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MODELLING THE SHOCK ABSORBER PISTON VALVE USING 2-WAY
FLUID-STRUCTURE INTERACTION

Summary. The aim of this study is to examine the strongly coupled Fluid-Structure
Interaction approach as a comprehensive method of predicting the performance of the
shock absorber piston valve. For this purpose, numerical simulation sand experimental
testing are carried out. The coupled CFD-FEA numerical model described in this article,
contrary to the attempts made so far, takes into account the influence of contact between
valve discs and the initial conditions of the disc stack preload. The model is based on the
actual valve geometry used in the shock absorber design. As aresult, the described
approach is intended for use in industrial applications in development works, in
particular, at the conceptual stage. To prove the reliability of the model, two valve
compositions are chosen to be measured on a test bench and modelled in FSI simulations.
For both of them, a satisfactory level of correlation is achieved, with the correlation error
below 10% and well-predicted valve opening points. As a result, it is proved that the 2-
way FSI approach has great potential to be successfully used to investigate the damper
valve operation.

1. INTRODUCTION
1.1. Industrial background

The shock absorber is a crucial part in the car suspension system. It is responsible for comfort,
safety and car handling, which are ensured by controlled generation of the damping force-dissipating
energy cumulated in a suspension spring.

A wide range of technologies are currently used to meet customers’ and the drivers’ expectations.
Economy and mid-class cars are usually equipped with passive dampers, while premium-class cars
may have semi-active or dynamically adjusting complex systems, which respond to the road profile
adequately. Nevertheless, even in the most advanced systems, passive pressure-flow characteristics are
pre-set by passive valves. All commonly used passive shock absorber valves are based on a similar
working principle. They consist of a piston with passages (channels) that moves forth and back in a
pipe filled with viscous oil. During the motion, the oil is pushed from the piston from one side
(chamber) to another through the passages. Additionally, the piston passages are covered with a set of
metal discs, restricting the flow between the oil chambers. Flow restrictions generate friction within
the oil, which is then dissipated in the form of heat into the environment. A piston valve has two sets
of disc stacks on both sides. Each of them is responsible for generating pressure during the opposite
stroke, but they can also influence each other. Depending on the disc’s composition, thickness and
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shape, a variety of pressure characteristics can be obtained. This study focuses on a valve placed at the
end of a rod with a set of clamped steel discs. The device, commonly referred to as a piston valve, is
presented in Fig. 1.

rebound
stroke

compression
stroke

a) b)
Fig. 1. a) — Piston valve location and the oil flow paths; b) — valve assembly: 1 — compression discs stack, 2 —
rebound discs stack, 3 — sealing band and 4 — nut

Shock absorber valves operate in a non-linear manner. Their characteristics can be influenced by a
number of parameters, such as the disc stack composition, the nut preload force, disc deflection limits,
the design of piston channels and of the bleed disc (a disc with notches on the circumference for
controlled leakage, as shown in Fig. 3), etc. To provide a satisfactory driving experience, these
parameters must be well specified, together with the durability of components under operating
pressure conditions. Collection of such data requires many physical tests using available and prototype
components. Without a precise analytical tool, prototype components need many modifications before
the final design is formulated. This makes the development process unduly expensive and time-
consuming. To tackle these challenges, the automotive industry makes use of numerical modelling to
pre-validate designs, propose enhancements and determine the design working conditions in the
development stage, which shortens the development time and saves money 1.

The shock absorber valve operation is based on constant interaction between pressure conditions
and deflection of the valve elastic components. At low rod (valve) velocities, the oil flow is restricted
by bleed discs, which allows leakage for the damper soft response. The main disc stack opening is
initiated by pressure overcoming its stiffness at higher rod velocities. Due to the asymmetrical load
distribution caused by the piston channel’s position and irregular bleed flow paths, the disc stack may
open unevenly, which has to be taken into account. The opening point will also depend on the
pretension clamping force, which counteracts the pressure. Because the flow conditions are strongly
related to the structure deflection due to load, the fluid—structure interaction (FSI) analysis is required
to perform reliable simulations of the valve operation.

1.2. Overview of FSI methods

Fluid—structure interaction is a multi-physics task involving the mutual influence between solid and
fluid domains. It is understood as structural deformation under pressure forces present in the fluid
domain. As a result, the fluid field changes to align with the new shape of the structure.

The piston valve is a common subject of FSI analysis. It consists of three domains: the oil-fluid
domain, the valve disc-structure domain and the FSI interface region (surfaces of the structure domain
in direct contact with oil). Interaction between the domains can be modelled in a few ways developed
so far.

In theory, three methods of FSI modelling can be distinguished. They are divided into two groups,
under the monolithic and the partitioned approach. The grouping of the methods is illustrated in Fig. 2.
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Fig. 2. FSI coupling methods

The monolithic approach to FSI is based on a single extended system of differential equations
covering the fluid, the structure physics and their interaction 2. This method is computationally
expensive and difficult to linearize. It may also lead to convergence problems. The advantage is the
lack of added-mass instabilities. Examples of the successful application of the approach are well
described in 3, with their advantages and limitations, and then developed further in 4.

The partitioned approach divides the problem into individually solved sub-systems, which makes it
possible to independently set up solving methods for each solver whose interaction is described by an
external coupling algorithm 5. This method is more efficient than the monolithic approach and
relatively easy to apply. However, using this method results in the added-mass effect of the fluid on
the structure 6, which may cause numerical difficulties. The effect can be omitted for high
structure/fluid density ratios 7. Within the partitioned approach, two methods of coupling can be
specified: a weak and a strong coupling scheme. The weak coupling method is realized by solving the
fluid and the structure once per time step based on a single data exchange between the two. The
solution is not convergent between the sub-systems and the time steps in the systems may not be the
same. The strong coupling approach means an iterative data exchange between solvers until
convergence criteria are reached in each time step. This difference indicates that weak coupling can be
considered an explicit method and strong coupling can be considered an implicit one.

The selected approach can further be described as one- or two-way coupling. One-way coupling
means that solvers export data, but do not receive results in return. Two-way coupling is needed when
the structure immersed in the fluid domain is highly deformed due to flow conditions. The data
transfer is realized in two directions. Based on the structure deformation, the fluid pressure and the
velocity field are updated and exert an impact on the structure domain in return.

The physical phenomena behind FSI are described by continuum mechanics equations. Therefore,
the structural problem relations are material law, kinematics and the equilibrium conditions. The fluid
dynamics is calculated based on four differential equations obtained from the momentum conservation
(Navier-Stokes) equations (in three dimensions) and from the mass conservation equation. This set of
equations completely describes an incompressible and isothermal fluid, which can be assumed for the
purpose of this study and many other applications.

The differences in the FSI application results, depending on the needs and the selected approach,
can be seen clearly by comparing the following studies on the shock absorber check valve. The
coupled scheme is used in 8, which means that the flow and the structure calculations were performed
independently. The results were then combined manually to identify the real points of operating
conditions assuming the quasi-static behaviour of the valve. The authors claim to have achieved a
good correlation with the physical test. However, the method is applicable only if the valve disc’s
position can be forecasted well and no dynamic effects are expected (low accelerations).

In contrast, the study of a check valve presented in 9 was conducted using strongly coupled fluid-
structure interaction. As a result, the authors obtained a dynamic pressure response of the valve to
sinusoidal flow excitation. The presented model reflects the valve disc deflection, and the disc opening
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at a real flow rate is included in the results. As expected, a delay can be observed in the disc deflection
due to the helical spring preload. The pressures achieved in the simulation were successfully used in
further calculations of the piston rod oscillations and related to noise-generation issues. The coupled
method described by the authors can be used successfully in a wide range of excitation functions and
may Yyield reliable results in terms of both static and dynamic performance of the valve and
identification of the structure loads. This type of study spurred other authors to perform FSI
simulations of the clamped valve design.

In this work, the performance of a piston valve with the clamped design will be predicted using the
strongly coupled partitioned FSI approach. The aim of this study is to develop a comprehensive
modelling method, making it possible to calculate a variety of stack compositions and capture the
impact of 3D geometric features without having to introduce excessive changes in the FSI model
configuration. Currently performed investigations of clamped disc valves, such as 10 and 11, are
focused on a mathematical description of the structure response and have very limited adaptation
capabilities, without the possibility of resolving the effects associated with 3D geometry.

2. NUMERICAL MODELLING

The numerical models were prepared using ANSYS 2019 R3 software. The modelled object was a
piston valve with concentric disc support surfaces, referred to hereinafter as “lands”. Two sets of discs
were considered to check if their performance curves were in line with the expectations and the
measurements. The general dimensions of the components are listed in Table 1.

rebound disc stack — not considered compression disc stack

{ 1 \ Valve discs 1, 2, 3 + support
5 @00 0@ c=
\
Fig. 3. Exploded view of the valve stack composition

Table 1
Modelled disc stack composition
Low stack High stack

Component: (Casel) (Case2)
disc outer diameter, mm

Support disc 18.0 18.0
Valve disc 3 28.0 28.0
Valve disc 2 30.0 30.0
Valve disc 1 - 30.0

All the discs were solid and axisymmetric without any notches or holes (cf. Fig. 3 —discs 1, 2 and 3
in the compression disc stack). According to the piston cyclic symmetry, the prepared model was
reduced to a 1/12 cyclic part consisting of half of the piston channel and half of the inter-channel area.

2.1. Structural model

The structural model was prepared and calculated using the Ansys Mechanical preprocessor and
solver. The valve discrete model consists of a hexahedral mesh for flexible discs, where 4 clements are
used across the disc thickness. All the components were meshed using the sweep method along
the circumference to ensure a high-quality index of the element, above 0.7. The piston deflection is
insignificant and was not considered. The model was simplified to hub and land rigid bodies, fixed on
their bottom surfaces.
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Fig. 4. Valve model structural mesh

The discs are made of spring steel and are expected to operate in the range of elastic material
properties at the considered loads (the yield stress for such steel is about 1500MPa). Young’s modulus
and Poisson’s ratio are 210GPa and 0.3, respectively.

The valve assembly is tightened with a specified torque applied to the nut. In the model, the
14.0kN axial force was applied on the top surface of the support disc. Such a force corresponds to the
standard torque used for the considered valve type. Due to the difference (0.10mm) in height between
the piston hub and land, the discs are initially deformed. As a result, the valve preload is achieved.
This is reflected on the flow characteristic curve as delayed initiation of the opening and a shift of the
curve towards higher pressures.

2.2. Fluid model

The modelled flow is isothermal and incompressible. It can be fully described using Navier-Stokes
Eq.(1) and continuity equations Eq.(2), Eq.(3) 12. The assumption of incompressibility results in a
constant value of density p over time. These equations with the Eulerian-view approach are commonly
used by CFD solvers.

The Navier-Stokes Equation is

pov; /0t + pv;0v;/0x; = —0p/0x; + ud*v;/0x;0x; + pb; @)
where p is the fluid density, v is the flow velocity, u is the dynamic viscosity, p is the pressure, t is
the time and b;represents the external forces.

The continuity equation and the incompressibility condition are as follows:

dp/ot+pV-v=0 and dp/ot =0 2)
Hence, mass conservation is described by zero divergence of the velocity field:
Vv =0 3)

The CFD model was prepared using ANSYS Fluent software. The oil domain was prepared by
extraction of the valve components’ geometry from the oil volume inside the damper tube. The
volume was divided into 3 regions. The inflow and the outflow regions were separated and modelled
as static meshes to provide an accurate flow profile in far fields. These volumes were swappable
bodies, meshed using a structural mesh of hexahedral elements to reduce the overall size of the
discrete model. The oil volume in contact with the valve discs that has to handle their deflection was
covered with an unstructured mesh composed of tetrahedral elements. The discrete model view of the
fluid domain is presented in Fig. 5. The gap of 0.01 mm between the disc and the piston land was
retained to reflect surface roughness and manufacturing tolerances. Such a pre-filled gap makes it
possible to tackle the challenging aspect of closed contact between surfaces, filled with oil after
opening. A similar approach was used successfully by authors of 9 for the same purpose. The gap size
was assumed to be small enough to have no relevant influence on the flow.

To ensure a mesh-independent solution, the mesh size was adequately checked. Several mesh sizes
were investigated with a steady-state CFD case. The adopted final size of the element provided the
best relation between the computation time and the influence of the mesh on the results, considered as
the pressure drop variation of less than 1% between the mesh models.

The next step was to define the mesh-deformation method, which may be critical for the solution
convergence. For this purpose, 2 mesh-deformation methods were enabled: smoothing and remeshing.
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Smoothing is the basic method to adjust the mesh while the boundary surface is deforming or moving.
The surface nodes lying exactly on the boundary are moved to be in line with the new surface position
or shape. Their displacement affects the position of neighbouring internal nodes according to the
assumed smoothing model and its parameters. The ANSYS documentation recommends the diffusion-
based model for Fluent-Mechanical FSI 13. However, the authors found that the Spring model
performed better and more intuitively in defining parameters for the investigated case. Due to the high
deformation of the mesh in comparison with the element size, a remeshing operation had to be used.
Both Region and Local Remeshing methods were enabled to allow changes in the mesh density based
on length scales and element skewness. The selected combination of spring smoothing and remeshing
is a commonly used dynamic mesh technique, implemented in 22 in the partitioned FSI case of a pump
check valve.

Fig. 5. Fluid domain mesh

The parameters of the oil used in the simulations were defined based on the material specification,
according to the values listed in Table 2. This incompressible, viscous Newtonian fluid is assumed to
have temperature-independent density and viscosity. Such an assumption seems to be suitable for the
type of study performed and is widely used in research on damper valves (17 and 18). A velocity
boundary condition was set at the inlet and defined using a UDF external file (user-defined function).
Its value was linearly ramped in time up to 2.3 m/s, which corresponds to the maximum possible flow
rate for a test bench where some of the measurements were carried out. The flow through the valve
was considered in one direction, corresponding to the damper compression stroke. Therefore, the valve
behaviour during unloading was not considered.

Based on previous studies 15, the realizable k¢ turbulence model was selected. It is a variant of the
standard two-equation k—¢ model — one of the most common options used in industrial CFD
applications 13, 19. The realizable k—¢ turbulence model is an improved standard model for strong
vortices and stream curvatures 16, recommended from the 4—¢ family. In addition, Enhanced Wall
Treatment was enabled to make the viscous model less sensitive to the near-wall mesh resolution.
Adequate near-wall element size is evaluated using a dimensionless y* parameter, whose value
depends on the first element height, local flow velocity and fluid viscosity. Where the mesh is fine
enough, y'= 1, a traditional two-layer zonal model is used to predict the boundary layer behaviour.
For a coarser near-wall mesh, an enhanced wall function formulation is implemented 14. This method
makes it possible to overcome the computational requirements imposed by the standard near-wall
resolving turbulence model, which requires a sufficiently fine mesh everywhere 21.

A non-slip condition was applied to the fluid domain external walls. This condition ensures that the
fluid velocity is assumed to be zero in relation to the structural boundary surface. Furthermore, this
boundary condition makes it possible to generate the near-wall boundary layer.
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2.3. Fluid-Structure Interaction

To achieve the aim of this study, the 2-way FSI approach was used. The structure and the fluid sub-
system were strongly coupled with the implicit method. As a result, the solution is convergent in each
time step (the time step in the two systems must be the same).

Table 2
Fluid physical properties
Property ‘ Value
dynamic viscosity ‘ 0.015 Pa's
density ‘ 840 kg/m?

reference temperature 25°C

FSI simulations require interface identification. The structure surfaces taken into account in the FSI
data exchange are selected in the ANSYS Mechanical solver as the Fluid Solid Interface. Then, using
the ANSYS System Coupling tool, they are linked to the set of the fluid surfaces in the Data Transfer
tab. These surfaces may not match up completely; coupling will proceed, and feedback is given on
what percentage of the domain has been used in the data transfer. In this way, interfaces are created at
which dynamic and kinetic conditions must be satisfied.

The kinematic condition is that the structure deflection velocity and the fluid velocity are equal, as
expressed by

Vrp = Vs 4)

The dynamic equilibrium condition ensures the balance of forces acting on the FSI interface, which

is defined as stress equilibrium and expressed as
M= Tn ®)]
where ¢ /5 is the stress tensor and n is the distance.

In the Workbench system coupling interface, convergence criteria can be specified, or the number
of data exchange iterations can be limited. For the study in question, the number of data exchange
iterations in each time step was limited to 10, which was accepted as the optimal relation between the
computation time and the level of convergence.

3. TEST BENCH

The numerical models were validated on the test bench used in 15. The test bench enables the
measurement of flow restrictions through a variety of designs of the shock absorber valve.
The measurement method guaranteed obtaining pressure values generated by a valve isolated from the
damper system. Such an approach is intended to eliminate factors that could affect the comparison,
such as the damper pipe deformation, the rod-sealing friction and the uncertainty of the damper gas fill
pressure. The above factors are not considered in numerical models and may have an undesirable
effect on results.

The isolated valve performance was measured using a metal column corresponding to the inner
diameter of the damper tube in which the valve was placed. It was initially fastened to a purpose-made
section of the rod shortened to fit the chamber. This assembly was closed inside the column with a
sealed nut as shown in Fig. 6b. Two channels were connected to the column, above and below the
valve, through which the oil was pumped. The stand was equipped with a three-way valve to enable
easy control of the flow direction. The test bench hydraulic system used the same oil as the actual
shock absorbers. The flow was provided by two pumps working in series. The pressure drop on the
tested valve was measured on the inflow and on the outflow channel.

Two compression valve settings were assembled according to the information in Table 1. The
rebound valve was closed with a set of solid discs to prevent leakage through the rebound piston
channels. Each of the two valve assemblies was measured three times. The tested specimens were
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twisted with a specific identical torque applied to the nut. The measurement was carried out in the
range of the flow volumetric rate of 0-90 1/min. Ramped flow excitation took approximately 2.0s to
reach the maximum flow. As a result, a p—Q (pressure—flow rate) diagram of the steady-state pressure
drop against the volumetric flow rate was obtained. After the valve measurements, an additional
measurement was carried out of the flow resistance of the test bench itself (with no valve in the metal
column). It must be taken into account and subtracted from the measurement results to obtain the real
values of the pressure drop.
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Fig. 6. a) Flow test bench, b) cross-section of the metal column: 1 — sealed nut, 2 — pin (shortened rod), 3 — metal
sleeve (damper tube diameter), 4 — piston valve location and 5 — inflow/outflow channel 15

The measurement results of the valve settings (Case 1 and Case 2) are presented in Fig. 7 with the
tooling restriction curve. Good repeatability of measurement results was observed between specimens
of the same assembly (no differences can be seen in the graph between the specimens).

4. RESULTS AND DISCUSSION

The measured pressure drop characteristics of three specimens were averaged for each valve
assembly. Before a comparison with the FSI model, the tooling restriction was extracted from the total
pressure drop curves. The valve performance characteristics corrected by the tooling restriction are
presented in Fig. 8.
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Fig. 7. Pressure drop measurement results — Case 1 and Case 2, and the tooling restriction curve

Because there are no bleed discs in the disc stack, the p—Q curves are linear. The pressure initial
value at zero flow is due to the preload force, which must be overtaken by the pressure force to trigger
the flow. As expected, a stiffer disc stack has a higher blow-off point and generates ~25% higher
pressures.
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Fig. 8. Measured valve performance curves, p—Q characteristics

The correlation between the pressure drop curves obtained from the FSI simulations and the
experimental testing results is shown in Fig. 9. The achieved consistency in the results is satisfactory,
with the discrepancy level lower than 10%. The slope of the performance curves and the relation
between the soft and the stiff disc stack were well predicted by the numerical model. The authors of 20
predicted the performance of a piston valve consisting of one disc using the coupled approach and
achieved a similar level of correlation, although a very coarse mesh was used for the fluid discrete
model. However, the numerical model results were overestimated compared to the obtained pressure
drops. According to the authors, this might have been due to the very high stiffness of the clamped
boundary condition in comparison with the real conditions. On the other hand, the coarse fluid mesh of
the piston inlet region may have influenced the flow conditions, which affected the total pressure drop
value.

In the presented results, it can be seen that Case 2 (green) generates slightly underestimated
pressure drops, in the entire flow range, while Case 1 is in line with the experimental results. Such a
tendency may indicate that too low a clamping force of the discs was taken into account or that the
preload application method was inadequate.
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Fig. 9. Valve performance curves, pressure—flow characteristics

The observed phenomena are typical of preload loss issues of excessively tested parts, which
manifest as a drop in damping forces in the entire range of flow rates. It should be expected that the
discrepancy will increase with the number of discs and, consequently, with the disc stack stiffness. To
overcome this problem, the valve clamping should be realized using the bolt pretension method
instead of applying a force. Such an approach would reflect the preload from the nut torqueing
irrespective of the disc stack stiffness. Unfortunately, the Bolt Pretension feature available in ANSYS
cannot be used for the FSI simulation due to the one-step-only limitation in defining mechanical loads.
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Properly defined pretension requires at least 2 steps to apply a load and lock the bolt displacement. For
this reason, a new approach must be developed for the valve preloading (discs clamping).

Besides the valve performance, its strength can be evaluated based on the structural model results.
Due to the FSI coupling, stresses on the valve each disc can be identified as a function of the flow rate.
However, most physical tests of the damping level are controlled by a specific velocity of the rod. In
such a case, to facilitate the interpretation of results, the oil flow rate can be connected to the rod
velocity using formula (6):

Q/(Apore — Aroa) = Vroa (6)
where: A,,,. — tube inner surface area; A,,4  — rod cross-section surface area; Q — volumetric flow
rate, v,,q — damper rod velocity

The considered flow rate range can be related to rod velocities of 0-2.2m/s, which are commonly
used damper velocities in road conditions. Within this range of velocities, some example results of
maximum von Mises stresses are plotted in Fig. 10.

The discs work within elastic material properties, which is intended to maintain acceptable design
durability. A bend can be noticed on each stress curve, at 1.1m/s for Case 1 and 1.2m/s for Case 2.
Thisn on-linear behaviour is recognized as the moment of change in the disc bending mode. Below the
above-mentioned rod velocities, the discs open symmetrically around the circumference. Higher flows
lead to buckling due to compression of the disc material on the suction side. As a result, the disc
acquires a wavy shape in the circumferential direction. The outer disc edge measured deflection can be
observed in the graph presented in Fig. 13. This phenomenon is additionally shown in Fig. 11 and Fig.
12 as an uneven stress distribution along the disc stack and the disc stack deflection at high rod
velocities.

The shape of deflected discs is determined by the piston channel position and thus by the uneven
pressure load distribution. As the flow rate increases, the effect of the piston channel position on
pressure conditions becomes stronger. An example pressure distribution on the disc bottom surface at
the rod velocity of 2.2 m/s is presented in Fig. 14. The pressure field is partially covered with the
piston geometry to better visualize the relation between the channel and pressure concentration.
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Fig. 10. Maximum von Mises stresses on the disc
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Fig. 11. Stress distribution over the disc stack at 2.2m/s rod velocity (left — Case 1, right — Case 2)
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Fig. 12. Disc deflection at 2.2m/s rod velocity (left — Case 1, right — Case 2)
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Fig. 13. Circumferential deflection of Disc 1 (Case 1/Case 2) — rod velocity: 2.2m/s
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Fig. 14. Pressure distribution on the disc bottom surface (piston channels indicated) and cross-section through
the channel

The distribution of pressure acting on the disc becomes complex as the flow rate increases. For rod
velocities exceeding 1.5m/s, the influence of the outflow from the channels can be seen in Fig. 14 as
fields of high pressure on the disc surface. The flow velocity distribution obtained from the models is
presented in

Fig. 15. The identified pressure conditions may become the basis for the piston shape optimization
for homogeneous or controlled distributions to achieve the desired blow-off point or smooth opening
behaviour.

5. CONCLUSIONS

This paper presents a strongly coupled FSI model of the shock absorber piston valve. A satisfactory
correlation was achieved between the valve performance curves generated numerically and those
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obtained from experimental tests. However, a new method of the valve preload application was
indicated to be developed to achieve a better pressure drop prediction. The structural results show that
the stresses arising on the discs did not exceed the Yield point, which means that the discs operated
within elastic material properties. Such results are in line with the post-testing visual assessment of the
state of the components, which showed no plastic deformations of the discs.

The analysis performed did not cover bleed discs or the disc opening limiters, which are commonly
used. For this reason, the next step of the research will naturally be to include these aspects to generate
characteristics sensitive to all valve features.

Velocity Velocity
. 50 - 50
F 40 [ 40
30
20

r10
i

[m s*-1]

Fig. 15. Flow streamlines from the models at a rod velocity of 2.2 m/s (left — Case 1, right — Case 2)

It is proved that the proposed approach has potential to predict the valve performance and estimate
the structural loads. The implementation of this approach may lead to added value in the development
stage to analyse concept designs that are not physically available or to simulate conditions that cannot
be tested at the moment. This will lead to significant financial benefits and may shorten the product
development phase.
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