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To start with, from a design point of view conventional
automotive hydraulic shock absorbers also known as vehi-
cle dampers (Dixon 2007) as of a simple double-tube design
with passive deflected disc type valves or preloaded spring
valving. Although being a mature technology (the tele-
scopic device’s operating principle has not changed since
the 1950s) vehicle damper often face challenging and con-
flicting engineering challenges. For example, it has been
long recognized that the performance of suspension hy-
draulic shock absorbers may contribute to passenger com-
fort deterioration. In the view of ever increasing structural
stiffness requirements imposed by vehicle OEMs (Original
Equipment Manufacturers) the energy dissipation efficien-
cy of the damper has become a research as well as an engi-
neering challenge. As the damper separates the vehicle’s
body from road input through the wheel and tyre any defi-
ciencies in the performance of the hydraulic device can
contribute to the overall handling and comfort metrics of
the car. It has been long recognized that any disturbances in

the flow process translate into higher-frequency fluctua-
tions in pressure transferred to the piston rod through
the rigid yet compliant fluid, and then to the sprung mass
(body) – noise. The pressure fluctuations are due to the
damper valve’s opening/closing actions while the vehicle is
in motion. When integrated over the piston surface, the re-
sulting force causes changes in fluid induced accelerations
on the piston rod mass.

Efforts to model the damping force output of this de-
vice are rather well known (Lang 1977, Duym et al. 1997,
Alonso and Comas 2006, Lee and Moon 2006, Czop et al.
2009, Farjoud et al. 2012, Ferdek ����>0 '*��2012). At the
same time, to the author’s best knowledge, with notable
hardware-based exceptions no analytical study to compre-
hend these flow-induced vibration phenomena has been un-
dertaken so far (Kruse 2002, 2008). Therefore, in this study
the author attempts to extend previous findings through
considering the key phenomena occurring within this dam-
per while in motion, namely, compressibility of the fluid, valve
inertia and stiffness, stiction forces, and then demonstrates
the capabilities of the model in a setup to copy the operating
conditions of the shock absorber.
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By considering the forces acting on the piston, pis-
ton rod movement can be described by the following equa-
tion (1)

pr pr pr pr pr pr

c comp r reb friction

m x C x K x

A p A p F

= + =

= − +

�� �

(1)

Effectively, the motion of the piston depends on
the upper top mount characteristics (Kpr, Cpr), piston rod
mass mpr, damper friction Ffriction and the internal pressure
fluctuations. The compression pressure chamber pcomp

operates through the surface area Ac, and the rebound pres-
sure preb against the upper surface area of the piston Ar.

The fluid compressibility describes the equation

1 dV

V dp
β = − (2)

It can be transformed to the form

dp dV
V

dt dt
β = − (3)

where V is the oil volume in a work chamber and the right
equation side is the flow rate balance.

Using (3) equation, the compression pressure can be
calculated as

( )
1 c c comp rc rn ri cc

cn ci lp c e pr

A L p Q Q Q Q

Q Q Q A x x

β = + − − +

+ + + + −

�

� �

(4)

where Lc = 0.5L0-xe + xpr denotes the compression chamber
length, L0 – damper length. Moreover, the rebound pressure
preb can be

( )
1 r r reb ri rn rc lp

ls r e pr

A L p Q Q Q Q

Q A x x

β = − − − −

− − −

�

� �

(5)

+!�)�7

Lr = 0.5L0 + xe-xpr – the rebound chamber length,
Qcc – compression-to-reservoir flow rate,
Qci – reservoir-to-compression flow rate,
Qcn – base valve orifice flow rate,
Qri – compression-to-rebound flow rate,
Qrc – rebound-to-compression flow rate,
Qrn – flow rate through a piston valve orifice.

Finally, the leakage flow rates are Qlp (piston) and Qls

(rod guide). The pressures depend on the oil compressibili-
ty β1 and the fluid volume in the chambers, respectively.
As the piston is in motion, the oil is forced through the ori-
fices and one-way valves in the piston and the base valve,

�� �	�����

In this section the author highlights all key phenomena oc-
curring inside the damper while in motion, and presents
a mathematical model underlying the important variables.

���� 	�����������

The twin-tube damper is shown in figure 1 in a setup that
attempts to copy the hardware’s testing conditions in a labo-
ratory. The rod is suspended from a compliant top mount-
like structure, and the external excitation xe is applied to
the reservoir tube. The output of the system is the resulting
displacement of the piston rod xpr. Moreover, piston rod
acceleration is often a useful quantity to measure in practi-
cal analysis; it is related to the force transmitted to the car’s
body.

���������-%�)�-����(� ��6#�0�0$�/�� *��))�+$�?�@��+��0)#�"

)�/�0���-�A�-��6(� ��6#�0�0$�")�B��))�+�?�@��+��0)#�"
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respectively. As the piston moves upward (rebound) the oil
is forced through the piston into the compression chamber,
and from the reservoir into the compression chamber.
For comparison, as it travels downward, the oil flows into
the rebound chamber and into the reservoir.

���� ���������������

The fluid is assumed to be slightly compressible and
Newtonian. Typical shock absorber oil properties were
assumed by the author: ρ = 830 kg·m–3, μ = 0.04 Pa·s,
β = 6.6·10–10 Pa–1. Moreover, the expansion of the cylinder
wall with pressure was taken into account in the model, too.
The effective compressibility is then as follows (Lang
1977)

1
2r

Es
β = β + (6)

where r is the cylinder radius, s refers to wall thickness
and E denotes the steel Young’s modulus.

�� � 	�!"�#��#�������

The valve model is shown schematically in figure 2 in
a manner described by Lang 1977. The model accounts for
the disc stacks (valves) in the piston and the base valve,
respectively.

Therefore, the effective model of the damper will uti-
lized four of these models applied to the valves in the piston
and the base valve, respectively. In general, each disc stack
is characterized by mass mi. Its stiffness and the damping
are Ki, Ci, respectively. Force Fc is modeled as an additional
spring of the stiffness ratio Kc activated upon the contact of
the disc with the valve seat. The stiction force Fv, 6!�6� #$
� 6#�"� ��� 6!�� �#$ � -�A#�"� �+�B� ���� 6�+�)�� 6!�� !�0$#�"

#$���$��#� �0����#��6!��-����&��!��-�6#����@�6!���#$ �$6� *

-�$$� #$� ��6�)-#���� /B� 6!�� %)�$$0)�� �#@@�)�� �� � )�$$� 6!�

�#$ �Δp and through the surface area Av. The fluid stream
passing through the valve is changing the momentum.

It generates additional force Fm on a given disc stack. This
force depend on fluid density ρ, flow through the valve Qi

and inlet area Ain,i. Moreover, the disc is biased by the pre-
load force Fsp. The force delays the opening of the valving
discs, and it is an important tuning parameter of every
damper design process. In the equation inertial forces
should be incorporated incl. lift acceleration xu. As such,
the disc motion can be described as follows

( )

2

_
_

, 0

0, 0
ci i i

i i u i i i i
i

i
vi vi fi sp i

in i

K x for x
m x x C x K x

for x

Q
F pA C F

A

<⎧ ⎫
+ + + + =⎨ ⎬>⎩ ⎭

= + Δ + ρ −

�� �� �

(7)

where Cf = Factual/Fpredicted. The coefficient can be obtained
experimentally. Note that not all fluid changes the momen-
tum; there is still some longitudinal component present.
The flow through the valves (Qcc, Qcn, Qci, Qrc, Qrn, Qri) is
the unsteady fluid flow through the variable area passages,
and it can be described by the modified Bernoulli equation

2
i Di i

p
Q C A

Δ=
ρ

(8)

where CDi denotes the dynamic discharge coefficient,
Ai is the cross-section area of valve outlet, and ρ refers to
the fluid density. Finally, the leakage flow (at the piston-
-cylinder interface and the piston-rod guide interface) is
also accounted for using the laminar model

( )3

12 2

e pr ii
i

i

x x bpb
Q W

l

⎛ ⎞−Δ
⎜ ⎟= ±⎜ ⎟μ⎝ ⎠

� �

(9)

where bi is the clearance; and li denotes the passage length
in the direction of the flow; whereas W = πDP is the passage
width (at circumference) also, DP refers to the diameter of
the piston. This is a general equation, the sign depends on
local coordinate system orientation.

�����������A��-����7��E��#$ �$6� *�-����(�/E�@�) �$�� 6#�"����A��A#�"��#$ $

�E /E
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 The model presented above (11) is used to analyze the
 flow inducted vibration phenomena. State variables are
[pcomp preb x1 x2 x3 x4 xpr v1 v2 v3 v4 vpr]

T. The corresponding
initial condition vector is [6·105 6·105 0 0 0 0 0 0 0 0 0 0].
Shortly, the simulation was conducted based on the follow-
ing parameter set: Ac = 5.0671·10–4 m2; L0 = 0.241 m;
Ar = 4.1167·10–4 m2; m1 = 9.680·10–4 kg; m2 = 1.004·10–3 kg;
m3 = 1.494·10–3 kg; m4 = 1.919·10–3 kg; mpr = 1.867·10–1 kg;
C1 = 2800 Ns/m; C2 = 8 Ns/m; C3 = 5600 Ns/m; C4 = 900 Ns/m;
Cpr = 80 Ns/m; K1 = 2.8·106 N/m; K2 = 8·103 N/m;
K3 = 5.6·106 N/m; K4 = 0.9·106 N/m; Kpr = 1.3·106 N/m;
Ffriction = 22 N; Cf1 = 0.9; Cf2 = 0.85; Cf3 = 0.9; Cf4 = 0.85;
Ain_1 = 1.314·10–5 m2; Ain_2 = 6.72·10–5 m2; Ain_1 = 2.036·10–5 m2;
Ain_4 = 4.48·10–5 m2; Kc1 = Kc2 = Kc3 = Kc4 = 108 N/m;
R1 = 0.0067 m; R2 = 0.0096 m; R3 = 0.0088 m; R4 = 0.0109 m;
XA1 = 1.0536 m; XA2 = 1.0587 m; XA3 = 1.0676 m;
XA4 = 1.0428 m; r = 0.0127 m; s = 1.05 mm; Pg0 = 6·105 Pa.

��&� ����!'�"'��(������

The model also accounts for the valve stiction phenomenon (Ezzat Khalifa and Xin Liu 1998). The oil film generates
the force Fv when discs are moved away from the contacting surface, and whenever they approach the surface in which they
are in contact with. By considering the pressure distribution between the disc and the contact surface, the stiction force can
be obtained as

2 4
4 4

3

1 23
1

ln2
i Ai Ai

v i Ai
Aii

dx X X
F R X

dt Xx

⎛ ⎞− +πμ= − +⎜ ⎟⎜ ⎟⎝ ⎠
(10)

where μ is fluid viscosity, Ri denotes the hydraulic radius, and the ratio 2 /Ai contact presure actingX A A=  refers to a geometrical
factor depending on the contact area and the area on which the fluid pressures act. The stiction force is proportional to
the velocity and decreases rapidly with the increasing distance xi.

��)� *+!'�������,��'��(!

Based on equations (1) through (7) the dynamic equations governing the phenomena in the damper can be constructed
as follows

( )
( )

( )

1

1

2

1 1 1 1 1 1 1 1 1 1 1
1

2

c c comp rc rn ri cc cn ci lp c e pr

r r reb ri rn rc lp ls r e pr

pr pr pr pr pr pr c comp r reb friction

cc
e c v v f sp

in

A L p Q Q Q Q Q Q Q A x x

A L p Q Q Q Q Q A x x

m x C x K x A p A p F

Q
m x x C v K x F F pA C F

A

m

−
−

β = + − − + + + + −

β = − − − − − −

= − − + − +

− = − − − + + Δ + ρ −

� � �

� � �

�� �

�� ��

( )

( )

( )

2

2 2 2 2 2 2 2 2 2 2
2

2

3 3 3 3 3 3 3 3 3 3 3
3

2

4 4 4 4 4 4 4 4 4 4 4
4

ci
e c v v f sp

in

rc
pr c v v f sp

in

ri
pr c v v f sp

in

Q
x x C v K x F F pA C F

A

Q
m x x C v K x F F pA C F

A

Q
m x x C v K x F F pA C F

A

−
−

−
−

−
−

⎧
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎨
⎪ + = − − − + + Δ + ρ −
⎪
⎪
⎪

− = − − − + + Δ + ρ −⎪
⎪
⎪
⎪ − = − − − + + Δ + ρ −⎪⎩

�� ��

�� ��

�� ��

(11)

&� ��*
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The numerical results are presented in the form of time his-
tories of pressures, flow rates and the damping force output
– see figure 3 and figure 4. The assumed excitation is sinu-
soidal: xe = asin(ωt). Specifically, figure 3 shows the small
amplitude and higher frequency behavior (30 Hz displace-
ment sine wave excitation) and figure 4 reveals the output
of the model at large stroking amplitudes and lower fre-
quencies (3 Hz excitation). The prescribed peak velocity of
the base input was equal in either examined case – 0.378 m/s.
This frequency was chosen intentionally. The lower fre-
quency is within the range of sprung mass natural frequen-
cies in typical passenger cars. Also, the higher frequency
excitation was within the range of input frequencies identi-
fied to be the root cause of noise generation phenomenon.
It should be noted the output of the modelled system (damp-
ing force) varies with the excitation frequency (see also
figure 5).
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In figure 5 the excitation was normalized with respect
to the amplitude to enable a direct comparison of the damp-
ing force output at different frequencies (and amplitudes) of
the excitation. At the higher frequency case the dynamic
behavior of the valves influences the pressure variations,
and the resulting force. That is accompanied by the in-
creased piston rod acceleration magnitude up to 15 g as seen

in figure 6a. In a real vehicle the effect would be transferred
to the body of the car resulting in noise. It seems the magni-
tude of the oscillations dominates the base valve behavior –
it occurs during the transition from the compression portion
of the stroking cycle to the rebound one. Some prelimina-
ry FFT (Fast Fourier Transform) analysis of the accelera-
tion signal was calculated at the beginning of the rebound



64

������� ��	
��

����� 
�� ��
�������� �������
�� ����
����� ��� ���
�
����� ��
�	� ���
�����

movement, where the acceleration amplitude is maximum.
The peaks below 200 Hz are connected with signal pro-
cessing and excitation. The noise issue is usually connect-
ed with vibrations above this value. The dominant fre-
quency component at appr. 890 Hz can be observed in
figure 6a.

)� *
%�.�%�	������
*���*

The purpose of this study was to develop a lumped para-
meter model of an automotive vehicle hydraulic damper.
The developed model accounts for the effects of compress-
ibility, valve stiction, inertia, etc. Mostly, it relies on geo-
metric and material properties. It makes the model a conve-
nient tool for fast engineering studies on the dynamic
response of the mechanical valves. Preliminary results that
are contained in this paper show that the model is sensitive
to changes in excitation frequency. The behavior is consis-
tent with observations and measurements on real shock
absorbers in a lab.

Finally, future work will be directed towards experi-
mental characterization of the flow-induced phenomena,
the lumped parameter model validation and CFD (Compu-
tational Fluid Dynamics).
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