2.4 Mounting of the test object 

The mounting of the test object can be done in several possible ways, either 
the modal analyse is done when the structure is in its operating conditions or 
without its operating conditions but in a somewhat similar state. 
 
The most common condition is called the free-free condition and simulates a 
free object without any boundary conditions. 
 
To obtain an approximate free-free condition, a good way is typically to 
suspend the test object in elastic cords. When the test object is heavy and the 
suspension with the elastic cords is not enough, it is preferable to use 
relatively soft springs to place the test object upon, if necessary together with 
the elastic cords. 
 
When making a modal analysis and the purpose is to correlate/update the 
result of an analytical test, the free-free condition is preferred. [5] 
 
2.5 Excitation 

When performing a modal test, the test object has to be put in some kind of 
motion/vibration. To make the test object vibrate, an excitation force has to be 
used. A force transducer is monitoring the input signal and the accelerometers 
monitoring the response signal. The accelerometers and the force transducer 
generate the time signals used in the analysis. 
  
Excitation can be carried out in some different ways; one way is with a shaker 
that transfers vibrations to the test object through the force transducer. 
Between the shaker and the force transducer a stinger is mounted to act as a 
mechanical fuse and to make sure that the force from the shaker is measured 
in the intended direction.  
 
The signal feeding the shaker can either be a stepped-sine signal or a normally 
distributed broadband-signal. The latter has the advantages of exciting all 
frequency simultaneously and is therefore much faster. 
 
Another way to cause/generate vibrations in the test object is by impact 
excitation. This is done by using a hammer. The hammer can be equipped 
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with a force transducer, called an impulse hammer, or the force transducer can 
be separately mounted on the test object. [5] 
 
2.6 Data quality assessment 

Before using any data from the modal test, some checks are important [5]: 
 

• Is the driving point frequency response free from inconsistency? 
 Does the frequency response imaginary part only have peaks or 

dips in one direction? 
 

• Is the structure linear? 
 All nonlinear parts should be removed. 
 Shaker excitation - different excitations level should not differ in 

amplitude in a frequency response. 
 Hard to test with impact excitation. 

 
For a system to be linear it has to be additive (2.19) and homogeneous (2.20). 
[5] 
 

 (2.19) 
 

· ·  (2.20) 
 

• Does Maxwell’s reciprocity theorem hold? 
 A frequency response should be equal independently which DOF, 

of two possible, that is chosen as response point respective 
excitation point. 

 
It is also important to check the coherence to see if it is acceptable, see 
chapter (2.9) for more information on the coherence function. 
 
2.7 Selection of reference point 

The reference point is the point that stays fixed during the entire 
measurement. The reference point is the excitation point for shaker excitation 
and the accelerometer point for measurements with roving hammer.  
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When selecting a reference point it is important that all modes of interest are 
included. This means that the reference point cannot be located near a nodal 
line of any mode. To select a proper reference point, it is preferable to study a 
FE-model of the mode shape before the measurements to determine which 
point that is appropriate to use. 
 
When selecting the reference point for a three dimensional object the 
directions of the mode shapes must also be taken in consideration. To get a 
good measurement from a three dimensional object, one can try to find a 
skewed reference point that make the force excite in all three directions. 
 
The skewed response then has component in all three directions in the original 
coordinate system, which has to be calculated. A new coordinate system is 
made and the components from this are then transformed in to the original 
coordinate system through multiplication with a matrix made for this purpose. 
See chapter 2.15 and figure 3.9 [5, 7] 
 
2.8 Selection of response point 

One of the purposes of the measurement is to get a good display of the mode 
shapes. The response points are the points in which the response from the 
structure is collected. The information can be used to describe the mode 
shapes of the structure. 
 
Since it is not possible to measure everywhere on the structure, a finite 
number of points most be chosen. The quantity of points to measure depends 
on the geometry of the structure. [5] 
 
To get as much information as possible, the points should be chosen to give a 
good separation of the modes. When the measurements are done an 
AutoMAC matrix can be used to investigate if the points separate the mode 
shapes good enough, see chapter 2.12. 
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2.9 The coherence function 

The coherence function indicates if there is a problem with the quality of the 
measurement by deviate from 1. The deviation is likely due to some of these 
possible causes: [4] 
 

• The noise at either the input or the response is too large to neglect. 
• The object under study is highly non-linear. 
• The truncation effect when the measurement time is too short. 
• The time delay between the input and the response creates bias error. 
• The existence of an unwanted input that contributes to the response. 

 
The coherence function is defined as (2.21): 
 

  (2.21) 

 

 
Figure 2.4 Example of the Coherence function. 

 
2.10 Direct modal comparison 

An informative method to see the correlation of the modes is to plot the 
analytical natural frequencies against the experimental frequencies. This is 
called direct modal comparison and is the most common method of 
comparing natural frequencies. An example of the direct comparison plot is 
shown in figure 2.5. 
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Figure 2.5 A typical Direct modal comparison. 

 
The solid line in figure 2.5 is representing perfect correlated data. The slope 
of the best straight line through the data points is called Modal scale factor 
and gives no indication of the degree of correlation of the points; simply its 
slope.[2] 
  
A systematic derivation (bias) of the points from the ideal line indicates an 
error in the material properties while a random scatter of the points indicate a 
poor correlation between the structure and the model of the structure. [4] 
 
 
2.11 The modal assurance criterion (MAC) 

To minimize the possibility of mixing the modes, a useful tool to quantifying 
the degree of correlation between two sets of mode shape data is the MAC-
matrix plot. [2] 
 
The MAC between analytical mode i and experimental mode j is defined as 
(2.22) 
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,  (2.22) 

 
Two perfect correlated modes generate the value of one, and poor correlation 
generates a value close to zero. An example of a MAC-matrix is shown in 
figure 2.6. [4] 

 
 

 
Figure 2.6 A typical MAC-matrix. 

 
2.12 AutoMAC 

The AutoMAC is based on the same idea as the MAC, but in this case an 
indication of the correlation between the same set of mode shapes are given. 
The correlation between the same modes, the diagonal matrix, should result in 
correlation 1. All the off-diagonal values should result in less than correlation 
0.2. [4] 
 
An example of an AutoMAC-matrix is shown in figure 2.7. 
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Figure 2.7 A typical AutoMAC-matrix. 

 
2.13 Coordinate modal assurance criterion (CoMAC) 

When correlating analytical and experimental results the CoMAC plot gives 
an indication of how large the difference is in the results from analytical and 
experimental data for the corresponding DOFs. The correlation between two 
DOFs i of two different data sets are given from (2.23). [1, 4] 
 

∑
∑ ∑  (2.23) 

 
L is the total number of modes used. 
 
Below is an example plot of the CoMAC function. 
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Figure 2.8 A typical CoMAC. 

 
2.14 Frequency Difference (FreqDiff) 

While performing the update a measure of the frequency difference between 
the analytical and experimental frequencies, FreqDiff, was used to compare 
the results. The FreqDiff is defined as the sum of the absolute value for each 
natural frequency difference. 
 

∑ | | (2.24) 
 
N is the total number of natural frequencies of interest. 
 
2.15 Change of basis matrix (S-matrix) 

During the data acquisition it was necessary to use a change of basis to be 
able to get correct amplitude of the FRFs. The reference coordinate system lie 
inline with the inlet-flange and since data had to be obtained from the catalyst 
that lies skewed relative to the inlet-flange, a new skewed coordinate system 
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were used, see figure 3.9. The relation between these two systems is the S-
matrix. 
By taking the angle between the reference coordinate systems axis and the 
skewed coordinate systems axis in Abaqus [8], it was possible to assign the 
skewed coordinates in the reference coordinate system. [7] 
 

cos 26.95 cos 103.5 cos 112.9  
cos 76.33 cos 13.89 cos 92.36
cos 67.25 cos 93.16 cos 22.99

 (2.25) 

 
The S-matrix used in Matlab [9] then becomes: 
 

.
.
.

.

.
.

.
.

.
 (2.26) 

 
The S-matrix is multiplied with the data acquired in each response point that 
lies skewed relative to the reference coordinate system, to get the correct data 
in the reference coordinate system. 
 

      .
.
.

.

.
.

.
.

.
 (2.27) 

 
2.16 Damping 

Damping is always present in a real system and has to be calculated from the 
experimental data. In Abaqus [8] and all other FEM-software, the damping is 
not calculated, therefore it must be given. The given values are taken from the 
experimental measurement. 
 
During the measurement on the catalyst alone, to verify the update, the 
damping could not be calculated with the curve-fit routines [10]. Instead the 
so-called “Half-power” bandwidth method was used. This method is normally 
only valid for low damping, but is a good enough approximation when 
comparing FRFs in this case when the natural frequencies in the FRF are of 
greater interest and the damping is only for visualization. 
 
“Half-power” bandwidth method: 
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 (2.28) 
 
Neglecting  (normally, because the damping is small) the expression for 
damping becomes: 
 

 (2.29) 
 
From the experimental FRF the ,  and  were approximated: 

 
Figure 2.9 Picking the ,  and . 

 
2.17 Parameters used to update the FE-model 

To update the analytical model the FRF is used and the aim is to fit the 
analytical natural frequency to the experimental natural frequency. The 
natural frequency depends on the stiffness and mass, see equation (2.30). 
 

 (2.30) 

 
The mass, m is updated just by weighing the exhaust manifold and then 
change the density in the welds in the model. 
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The stiffness, k depends on  which is the constant for the boundary condition 
and I and L that are parameters depending on the structure. E is the Young’s 
modulus and is a material parameter. To update the stiffness, k the material 
parameter E is used. 
 

·  (2.31) 
 
The boundary condition changes the natural frequency, but the boundary 
conditions are the same for both the analytical model and the experimental 
test, the free-free condition. The rubber cord used to simulate the free-free 
condition in the measurement setup, has negligible stiffness compared to the 
exhaust manifold, this gives a good estimation of the free-free condition. 
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3 Experimental test 

The measurements on the exhaust manifold are following the directives from 
chapter 2. A short description of the different features and results are included 
in this chapter. During the measurement with the shaker, the shaker was fed 
with a random signal. In every response point there are three DOFs 
corresponding to the coordinates axis. This means a total of eight response 
points gives a total of 24 DOFs. 
 
The software used during the measurement was SingelCalc, Mobilyzer [11]. 
The data were collected in SingleCalc and afterwards analysed in Matlab[9] 
using Matlab toolbox[10] for modal analysis. 
 
3.1 Measurement preparation 

The chosen boundary condition for the measurement was the free-free 
condition. In order to obtain the free-free condition the exhaust manifold were 
suspended in soft elastic cords attached to a steel rig. See picture 3.3. 
 
3.2 Point selection 

In these measurements a fixed accelerometer and roving hammer were used to 
be able to change the excitation points. Several different sets of points were 
tested before a set was chosen for further measurements. The chosen points 
are displayed in fig 3.1 and 3.2. The MAC-matrixes were used to select the 
best points. The MAC of the best set of points is shown in chapter 3.3.4.  
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Figure 3.1 Response points 1 to 3. 

 
Figure 3.2 Response points 4 to 8. 
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3.3 Data quality assessment 

The collected data has to be checked before the analysis. It is good practice to 
perform a data quality assessment on the collected data. 
 

3.3.1 Coherence 

The signal to noise ratio at the anti-resonances often gets too small, and is one 
possible cause for the dip in some of the coherence at the anti-resonance and 
should be neglected.  
 
Below is an example of the coherence from the response point 3, DOF 7, 8 
and 9. 

 
Figure 3.3 The coherence functions for response point 3. 

 
3.3.2 Reciprocity 

The reciprocity is checked by switching input and output points. The points 
are located at the ends of the inlet flange point 4 and 7, see figure 3.2. The test 
is performed with a modal hammer and a single axis accelerometer. 
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The reciprocity function is plotted in figure 3.4. 

 
Figure 3.4 Reciprocity for exhaust manifold. 

 
3.3.3 Linearity 

The linearity is checked by using a shaker where two different measurements 
are done with different amplitudes in the input signal. If the frequency 
response function does not change in amplitude the exhaust manifold can be 
approximated as linear. 
 
The linearity is shown below both for exhaust manifold with and without the 
monolith. The measurement on the exhaust manifold with the monolith was 
done between DOF 6 and 10 and the measurement on the exhaust manifold 
without the monolith was done between DOF 10 and 19. 
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Figure 3.5 Linearity check for exhaust manifold without the monolith. 

 

 
Figure 3.6 Linearity check for exhaust manifold with the monolith. 
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3.3.4 Quality check of measuring points 

It is important to secure good measurement points and that the modes are 
correct represented in the comparison, the tool used for this is AutoMAC. An 
AutoMAC is done for both the analytical and experimental data. 
 
The AutoMAC shows the ratio of the correlation between one set of modes 
against itself. Full correlation results in 1. The diagonal matrix shows the 
correlation of each mode with itself, and should be fully correlated. On the 
other hand the off-diagonal is the correlation between different modes and 
should generate a low correlation.  
 

 
Figure 3.7 AutoMAC for exhaust manifold with the monolith. 
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Figure 3.8 AutoMAC for exhaust manifold without the monolith. 

 
3.3.5 Validity check of the S-matrix. 

To check the S-matrix, data from response point 3 were measured in two 
different ways. The data was collected in the skewed coordinate system and in 
the reference coordinate system, see figure 3.1. 
 
By using a distance plate the accelerometer could be placed in the reference 
coordinate system, see picture 3.1 and 3.2 
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Figure 3.9 The two different coordinate systems. 

 
Clarification of the two different coordinate systems and the S-matrix is 
included in chapter 2.14. 
 

 
Picture 3.1 Reference system.               Picture 3.2 Skewed system. 

 
The data measured in the skewed coordinate system were then pre-multiplied 
with the S-matrix. Comparison of the FRFs can be seen below: 
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Figure 3.10 Zoomed in FRF from DOF 8 in response point 3, mod 2. 

 
The solid line  is the response from the accelerometer in the skewed 
coordinate system and the dotted line  is the response in the reference 
coordinate system. The amplitude difference is due to the problem mentioned 
in chapter 2.15 
The difference in frequency is due to the distance plate made to get the 
accelerometer in the reference coordinate system. 
 
The dashed-dotted line ·  is the response for the skewed coordinate system 
that has been pre-multiplied with the S-matrix.  
 
The amplitude harmonizes well between the reference coordinate system and 
skewed coordinate system that has been pre-multiplied with the S-matrix. 
This show that the S-matrix used is valid. 
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3.4 Results 

• The responding coherence for each measurement didn’t indicate any 
faults in the data acquisition process. 

 
• The reciprocity shows that Maxwell theorem is valid. 

 
• The FRFs in figure 3.5 and 3.6 shows that the conditions of linearity 

are satisfied. 
 

• Both MACs shows that the modes correlates and therefore correct 
represented. 

 
Table 3.1 MAC for exhaust manifold with monolith. 

1.0000  0.0260  0.1015  0.0024
0.0260  1.0000  0.0382  0.0387
0.1015  0.0382  1.0000  0.0116
0.0024  0.0387  0.0116  1.0000

 
Table 3.2 MAC for exhaust manifold without monolith. 

1.0000  0.0234  0.1278  0.0095
0.0234  1.0000  0.0186  0.0462
0.1278  0.0186  1.0000  0.0036
0.0095  0.0462  0.0036  1.0000

 
 
3.5 Equipment & The measurement set-up 

Pictures of the measurement set-up and the equipment used during the data 
collection are shown in this chapter. The numbers-balloons in the pictures are 
referred to in the numbered list below. 
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Picture 3.3 The measurement set-up for the exhaust manifold. 

 

 
Picture 3.4 Shaker excitation. 
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Picture 3.5 The measurement set-up for the catalyst. 

 

 
Picture 3.6 An impulse hammer and the single axis accelerometer. 
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List of equipment used during the data collection: 
 

1. Gearing and Watson, Power amplifier, PA 30E 
2. Computer with SignalCalc Mobilyzer [10] 
3. Accelerometer dummies, 3x Swedish 50 öre (anno May 1993) coins 
4. LDS, Shaker, Model V201/3-PA100E 
5. Kistler, Accelerometer, Type 8690C50 
6. Exhaust manifold, The test object 
7. ICP, Force sensor, 208C01 
8. DeltaTron, Accelerometer, Type 4513-001 
9. PCB, Impulse hammer, model No 086C03 
10. Stinger, Ø 1mm 
11. Rubber cord 
12. Catalyst 

 
Dummies were used to compensate for the weight of the accelerometers at the 
response points that are not in use. Both the accelerometers and the dummies 
were fixed firmly to the object by beeswax, this fix method were used to make 
the change of measuring points easy. The shaker was glued to the object at the 
reference point.  
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4 Mode shapes 

When updating an analytical model it is important to check the analytical 
mode shapes against the experimental mode shapes. This is done to be sure 
that every analytical mode is updated and compared against its physical 
counterpart.  
 
The analytical mode shapes are picked out from Abaqus. The Experimental 
mode shapes are calculated in Matlab using curve-fit routines [10]. The curve-
fit routines in the Matlab toolbox use the residues and poles to animate the 
mode shape. The animation off the mode is not in 3D as from Abaqus but are 
good enough for comparison. Mode shapes 1 to 4 is compared in figures 4.1 
to 4.4. The comparison is between the initial FE-model and the exhaust 
manifold with mat and monolith.  As the comparison shows, the mode shapes 
correspond to each other.  
 
The difference from comparing mode shapes with MAC-matrix is that the 
MAC shows correlation in the magnitude throughout the mode shape and not 
in which direction the DOF is moving. When using animated modes one can 
see the direction in which the DOFs move.  
 
Another reason is that when visualising the modes, flaws and unrealistic 
behaviour can be detected. 
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Figure 4.1 Mode 1, 312/357 Hz. 
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Figure 4.2 Mode 2, 418/459 Hz. 
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Figure 4.3 Mode 3, 552/598 Hz. 
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Figure 4.4 Mode 4, 613/649 Hz. 
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5 Model updating 

An FE-model of the exhaust manifold is provided from the manufacturer 
(Faurecia AB). The given model is modelled without comparison against 
experimental measurements and with simplified modelling of the monolith. 
The updating is done by changing the properties of the welds and canning 
surrounding the monolith. The accelerometers/dummies have been 
compensated for with lumped masses in the FE-model. 
 
5.1 Initial Model vs. Exhaust manifold  

Before updating the analytical model, the praxis is to compare the analytical 
and experimental data sets to obtain the necessary information whether the 
two data sets are close enough to each other so that a correct update is at all 
possible. [4]  
 
The comparison is done between the initial model where the mat and 
monolith is modelled by distributing the mass to the canning that surrounds 
the monolith and the experimental data. 
 
In order to visualise the difference between the analytical and the 
experimental frequency response functions, an example of the FRFs is shown 
in figure5.1. Direct modal comparisons between the natural frequencies are 
displayed in figure 5.2. The systematic deviation of the points from the ideal 
line indicates an error in the material properties. [3] 
 
The good correlation in the MAC-matrix in figure 5.3 indicates that the 
analytical mode shapes corresponds well to its experimental counterparts. The 
low off-diagonal values indicate that the different mode shapes are non-
correlated. 
 
The correlation for each measure point is displayed in the CoMAC in figure 
5.4. The correlation is good. DOF 22-24 is a slightly uncorrelated but since 
this is where the shaker is mounted this is not to be considered as a fault but 
mere disturbance.  
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Figure 5.1 Analytical and experimental FRF (DOF 7). 

 
Figure 5.2 Direct Modal comparisons between the analytical and 

experimental natural frequencies. 
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Figure 5.3 The MAC-matrix for initial model vs. Exhaust manifold. 

 

 
Figure 1.4 The CoMAC for initial model vs. Exhaust manifold. 

 
The results are summarized in table 7.1 under chapter 7 Results. 
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5.2 Updating the manifold without the monolith 

The first updating is done on an analytical model without compensation for 
mat and monolith vs. an exhaust manifold without mat and monolith. The 
reason for this procedure is to get an as correct model as possible to start with.  
 
Since the material properties of the model are fixed the updating procedure is 
done by updating the material properties for the welds.  
 
Weighing the exhaust manifold and comparing with the model in Abaqus, 
shows that the analytical model weighs 145g more than the exhaust manifold. 
Since modal testing is rather mass sensitive the difference in mass is 
compensated by changing the density of the welds in the analytical model. To 
get an as correct model as possible 2000 kg/m3 is chosen as density for the 
welds. This density is rather low for welding material but since material 
properties are not to be changed in this updating, and the welds are distributed 
over the whole structure, changing the density is acceptable. 
 
Comparison between exhaust manifold and analytical model with correct 
weight shows that the exhaust manifold has systematically higher natural 
frequencies than the analytical model. The comparison is displayed with FRFs 
in figure 5.5 and direct modal comparison in figure 5.6. 
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Figure 5.5 FRF, Young’s modulus 22*1011 Pa. 

 

 
Figure 5.6 Direct Modal comparisons between the analytical and 

experimental natural frequencies. 
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The start value of the Young’s modulus of the welds in the analytical model is 
22*1010 Pa. This is the same value as for ordinary steel. Since the resonance 
frequencies were too low compared to the measurements done on the exhaust 
manifold, the model must be stiffened up to get a better match. The analytical 
model is tuned in by changing the Young’s modulus of the welds. The tested 
values are displayed in figure 5.7. 
 
In the updating procedure the sum of the difference between the resonance 
frequencies is minimized. See Equation (2.24). 
 
 

 
Figure 5.7 Tested Young’s modulus. 

 
In the optimization of the analytical model, a value of  E= 49*1011 Pa for the 
Young´s modulus gives the smallest difference between the natural 
frequencies and this is the Young’s modulus for the welds that is used in the 
following updating procedures. 
 
The FRF and direct modal comparison between the exhaust manifold and the 
updated analytical model is displayed in figure 5.8 and 5.9.  
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Figure 5.8 FRF, Young’s modulus 49*1011 Pa. 

 
Figure 5.9 Direct Modal comparisons between the analytical and 

experimental natural frequencies. 
 
The results are summarized in table 7.2 and 7.3 under chapter 7 Results. 
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5.3 Model with updated welds vs. Exhaust manifold 

The comparison is between exhaust manifold with mat and monolith, and 
corresponding analytical model with updated welds. To investigate the 
influence from the updating of the welds, the mass of the monolith is 
implemented at the canning surrounding the monolith. The mass is added by 
increasing the density over the area.  
 
In order to visualize the difference between the analytical model and the 
exhaust manifold after the update of the welds, an example of the FRF plot is 
shown in figure 5.10. A direct modal comparison is shown in figure 5.11.  
 

 
Figure 5.10 Analytical vs. Experimental FRF (DOF 7). 
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Figure 5.11 Direct Modal comparisons between the analytical and 

experimental natural frequencies. 
 
A systematic derivation of the points from the ideal line indicates an error in 
the material properties [3]. Although the error is significantly reduced, 
changing the properties of the welds is not enough to get a good update of the 
analytical model.  
 
The correlation between experimental and analytical mode shapes is displayed 
in a MAC-matrix in figure 5.12.  
 
The good correlation in the diagonal matrix indicates that the analytical mode 
shapes corresponds to its experimental counterparts. The low off-diagonal 
values indicate that the different mode shapes are non-correlated. 
 
The correlation for each measure point is displayed in the CoMAC in figure 
5.13. As can be seen the experimental and analytical DOFs correlate well. The 
slightly lower correlation in DOF 22-24 is most likely due to that this is where 
the shaker is mounted and should not to be considered as a fault but mere 
disturbance. 
 



56 

 
Figure 5.12 The MAC-matrix for model with updated welds vs. Exhaust 

manifold. 

 
Figure 5.13 The CoMAC for model with updated welds vs. Exhaust manifold. 
 
The results are summarized in table 7.4 under chapter 7 Results. 
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5.4 Updating the manifold with the monolith 

The second updating is done on analytical model with updated welds to 
compensate for the influence from the monolith. The analytical model is 
updated by adding density on the canning surrounding the monolith to 
compensate for the weight and increasing the Young’s modulus to 
compensate for the stiffness. Updating in this way is mainly to investigate in 
which way the monolith affects the structure.  
 
In order to obtain the correct weight the density of the canning surrounding 
the monolith is changed from 7710 kg/m3 to 20425 kg/m3.  
 
The start value of the Young’s modulus is 22*1010 Pa. Since the resonance 
frequencies were too low compared to the exhaust manifold the analytical 
model must be stiffened up to get a better match. The analytical model is 
tuned in by changing the Young’s modulus of the canning surrounding the 
monolith. The tested values are displayed in figure 5.14. 
 
During the updating the canning surrounding the monolith received an 
unphysical Young´s modulus. However if considering the stiffness and the 
cross-sectional area of the monolith which the canning compensates for, the 
values are not unreasonable. 
 
In the updating procedure the sum of the difference between the resonance 
frequencies is minimized. See Equation (2.24). 
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Figure 5.14 Tested Young’s modules 

 
In the optimization, the value of 23*1012 Pa gives the smallest difference 
between the natural frequencies.  
 
The FRFs and Modal comparison between the exhaust manifold and the 
updated model is displayed in figure 5.15 and 5.16. The MAC in figure 5.17 
shows that the mode shapes correlates and the CoMAC in figure 5.18 shows 
that the DOFs correlate. 
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Figure 5.15 FRF Young’s modulus 23*1012 Pa. 

 

 
Figure 5.16 Direct Modal comparisons between the analytical and 

experimental natural frequencies. 
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Figure 5.17 The MAC-matrix for model with updated monolith vs. Exhaust 

manifold. 

 
Figure 5.18 The CoMAC for model with updated monolith vs. Exhaust 

manifold. 
 
The results are summarized in table7.5 under chapter 7 Results. 
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6 Verification 

To verify the updating procedure of the exhaust manifold a test of a canning is 
done. The canning is the steel shell that surrounds and holds the monolith in 
the exhaust manifold. The purpose of this verification is to check if the 
updating of the exhaust manifold is reasonable. When the exhaust manifold 
was updated the canning had to be stiffened up to compensate for the 
influence from the monolith. This verification is done to check if the monolith 
stiffens the canning as much as the updating implied. In the updating, point 1 
is used as reference point and point 1 to 5 are measure points. See figure 6.1.  
 

 
Figure 6.1 Measure points, reference point 
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Picture 6.1 Measurement set-up 

 
6.1 The empty canning 

The experimental test is done with modal hammer and a one axis 
accelerometer. The excitation and reference points can be seen in figure 6.1. 
The weight of the canning is 745 g. The difference in weight between the real 
exhaust manifold and the analytical model is 38 g and since modal testing is 
weight sensitive this is too much to neglect. The weight is tuned in by 
adjusting the density of the canning. The density is changed from 7710 kg/m3 
to 7340 kg/m3. 
 
The natural frequencies are tuned by changing the Young’s modulus in the 
area surrounding the monolith. The initial value is 22*1010 Pa. In updating by 
testing values in Abaqus, the Young’s modulus is changed to 21,5*1010 Pa. 
To get an as correct FRF as possible the experimental modal damping is 
implemented in the analytical calculation.  
 
In the updating the first four natural frequencies are taken in consideration. 
The updated canning is displayed in figure 6.2.  
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Figure 6.2 Analytical and experimental FRF (DOF 3). 

 

 
Figure 6.3 Direct Modal comparisons between the analytical and 

experimental natural frequencies. 
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6.2 The canning with added weight 

To investigate how the model reacts with added weight the density in the 
canning is increased to compensate for the weight of the monolith. The 
density is added over the area that surrounds the monolith. This analytical 
model compared with experimental data for empty canning is displayed in 
figure 6.4. As the comparison shows the adding of weight systematically 
lowered the resonance frequencies. 

 
Figure 6.4 Analytical model with added weight vs. Physical manifold without 

monolith (DOF 3). 
 
In figure 6.5 experimental measurements on canning with monolith is 
compared against analytical model with added weight. As can be seen the 
FRFs do not match at all when mere adding mass to the analytical model.  
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Figure 6.5 Analytical model with added weight vs. Physical manifold with 

monolith (DOF 3). 
 
6.3 The canning with added weight and stiffness 

The analytical model is updated by adding density on the canning surrounding 
the monolith to compensate for the weight and increasing the Young´s 
modulus to compensate for the stiffness. Updating in this way is mainly to 
investigate in which way the monolith affects the structure.  
 
In order to obtain the correct weight the density of the canning surrounding 
the monolith is changed from 7710 kg/m3 to 21140 kg/m3.  
 
The start value of the Young’s modulus is 22*1010 Pa. Since the resonance 
frequencies were too low compared to the measurements the model must be 
stiffened up to get a better match. The analytical model is tuned in by 
changing the Young’s modulus of the canning surrounding the monolith.  
 
The Young’s modulus is changed from 22*1010 Pa to 97*1011 Pa. In figure 6.6 
the updated canning is compared with experimental data. 
 



66 

 

 
Figure 6.6 Analytical model with added weight and stiffness vs. Physical 

manifold with monolith (DOF 3). 
 
Comparing FRFs shows that the match is much better than with added mass 
only. This indicates that the monolith stiffens the structure. 
 
In the analytical solution estimated damping from the experiment is added and 
although the FRFs do not match exactly they resemble each other. Since the 
structure is highly damped the estimation from the experiment is difficult to 
obtain. Therefore the amplitude especially on the second mode should be 
considered with this taken into consideration. 
 
By the verification it is shown that the monolith adds stiffness to the structure. 
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7 Results 

7.1 Initial Model vs. Exhaust manifold  

Table 7.1 Initial Model, Exhaust manifold.  
 Experimental Analytical Frequency  

Mode Frequency Damping* Frequency difference MAC 
 (Hz) (%) (Hz) (%)  
1 357 0.27 312 12.5 0.95 
2 459 0.34 418 8.97 0.95 
3 598 0.21 552 7.63 0.81 
4 649 0.27 613 5.64 0.77 

*Fraction of critical damping. 
 
The total absolute value of the frequency difference (FreqDiff) is 34.7%. 
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7.2 Updating the manifold without the monolith. 

Table 7.2 Comparison of experimental and analytical manifold 
 without monolith before update. 

 Experimental Analytical Frequency  
Mode Frequency Damping* Frequency difference MAC 
 (Hz) (%) (Hz) (%)  
1 353 0.16 328 7.04 0.84 
2 464 0.22 430 7.18 0.94 
3 598 0.20 555 7.26 0.84 
4 663 0.15 636 4.17 0.78 

*Fraktion of critical damping. 
 
The total absolute value of the frequency difference (FreqDiff) is 25.7%. 
 
 
 
 
 
 
 

Table 7.3 Comparison of experimental and analytical manifold 
 without monolith after update of the welds. 

 Experimental Analytical Frequency  
Mode Frequency Damping* Frequency difference MAC 
 (Hz) (%) (Hz) (%)  
1 353 0.16 352 0.38 0.84 
2 464 0.22 464 -0.12 0.93 
3 598 0.20 583 2.57 0.84 
4 663 0.15 672 -1.47 0.73 

*Fraction of critical damping. 
 
The total absolute value of the frequency difference (FreqDiff) is 4.54 %. 
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7.3 Model with updated welds and added mass vs. 

Exhaust manifold with monolith 

Table 7.4 Model with updated welds and added mass vs. 
 Exhaust manifold with monolith. 

 Experimental Analytical Frequency  
Mode Frequency Damping* Frequency difference MAC 

 (Hz) (%) (Hz) (%)  
1 357 0.27 334 6.48 0.95 
2 459 0.34 450 1.90 0.94 
3 598 0.21 580 3.06 0.81 
4 649 0.27 652 -0.35 0.72 

*Fraction of critical damping. 
 
The total absolute value of the frequency difference (FreqDiff) is 11.8%. 
 
 
7.4 Updated analytical model vs. Exhaust manifold 

with monolith 

Table 7.5 Updated analytical model vs.  
Exhaust manifold with monolith. 

 Experimental Analytical Frequency  
Mode Frequency Damping* Frequency difference MAC 

 (Hz) (%) (Hz) (%)  
1 356.86 0.27 357.01 -0.4 0.94 
2 458.89 0.34 461.84 -0.64 0.94 
3 597.90 0.21 583.76 2.37 0.80 
4 649.40 0.27 656.38 -1.08 0.69 

*Fraction of critical damping. 
 
The total absolute value of the frequency difference (FreqDiff) is 4.13%. 
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8 Conclusion 

The aim of this work was to study the dynamic behaviour of an exhaust 
manifold. The experimental modal analysis on the exhaust manifold showed 
that the existing FE-model of the manifold had to be stiffened up to match the 
experimental measurements. 
 
The initial FE-model did not have a modeled monolith. The influence from 
the monolith was implemented as increased density on the canning. We have 
proved that by compensating in this way, information about how the mounted 
monolith affects the exhaust manifold is left out in FE calculations.  
 
By implementing the increased stiffness in the calculations we managed to 
tune in the resonance frequencies. This shows that both the physical assembly 
of the mat and monolith stiffen the exhaust manifold. A strong correlation 
between the experimental and the analytical mode shapes was also found as 
shown in chapter 4. However, the comparison between experimental and 
analytical FRFs shows relatively large amplitude errors which should be 
studied closer in future investigations. 
 
A possible source of error in the updating is the limited frequency resolution 
in experimental measurements. This error does not affect the resonance 
frequencies but could influence the amplitude of the FRF, and the estimated 
damping. Other possible sources of error are the modelling, the assembly and 
the meshing of the FE-model. 
 
We like to suggest the following topics as themes for future investigation.  
 

• The welds influence on the exhaust manifold. 
• Different ways to model the mat and monolith. 
• Difference in weight between FE-model and physical structure. 
• Difference in stiffness between FE-model and physical structure. 
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