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Introduction

Intelligent materials are functional materials that are able to sense their immediate
environment and the physical and chemical state of one or more of their properties, and
then give them a significant change in state, a rapid and clear response. A changing
environment inevitably leads to a change in equilibrium. The newly formed state of the
substance has other properties.

Reduction of the force transmitted to the chassis by internal combustion engines and the
damping element maintaining an acceptable level of vibration amplitude is an important
task in today’s vehicles. Several articles deal with wheel and seat suspension systems
[1] - [2]. The structures are discussed using electro-rheological fluids. The ER they
change the attenuation of the tuned absorbent with a liquid. The article [3] describes
a simplified simulation of the configuration of the mechanical model I also use for the
front and rear seat suspension system. Friction was found to be important parameter, so
di�erent approaches to simulating the suspension were investigated. Other articles deal
with various damping techniques for seats. [2] generalizes the nonlinear model analysis
of suspended seats with passive, semi-active and active dampers. The article [4] makes
suggestions for the optimal design of the meeting through optimization a four-degree-
of-freedom quarter seating and suspension system using genetic algorithms. The goal
is to define a set of parameters to achieve the best performance for the driver. Studies
have also addressed the less studied e�ects of viscous dispersion of non-Newtonian flu-
ids. This phenomenon has a major impact on industrial applications such as melting
and extruding polymeric fluids, oil pumps, and rotating machines with high viscosity
fluids. In the article [5], the heat transfer of a concentric annular flow was investigated.
Here, the viscous distribution was set with one parameter. There are other publications
dealing with finite element modeling of viscous flows: [6], [7], [8], [9]. The method is
compared in the basic analytical model and this result is used for verification by mea-
surements. The main goal of my dissertation is to investigate the electric field-controlled
flow behavior of ER fluids. I studied the relationship between the electric field and the
change in viscosity of ER fluids. I used di�erent types of suspensions to find the right
combination of ER fluid for use in the shock absorber. I used a rotating viscometer to
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determine the temperature dependence of the viscosity. I used another self-made special
device to measure the e�ect of electric fields up to 1.8 kV / mm.
I also studied the e�ciency of a damping element in the case of a six-parameter material
model. The mechanical model describes the behavior of a rotating damping element
connected to a shaft. The shock absorber contains two helpless masses - a housing and
an inertia ring - and a damping fluid between them. This viscous fluid is modelled by a
Maxwell element. We want to determine the optimal viscosity of the fluid, which results
in a minimum vibration amplitude at any excitation frequencies.

Figure 1: Particle positions without and with applied electrical field.

I also compared the Maxwell, upper-convected Maxwell, and Oldroyd-B models to calcu-
late the viscous distribution in high-shear cases [10]. If we consider a polymer fluid, the
part of the energy that is irreversible cannot be calculated from P = · : d. In the case
of liquids where separation between the solvent and the polymer part is not available,
the deformation gradient tensor must be divided into two parts. One part consists only
of the elastic deformation, while the other contains the non-elastic part.



Aim of this thesis

In my Ph.D. dissertation I try to answer the question of what mechanical relationships
can be applied to di�erent non-linear material models in the case of shock absorbers.
First of all, I wanted to create a model that has the property of controlling absorption
over a wide speed range, which is important for diesel engines, for example. Given
the typical engine speed range, the selected 0-4000 rpm covers most civilian and heavy
trucks. The latest literature [8] deals with the problem of finding the damping properties
of absorbers in the event that the absorbent has to face a pulsed load. In continuous
mode, changing the damping parameters can be di�cult.

After creating a new mechanical model based on the Kelvin-Voigt element, I focused on
a parameter that could improve the properties of the shock absorber. My second goal,
therefore, was to experimentally improve the damping e�ect of such a device. Silicone
oil and titanium dioxide are widely used to produce electro-rheological fluids. Emphasis
is placed on determining parameters such as titanium/liquid ratio, particle size, liquid
viscosity, to increase the damping e�ect. However, the utilization of heat generated by
engines has not been extensively studied. Since there is no recommended mixture value
for shock absorbers, I studied the di�erent weight ratios of titanium compared to the
supporting silicone oil.

Figure 2: Di�erent models used for the damper fluid.

Silicone oil is known to have a limited shelf life of about a couple of 10,000 hours. In the
event that we begin to use this oil in the absorbent, we must also try to limit the time
it takes to warm up or use. It is extremely important to know if there are operating
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speed ranges where it is necessary to increase the damping and in which zone, whether
through an electric field or heat input.

In addition, I am looking for a suitable method to calculate the viscous heat produc-
tion caused by the polymer fluid. I am also investigating the preparation of a suitable
numerical scheme for fluid flow simulation.

My fourth objective is to propose a solution to an unanswered phenomenon based on
the Mo�att equation [11]. In this paper, the dissipation energy is calculated based on a
new theory, however, the measurement data and the theoretical results do not match.
My goal was to find out what is the reason for the discrepancy and how to find the
missing link between theory and measurements. I would like to answer this question by
introducing a new dissipation energy calculation method.

Finally, my last goal is to provide a numerical scheme for the newly introduced dissipa-
tion energy calculation method. Here, I would novelly connect my numerical solution
with the Weissenberg numbers because they correlate with the viscosity of the fluid.



Thesis

Thesis 1. I proved by analytical calculations that when using the Kelvin-Voigt model

used to describe the fluid in viscous shock absorbers, the damping extreme value can be

found, at which the displacement of the shock absorber is minimal in the operating range

0-4000 1/min. I also found that if we take into account the deflection with the weight

w1 and the e�ect of the dissipated heat with the weight w2 then the higher the ratio of

w1 the higher the damping value is needed to minimize the vibration.

Q = w1 ú ystat. + w2 ú Pv.

Publications related to the thesis: [12], [13].

Figure 3: Q as a function of damping value.

A two-degree-of-freedom mechanical model was used to model the torsion damper. The
optimization was performed for two areas. The first is the maximum vibration amplitude
using the magnification diagram. The second aspect is to consider heat production. In
this case, the optimization results in the least heat being generated when this relative
damping parameter (i.e., the viscosity of the oil) is zero, which is, of course, not feasible
in practice. We then performed a combined optimization using di�erent weights, with
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w1 responsible for the magnification peak and w2 for the heat generated. We found that
the optimal attenuation parameter increases with the ratio of w1.

Thesis 2. I proved by measurements that the viscosity of silicone oil and titanium

dioxide-based electro-rheological fluids’ damping e�ect can be increased by an order of

magnitude using an electric field. Raising the liquid temperature to 50
o
C can increase

this e�ect by 300%. The distance between the electrodes used is inversely proportional

to the achievable increase in viscosity. In technical applications, the applicable titanium

dioxide concentration is 40 weight percent.

Publications related to the thesis: [10],[14].

Electrically conductive particles placed in silicone oil, if they are spaced far enough apart
to reach their neighbours in the electric field, interactions occur between the particles.
These interactions can be very strong and can lead to significant changes in the structure
of the particle assembly. The particles attract each other as they align and repel each
other when placed side by side. Due to the attractive forces, the pearl chain structure
is formed. As a result, the viscosity of the suspension increases dramatically, and when
the field strength exceeds the critical value, the electro-rheology fluid becomes a solid. I
produced this process by measurement. This can be used to determine the temperature-
electric field dependence of the liquid-solid transition.

Thesis 3. I have shown by analytical calculations that the attenuation region can be

divided into three stages. In the middle section, which is in the range of about 400-1400

rpm, a maximum damping value is required. This can be achieved by using an external

electric field and increasing the temperature of the fluid.

(a) Damping as a function of electric field. (b) Damping as a function of angular velocity.

Figure 4: The damping values depend on the applied electric field and the angular
velocity.

Publications related to the thesis: [15].
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I used the Maxwell model to describe the behavior of the damping fluid. Three Maxwell
elements were used in three di�erent ways damping property so that the behavior of the
model is close to that of the real fluid. To avoid singularities, I expanded the model with
three point masses, thus the system has six degrees of freedom. The damping parameters
were optimized to minimize the vibration amplitude transmitted by the motor. I have
shown that the vibration level thus obtained can be reduced at any frequencies if the
optimal damping characteristics of the Maxwell elements are set based on the predictions
of the equilibrium state.

Thesis 4. I introduced a modified Mo�att equation that can calculate the heat generated

in viscous liquids. I performed analytical calculations, based on which the generated heat

can be calculated as

Pdiss. = ≠· : Òu = ≠· : 1
2 “̇d,

where · is the stress and “̇d is the irreversible part of the rate of deformation and

≠· : Òu =
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(1)

where ”ij Kronecker-delta.

With the new model, the calculation is independent of the coordinate system used and

can be used in relative systems. This formulation supports both linear and nonlinear

constitutive equations.

Publications related to the thesis: [16].

The main question was whether the viscous energy of fluids could be determined if the
constitutive equation is of the non-Newtonian type.

Another goal was to determine the operating temperature of the fluid dampers by finite
element modeling. Both the Maxwell and UCM models were presented. Comparing
the results of the calculation obtained by the FEM model with the data obtained with
the measurement, it can be concluded that the calculation of the viscous dissipation by
FEM is very close to the measurement data. With this FEM calculation, the testing
and design process of shock absorbers can be accelerated by using virtual prototypes.

Thesis 5. Based on the newly introduced theory, I performed a new numerical procedure

with the theory for the calculation of the dissipation energy, using GLS-type stabilization

and Oldroyd-B fluid. With this numerical procedure I was able to prove that the theory
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is correct. The proposed procedure can be applied to Weissenberg numbers from 0 to 1,

which is an internationally accepted range of viscoelastic fluids.

The accepted method is in good agreement with the published results of a wide range of

Weissenberg numbers.

Figure 5: Comparison of heat loss calculated based on di�erent methods.

Publications related to the thesis: [17], [18].

A finite element model of viscoelastic Oldroyd-B fluid flow was applied and tested us-
ing COMSOL Multiphysics. The calculations show a good agreement with the results
reported in the literature for cylinder currents, which is a common reference problem in
the numerical simulation of viscoelastic flows. I have shown that stabilized finite element
schemes can be implemented relatively easily with the help of COMSOL.



Future research possibilities

Several additional considerations and concepts emerged during the research. These are
likely to be incorporated into future study opportunities and point to the following:

• The present study was made assuming equilibrium situations. During operation,
however, fluid flow is rarely constant. On the contrary, the flow is mostly transient,
and the flow direction and flow velocity can be varied. The next step is to check
the calculations in transient situations.

• In the ER liquid used for the present research, I used 40 weight percent titanium
dioxide particles in silicone oil. Appropriate selection of other particle types and
sizes can further increase the damping value.

• Future calculations also aim to investigate the dependence of the dissipated heat on
the electric field strength. This requires several additional calculations for di�erent
electric field strengths.

• It would be important to develop a model of the reaction time of the ER fluid as
a function of the electric field strength.
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