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Sammanfattning  

I detta Master-arbete används två kylare från TitanX som testobjekt. Då FE-
beräkningar utförs på simuleringsavdelningen  på TitanX görs en så kallad 
homogenisering. Metoden används för att förenkla kylarnas detaljmodellerade 
lameller (rankor) genom att ersätta dem med ett enda eller mycket få 
solidelement vilkas egenskaper motsvarar rankornas. Modalanalyser utförs på 
båda kylarna, både experimentella mätningar och numeriska FE-beräkningar. 
Resultatet från mätningarna används för att se hur väl 
homogeniseringsmetoden stämmer överens med verkligheten. Det visar sig att 
korrelationen med verkligheten inte är tillräckligt bra. 
Homogeniseringsmetoden uppdateras genom att mäta lödfogarna mellan 
rankor och rör och där efter implementera det uppmätta resultet i 
modelleringen av randvillkoren i homogeniseringsproceduren. Även 
modelleringen av rören i kylarna studeras samt materialmodellen som 
används i FE-beräkningarna. Den ortotropa materialmodell som är möjlig att 
använda i mjukvaran visar sig vara otillräcklig för att ge en fullständigt 
korrekt representation av rankorna efter homogenisering. 
 
Nyckelord:  
Modalanalys, Homogenisering, Kylare, Ranka, Ortotropisk material modell 
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Abstract  

Two heat exchangers from TitanX are used as test objects in this thesis. When 
FE-calculations are made by the simulation department at TitanX a method 
called “Homogenization Method” is used to simplify detail modelled fins of 
the heat exchangers by replacing them with very few blockshaped elements. 
Modal analyses are performed on the heat exchangers both experimentally 
and numerically (FE software). The results are used to check the validity of 
the “Homogenization Method” which is found to have a non-sufficient 
correlation with reality. Improved correlation of the homogenization method 
was found by changing the width of the brazed joints between tubes and fins 
to real measured values. The modeling of the tubes is briefly investigated and 
changed to correlate better with reality. The orthotropic material model that is 
used for the homogenized material in the FE-software is found to be 
insufficient to represent all the properties of the homogenized material.  
 
Keywords:  
Modal analysis, Homogenization, Heat exchanger, Fin, Orthotropic material 
model 
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Notation 

A Area 

C Stiffness matrix 

E Young´s modulus 

F Force 

G Shear modulus 

L Length 

S Compliance matrix 

U Elongation 

v Poisson´s ration 

γ Shear Strain 

ε Strain 

σ Stress  

 
Abbreviations 

Volvo HD Radiator Volvo heavy duty radiator used for cooling water 
from the engine. Can be seen in Figure 2.1 

Valeo Engine Cooling TitanX´s former owner 

Iveco MD CAC Iveco Medium Duty Charge Air Cooler. Can be 
seen in figure 2.11 

Fin Fin-like structure between the tubes of a heat 
exchanger that is used to lead away the heat from 
the tubes. They also give stiffness to the heat 
exchangers core 

Turbulator  Fin inside the tube of a heat exchanger 

Hypermesh  FEM Preprocessor 

RADIOSS  FEM Solver 
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1 Introduction 

This master thesis is done at the company TitanX Engine Cooling AB in 
Mjällby, Sweden. The company develop and manufacture heat exchangers for 
heavy vehicles such as trucks and busses. When FE-calculations are 
performed on a heat exchanger a method called homogenization method is 
used. It simplifies the fin structure of the heat exchangers in such a way that 
much less elements are needed. The purpose is to reduce the calculation time 
and size of the model which otherwise would be too large for the computers 
to handle. Complex parts of the core will be simplified to very few block 
shaped solid elements. However, there are some doubts from the company 
whether or not the method gives good results that can be trusted.  The goal of 
this thesis is to perform a modal analysis of two heat exchangers, both in 
reality and in the FE-software to see how well the homogenization method 
correlates with reality. During the FEM-calculations [6] and [7] were used 
extensively. The method will be studied and updated if it does not show a 
good correlation with reality. The objective is to be within 5% or 10 Hz from 
the real modes. Other factors that could have an impact on the final results of 
the FE-calculations are also examined. Another goal of the thesis is to verify 
the results of an earlier thesis [4] that was performed at TitanX a few years 
ago when the company was called Valeo Engine Cooling AB. It was done in 
the same field and some efforts were made to update the homogenization 
method with good results for the specific heat exchanger used in that work. 
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2 Experimental Modal Analysis of the 
Heat exchangers 

2.1 Experimental Setup of the Volvo HD radiator 

To find the free mode shapes of the Volvo HD radiator it would have to float 
freely in the air, so called free-free boundary conditions. This is simulated by 
suspending it with two long and elastic rubber cords. This is the general way 
of simulating free-free boundary conditions and gives a good result as long as 
the cords are sufficiently elastic. To excite the structure two shakers are used, 
both shakers are mounted so they excite in all degrees of freedom. 
 

 
 

Figure 2.1. Suspended radiator with two mounted shakers 
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At each one of the two excitation points an accelerometer has to be mounted. 
For the software (LMS Test.Lab REV 10b) to be able to handle the measured 
data in a correct way and produce the correct mode shapes the two 
accelerometers at the excitation points needs to be mounted in the same 
direction as the shakers. This is done by mounting the accelerometers on two 
prisms that is rotated to match the direction of the shakers and force 
transducers. 
All the accelerometers that are used measure the acceleration in three degrees 
of freedom, x, y and z. As a guide to perform the measurements [5] was used 
and it helped a lot during the measurements. 

 

 
 

Figure 2.2.  Mounting of shaker, force transducer and reference 
accelerometers in the same direction 

 
A grid of 7x7 measurement points are then placed on the radiator, many 
points are needed to find modes of higher orders. All the points are placed on 
the square main body. The origin of the grid is placed at the point where the 
accelerometer is placed in figure 2.3. The x-axis goes to the right along the 
red lines that can be seen in figure 2.3, the y-axis goes up along the edge of 
the radiator and the z-axis goes out of the paper perpendicular to the x- and y-
axis. The x-length of the radiator is 900 mm and the accelerometers are placed 
with an increment of 150 mm from 0 to 900 mm in this direction. In the y 
direction they are placed at the distances 0, 140, 280, 430, 570, 710, 860 
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millimeters from the origin of the system. The total length of the radiator in y-
direction is 860 mm. 
 

 
 

Figure 2.3.  Numbering of measurement points 
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2.2 Measurement 

 
 

Figure 2.4. LMS Scadas Recorder 
 
The measurement hardware used is LMS Scadas recorder. The measurement 
setup is done in LMS Test Lab according to: 
 

• Bandwidth: 1024 Hz 
• Frequency resolution: 0.5 Hz 
• Hanning Window (50% overlap) 
• Random signal 
• 10 averages 

 
To check if the physical setup is good the first thing that is checked is the two 
driving point´s frequency response functions. According to [1] all the peaks of 
the imaginary part of a driving point frequency response function should point 
in the same direction. If that is not the case the accelerometer are moving out 
of phase with the input force which indicates that something is wrong. One 
reason could be that the wax or glue is too elastic.  
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Figure 2.5. Driving point frequency response functions 
 
All the peaks in the frequency interval 0-300 Hz points in the same direction. 
The other thing that is checked is the reciprocity of the driving points. 
Maxwell´s reciprocity theorem in [1] states that the response in point x due to 
an exciting force in y should be the same as the response in point y due to an 
exciting force in x. This is a logic outcome of the assumption that the 
structure should behave linearly. If the reciprocity theorem does not hold the 
structure either behaves non-linearly or something is wrong with the 
mounting of the equipment. The reciprocity in this case is very good. See 
figure 2.6-2.7. 
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Figure 2.6. Imaginary part of the driving points frequency response functions 
 

 
Figure 2.7. Real part of driving the points frequency response functions 
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2.3 Mode shapes extraction 

The frequency range used in the modal analysis is 0-300 Hz. This is due to the 
fact that above 300 Hz the vibrations from the road and the truck will not give 
any damage to the heat exchangers. The modes are selected automatically in 
LMS Test Lab with the LMS plugin “Polymax” which automatically selects 
the modes in a given frequency interval. In this case nine modes were 
identified by Polymax, see figure 2.8. 

 

 
 

Figure 2.8. Sum of frfs (red), MIF1(green), MIF2(blue) 
 

A mode indicator function (MIF) is a frequency dependent function that has 
the value one everywhere except at frequencies where a mode is found. At 
those frequencies it goes towards zero. 
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2.4 Results from Modal Analysis 

The resulting resonance frequencies in the bandwidth 0-300 Hz are: 
 

Table 2.1. Modes of the Vovlo HD radiator 
Mode number: Resonance frequency (Hz) 

1 27.13 
2 113.72 
3 159.28 
4 164.07 
5 180.18 
6 189.9 
7 213.94 
8 232.08 
9 272.9 

 
The corresponding mode shapes can be found in Appendix 1. 
 
2.5 Mode 3 and 4 

At mode 3 and 4 something quite unexpected happens. It looks like a single 
first order bending mode is split into two parts which appears at two different 
but close frequencies, see Appendix 1. This can be seen in figure 2.9. Why 
this happens cannot really be known without further examination of the 
physical structure. Perhaps something in the design or manufacturing process 
of the radiator made the two opposite sides have different stiffness. And if the 
individual frequency response functions of one of the sides is examined it is 
clearly seen that two peaks appears at the both frequencies.  
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Figure 2.9. Some frequency response functions at the frequency interval of 
mode 3 and 4 
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2.6 MAC-matrix 

 

 
 

Figure 2.10. MAC-matrix 
 

At last the MAC-matrix (Modal Assurance Criterion) is calculated, which 
according to [1] shows the correlation between the modes. If everything is 
correct and no disturbances are involved the correlation between any of the 
modes should be zero because mode vectors are always orthogonal to each 
other. If this is the case the diagonal of the MAC-matrix is equal to 100 and 
all other values are zero. In reality the aim is that all the correlations off the 
diagonal should be below 20 percent. This is obtained for almost all of the 
values. But there is a correlation between mode 3 and 4 and also between 3 
and 5. This would probably not be the case if the bending mode (3 and 4) had 
not been split into two frequencies. Because of the fact that they in fact are the 
same mode there should be some correlation and also mode 3 resembles mode 
5 a bit which it would not have done if it had been a normal bending mode at 
one single frequency.  
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2.7 Results for Iveco MD CAC 

 
 

Figure 2.11. Iveco MD CAC 
 
The resulting resonance frequencies in the bandwidth 0-350 Hz are 
 

Table 2.2. Modes for Iveco CAC 
Mode number: Resonance frequency (Hz) 

1 88.05 
2 243.9 
3 309.28 
4 320.5 

 
And the corresponding mode shapes can be found in Appendix 2. 
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2.8 MAC-matrix and MIF of the Iveco MD CAC 

 
 

Figure 2.12. MIF  for the Iveco CAC (0-350 Hz) 
 

In figure 2.12. the mode indicator for the Iveco MD CAC can be seen. Only 
two modes were found below 300 Hz so the range was extended to 350 Hz. 

 

 
 

Figure 2.13. MAC-matrix for the Iveco MD CAC 
 
As can be seen in figure 2.13. the correlation between the modes is very low, 
which is very good. 
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3 Homogenization method  

3.1 Introduction  

Between the tubes of heat exchangers there are fins transferring the heat from 
the tubes to the surrounding air. Fins can be seen in the following picture. 
 

 
 

Figure 3.1. Fins 
 
If the fins were going to be modelled in detail in a FE-model it would become 
unacceptably large and take very long time to solve because there are a lot of 
fins in a radiator. 
 

 
 

Figure 3.2. Volvo HD Radiator 
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 The fins would have to be modelled using solid or shell elements. To 
overcome this problem a method was developed by Valeo to homogenize the 
fins to a solid material by solving 9 different loadcases for a single fin.  From 
these 9 different loadcases 15 material parameters are extracted. 3 Young´s 
modulus, 6 shear modulus and 6 Poisson´s ratio. Then the material is assumed 
to be an orthotropic material and all the fins in the model of the radiator is 
replaced with simplified block shaped elements with the calculated 
orthotropic material parameters, in figure 3.3 a schematic picture of this can 
be seen. Also the density of the new material is calculated so that an element 
taking up the volume of one fin has the same mass as a single fin. 
 
3.2 Orthotropic material model 

Since an assumption is made that the homogenized material is an orthotropic 
material it is here explained more in detail what an orthotropic material is.  An 
arbitrary linear elastic material has according to [3] the constitutive equation 
 

 (3.1) 
 

 (3.2) 
 
Out of the 81 constitutive parameters for a 3 dimensional material a maximum 
of 21 can be independent. S is called the Compliance matrix and C is called 
the stiffness matrix. The simplest material possible is called an isotropic 
material which has the same properties in all directions, one Young´s 
modulus, one shear modulus and one Poisson´s ratio. All other materials that 
do not have the same properties in all directions are called anisotropic 
materials. One of the most widely used anisotropic material models is the 
orthotropic material model that was used in [2]. An orthotropic 3-dimensional 
material is assumed to have 3 Young´s modulus, ,  and . It is also 
assumed that the six shear modulus’s has a symmetry according to 
 

 (3.3) 
 
which gives the material 3 shear modulus’s instead of 6. The last assumption 
that is made is that if the material is subjected to a traction in the direction i it 
will have a strain in the direction j. And if it is subjected to a traction in the 
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direction j it will have the same strain in the i direction. This gives the 
equation 
 

 (3.4) 
 
All coefficients that gives something else than these kind of strains in S or C 
is set to zero. For example a tension  will not contribute to the strain . 
This gives that the coefficient at position (1,4) in the following S-matrix will 
become zero. 
 

 (3.5) 
 
And the fact that there is only 3 shear modulus’s gives that the S-matrix is a 6 
by 6 matrix instead of 9 by 9. According to [3] the equation (3.5) for a 3-
dimensional orthotropic material is obtained as 
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 And on equation (3.4) this simplifies further to the symmetric matrix 
 

 
 

In the solver, Radioss the matrix that is used is the stiffness matrix which is 
the inverse of the compliance matrix. A self-developed MATLAB-script is 
used to find the inverse of the compliance matrix [10]. The compliance matrix 
is easy to set up when all the material parameters are found with the 
homogenization method. 
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3.3 Detailed study of homogenization method 

The following figure shows the principle of the homogenization method. 
 

 
Figure 3.3 Principle of Homogenization method [2] 

 
An example of the method, extracted from [2], is here shown for a fin. 

 
 

Figure 3.4. Meshed fin 
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The upper and lower part of the fin are brazed to the tubes. The assumption 
that is made in [2] and later used in all simulations at TitanX is that a good 
correlation with reality is obtained if the brazed joints are modelled to be 0.2 
mm wide. This assumption probably comes from the fact that the 
homogenization method first was used for smaller heat exchangers used in 
smaller vehicles. 

 
Figure 3.5 Length of elements at brazed joints 

 
Therefore the elements in contact with the tube should have a side of 0.1 mm 
(alternatively 0.2 mm but 0.1 mm gives a better mesh). These element´s nodes 
are then constrained in different ways to simulate the different loadcases used 
in the homogenization method. 
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The first loadcase is used to obtain the Young´s modulus  and the Poisson 
ratios  and . This is done by prescribing an arbitrary displacement. 

Figure 3.6. Boundary conditions for traction in X direction 
 
The constraint “Coupled DOF/Y on the face Y+” is used to make the nodes 
on the green face stay in the xz-plane and not move relative to each other.  
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Figure 3.7. Boundary conditions for traction in X direction 

 
After the loadcase is done the reaction force, , elongation in x, , and 
strain in z, , and y, , are extracted. The first 3 material parameters are then 
calculated according to: 
 
Normal tension in x-direction: 
 

 (3.6) 
 
Strain in the 3 different directions: 
 

 (3.7) 
 

 (3.8) 
 

 (3.9) 
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Young´s modulus in x-direction [8]: 
 

 (3.10) 
 
Poissons ratio in xy: 
 

 (3.11) 
 
Poissons ratio in xz: 
 

 (3.12) 
 
For traction in z- and y-direction the boundary conditions are applied on the 
same nodes but adapted in analogy with the first loadcase to match the other 
two. 
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To obtain the shear modulus  the following boundary conditions are 
applied on the fin: 

 
Figure 3.8. Boundary conditions for shearing . 

 
The reaction force in the y-direction, , is extracted and  is obtained with 
the following equations: 
 

 (3.13) 
 

 (3.14) 
 

 (3.15) 
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The shear modulus’s ,  and  are obtained in analogy with the 
method described above. But for  and  the boundary conditions should 
be applied according to: 
 
Shear YZ: 
 

 
Figure 3.9. Boundary conditions for . 

 
23.75 mm is the length of the fin that is in contact with the tube in the 
example carried out in [2]. 
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Shear ZY: 

 
Figure 3.10. Boundary conditions for . 

 
According to [2] this should give a better correlation between the FEM-model 
and the physical test product. 
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4 Homogenization of the Volvo HD 
Radiator Fin 

4.1 FEM model of the fin  

To check whether the Homogenization method is understood properly and 
gives the correct results with the software used at TitanX the whole 
homogenization process is performed within Hypermesh/RADIOSS. 
Normally the homogenization process of fins is performed with a script which 
is hard to implement changes in. The fin is meshed with solid tetra elements at 
the more complex parts and with hexa-elements along the smoother parts and 
where the boundary conditions are to be applied. The global size of the 
elements are set to 1 mm to correlate with the method described in [2]. 
 

 
 

Figure 4.1 Meshed fin of the Volvo HD radiator 
 

The fin has the dimensions ,  and  
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4.2 Results and comparison of homogenization 

The following table contains the results of the manual homogenization and the 
results of the homogenization of the same fin performed by TitanX with their 
script. 
 

Table 4.1. Results of homogenization calculations 
Property Manual 

homogenization 
Homogenization 
with Patran script 

Difference in 
percent. Manual 

compared to 
script 

 1301 MPa 1269 MPa 2.5 

 47.8 kPa 44.9 kPa 6.5 

 53 MPa 50.42 MPa 5.1 

 0.798 MPa 0.776 MPa 2.8 

 0.774 MPa 0.776 MPa -0.3 

 13.9 MPa 14.05 MPa -1.1 

 14.1 MPa 14.79 MPa -4.7 

 24.87 MPa 21.25 MPa 17.0 

 7.13 MPa 6.73 MPa 5.9 

 0.542 0.528 2.7 

 0.00002 0.00002 0 

 0.0839 0.0771 8.8 

 0.0034 0.0031 9.7 

 0.0279 0.0275 1.5 

 30.94 30.97 -0.1 
 
As can be seen in the table above the results are quite close to each other. If 
they are used in a FE modal analysis manual method and the script gives 
exactly the same modes. These two facts shows that the homogenization are 
performed in a correct way. The elements in the fin where changed to second 
order elements to see if the solution has converged enough. The change to 
second order elements makes no relevant change at all to the results. 
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4.3 Is the material orthotropic? 

To reduce the shear modulus’s to 3 instead of 6 the following formula is used 
in [2] 
 

 (4.1) 
 
This seems to be valid for most of the shear modulus’s but not for  and 

 which differs quite a lot in size. No explanation as to why this is used 
anyway is offered in [2]. Just that they have the same order of magnitude. The 
other equation that is to hold if the material is orthotropic is (3.4) which gives 
that the following should hold or at least be very close to reality 
 

 
 
The three cases are: 
 

 
 

So except for that  the homogenized material seems to be an 
orthotropic material. If this has a big or small impact on the final results 
cannot be known since only one value can be used in Hyperworks. Either , 

 or some kind of mean value of them. Both cannot be used at the same 
time because the orthotropic material model in Radioss only allows three 
shear modulus´s to be entered. 

 
 
 
 



37 

5 Updating the FEM-model 

5.1 Modal Analysis in Hyperworks 

A FEM-model of the Volvo HD radiator where the fins are replaced with the 
homogenized orthotropic material is used in Hyperworks for a modal analysis. 
The interesting frequency range according to TitanX is approximately 0-300 
Hz so that range is used in the analysis. 0-300 Hz are used because above that 
frequency the vibrations will not give any damage to the heat exchangers. 
 

 
 

Figure 5.1. Meshed Volvo HD radiator 
 

All the modes of interest are found directly with the original method 
described in [2] but many of them appear at wrong frequencies and 10 
additional modes that should not be included appear in the interval 0-300 Hz. 
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Table 5.1. Nodes and elements in FE-model 
Component Nodes Element Element Quantity 

Headers 607826 Hex 8 243288 
  Tetra 4 499488 
  Penta 6 127720 

Tubes 446336 Quad 4 557160 
  Tria 3 21120 

Fins 156996 Hex 8 71734 
Tanks 66317 Tetra 4 286144 

Side Plates 14642 Hex 8 8096 
 
Comparison between modes from experimental modal analysis and modal 
analysis in the FE-software, Hyperworks, according to [2]: 
 

Table 5.2. Comparison of analysis and measured modes 
Mode nr. Measured values 

(Hz) 
Homogenized 

with 2mm width 
of boundary 

condition (Hz) 

Difference (%) 

1 27.1 21.5 -20.8 
2 113.7 85.3 -25 
3 160 147.7 -7.7 
4 180.2 165.6 -8.1 
5 189.9 168.2 -11.4 
6 213.9 118.3 -44.7 
7 232.1 151.8 -34.6 
8 272.9 252.9 -7.3 
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Mode number three and four is found as one single mode in Hyperworks. 
Therefore measured mode three and four are simplified into a bending mode 
at 160 Hz. There are also 10 additional modes found at the following 
frequencies. 

 
Table 5.3. Additional modes 

Additional modes (Hz) 
118.3 
151.8 
160.9 
212.7 
219 
247 
257 
279 
291 

298.9 
 
Pictures of the modes can be found i Appendix 1. 
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5.2 Correlating the boundary conditions used in 
“Modelling of a brazed exchanger core by the 
homogenisation method” [2] 

5.2.1 Real life data 

In [2] it is stated that the width of the brazing should be modelled as a total of 
0.2 mm to get a good correlation with reality. But is it really representing the 
real products produced at TitanX in Mjällby?  To check if it is correct the 
brazed joint of the Volvo HD radiator are measured with a microscope. Five 
samples are taken from the radiator at five different positions, from the middle 
and from the four corners. When the radiators are manufactured the brazing is 
done in an oven with the radiator lying flat so the width of the brazing has a 
tendency to be a bit thicker at one side. Therefore samples from both sides are 
used. A single piece that is put in the microscope looks like this: 
 

 
Figure 5.2. Small piece of Volvo HD radiator core 

 
A lot of measurements are taken since they can vary quite a lot and a mean 
value is then calculated which is 0.73 mm. For the CAC that also was subject 
for modal analysis no pieces were available for measurements. 
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5.2.2 Homogenization with new data 

A new homogenization is performed with the new data for the brazed joints. 
Exactly the same method as before is used but the width of the brazed joint is 
adjusted to 0.73 mm. Some properties of the material changes quite a lot. 
 

Table 5.4. Comparison of homogenizes material properties 
Property Homogenization  

(0.2 mm) 
Homogenization 

(0.73 mm) 

 1269 MPa 1328 MPa 

 44.9 kPa 120.4 kPa 

 50.42 MPa 211.7 MPa 

 0.776 MPa 0.798 MPa 

 0.776 MPa 0.774 MPa 

 14.05 MPa 20.1 MPa 

 14.79 MPa 15.2 MPa 

 21.25 MPa 61.4 MPa 

 6.73 MPa 12.8 MPa 

 0.528 1.096 

 0.00002 0.00005 

 0.0771 0.06 

 0.0031 0.0048 

 0.0275 0.024 

 30.97 38.9 
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5.2.3 Results from new homogenization 

With this simple adjustment of the boundary conditions the correlation 
between reality and FEM-model becomes much better. 
 

Table 5.5. Results with new width of brazing 
Mode nr. Measured values 

(Hz) 
Homogenized 
with 0.73 mm 

width of brazed 
joint (Hz) 

Difference (%) 

1 27.1 26.4 -2.8 
2 113.7 99.4 -12.6 
3 160 149.5 -6.6 
4 180.2 162.7 -9.7 
5 189.9 175.5 -7.6 
6 213.9 180.6 -15.6 
7 232.1 251.3 8.3 
8 272.9 257.3 -5.7 

 
Now there are also only three additional modes present and they are very high 
up in the frequency interval at 275.9, 284.8 and 287.3 Hz. 
 
5.2.4 Problems with the material model 

It is also checked whether the new material is orthotropic. Even though the 
result gets much better the assumption that the homogenized material is an 
orthotropic material gets worse. The shear modulus´s that should be equal to 
each other is not and we get 
 

 
 
Since the stiffness matrix and compliance matrix is assumed to be symmetric 
not all the terms is needed as input into Hyperworks. But to be able to 
represent the material that is obtained from the homogenization process all the 
non-zero values in the following compliance matrix would have to be used to 
be able to obtain the correct stiffness matrix for our material. 
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The stiffness matrix is the inverse of the compliance matrix. The stiffness 
matrix will have non-zero values at the same positions as the compliance 
matrix. It is not possible to create such a material in the Hypermesh/Radioss. 
It should be possible to do in some other softwares, for example, ABAQUS 
but it needs to be programmed as a sub routine [9]. It is not a standard 
material model in ABAQUS either. 
 
5.2.5 Influence of faulty material model 

Since the material model that we want to use cannot be used in 
Hypermesh/RADIOSS a couple of different cases are calculated to find 
whether different shear modulus’s will have a big or small impact on the 
modes. Instead of using the mean of the different values that should be 
symmetric the largest values are used in the first case and the smallest values 
are used in the second. If the larger values are chosen in each case (  
and ) we obtain 
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Table 5.6. Results with the largest shear modulus´s 
Mode nr. Measured values 

(Hz) 
Homogenized 
with 0.73 mm 

width of brazed 
joint and large G 

(Hz) 

Difference (%) 

1 27.1 29.3 8.0 
2 113.7 100.4 -11.7 
3 160 149.7 -6.4 
4 180.2 163.9 -9.0 
5 189.9 176.8 -6.9 
6 213.9 183.6 -14.2 
7 232.1 Not found --- 
8 272.9 259.2 -5.0 

 
Three additional modes are found at 279.7, 285.8 and 290 Hz. If the other 
three Shear modulus´s are used we obtain 
 

Table 5.7. Results with the smallest shear modulus´s 
Mode nr. Measured values 

(Hz) 
Homogenized 
with 0.73 mm 

width of brazed 
joint and small G 

(Hz) 

Difference (%) 

1 27.1 21.3 -21.7 
2 113.7 97.6 -14.2 
3 160 149.2 -6.8 
4 180.2 160.4 -11.0 
5 189.9 173.6 -8.6 
6 213.9 175.0 -18.2 
7 232.1 145.5 -37.3 
8 272.9 253.3 -7.2 
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In this case five different modes are found at 203.7, 238, 266.5, 281.6 and 284 
Hz. In both cases the results are quite different. So by this simple example it 
can be concluded that using the correct values of the shear modulus´s is 
crucial in getting a good result. Using the three mean values is probably not as 
good as it would be to use all six values. There are also six different Poisson´s 
ratios in reality but only three of them are used in the FEM-model. 
 
5.2.6 Tubes 

A small piece of one of the tubes in the radiator looks like this 
 

 
 

Figure 5.3. CAD-model of small part of radiator tube 
 

To increase the turbulence of the water flowing in the tubes they are dimpled 
which means that the surface is not flat. It can be seen in figure 5.3. This is 
not considered in the modeling of the tubes. Too many elements would have 
to be used. The material in the tubes is very thin so they are modelled with 
shell elements. The easiest way, which is used, is to model them as the outer 
surface of the tubes to fit them to the end plates. To make the model represent 
reality in a better way an offset of the shell elements is performed so that the 
shell is situated in the middle of the materials thickness. This is a very simple 
procedure in Hyperworks and can easily be corrected in any model of tubes. 
To check if it is a good approximation to model the tubes with shell elements 
three different loadcases are used. In the same way as in the homogenization 
of the fins a deflection is prescribed and the reaction force is measured. The 
yellow end is locked and at the blue end an arbitrary deflecion (in this case 
0.1 mm) is prescribed according to indices in table (5.7) 
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Figure 5.4. Tube with applied boundary conditions 
 

Three different cases are considered. Case 1 is a model of the tube with 3D-
elements which should have a good correlation with reality. In the other two 
cases shell elements that are situated in the middle of the material thickness 
are used. In case 2 the real thickness of the material, 0.347 mm, is used and in 
case 3 the thickness is increased to 0.45mm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



47 

Table 5.8. Loadcases for the tube 
Force 3D-elements 

(N) 
Shell-elements 
(0.347 mm) (N) 

Shell-elements 
(0.45mm) (N) 

 9.65 8.33 11.2 

 1103 536 1419 

 10619 9325 12754 
 
If the real thickness of the shell elements is used the stiffness of the tubes is 
underestimated and if it is increased to 0.45 mm it is overestimated. So 
somewhere in between these two values should be a good approximation. 
When a modal analysis is performed in a FEM-software and the thickness is 
increased to increase the stiffness one has to remember to decrease the density 
of the tubes. Otherwise the mass will increase and that will have some 
influence on the modes. To get a good result in simulations the method to 
model the tubes in the FE-model should be compared and correlated to a 
model of the tube meshed with 3D elements. Even more loadcases and 
iterations can be used to get an approximation that is as good as possible.  
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5.2.7 Final simulation and results of the Volvo HD Radiator 

The FE-model of the Volvo HD radiator is once again updated. This time the 
shell elements of the tube are moved so they are situated in the middle of the 
material thickness of the tubes. To compensate for the use of shell elements 
the thickness of the tubes is increased to 0.4 mm (0.45 mm was 
too much). The result is 
 

Table 5.9. Results with increased thickness of tubes and mid-surface shell 
elements 

Mode nr. Measured values 
(Hz) 

Homogenized 
with increased 
thickness and 
mid-surf shell 
elements (Hz) 

Difference (%) 

1 27.1 26.25 -3.2 
2 113.7 108.5 -4.6 
3 160 158 -1.3 
4 180.2 174.45 -3.2 
5 189.9 180.44 -5.0 
6 213.9 204.52 -4.4 
7 232.1 252.62 8.9 
8 272.9 266.27 -2.4 

 
Now there is only one additional mode present at 298 Hz. This is very high up 
in the frequency interval and if it is situated more than 2% lower than its real 
value it was not visible in the modal analysis of the physical radiator since it 
was performed between 0-300 Hz. The correlation is much better now, only 
mode 8 lies outside the target set in the introduction (Too far off in frequency 
but ok in percent). Pictures of the modes can be found in 
Appendix 1.  
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6 Results from “Correlation of a FE-
model of a Truck Heat Exchanger with 
EMA” [4] 

Since it was not possible to measure the width of the brazed joints of the 
Iveco MD CAC it is not possible to update the FE-model. It was not possible 
because there were no prepared pieces to measure on. Instead it is used to 
verify the results of  [4]. In that thesis a similar CAC with turbulators was 
used as test object. The goal was approximately the same as in this thesis. In 
the previous thesis the material parameters were updated by an iterative 
process where the  properties was updated over and over again. The 
modifications of material parameters that were suggested are 
 

Table 6.1. Suggestions from [4] 
Modified Material 

Properties 
Increment from  
original value 

Decrement from  
original value 

Turbulator  175% - 
Turbulator  50% - 
Turbulator  5% - 

Fin  - 10% 
Fin  5% - 

 
To check if these modifications have some relevance for an arbitrary CAC 
two simulations were performed. One with the standard homogenization 
method and one with the modifications suggested in [4]. (Modal analysis was 
performed for 0-350 Hz) 
 

Table 6.2. Results from Experimental Modal Analysis and FEA 
Mode nr. Frequency Standard 

Homogenization 
Modified 

Homogenization 
1 88.05 97.3 97.7 
2 243.9 Not found Not found 
3 309.3 Not found Not found 
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There is also one additional mode found at 265.6 Hz. None of the modes are 
found when the method is modified according to [4] and the mode that is 
found and the additional mode changes much less than 1%. 
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7 Conclusion and Discussion 

The correlation of the homogenization method with reality can be increased 
significantly by applying the methods used in this thesis. All improvements of 
the method are based on observations and measurements of the physical 
radiator. Therefore it is likely that the same modifications will work on other 
heat exchangers as well. One of the most significant improvements was made 
by measuring the brazed joints between the fins and tubes and then implement 
the result in the homogenization method. Another thing that brings the final 
result closer to reality is to correlate the stiffness and meshing of the tubes 
with reality. One thing that could not be improved was the material model that 
was used for the homogenized material. Today a standard orthotropic material 
model is used in the FE-model, but it is found that a more complex material 
model, similar to the orthotropic model, would be better to use. To see how 
the result improved for the Volvo HD radiator from what is done in this thesis 
can be seen in figure 8.1 and 8.2. Also bear in mind that a lot of extra modes 
that are present when calculations are done with the current method disappear 
when the updated method is used. 
 
Further work that will improve the homogenization method could be to create 
a better material model for the FE-software and also a better representation of 
the tubes. It would also be good to repeat the work done in this thesis on other 
heat exchangers to verify the results. 
 
The Iveco MD Charge Air Cooler was used to verify the results from [4]. A 
similar heat exchanger was used in that master thesis. It is found that the 
modifications done in that work cannot be generalized to all heat exchangers. 
But they work in that specific case. It would be interesting to apply the 
methods used in this thesis on a charge air cooler as well. 
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Figure 7.1. Measured and calculated modes of the Volvo HD Radiator 
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Figure 7.2. Measured and calculated modes of the Volvo HD Radiator 

(Normalized with experimental values) 
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Appendix 1. Modes of the Volvo HD 
Radiator 

Table A1.1. Modes of the Volvo HD Radiator 
Mode 

 
(Measured 
Frequency) 

Measured (EMA) Simulation (FEA) 

1 
 

(27.1 Hz) 

 
 

2 
 

(113.7 Hz) 

  
3 
 

(159.28 Hz) 
(164.07 Hz) 

 

 

4 
 

(180.18 Hz) 

  
5 
 

(189.9 Hz) 
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6 
 

(213.94 Hz) 

  
7 
 

(232.08 Hz) 

  
8 
 

(272.9 Hz) 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



56 

Appendix 2. Measured modes of Iveco MD 
CAC 

(Origin/reference point 1 of the system can be found in the upper corner of the 
picture) 
 

Table A2. Modef of the Iveco MD CAC 
Mode 

 
(Measured 
Frequency) 

Measured 

1 
 

(88.05 Hz) 

 
2 
 

(249.9 Hz) 

 
3 
 

(309.28 Hz) 

 
4 
 

(320.5 Hz) 

 
 


