
 

Engine Induced vibrations 2

Citation for published version (APA):
Mulder, E. (1996). Engine Induced vibrations 2. (DCT rapporten; Vol. 1996.006). Technische Universiteit
Eindhoven.

Document status and date:
Published: 01/01/1996

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://research.tue.nl/en/publications/37ea790d-f992-4966-b5b9-b4b134b849ed


Engine Induced Vibrations 2 

Eelco Mulder 

WFW-rapport 96 .Oog 
Stageverslag 

Januari i996 

Coach: Inge Johansson 
Vehicle Dynamics and Chassis Development 
Volvo Truck Corporation 
Göteborg, Sweden 

Eindhoven University of Technology 
Department of Mechanical Engineering 
Division of Fundamental Mechanics 



A full-vehicle FE-model of a FH12 truck has been used for studies of engine induced vibra- 
tions. The Super element technique in the FE-program CSA/NASTRAN has been used. 
Attention is given to the subject of dynamic analysis and the cab Superelement. Damping is 
also discussed. Besides this the modelling of certain parts of a truck are investigated: the fuel 
tank and the shochabsorbers. The Finite Element model cm be a good tool to bvestigate the 
influence of certain parameters on the engine induced vibrations. 
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1. Introduction 

A Finite Element model of a truck has been developed in the past in order to perform dynamic 
analyses. This FEM is a good tool to investigate the vibrations caused by the engine and the 
influence of different parameters on the response. 
The truck modelled is a FH12 4x2 tractor, WB3800 with a L2H1 Cab and a D12 engine. In this 
studies the model is used to examine the engine induced vibrations in the frequency range 20- 
150 Hz. 
Only half of the truck is modelled because in general a truck is more or less symmetric. 
Because anti-symmetric loadcases are used anti-symmetric boundary conditions are applied to 
the model. The model consists of approximately 24.000 elements and 23.000 nodes. Analyzing 
the structure will take a lot of calculation time if a reduction of degrees of freedom is not per- 
formed. therefore the structure is divided into the following Superelements: frame, engine, cab 
and the residual. A modal reduction is performed on the Superelements of the frame, engine 
and cab (see [ 13 for a short description of the reduction method). This results in a reduction of 
degrees of freedom from about 140.000 to 2000. With this reduced model it is easier to make 
adjustments to the residual and analyse the new structure. 
The model is used to perform various parameter studies. Input are different engine orders: 3 . e  
and 4.5& order and the 3 . e  order for the idle situation. The Output looked at will mainly be 
the vibratkms sf the cab suspensions. 
First in chapter 2, the loadcases used as input will be shortly described. In chapter 3, the solu- 
tion methods for dynamic analysis will be discussed. The necessary cab reduction in chapter 4. 
In chapter 5 attention will be given to the influence of damping on the response of the structure. 
The influence of the fuel tank is described in chapter 6 while the modelling of the shockab- 
sorber is point of discussion in chapter 7. The conclusions and recommendations can be found 
in the chapters 8 and 9. Finally some general remarks are given in chapter 10. 
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2. Loadcases: engine excitation 

Different engine orders are the input for the model. For every order dynamic loads are applied 
to the cylinders and bearings of the engine. 

The following loadcases were used as excitation: 

3 . ~ r ' ~ e ~ i e r  : F U U I O Z ~  

4 .5~crder  : Full!oad 

3.Vd order : Idle load 

In this report mainly the third order idle loadcase is used. 
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3. Solution method dynamic analysis 

Dynamic loads are applied on the cylinders and bearings of the engine. The response of the 
engine on this forces is the input for the rest of the truck. Dynamic response analysis is per- 
formed to obtain the engine induced vibrations of the truck. 
There are two possible ways to perform the dynamic response analysis: using a direct formula- 
tion or a modal formulation. A short description of both methods will be given next. After that 
the best method to be used in this situation wili be point of discussion. 

3.1 Direct formulation 

In the direct method of dynamic problem formulation the displacements at the gridpoints are 
used as the degrees of freedom, {u}. The linear equation of motion can be written as: 

The frequency response solution of this equation is performed as follows: 

[ - M o 2 + i B o + K ]  {u(o)} = { P ( o ) }  (2) 

No eigenvalues and eigenmodes are calculated using this method. The direct method will usu- 
ally be more efficient then the modal method for problems with dynamic coupling in which a 
large number of vibration modes are required for accurate results. 

3.2 Modal formulation 

In the modal method of dynamic problem formulation the vibration modes of the structure in a 
selected frequency range are used as degrees of freedom, also called generalized coordinates. 
This reduces the number of degrees of freedom while the accuracy is maintained in the selected 
frequency range. Suppose the number of modes used in the modal formulation equals m and 
[4] is the matrix of eigenvectors. Then {u} can be expressed in terms of the mode shapes as fol- 
lows: 

rn 

i =  1 

or 

Cu3 = Ml ct> 
Substituting equation (4) into equation (1) and premultiplying by [$IT yields 

(4) 
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This can be written as 

with [m] the generalized mass, [b] the generalized damping, [k] the generalized stiffness and p 
the generalized force. This equation is solved in CSAfNASTRAN. 
The equations for the modal method become coupled or uncoupled depending on the specifica- 
tion of damping. In the used model damping due to viscous damping elements C D M i  is 
present r e r i t h g  h nondiagonal matrices cad thus h coupled equations. In CSA/NAS'I" 
the coupled form of the modal formulation is therefore used which increases the calculation 
time compared to the uncoupled situation. 

3.3 Direct versus Modal method 

Simulations have been done to compare the both methods. The cab was reduced in the fre- 
quency range O- 150 Hz. The frame and the engine in the range 0-400 Hz. 
One solution has been obtained using the direct method. The modal method has been used for 
different frequency ranges of the residual: 

10-550Hz 

o-400Wz 

0-550 Hz 

A plot of the lateral velocities of the rear cab mount is given in appendix 3.3.1. In the direct 
method no eigenvalues and modes are calculated so the eigenfrequencies are implicitly taken 
into account. The modal method only uses the eigenmodes in the chosen frequency range. In 
the plot it can be seen that eigenmodes for high frequencies (over 500 Hz) are necessary to give 
the same results for the direct and modal method. This is a little strange for the engine supplies 
an input in the range 30-90 Hz. It could be that local eigenmodes are the reason for high fre- 
quency modes to be necessary because in other positions of the truck such high frequencies are 
not needed for the modal method to give comparable results with the direct method. 
The low frequency eigenmodes (0-10 Hz) are also necessary when using the modal method. 

Because a 1st of eigemodes me mecessary for the modal method to give aceupate results the 
computation time is quite long compared to that of the direct method. 
When using the direct method the CPU time needed is 206 seconds. 
The modal method, frequency range 0-550 Hz, needs 526 seconds. 

In the model CDAMPi elements are used so there is dynamic coupling. Also a lot of eigen- 
modes are required to give accurate results. therefore the direct method will be more efficient 
than the modal method. The direct method will be used from now on in the various simula- 
tions. 
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4. Necessary cab reduction 

The databases of the cab are the largest of the various databases. The sizes very much depend 
on the frequency range selected for the modal reduction. The size of the databases also effects 
the calculation time of the simulations. Database sizes as small as possible are preferred 
because of the required disc space to store them. 
The cut-off frequency must be at least as large as the highest frequency present in the input sig- 
nal, preferably even twice as large. The highest frequency present in the 1.5* order is 60 Hz 
while the highest frequency in the 3.@ order (and also the thirá order idle loadcase) equals 98 
Hz. 
To validate whether a O- 150 Hz reduced cab can be used for the third order engine vibrations 
simulations with both a O- 150 Hz and a 0-400 Hz reduced cab have been performed. The 
results for the front cab mount are shown in appendix 4.1. For frequencies up to 125 Hz the 
response for both cabs is the same. This is also the case for other points in the model. So it is 
valid to use a O- 150 Hz reduced cab for the third order engine inputs (and off course the 1.5* 
order). 
For the 4.5* engine order using a cut-off frequency twice as large as the input means that the 
cab should be modally reduced in a range of 0-300 Hz. This results in very large database sizes 
for the cab and a long calculation time for the simulations. Database sizes as small as possible 
are referred. therefore examined is if a cab reduction of O- 150 Hz is sufficient enough for the 
4.5' engine order. Results for a cab reduction of O-380 Hz are compared with results for a cab 
reduction of O- 150 Hz. They can be seen in appendix 4.2. Differences between the two cabs 
start to occur around 75 Hz (rule of thumb). Up to 100 Hz these differences are relatively small. 
At higher frequencies the difference becomes larger. For the 4.5* order therefore using a O- 150 
Hz reduced cab is only valid for frequencies up to 75 Hz. 
In this studies however we are not primarily interested in the exact values of the response but 
more in the influence of certain parameters on the response. Exact values are not really neces- 
sary  in that case, only the relative change of the response when changing a parameter. There- 
fore the smaller cab can be used, but one has to be careful when looking at higher frequencies. 
The reason for not using the 0-300 Hz reduced cab is because of the database size. A 0-300 Hz 
reduced cab needs about 260 Mbytes and a 0-150 Hz reduced cab about 130 Mbytes. This is 
quite a large difference. Also the computation time will be less using the smaller cab. The 
elapsed time for a simulation with the large cab was 1367 seconds. For the small cab this was 
282 seconds. Brit with the smal! cab m ripdated version of CSmTASTMT was used, whieh 
could also have reduced the computation time. 
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5. Damping 

When no damping exists in the model then the equations of motion in the modal formulation 
can be written as: 

Modal damping can be included in the model using the TABDAMP1 card. The equations of 
motion will then become: 

The modal damping matrix is given by 

Hor the direct formulation structural/material damping can be included in the model specifying 
the constant 'g', which is equal to twice the critical damping fraction, in either the PARAM 
bulk data card or in material property cards MATi. In this studies only the PARAM card is 
used. 
The structural damping is added as the imaginary part of the stiffness matrix: 

The superscript 1 indicates the matrix generated by the Element Matrix Assembler. The super- 
script 2 indicates the direct input matrices. The matrix [Kdd4] is a structural damping matrix 
obtained by multiplying the stiffness matrix of an individual structural element by the damping 
factor specified in the MATi card for that element. 
The structural damping force is constant over the frequency range (for a constant displace- 
ment) as shown in figure 1. 

= ig[K1]u damping 
force 

Y 

frequency 

Fig. 1. Structural damping for constant displacement 

Engine Induced Vibrations 2 December 18,1995 8 



To find the influence of the structural damping several simulations have been done with differ- 
ent values for the damping constant g. The parameter g is defined as twice the critical damping 
fraction, g = 2 c/co. The values used are: g = 0.04 ,0.08 , O. 10 and 0.20. In appendix 5.1 the 
response of the front cab is shown. Increasing damping shows a reduction of the height of the 
peaks. With a damping factor of 0.20 some peaks can hardly be seen. It is not obvious which 
damping factor is the most realistic one. A damping factor of g = 0.10 has been chosen for the 
rest of this studies. So the structural damping is 5% of the critical damping value. With t h i s  
damping the peaks can still be distinguished. When using a higher damping factor the peaks 
beesme very smai md me very difficult to spot. 
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6. Fuel tank modelling 

In the previous model no fuel tank was modelled. The mass of the fuel tank is quite large com- 
pared to that of the frame. A full fuel tank can weigh about 600 kg while the frame weighs 
about 300 kg. The tank is connected hanging sideways of the frame. therefore the fuel tank can 
have a significant influence on the response of the truck. 
The fuel tank is modelled as shown in figure 2. A CBAR element is connected to the frame by 
2 rigid bars. At the end of the CBAR concentrated masses were placed to model the mass of the 
fuel tank. The @ B m  did not have a mass. Three suspension points were created to make it 
possible to place the fuel tank in three positions: 

1 .) In front of the crossmember 

2.) Rear of the crossmember 

3.) On both sides of the crossmember 

In figure 2 the fuel tank is placed on both sides of the crossmember. 

Top View Rear view 

I 94001 88940 94002 \ 
I CONML 

I 

230 - s  
361.5 -L 665.0 - 

Fig. 2. Fuel tank installation 

The stiffness, mass and position of the fuel tank have been examined. In the next paragraph 
attention will be given t~ the. stiffness ~f the fuel tank. 

6.1 Bending stiffness of the fuel tank 

First the fuel tank is modelled with no torsion stiffness, only bending stiffness. Four situations 
have been examined. The values for the area cross-section of the bar and the area moments of 
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inertia are specified in table 1. They were obtained by using values similar to that of round bars 
of 1,50,100 and 250 mm in diameter respectively (Area = (nD2)/4 ; I = (nD4)/64). The second 

1963.5 
I - - -  3 I l ì j S 4 . û  

4 I 49100.0 

Table 1. Values f o r  

1.9238 1.9238 

f u e l  tank  s t i f f n e s s  

situation is the one that has been used in the model so far. In all the parameter studies in the 
next chapters this is also the case, unless stated differently. 

The input for the model was the third order and the mass of the fuel tank 600 kg. In appendix 
6.1.1 the results are plotted for the front cab mount with the fuel tank connected on both sides 
of the crossmember. Increasing the stiffness from situation 2 to situation 3 decreases the veloc- 
ities. Further increasement of the stiffness however increases the velocities. 
In appendix 6.1.2 the results are plotted for the rear cab with the fuel tank connected in front of 
the crossmember. The results for situation 3 and 4 are almost similar. So when you start at a 
certain low stiffness and increase this stiffness then first the response will change but at a cer- 
tain value increasing the stiffness has no effect. 
It can be seen that the bending stiffness of the fuel tank can have a some influence on the 
dynamic behavior of the truck. Especially when the tank is mounted on both sides of the cross- 
member. 
Real values of fuel tank stiffness are not known to me, so values to use in the simulations had 
to be chosen. In real life the fuel tank has not a very high bending stiffness, therefore situation 
2 is chosen for the rest of the parameter studies. 

6.2 Torsion stiffness of the fuel tank 

Besides bending stiffness also t~rsion stiffness will BOW be given to the fuel tank. 
The torsion stiffness of the tank was given a value similar to that of a 250 mm round bar : 
J = (nD4)/32 = 3.84E8 .Simulations were done for two engine inputs: the third order idle input 
and the 4Sfh order. In both cases the mass of the fuel tank was 200 kg and placed in front of the 
crossmember. 
Some results for the third order idle situation are plotted in appendix 6.2.1. In general hardly 
any differences can be seen between the fuel tank with and without torsion stifhess for the 
third order idle situation. This is different with the 4Sfh order as input. In appendix 6.2.2 results 
can be seen for this situation. In this case it does make a difference if the fuel tank is modelled 
with a torsion stiffness. For the third order inputs the engine is rolling as a rigid body. The 
frame will then not greatly be ... on torsion md the fuel tank torsion stiffness will not be of 
large importance. For the 4Sfh order (and the 1.5* order) however the engine is twisting caus- 
ing torsion of the frame and a torsion stiffness of the fuel tank is of influence. 
The lateral displacement of the cab suspension on the frame side is much larger than that at the 

Engine Induced Vibrations 2 December 18,1995 11 



cab side (see appendix 6.2.3) so the torsion axis is located closer to the cab then to the frame. If 
the cab mount is located on the torsion axis  then the lateral displacement due to torsion will be 
minimized. 
In real life the torsion stiffness of the fuel tank is perhaps not as large as modelled because of 
slip at the tank suspensions. 

6.3 Mass of the h e l  tank 

The mass of the fuel tank has been varied from O, 200,400 to 600 kg. The third order idle load- 
case was used with the fuel tank in front of the crossmember. For the front cab suspension and 
the cab link bushing the results are plotted in appendices 6.3.1 and 6.3.2. The plots show a 
large influence of the mass on the response. The way in which the response changes however 
varies for different positions. At one position, in a certain frequency range the velocities can be 
decreased with an increasing mass while at another position they can be increased. 
So it is quite important to include the mass of the fuel tank in the model. It is not obvious what 
mass should be used because in real life this changes when driving the truck. 

6.4 Position of the fuel tank 

As mentioned before in this chapter the fuel tank can be placed in three positions. To evaluate 
the differences between the three positions simulations have been done with the third order idle 
loadcase and a 200 kg fuel tank. In appendices 6.4.1 to 6.4.3 results can be seen for the cab link 
bushing and the front cab mount. For the front and rear cab mounts the position does not really 
make a great difference in the frequency range from 30-90 Hz (for all directions). The cab link 
bushing displacements in longitudinal and lateral direction however show larger differences in 
frequencies up to 50 Hz. Looking at lateral displacements the rear tank suspension seems the 
best solution while that on both sides of the crossmembers should be avoided. However in lon- 
gitudinal direction there is a large peak for the rear fuel tank at about 30 Hz which is not 
wanted. So maybe the advantages and disadvantages level each other out and it does not really 
matter which fuel tank position is used. In real life also the position of the fuel tank is very 
truck dependent. 
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7. Shock absorber modelling 
So far, the shockabsorbers were modelled by linear viscous dampers. In this paragraph atten- 
tion will be given of how to model the shockabsorbers in a more realistic way. In reality two 
bushings at both ends of the damper are present to mount the shockabsorber to the structure. 
The rubber bushings will act like two springs. This means that the shockabsorber can be seen 
as a viscous damper in series with springs: 

4 
kl 

C 

k2 li F 
F 

For this system the transferfunction H (f) = - equals: X 

arie equivalent stiffness me! damping cm be defined by: 

Keq = R e C H ( f ) l  

C 

X T  F 

SO the stiffness and damping sf the system are frequency dependent. For e = 5.3 Ns/mm and 
kt = [ 100,200,400,600,800,1000,2000] N/mm the equivalent stiffness and damping have been 
calculated with use of Matlab and are shown in the next figures. 
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- f OIZ) 
Fig. 3. Equivalent stiffness of spring and damper in series 

Fig. 4. Equivalent damping of spring and damper in series 

For low frequencies the stiffness of the system is very low. This increases with increasing fre- 
quemcy ts eke value sf eke spring esnstatnt. The damping decreases -with increasing fieqüeincy 
from the damper constant to a low value. So for high frequencies the system acts like a spring 
while for low frequencies the system acts like a viscous damper. 

In reality however the mass of the shockabsorber is also involved. This has been modelled in 
CSA/NASTRAN. The mass m was assumed to be 1.0 kg, c = 5.0 Ns/mm and kl = k2 = 2000 N/ 
mm so & = 1000 N/mm. The model looks as in shown in figure 5. 

14 Engine induced Vibrations 2 DeCemb 18,1995 



L 
X 

Fig. 5. Model of shockabsorber as modelled in CSA/NASï" 

eqriivdefit sîiffhess md daîîping found foî ikis system z e  givefi hi îhe Spies  

(N/mm) 
800 I 

L 
X 

Fig. 5. Model of shockabsorber as modelled in CSA/NASï" 

eqriivdefit stiffhess md daîîping found foî ikis system z e  givefi hi îhe Spies  

(N/mm) 

400 - 

- f(W 
Fig. 6. Equivalent stiffness of NASTRAN model of shockabsorber 

Fig. 7. 

2.5 - 
2 -  

1.5 - 
1-  

0,s - 

- fW4 
Equivalent damping of NASTRAN model of shockabsorber 

below. 
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Because of mass resonance for high frequencies a decrease in equivalent stiffness can be seen. 
Modelling the shockabsorber by a spring and damper in series is a more realistic way then just 
to use a viscous damper. The model as given above was implemented at the vertical front cab 
suspension and the rear cab suspension in lateral and vertical direction. As can be seen in the 
results (appendix 7.1 to 7.3) it makes quite a lot of difference if the shockabsorbers are mod- 
elled in this more realistic way. Therefore it can be good to model all the other shockabsorbers 
present in the system in this way. 
The bushing is represented by a spring iri this model. irr reality however there is a rubber eom- 
ponent. The stiffness of this rubber is also frequency dependent and perhaps there is also some 
damping. In the next version of CSA/NASTRAN (version 96) it is possible to define frequency 
dependent stiffness and damping for spring and damper elements. So this rubber properties can 
also be taken into account to give a better model for the shockabsorber. 
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8. Conclusions 

In this report results are shown concerning the engine induced vibrations. A finite element 
model of a truck has been used to perform dynamic analyses. For most parameter studies the 
third order idle loadcase has been used. 
In this case the direct method is the most efficient method to use. Storage of the database of the 
cab takes a lot of disc space, therefore a 0-150 fi modally reduced cab has been used for the 
simulations. 
Including a fuel tank in the model is quite important, the mass has the most influence. The 
modelling of certain parts of the truck can be very important, for example the front cab stabi- 
lizer and the shockabsorbers. Especially modelling the shockabsorber in a more realistic way 
has a large effect on the response. 

The analysis with the truck model can be helpful to see the influence of certain factors on the 
engine induced vibrations. Changes can be applied in reality to see if they have a similar effect 
as found with the numerical model. 
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9. Recommendations 

Further attention should be given to the way certain parts of the truck are modelled. Especially 
rubber components can be important. These components have frequency dependent characîer- 
istics (stiffness and damping). In the. next CSA/NASmm version (version 96) it will be gos- 
sible to model frequency dependent springs and dampers. These features should be applied to 
see their effect on the response. Also the modelling of the shockabsorbers needs a closer look 
because it is important to have a good description of the dynamical behavior of the shockab- 
sorbers. In this report a very simple model of a shockabsorber was used. Tiis model can be fur- 
ther developed, for example including masses and frequency dependent bushings. 
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10. General remarks 
Database size 
PHIAR contains the calculated eigenvectors. The storage of them take the most disc-space. 
So extracting less eigenmodes significantly decreases the needed disc space. 
A 0-400 Hz reduced cab needs 356 Mbyte. 
A 0-150 Hz reduced cab needs 130 Mbyte. 

Blocks 
In a previous report ( see [i] ) it was mentioned that using the option BLOCKS in the 
ASSIGN-card minimizes the database size. This feature has been used but there appeared to 
be very little difference in database size 

When using the 0-400 Hz reduced cab the block shifted Lanczos method of eigenvalue 
extraction will not be used. With smaller cabs it is possible to use the block shifted Lanczos 
method. 
Rigid body modes are not extracted if you use the following card: 
EIGR,4000,B LAN,O.O, . . . 
A frequency range from -8.1,.. has to be specified. 

Block shifted Lanczos 

Engine induced Vibrations 2 
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