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Abstract: Design requirements of automotive condenser radiator fan module
(CRFM) mounting system are proposed. A six degrees of freedom (DOFs)
CRFM model is established. The calculation method for determining the root
mean square (RMS) value of mount reaction force in a CRFM mounting system
under cooling fan excitation is developed. Design and calculation methods for
displacement control of the CRFM under extreme load are discussed.
Robustness analysis is presented through a design of experimental method.
At the end of this paper, a calculation example is proposed to get the mount

Copyright © 2019 Inderscience Enterprises Ltd.



120 X-A. Liu et al.

stiffness and tuning point based on the design requirements for mount reaction
forces and displacement of the CRFM centre of gravity. Effects of mount
stiffness at linear section on natural frequencies and energy distributions of the
CRFM and on RMS value of mount reaction forces are validated by a generic
example.

Keywords: CRFM; condenser radiator fan module mounting system; design
requirements; robustness analysis; calculation method.
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1 Introduction

A condenser radiator fan module (CRFM) in vehicles consists of a condenser, a radiator
and a cooling fan. It is supported by some rubber mounts on the car body or subframe.
These mounts and the CRFM are called CRFM mounting system. The CRFM is one of
main sources of noise and vibration for the vehicle. Since the powerful engine is widely
used and rotation speed and unbalance mass of the cooling fan are increased, effect of the
CRFM on vehicle noise, vibration and harshness (NVH) becomes more significant.

In general load cases, the external excitation applied to the CRFM mounting system
is generated by the unbalanced rotating force of the cooling fan. The excitation
frequency of the CRFM is related to rotating speed of the cooling fan, which may cause
resonance of the CRFM and large vibration on vehicle. In the extreme load cases, the
displacement of the CRFM centre of gravity (C.G.) is relatively large and the CRFM may
collide with other components. The objective of this paper is to estimate the CRFM
mount stiffness under both general and extreme load cases.

In the present paper, studies on the CRFM mounting system are divided into two
parts. One is concerning about the excitation of the CRFM, which is generated by cooling
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fan. Taguchi analysis method is used to find out that the primary factors contributing to
vertical vibration and axial vibration are static unbalance of the fan blade and
configuration of the fan’s components as assembled, respectively (Morgan, 1997). The
parameters which affect the noise generated by fans are analysed by Wu et al. (1997,
1998).

The other is on design methods for CRFM mounting system. A linear model for
CRFM mounting system is established to calculate the vibration of CRFM C.G., series of
experiments are taken to compare different isolator groups under excitation of chassis and
cooling fan vibration (Yang et al., 2012, 2013). However, there are few researches on the
design requirements, analysis methods and non-linear characteristic of the CRFM
mounting system. From the published papers, design methods for other different
mounting systems are studied, which can be references for CRFM mounting system. In
the powertrain mounting system (PMS), mount stiffness at linear section in three
directions of its local coordinate system (LCS), mount locations and orientations can be
obtained by optimisation of the natural frequencies, energy distributions of the powertrain
rigid mode (Liu and Shangguan, 2014; Shangguan, 2009; Yu et al., 2001; Shangguan and
Chen, 2012; El Hafidi et al., 2010). Mount stiffness at non-linear sections and its tuning
points in the force vs. displacement curve are determined by powertrain motion control
strategies (Shangguan and Hou, 2006). The effect of mount stiffness and location
variations on modal characteristics of the mounting systems are studied in Qatu et al.
(2002), Sirafi et al. (2006), Sirafi et al. (2006) and Igbal and Qatu (2003). Through a
design of experiment (DOE) approach, the mounts and directions which play major role
in the improvement of NVH are identified.

In this paper, the design requirements for the CRFM mounting system are proposed
firstly. Based on six degrees of freedom (DOFs) CRFM model and the derived excitation
forces, design philosophies and calculation methods for the CRFM mounting system are
proposed. The mount stiffness at linear and non-linear section and the tuning points in
three orthogonal coordinate axes can be obtained, respectively. Thirdly, a DOE approach
is adopted and effects of mount stiffness on natural frequencies and energy distributions
of the CRFM and on RMS value of mount reaction forces are analysed. The design
results are validated by a generic example.

2 Design requirements for the CRFM mounting system

During the design of the CRFM mounting system, three significant parts should be taken
into consideration:

1 Natural frequencies of CRFM and CRFM mount reaction forces: To reduce the
vibration transmitted from the CRFM to the car body through the CRFM mounts,
mount reaction forces should be optimised. The peak frequency of the mount
reaction force is affected by the natural frequency of CRFM.

2 Displacement control for CRFM C.G.: To avoid the collision of CRFM with other
components, displacement of CRFM C.G. under extreme load cases should be
controlled. Therefore, the non-linear relation of force and displacement of the CRFM
mount should be optimised.
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3 Robustness analysis for the design result: In industry, the design parameters of the
CRFM mounting system are usually the mount stiffness and locations. Variations of
design parameters on CRFM mounting system should be analysed to verify the
robustness of design results.

1 Design requirements for CRFM mount reaction forces and natural frequencies

In order to reduce the vibration transmitted from CRFM to the car body through
mounting system, mount reaction forces should be decreased. The design requirement for
mount reaction force in different frequency ranges is shown in Figure 1. The peak
frequency is at 25-28 Hz, which is corresponding to the second order of the engine
excitation frequency at idle. f, is the hop/tramp frequency of the unsprung mass. f, is
the natural frequency of the steering wheel. According to the temperature of the radiator,
there are two work modes for the cooling fan: low rotation speed mode and high rotation
speed mode. f, is the excitation frequency of CRFM when the engine is on and air
conditioner (AC) is on at idle, f, is the excitation frequency of CRFM when the engine
is off and the AC is on. To avoid resonance, mount reaction forces in these four
frequency ranges are designed relatively small.

The design philosophy of natural frequencies for the CRFM rigid mode can be
divided into two different categories. One is to set the natural frequencies of the CRFM
far away from the idle frequency of the engine and the hop/tramp frequency of the
unsprung mass. Then, the resonance of the CRFM can be efficiently avoided. The other
design philosophy is to use the CRFM as a mass damper to absorb the idle vibration of
the engine. In this paper, the CRFM is designed as a mass damper, natural frequency of
CRFM in Z-direction is designed at 25-28 Hz, which is the same as the peak frequency
of mount reaction force requirement curve. All the six natural frequencies of the CRFM
should be lower than f, /~/2 =35.4 Hz and should not be the same as f;, f,, fis Jo-

Through the design requirement for mount reaction forces and natural frequencies,
mount stiffness at linear section can be designed.

2 Motion control requirements for the CRFM

To control the displacement of CRFM C.G. within the limits under different extreme
load cases, such as maximum acceleration in X-, Y- and Z-direction, motion control
requirements should be satisfied. The maximum accelerations acting on the CRFM and
displacement limitations for the CRFM C.G. in each load case are listed in Table 1.

Table 1 Load cases description and displacement limitations for C.G. of CRFM

‘g’ load on CRFM  Requirement

Case no. Load case description 1g=9.8 m/s?) (mm)
1 Maximum acceleration in positive X-direction +7.1g +5
2 Maximum acceleration in negative X-direction -7.1g -5
3 Maximum acceleration in positive Y-direction +59¢g +3
4 Maximum acceleration in negative Y-direction -59¢ -3
5 Maximum acceleration in positive Z-direction +11.7¢g +4.5
6 Maximum acceleration in negative Z-direction -11.7¢g -4.5
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Figure 1 Design requirement for RMS value of mount dynamic reaction force (see online version
for colours)
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3 Design, calculation and robustness analysis methods for the CRFM
mounting system
3.1 Calculation method for RMS value of mount dynamic reaction forces

Figure 2 shows the six DOFs model of a CRFM mounting system. In this model, the
CRFM is treated as a rigid body which has six DOFs. It is supported on the car body or
subframe by four mounts, which are the left-upper (LU), right-upper (RU), left-low (LL)
and right-low (RL) mount.

Figure 2 The model of a CRFM mounting system (see online version for colours)
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The right-hand side CRFM coordinate system and the mount LCS are denoted as
0,-XYZ and O,,—uyvw, (i=1,2,3,4), respectively. The origins of O, -XYZ and
0, —u,v,w, are located at C.G. of the CRFM and the centre of each mount, respectively.
Each axis of O,-XYZ are parallel to the axes in vehicle coordinate system (VCS)
0,-X Y. Z . The positive X-axis points to rear of the vehicle. The Z-axis direction is
normal to the horizontal plane and the positive is upward, the Y-axis follows the right-
hand rule.



124 X-A. Liu et al.

The displacement of C.G. of the CRFM is defined as X =(x, y,z, Qx,é’y,é’: )", where
x,y,z are the translation displacements and 6,,6,,6, are the rotation displacements.

When the fan rotates, a centrifugal force will be generated by the eccentric mass on
point O, in Figure 2. The fan rotates around the axis of motor, which is parallel to the
X-axis of CRFM coordinate system. Decompose the centrifugal force along the Y- and Z-
axis, the excitation force of CRFM mounting system are defined as

0
1, = ma cos(an) { (1)
m 1@’ sin(@r)

where m, is the eccentric mass, 7, is the eccentric arm, @ is the angular velocity of the
cooling fan, ¢ is time.

Transmit the unbalance force from the application point O, to the origin O, of
0.-XYZ , the external excitation force F, applied to the CRFM in O.-XYZ is expressed

as
Ju
F,= {;};} )

where 7 is the skew-symmetric matrix (Sirafi et al., 2006) of the position vector
Fo=xi+y,j+zk, x,, y, and z, are the coordinate of application point O, of the
force f, in O.-XYZ .

Under the external force F,, displacement of the mount i in LCS O,, —u,v,w, is

expressed as
4 =[1]-7]x. G

where 7 is the skew-symmetric matrix of positive vector 7 = (x,,y,,2z,)", x;, y; and z;
are the coordinate of mount i in O,-XYZ .
If the mount stiffness is linear, then the force at mount i in LCS O,, —u,v,w, is

expressed as
fi = kidi’ “4)

where k, is the complex stiffness matrix (Shangguan, 2009) of mount i in its LCS

O, —uy,w,..
Then reaction forces and moments generated by mount i applied to C.G. of CRFM
in O.-XYZ are expressed as
fr=—AkAld = -4k A" | 4k ATF]X, (5)

A |

M, =7 f,= [ﬁTAikiAiT [ _FiTA‘k'A'TFi]X’ (6)

[AR Al
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where 4; is the transformation matrix from the CRFM coordinate system to the LCS of
mount i. The transformation matrix can be easily formed from the orientation of a mount
with respect to the CRFM coordinate system, which can be defined using Euler angles,
direction cosines, etc. (Swanson et al., 1993).

Then, the motion equation of the CRFM under four mount reaction force and external
force is expressed as

M (tre ()

where M is the mass matrix, which is the same as PMS mass matrix (El Hafidi et al.,
2010).
Substituting equations (2), (5), (6) into equation (7), one gets

MX +

ZA,kAT } ZAkATf,. 7
e - Xz{:;;}. ®)

P Ak AT %Z TARATE

Then, the displacement of CRFM C.G. in the frequency domain can be calculated. The
reaction force of mount i in CRFM coordinate system O.-XYZ can be calculated through
equation (5). Maximal boundary curve of the transmitted force of each mount is specified
in RMS value, the RMS value of the mount reaction force is calculated by

o =AU+ L2+ 1203, ©)

where f

O0.-XYZ , respectively.
Through the calculation method above, the design results of mount stiffness at linear

section are obtained through satisfying the design requirement for RMS value of mount
dynamic reaction force in Figure 1.

Soip» iz are the reaction forces of mount i in the X-, Y- and Z-direction of

3.2 Design method for displacement control of a CREFM

Linear mount characteristics are not sufficient because of package constraints and
progressive mount characteristics have to be designed. The relation of force and
displacement of a mount in each directions of its LCS is simplified as piecewise
linear as shown in Figure 3. It is seen that there are five ranges. The linear stiffness
(K3) is obtained by satisfying the design requirements for mount reaction force of the
CRFM. The non-linear stiffness (K, K, K4, Ks) and the coordinates of tuning points
(Py, P, P3, P;) of each mount in Figure 3 are tuned based on the CRFM motion
control requirements. Maximum feasible displacement happens under maximum
acceleration load case. Then, the displacement limitations in Table 1 should locate
at Py—P, or P,—Ps range.
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Figure 3 Force vs. displacement relation of a mount in one direction of its LCS (see online
version for colours)

F

If the mount stiffness is non-linear, the force at mount i under the excitation force is not
the same as equation (4) and is expressed as

fi=kd, +A,, (11)
where A, are the correction term of mount i.

The values of stiffness k, and correction term A, are listed in Table 2. It is seen that
their values are different at different ranges of the displacement.

Table 2 Values of stiffness and correction terms

X range k; A

x<a K —Kja+K,(a—b)+K3b
a<x<bh K, —-K,b+K3b
b<x<c K; 0

c<x<d K, -K, e+ Ksc
x>d K5 —Ksd +Ky4(d —c)+Kse

Then reaction forces and moments generated by mount i applied to C.G. of CRFM in
O.-XYZ are expressed as

Joi = _AikiAdei —4A, (12)

Mmi :ii mi* (13)

Then, the equation of the CRFM under four mount reaction force and quasi-static
external load is expressed as
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4 fmi
Z]: (e =0 KX=F, A,
n n ~ n 14
Y S Y " AA, (14
K: =11 1 § j=1" 0 1Tt A: _.......Ii}_._,___l__
noo~T T i no~r r~ |’ noo~
_Zi:]'} A[kaf ; Zi:]r; Afkaf h Z,‘:lnA[A[

where F,, is the quasi-static load applied on the CRFM C.G.

An iterative algorithm should be used to get the optimised relation of force
vs. displacement of the CRFM mount in each direction of the LCS through
equations (11)—(14). The steps are described as follows:

Step I: Assuming the stiffness of each mount is at linear section, then the displacements
of CRFM C.G. and each mount under extreme load cases can be obtained;

Step 2: Check the displacements of each mount obtained in step 1 to see if they are in the
linear range. If yes, output the displacements of each mount and then stop. If no, record
the ranges that the displacements for each mount in its LCS located, and then go to next
step.

Step 3: Constitute the new matrices of k; and A; with the range data in step 2 and the
formulae in Table 2, then form the stiffness matrix K and correction matrix A,
respectively.

Step 4: Calculate the displacements of CRFM C.G., then the displacements of each mount
in its LCS can be obtained.

Step 5: Check the displacements of each mount in its LCS obtained in step 4 to see in
which ranges the displacements are located, and record the ranges of the displacements
for each mount in its LCS. If the ranges are the same as in step 2, output the calculated
results and then stop, otherwise, go to step 3.

3.3 Robustness analysis method for a CRFM mounting system

In robustness analysis, the purpose is to study the effect of variability in CRFM mount
stiffness on natural frequencies and energy distributions of CRFM and on RMS value of
mount reaction forces. The rubber material used in these mounts when installed in the
vehicle could have as much as £15% stiffness variability. This variability could be from
batch to batch variation in material or assembly variation. So the stiffness of the upper
mount and lower mount are assumed to vary independently by £15% and there are no
variations in other parameters of the CRFM mounting system. This leads to 12
parameters to vary. However, the stiffness of two upper mounts and two lower mounts
are the same, respectively, the number of independent variables is reduced to 6. Then a
two level, eight runs DOE (Table 3) is constructed to perform the analysis. In Table 3, ‘1°
and ‘2’ mean the value of 85% and 115% design mount stiffness, respectively. &, k.,
k,, represent the stiffness of upper mount in u-, v- and w-direction in the LCS,
respectively. k,, k,, k, represent the stiffness of lower mount in u-, v- and w-

direction in the LCS, respectively.
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Table 3 A design of experiment matrix with eight runs and two levels for six variables for
mount stiffness (N/mm) variation

Run no ks k,, ki kpy, ky, Ky
1 1 1 1 1 1 1
2 1 1 1 2 2 2
3 1 2 2 1 1 2
4 1 2 2 2 2 1
5 2 1 2 1 2 1
6 2 1 2 2 1 2
7 2 2 1 1 2 2
8 2 2 1 2 1 1
4 Examples

4.1 Input parameters

The mass of CRFM is 10 kg. The moments and products of inertia of CRFM in CRFM
coordinate system O.-XYZ are listed in Table 4. The eccentric mass m, on cooling fan is
80 g, the eccentric arm r, is 1 mm. The coordinates of CRFM C.G., application point O,
of the unbalanced force and locations of each mount in the VCS are listed in Table 5. The
u, -, v,- and w,-axes of the LCS O,, —u,v,w, of each mount are parallel to the X-, Y- and
Z-axis of CRFM coordinate system O, - XYZ , respectively. Since the dynamic stiffness at
linear section and loss angle of rubber mount are hardness-dependent in low frequency
(0-20 Hz), define the dynamic-to-static ratio is 1.3 and the loss angle is 14 degree. The
original static stiffness of each mount in u, -, v,- and w, -axis at linear section are 20, 20

and 50 N/mm, respectively.

4.2  Design results

The design parameters of the CRFM mounting system are stiffness of each mount.
Considering the low-cost, interchangeability and light-weight characteristics, the LU and
RU mount are designed the same and the LL and RL mount are designed the same.
Take the fatigue into consideration, the stiffness in w-axis should be larger than those in
u- and v-axes. To satisfy the requirements in Figure 1, natural frequencies of CRFM in
the Z-direction should locate at 25-28 Hz. The design stiffnesses of each mount are listed
in Table 6.

Table 4 The moments and products of inertia of CRFM in 0,-XYZ (kg'm?)

1 1 1 1 1 1

xx yy zz Xy yz Xz

0.511 0.155 0.405 0.021 —0.006 —0.001
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Table 5 Coordinates of CRFM C.G., application point of unbalance force and locations
of each mount in VCS (mm)

Object X Y V4
C.G. of CRFM —636.32 -22.91 240.45
Application point of unbalance force —608.03 -59.90 242.73
RU mount —658.01 362.50 474.53
LU mount —659.12 -364.70 474.53
RL mount —658.01 362.50 22.53
LL mount —659.12 -364.70 22.53
Table 6 The design result of static mount stiffness at linear section in its LCS (N-mm ")
Mount u vV w
LU & RU 23 17 54

LL & RL 29 21 52

The six natural frequencies of the CRFM rigid mode are listed in Table 7. From the table,
the original natural frequencies in X- and Y-direction are nearly the same, and the
frequency in Z-direction is below the requirement. The original energy distributions in
X- and Y-direction are quite low, which means the vibrations in X- and Y-directions are
coupled. Through the design stiffness, five natural frequencies are smaller than the main
excitation frequency of cooling fan (corresponding to f; in Figure 1, which is about
50 Hz) multiply 1/ V2, except for the Rx-direction. It is because the natural frequencies
distributions of the CRFM are large, requirements for lower than 50 Hz/ V2 =354 Hz
cannot be satisfied simultaneously, however, the interval of natural frequency in
Rx-direction and the excitation frequency are larger than 2 Hz. The natural frequency in
Z-direction is 25.8 Hz and satisfies the design requirement for the dynamic vibration
absorber (25-28 Hz). The interval of CRFM natural frequencies and natural frequencies
of each direction are also satisfied. All the energy distributions in each direction are
above 75%, which are much better than the original ones.

Table 7 The natural frequencies and energy distributions of the CRFM

X Y VA Rx Ry Rz
Natural frequency/Hz Original 16.1 16.2 247 447 306 294
Design results 18.4 15.8 258 458 343 335
Energy distribution/% Original 56.3 56.6 854 986 772 903
Design results 99.3 99.9 939 977 79.0 855

The original and design results of frequency response characteristics of RMS value of
mount reaction forces are shown in Figure 4(a) and (b). From Figure 4(a), the mount
reaction forces in 20-25 Hz are larger, this is because the original natural frequency in
Z-direction is lower than the requirement. After design, the mount reaction forces are
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reduced. The peaks of the frequency response characteristic curves are located at about
26 Hz, which is corresponding to the natural frequency of the CRFM in Z-direction.
Since the CRFM is treated as a dynamic vibration absorber, vibrations generated from the
engine are absorbed by the CRFM.

In Figure 4(b), there is also a peak at 16 Hz, which is corresponding to the natural
frequency of the CRFM in Y-direction. Considering the supporting and displacement
control functions of each mount, the stiffness of them in each axis should not be too
small. As a result, the RMS value of mount reaction force may be larger than the
requirements in some frequency range, such as at 15-20 Hz. However, the RMS values
of mount reaction forces of each mount are still quite small. In conclusion, the designs of
mount stiffness at linear section satisfy the design requirements.

According to the design requirements for displacement control of CRFM C.G. in
different load cases in Table 1, mount stiffness at non-linear sections and coordinates of
tuning points can be designed using the calculation and design methods in Section 3.3.
The design results of mount stiffness in the LCS are listed in Table 8.

The displacements of CRFM C.G. under each extreme load cases are listed in
Table 9. It is seen that the design of mount stiffness at non-linear section in Table 8
satisfies the design requirements. From Table 9, the displacements of CRFM C.G. in the
excitation direction (in bold) are increased obviously when the mount stiffness is
linear, which may cause a collision between the CRFM and other components. The
displacement of CRFM mounts will be also increased if the mount stiffness is linear,
which may decrease the fatigue lift of mounts. As a result, it is of great importance
that the design for the relation of force vs. displacement of each mount is non-linear in
quasi-static loads.

Figure 4 Target and RMS values of mount reaction forces: (a) original and (b) design results
(see online version for colours)
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The relation of force vs. displacement for the RU and LL mount in three directions
of the LCS is shown in Figure 5. According to the displacement of CRFM C.G.,
the displacement of the RU and LL mounts in six extreme load cases are marked in the
figures. It is seen that the displacements of the mount are at non-linear section under each
extreme load case.

The reaction forces of each CRFM mount are calculated and listed in Table 10 when
the mount stiffness is linear or non-linear. From Table 10, some reaction forces in bold
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are increased when the mount stiffness is non-linear. It is because the stiffness at the
non-linear section is about 4-21 times larger than stiffness at linear section. However, the
increases of reaction forces are not large.

Table 8 Static stiffness and x coordinates of the tuning points for each mount

x-coordinate of tuning

LCS of a Stiffness for piecewise linear (N/mm) point/mm
Mount mount K K, K3 Ky Ks P, P, Ps P,
LU & RU u 200 50 23 50 200 45 25 25 4.5
v 255 45 17 45 255 25 -15 1.5 2.5
w 230 108 54 80 180 3.5 -2 1 2.5
LL & RL u 210 70 29 70 210 -4 -3 3 4
v 450 50 21 50 450 25 -1.5 1.5 2.5
w 220 104 52 80 180 -3 -2 1 3.5

Table 9 Design requirements and calculation results of displacement of CRFM C.G. if the
mount stiffness is linear or non-linear

Displacement of CRFM C.G.

Case no.  Mount stiffness X/mm Y/mm Z/mm Requirement (mm)

1 Linear 6.90 0.03 —-0.05 +5
Nonlinear 4.34 0.00 —-0.01

2 Linear -6.90 —0.02 0.05 -5
Nonlinear —4.35 0.00 0.03

3 Linear 0.02 7.79 0.01 +3
Nonlinear 0.02 2.73 0.00

4 Linear -0.02 -7.79 -0.01 -3
Nonlinear —-0.02 -2.73 0.00

5 Linear -0.09 0.01 5.65 +4.5
Nonlinear -0.09 0.00 3.88

6 Linear 0.09 —-0.01 -5.65 4.5
Nonlinear 0.09 0.00 -3.25

Table 10  Reaction forces (V) of each CRFM mount if the mount stiffness is linear or nonlinear

Case no. Mount stiffness LU mount RU mount LL mount RL mount
1 Linear 98.43 109.82 97.89 111.61
Nonlinear 97.90 110.36 98.45 111.05
3 Linear 82.58 81.62 93.75 93.56
Nonlinear 83.91 83.59 92.08 91.63
5 Linear 137.26 151.92 157.71 175.10

Nonlinear 131.93 143.82 161.53 184.69
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Figure 5 The relation of force vs. displacement for RU and LL mount and their displacements
under extreme load cases in three axes of LCS: (a) RU mount and (b) LL mount
(see online version for colours)
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4.3 Robustness analysis

According to the mount stiffness in Table 6, stiffnesses of upper and lower mounts in two
levels are listed in Table 11. Eight runs are conducted and calculation results are shown
in Tables 12, 13 and Figure 6.

In Table 12 and 13, the Normal lines are calculated by stiffness in Table 6.
Natural frequencies and energy distributions underlined are those whose variations
are above 5% comparing to the Normal line. Natural frequencies in bold and italic in
Table 12 cannot satisfy the requirements in Section 4.2. Energy distributions in bold
and italic in Table 13 are better than the results in Normal line. From Tables 12 and 13,
No. 6 and 8 cases are the worst cases considering natural frequencies and energy
distributions of the CRFM. In No. 1 case, variations of each mount stiffness are the same,
then energy distributions do not change, however, the variation of natural frequencies
equals the square root of variation of mount stiffness.

Table 11  Mount stiffness (N/mm) in LCS in two levels

Level kuu kuv kuw klu klv klw
1(-15%) 19.6 14.5 45.9 24.7 17.9 44.2
2(+15%) 26.5 19.6 62.1 334 242 59.8

In Figure 6, peaks of mount reaction forces in No. 1 and 8 are out of 25-28 Hz which can
verified from natural frequency in Z-direction listed in Table 12. Average mount reaction
forces in No. 3 and 6 at 30-40 Hz are larger than design requirements. Tighter control of
the mount stiffness is recommended as installed in the vehicle. This includes searching
for better methods to measure such stiffness when the mounts are installed in the vehicle
pre-loaded with assembly variations.
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Table 12 Robustness of natural frequencies of the CRFM to variations in mount stiffness
Run no X Y V4 Rx Ry Rz
1 16.9 14.6 23.8 42.2 316 30.9
2 17.9 15.9 25.8 45.8 34.5 33.9
3 16.9 15.7 26.9 48.6 325 30.9
4 17.9 16.9 25.9 46.2 34.5 339
5 18.2 15.9 25.8 45.9 343 33.1
6 19.7 14.6 27.6 483 36.7 35.9
7 18.2 16.9 25.7 46.1 343 33.1
8 197 15.7 24.0 42.8 36.3 35.8
Normal 18.4 15.8 25.8 45.8 34.3 33.5
Max 19.7 16.9 27.6 48.6 36.7 35.9
Min 16.9 14.6 23.8 42.2 31.6 30.9
Average 18.2 15.8 25.7 45.7 34.3 334

Figure 6 Robustness of mount reaction forces to variations in mount stiffness (see online version

for colours)
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Table 13  Robustness of energy distributions of the CRFM mounting system to variations
in mount stiffness
Run no. X Y V4 Rx Ry Rz
1 99.3 99.9 93.9 97.7 79.0 85.5
2 96.3 99.8 94.4 97.5 89.4 98.6
3 99.2 99.8 76.9 98.7 74.2 96.9
4 96.2 99.7 94.2 97.7 89.2 98.3
5 99.4 99.8 93.6 97.6 74.7 81.2
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Table 13  Robustness of energy distributions of the CRFM mounting system to variations
in mount stiffness (continued)

Run no. X Y V4 Rx Ry Rz

6 99.3 99.9 93.9 97.4 78.9 85.7
7 99.4 99.7 93.7 97.8 74.2 80.4
8 99.2 99.9 97.9 93.6 52.0 56.5
Normal 99.3 99.9 93.9 97.7 79.0 85.5
Max 99.4 99.9 97.9 98.7 89.4 98.6
Min 96.2 99.7 76.9 93.6 52.0 56.5
Average 98.6 99.8 92.5 97.3 76.7 85.4

5 Conclusions

e  The six DOFs CRFM mounting system model is established based on the design
requirements. Under the unbalanced excitation force generated by eccentric mass of
the cooling fan, equations to calculate the displacement of CRFM C.G. and mount
reaction forces are derived. The design and calculation methods for displacement
control of the CRFM are proposed. The design philosophies of mount stiffness at
linear and non-linear sections are presented. The design results are validated by an
example.

e Robustness of the CRFM mounting system with respect to the mount stiffness is
studied. Effects of mount stiffness on six natural frequencies and energy distributions
of the CRFM and on RMS value of mount reaction forces are analysed. Tighter
control of the mount stiffness is recommended as installed in the vehicle.
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