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1 Introduction

Truck systems have several worn parts whose erosion need to be compensated for over
the vehicle's lifetime, e.g. brake wear, valve lash, clutch disc wear. The present dissertation
seeks a solution to compensate for the wear and tear modi�cations of clutch discs in
transmission systems.

Several attempts have been made to compensate for the variation of the dead volume
(to compensate the wear and keep the actuator-piston at the same level in the released
state) since a successful design would have a signi�cant market advantage: operating range
can be held at the end of the cylinder to minimize the dead volume (better dynamics), and
the cylinder can be smaller as the stroke does not have to cover the wear (space and cost
savings). Active solutions work by controlling electrical devices (e.g. solenoid valves), but
the cost of the proper control is high. Mechanical solutions are usually based on friction.
If the force unbalances due to the dead volume change exceeding the friction force, then
the length of the adjuster changes [1, 2]. The e�ciency depends on the precise tune of
the friction that controls the adjustment, which is costly due to su�ciently precise surface
machining.

A common requirement of the above-presented actuators is that they should be rigid
during high load (e.g. braking, clutch depression) while in the steady-state (after braking,
clutch closed), it should change length due to the small unbalances. Typical brake actuators
usually compensate only in one direction. Hydraulic valve lash adjusters also only perform
unidirectional adjustment (so they are inappropriate to balance the thermal expansion in
the opposite direction). Friction clutch adjusters require costly surface machining due to
the above-presented reasons. Therefore, colossal demand rises for a reliable but inexpensive
adjuster that is rigid under high loads and �exible under small loads.

Satisfying the demand drove the interest toward the idea of a shear thickening �uid-
based adjuster. These �uids have low viscosity and can �ow by low shear rates (and shear
stress), while at high shear rates (and shear stress), they have high viscosity and can even
behave like solids. The patented idea from Knorr-Bremse Brake Systems Ltd. is similar to
a single-tube shock absorber where the chambers are �lled with a shear thickening �uid.
According to the patent, the chambers are connected by a channel with a circular cross-
section, in which the �uid can �ow due to the pressure di�erence between the chambers.
The proper �uid (and thus the adjuster) hardens during actuation while in the released
state, the liquid softens at low forces, and the adjuster becomes �exible. The research
aims to conduct a feasibility study, select the �uid, and design the device. Hopefully, the
resulting device will have fewer components, less stringent tolerances, surface machining,
and thus lower cost.

1.1 Research plan

The research aims to build up a non-Newtonian �uid-based adjuster. The device would
be mounted in the rod of the clutch actuator in the automatic transmission system of heavy
vehicles, and its function is to compensate for length variations (e.g. due to wear, thermal
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expansion) that occur during the lifetime. The adjuster must satisfy two requirements: a)
be su�ciently rigid during high load and fast actuation, and b) be su�ciently �exible in
the released state to compensate for length variations and compression during actuation.

The solution of the problem started with the description of the non-Newtonian �ow in
the channel. An analytical method is built up to determine the volume �ow rate - pressure
drop characteristic curve of the channel for an arbitrary non-Newtonian liquid assuming
laminar �ow not only for an annular but also for a circular hole cross-section channel. The
method can be employed to predict the behaviour of the adjuster by determining the speed
of compression (and the corresponding volume �ow rate) for a given force (and pressure
di�erence). The method can also be applied to determine the damping characteristics of
a non-Newtonian �uid-based shock absorber. A graphical representation has been worked
out for the analytical derivation, which is well suited for industrial application. Based on
the methods, Thesis I. is stated.

In order to validate the models, more accurate but computationally demanding sim-
ulations were performed with several types of shear thickening liquids for annular and
cylindrical hole gaps. The simulation results were exploited to de�ne the dimensionless
range of the geometrical dimensions, where the error due to the simpli�cations is within
acceptable range. The description of the analytical methods with the acceptable parameter
space forms Thesis II.

The simpli�ed models are validated not only by more accurate CFD simulations but
also by experiments. I have assembled a test rig to measure the compression of an adjuster
�lled with di�erent liquids under the actuator's load. The measurements were performed
for Newtonian (hydraulic oil), traditional non-Newtonian (silicone oil - Cross-model) and
complex shear thickening �uids. The latter was prepared, and its rheological properties
were measured by the Soft Materials Research Group of the Faculty of Chemical Engineer-
ing, BME. The rheological measurement results were directly inserted into the simpli�ed
models. The analytical values showed reasonable agreement with the experimental results.

The main role of the simpli�ed analytical model is to describe the e�ect of the non-
Newtonian rheology on the adjuster's behaviour with acceptable accuracy and low com-
putational cost. The main advantage of the model is that it can use the results of the
rheological measurements directly for arbitrary rheology; hence, any rheological model
�tting is unnecessary. However, the main disadvantage of the model is that it applies
a quasi-stationary approximation, so it gives acceptable results only for slow processes.
Therefore, additional transient simulations were performed to de�ne the acceptance crite-
rion for the quasi-stationary approximation for a power-law liquid. This result constitutes
Thesis III.

The behaviour of the adjuster device was described by means of equations of motion
written for the moving parts. The �ow model mentioned above couples the equations cor-
responding to the di�erent bodies. Based on the system of ordinary di�erential equations,
multi-objective optimization is performed to calculate the dimensions of the device using
di�erent �uid rheologies from the literature. The two objective functions of the optimiza-
tion are a) the compression during actuation and b) the length of the uncompensated wear
during the released state. The results showed that two �uids have size combinations that
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meet the requirements of the industrial partner. Further transient CFD simulations also
verify the selected combinations. The design guidelines based on the evaluation of the
results contribute to my Thesis IV.

In summary, a patented non-Newtonian �uid-based device is designed based on the
developed mathematical models, and more accurate steady-state and transient numerical
computations (CFD) and measurements verify its accuracy. The developed numerical
toolbox provides a reasonable basis for further development of the shear thickening liquids
from the chemical engineering point of view.

2 Analytical models for non-Newtonian �uid �ow

In shock absorbers, the �uid typically �ows through two types of �ow restriction: a
cylindrical hole (usually for hydraulic �uid, 2) and a circular annular gap (e.g. for magne-
torheological �uid, 1). Thus, these two types of gaps are investigated.

In both cases, the piston (a1, c1) in a cylinder (a2, c2) moves due to the external
compressive or tensile forces. A pressure di�erence builds up between chambers (a3,c3)
and (a5, c5), causing the �uid �ow from the pressurised chamber to the lower pressure
chamber through the �ow restriction (a4, c4). In the case of the annular gap, the gap is
bordered by the bore in the piston and the circular rod �xed to the cylinder. In both cases,
the �uid is sealed (a6, c6).

The behaviour of the shock absorber or a similarly structured adjuster is characterised
by the relationship between the compression force F and the compression velocity v, as
con�rmed by the measurement results. The viscous �ow force acting on the piston can
be calculated as the product of the pressure di�erence between the chambers and the
piston surface area, while the piston rod velocity is obtained as the ratio of the volume
�ow rate and the piston surface area. In order to determine the relationship F (v), it is
essential to determine the characteristic curve of the �ow restriction ∆p(Q) for the applied
incompressible non-Newtonian �uid. The challenge of the present application is that the
rheological behaviour of the �uid can be quite complex.

The characteristic curves have been determined for both annular and hole-shaped gaps;
however, only the main steps of the former derivation are presented in this section.

2.1 Determination of the pressure di�erence - volume �ow rate

curve analytically and graphically

The mean diameter of the gap is assumed to be much larger than the size of the gap, so
the gap �ow is approximated by the �ow between parallel plates. The solution is derived
from the continuity and momentum equation written in the Cartesian coordinate system,
assuming an incompressible medium. The following assumptions are made to obtain the
analytical solution: 1) the �uid is incompressible, 2) steady-state, no time dependence, 3)
the �ow is two dimensional, so all quantities are constant in the z direction, 4) the velocity
in the x (streamwise) direction depends only on the y (spanwise) coordinate (u = u(y)),
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Figure 2: Schematic diagram of a non-
Newtonian �uid-�lled adjuster/shock absorber
with the circular hole.

the other velocity components are zero v = w = 0 and 4) the pressure gradient is constant
dp/dx = const. Under these conditions, the continuity and the momentum equation in the
y and z directions are automatically satis�ed. (Similar train of thought can be found in
the literature [3], which results have been validated by measurement [4]). The remaining
simpli�ed equation is

0 = −dp

dx
+

dτ

dy
, (1)

where τ(y) is the local shear stress. Integrating the equation with respect of y from y = 0
(the axis of the channel, see Figure 1), the form of

τ = −dp

dx
y + τ0, (2)

is obtained for the local shear stress, where τ0 = τ(0) is the local shear stress at the
channel's centerline. The goal is to determine the velocity pro�le and the volume �ow rate
for a given pressure gradient and rheology. The velocity is represented in the rheology
model since the shear stress is a function of the shear rate in some τ = g(γ̇ = du

dy
). So,

according to the traditional method, the next step is to express the shear rate γ̇ = du
dy

from

the equation (2). This is still feasible in closed form for simpler non-Newtonian models,
such as the Bingham, power-law and Herschel-Bulkley models, since the shear rate can be
explicitly computed from the shear stress.

In the present paper, we investigate the complex shear thickening �uid in industrial
applications for which no simple rheological model exists. Moreover, at the initial design
stage, it is unknown whether any �uid would be suitable for the application (typically
characterised by a prescribed F (v) function). For this reason, a novel method is developed
to determine the volume �ow rate - pressure di�erence curve for arbitrary rheology. The
inputs of the method are the rheology of the �uid τ = g(γ̇), the dimensions of the gap
(L length, h half-height, W width) and the wall velocity uw, while the output is the
characteristic curve Q(∆p). The steps of the solution are the following:
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1. Determine the inverse rheological curve f(τ) = γ̇ = g−1(τ) from the rheological
measurement results τ = g(γ̇)

2. Odd extension fodd(τ) of the curve f(τ)

3. Produce the �rst Fodd(τ) integral function of fodd(τ),

4. Produce the second Sodd(τ) integral function of fodd(τ),

5. Determination of τ0 satisfying the boundary conditions using equation

Fodd(τ0 − τp)− Fodd(τ0 + τp) =
uwτp
h

(3)

6. Determination of the characteristic curve Q(∆p) using equation

Q

W
=
h2

τ 2p
[2τPFodd(τ0 − τp) + Sodd(τ0 − τp)− Sodd(τ0 + τp)] . (4)

The advantage of this method is that steps 2 and 3 can be performed using some
numerical method (e.g. trapezoidal method) from the measurement results directly without
any model �tting.

In order to prove the validity of the derivation, the method was veri�ed with mea-
surement data obtained from the literature (tape casting with Bingham �uid [5], shear
thickening �uid-based shock absorber [6]) and CFD.

To improve the industrial applicability, a graphical method is developed to de�ne the
velocity pro�le and the characteristic curve graphically, even using a simple spreadsheet
software. If the rheological measurement data have su�ciently �ne resolution, the function
Fodd can be produced by numerical integration of the measurement data (e.g. by the
trapezoidal method). Then the function Sodd can also be plotted after another numerical
integration. The τ0 solution of the eqution(3) can also be obtained graphically: �nd the
"window" of width 2τP and height uwτp

h
(as shown in Figure T1 b) where τp is de�ned by

the equation (2). Let FA = Fodd(τ0 − τp) and FB = Fodd(τ0 + τp). Then, if uw > 0 then
FB > FA and vice versa, so the assignment is straightforward, even though the function
Fodd(τ) is even. After reading the corresponding points FA, FB, SA and SB (see Figure
T4) we have

Q(τp, uw)

W
=

h2

τ 2P
(2τPFB + SA − SB) . (5)

Thesis 1

A novel graphical method is developed to determine the characteristic curve Q(∆p, uw)
for laminar Couette-Poiseuille �ow of a �uid with arbitrary rheology τ = g(γ̇), where Q is
the volume �ow rate through the gap, ∆p is the pressure di�erence, and uw is the moving
wall velocity; the gap width is h and length is L. The steps of the method are the following:
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1. Draw the inverse rheological curve
f(τ) = γ̇ = g−1(τ) from the rheologi-
cal measurement results τ = g(γ̇),

2. create odd extension fodd(τ) in negative
region of the curve f(τ).

3. produce the �rst Fodd(τ) and second
Sodd(τ) integral curve of the function
fodd(τ),

4. adjust the window with 2τP width and
|uw|τP

h
height on the plotted Fodd(τ)

function, where τP = ∆p
L
h, ∆p is the

pressure di�erence through the gap, h
is the gap's halfwidth, L is the length
of the gap and uw is the moving wall
velocity,

5. read the points FB, SA, SB from the
graph (see �gure), �nally

6. substitute into equation

Q(∆p, uw) =
Wh2

τ2P
(2τPFB + SA − SB) .

Figure T1. The graphical method to
determine the volume �ow rate for a given

pressure gradient and wall velocty.

Related publication: [J1].

2.2 Application to model shock absorbers

In a real design, the piston surface of a shock absorber can be several orders of mag-
nitude larger than the cross-section of the gaps, see Figure 1. In this case, the piston wall
velocity is negligible compared to the average �ow velocity in the gap. Omitting the wall
velocity simpli�es the derivation of the previous section since the �ow between stationary
walls (pure Poiseuille �ow) is symmetric, so the shear stress on the axis of symmetry is
zero τ0 = 0. Then the expression for the volumetric �ow rate is simpli�ed to the following
form

Q =
Wh2

τP 2
[2τPFodd(τP )− 2Sodd(τP )]. (6)

Then there is no need to solve the (3) nonlinear equation and the characteristic curve
Q(∆p) can be obtained directly by numerical integration. Let us de�ne the relative volu-
metric �ow rate Q̃ by dividing the volume �ow rate with the term of Wh2

Q̃ :=
Q

Wh2
=

1

τP 2
[2τPFodd(τP )− 2Sodd(τP )]. (7)
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Figure 3: Relative error of the analytical model compared to the CFD results for power law (left) and
shear thickening �uid (right) in the case of annular gap. The results show that the relative error depends
on the relative gap length for a power law �uid and on the relative gap length and the relative volume �ow
rate for a shear thickening �uid.

It can then be observed that the left-hand side of the equation depends only on the inverse
rheology f and its �rst and second integral functions. The curve Q̃(τP ) can be produced for
given rheology without knowing the dimensions of the �ow restriction. If the dimensions
of the damper are known, the damping characteristic F (v) can be obtained from equation

v =
Q

A
=

Q̃Wh2

A
and F = ∆pA = τP

L

h
A. (8)

Since both the velocity and the force are multiplied by a geometry-dependent constant,
the shape of the curve F (v) does not change but only stretches along the x and y axes.
This allows us to state that the shape of the damping characteristic depends only on
the rheology. For example, a shear thinning �uid is appropriate for degressive power-law
damping, while progressive damping can be achieved with a shear thickening liquid. If the
shear thickening �uid has a thinning region, degressive damping can also be reached with
a proper design.

There are only a few well-documented measurements in the literature, so the analytical
model results could only be validated over a narrow range of dimensions. Therefore, to
estimate the error of the analytical models, I performed parameter sweeps for both geome-
tries by means of CFD (Computational Fluid Dynamics). For the annular gap, the length
L of the gap (L=2.5; 5; 7.5; 10 mm) and the inner diameter di (di=5.75; 5.44; 4.75; 4
mm) were varied by di�erent inlet velocity. The relative error of the pressure di�erence
values obtained analytically and numerically (CFD) are compared in the function of the
relative gap size 2h

di+do
and the dimensionless gap length L/hfor power-law (PL) and shear

thickening �uid (STF).
A comparison of the analytical and CFD results of the parameter sweep is shown in

Figure 3 for an annular gap. The upper panels show the relative error of the results
obtained with di�erent relative gap sizes 2h

di+do
in the plane L/h − Q̃. The black dots

represent the dimension combinations tested by CFD, so the plots show the relative error
values at these points. In the case of a power-law �uid (left column), the contour lines
are nearly horizontal, so the e�ect of the volume �ow rate is negligible compared to the
relative gap length L/h.
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The arbitrarily chosen maximum allowable relative error of 10% for both �uids is guar-
anteed by the condition L/h > 100. The numerical tests were repeated with a circular
hole case by varying the diameter d and the length L. In this case, the maximum relative
error condition of 10% must be satis�ed by L/D > 10 criterium.

Thesis 2

A single-tube piston damper with nonlinear damping characteristics can be designed
using shear thickening �uid. If the �uid rheology includes thinning and thickening regions
as well, progressive and degressive damping characteristics can also be achieved depending
on the size of the �ow restriction. Relationship between the velocity damping characteristic
of the single-tube damper v(F ) and the rheology of the �uid f(τ) := γ̇(τ) can be described
by

� for annular gap

v =
a

(bF )2

(
2bF

∫ bF

0

f(τ) dτ −
∫ bF

0

F (τ) dτ

)
, where a =

Wh2

Ap

, b =
h

ApL
,

� while for circular hole

v =
c

(dF )2

(
2dF

∫ dF

0

f(τ) dτ −
∫ dF

0

τF (τ) dτ

)
, where c =

2πR3

Ap

, d =
R

2ApL

and F =

∫
f(τ) dτ.

equations. Compared to CFD calculations, the applicability range of the method with a
10% error limit is L/h > 100 for an annular gap and L/D > 10 for a cylindrical hole.

In the above presented formulas, v is the velocity, F is the the damping force, and a,
b, c, d are geometrically dependent constants. The dimensions of the annular gap are the
circumference W and h halfwidth. R is the radius of the hole. In both cases, L is the
length of the gap and Ap is the piston surface. The inverse rheological curve of the liquid
is γ̇ := f(τ).

Related publications: [J2], [C2], [C3].
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3 Transient studies

In the previous chapter, the actual dynamic process was approximated by a series of
equilibria, so the question may arise: under what conditions is this approximation valid?
In vibration dampers, the hysteresis phenomenon can often occur at high frequencies, when
the damping characteristic F (v) depends signi�cantly on the excitation frequency. In such
cases, the F (v) characteristic is not a single curve but a loop, and the area inside the loop
expands with increasing frequency, see [7].

To describe the time-dependent dynamics of the Couette-Poiseuille �ow, semi-analytical
models are available in the literature, such as [8] for Newtonian, [9] for Bingham and
[10] for Herschel-Bulkley �uids. The authors found that the di�erence between the quasi-
stationary and unsteady solutions in phase shift and amplitude can be signi�cant in certain
parameter ranges. However, they did not de�ne critical parameter values beyond which
the quasi-stationary solution is not su�ciently accurate.

The present chapter de�nes the range of acceptability of the quasi-stationary approxi-
mation for a non-Newtonian �uid. Since the time-dependent �ow equations have an ana-
lytical solution in the linear (Newtonian) case, this was the starting point. Based on the
derivation, I established the relationship between the coe�cients of the harmonic pressure
di�erence and volume �ow rate functions using dimensionless quantities. From the rela-
tion, the range could be determined where the pressure di�erence and volume �ow rate
functions are in nearly the same phase.

The analytical solution was compared to the results of the transient numerical CFD
simulations to verify the accuracy of the numerical solutions. In the case of power-law �uid,
the governing equations were solved employing the CFD technique. Based on the results,
the criteria de�ned for the Newtonian case have been extended to the non-Newtonian case.
Based on the results, I formulated my Thesis III.

3.1 Result of the Newtonian derivation

In the Newtonian case, the time-dependent form of the equation of motion is

ρ
∂u(y, t)

∂t
= −dp

dx
+ µ

∂2u(y, t)

∂y2
, u(−h, t) = 0, u(h, t) = v(t), (9)

where u is y spanwise coordinate dependent velocity in the gap, x direction and µ is the
dynamic viscosity. The velocity of the wall is the ratio of the volumetric �ow rate and the
piston area v(t) = Q(t)/A. If the dimensionless volumetric �ow rate

q̂ = cCP cos(t̂St) + dCP sin(t̂St) (10)

and dimensionless pressure di�erence

p̂x = a cos(t̂St) + b sin(t̂St) (11)
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are harmonic functions, then the relatinship between a, b, cCP and dCP coe�cients can be
expressed by the equation(

I − Wh

A

[
C11(Wo) C12(Wo)
−C12(Wo) C11(Wo)

])[
cCP

dCP

]
=

4

Wo2

[
−C12(Wo) C11(Wo)− 1
C11(Wo)− 1 C12(Wo)

] [
a
b

]
,

(12)
where C11 and C12 are constants depend on the Womersley number Wo

C11 =
1

Wo

sin(Wo) + sinh (Wo)

cos(Wo) + cosh (Wo)
C12 =

1

Wo

sin(Wo)− sinh (Wo)

cos(Wo) + cosh (Wo)
. (13)

The constants in the equations are the Womersley numberWo =
√
2StRe, the Strouhal

number St = ωh
U

and the Reynolds number Re = ρUh
µ
. Based on the equation, the co-

e�cients of the di�erential pressure function for a purely sinusoidal �ow rate Q(t) =
Qmaxsin(ωt) are calculated and converted in the form ∆pu(t) = Au sin(t · St + ϵ), where
Au is the amplitude of the unsteady solution and ϵ is the phase shift with respect to the
volumetric �ow function. In the quasi-steady case, the volumetric �ow rate is calculated
at each time point using the formula derived from the actual pressure di�erence for the
steady-state �ow so that the pressure amplitude of the quasi-static solution is the pressure
amplitude Ast associated with the volumetric �ow Qmax. Then, the ratio of the transient
and quasi-static pressure amplitudes Au/Ast (similar to the phase shift epsilon) depends
only on the number Wo and can therefore be plotted as a function of the number Wo, as
shown in Figure 4.

Figure 4: (Upper panel) Ampli�cation diagram. (Lower panel) Phase shift between �ow
rate and pressure di�erence. In both panels, solid line depicts the analytical solution and
circles are the CFD results for power-law �uid.
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3.2 Extension to power law liquid

In the case of a power-law liquid, the governing partial di�erential equation is nonlinear,
which solution is cumbersome. For this reason, transient CFD simulations with deformable
mesh were performed, where the harmonic motion of the piston generates the periodic
volume �ow rate. The simulations were run for Newtonian and power-law �uids. During the
evaluation, it was found that the the dimensionless Wo Womersley number can characterise
well the e�ect of excitation frequency. For small Womersley numbers, the quasi-stationary
solution estimates the transient result with reasonable accuracy, while for large Wo, the
approximation is poor.

Figure 4 shows the ampli�cation diagram of the analytical Newtonian case (continuous)
and the values obtained from CFD simulations for Newtonian (n=1) and power-law �uids
(n̸=1). For a power-law �uid, the WoWomersley number was calculated using the corrected
formula. The �gure proves that the Newtonian results are usable for the power-law case
using the corrected Reynolds number. On the other hand, the discrepancy between the
transient and steady-state approaches becomes signi�cant at about Wo=1. At Wo=10, the
volume �ow rate and the pressure di�erence are completely out of phase. As a result, it
can be said that for Wo<1, the quasi-static approximation can be applied with reasonable
accuracy.

Thesis 3

The hysteresis in the damping characteristic F (v) of power law (τ = Kγ̇n) liquid-�lled
damper with an annular gap shaped restriction during a periodic motion appears in the

Wo =
√

2StRekorr > 1

region, where Wo is Womersley number, Rekorr is the generalised reynolds number for
power law liquid in the critical cross section and St is the Strouhal number:

Rekorr =
ρU2−nhn

K
(
0,5+n

n

)n , St =
ωh

U
.

A quasi-stationary solution with Wo < 1, Rekorr < 10, 0.6 ≤ n ≤ 1.3, results maximum
error of 5% compared to the transient CFD solution.

The quantities in the above presented formulas are the angular frequency of the exci-
tation ω, the amplitude of the velocity vmax. h is the half-width of the gap ring, D is the
diameter of the piston, U = vmax

Apiston

Agap
= vmax

D
4h

is the maximum average velocity in the

gap. ρ is the density of the �uid, K is the �ow consistency index and n is the �ow behavior
index.

Related publication: [C1].
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4 Design of the adjuster

Figure T4 shows a schematic drawing about the adjuster and its environment. The
actuator consists of a cylinder (grey) and a piston connected to the adjuster's piston (green).
The actuator piston can move in the adjuster cylinder (yellow), causing the �uid to �ow
through a gap with external diameter do, internal diameter di and length L. Since the liquid
is incompressible, the spring-loaded compensating piston (blue) is necessary to compensate
for the di�erence in volume change between the two chambers. The adjuster connects to
the clutch spring.

During a speed shift, the load valves of the upper cylinder (grey) open and the actuator
pressure pcyl increases to 8 bar. This forces the adjuster (green and yellow) to move and
compress the clutch spring. The pressure in the lower chamber of the adjuster increases;
hence the �uid starts to �ow into the upper chamber, and the adjuster compresses. In the
released state, the upper pressure of the adjuster will be higher than the lower chamber
pressure because of the compressed spring connected to the compensator piston. The �uid
�ows back from the upper chamber to the lower cavity. If wear has occurred, the balance
between the compensating spring and the actuator spring will shift, allowing the adjuster
to change length further.

The geometry of the adjuster is described by 5 dimensions: do gap outer diameter,
di gap inner diameter, L gap length, Dd lower cylinder diameter and Du upper cylinder
diameter. The design process aims to determine these �ve dimensions and the applied
�uid. I performed a multiobjective optimization for di�erent shear thickening rheologies
to achieve the best solution for these �ve dimensions. Based on the results, the design
engineers would determine the dimensions to satisfy the requirements. The �nal product
can be designed based on additional considerations (manufacturing technology, economics)
from the resulting combinations.

4.1 Multiobjective optimisation

The adjuster has two main functions: 1) to be su�ciently rigid during operation, and
2) to compensate for the dead volume change, which is the sum of compression and wear
during operation. If the restriction is too narrow or the �uid too viscous, the adjuster will
be very sti� during actuation but not �exible enough during the adjustment period. On
the other hand, the adjuster will be too �exible during operation if the restriction is too
large or the �uid too "soft". Therefore, a compromise between these two objectives must
be made.

For optimization, two independent objective functions are de�ned. In the �rst case,
the cylinder pressure pcyl is increased to 8 bar using a linear unit jump function and the
compression o1 over 2 s is de�ned as the �rst objective function. In the second case, the
cylinder pressure was kept constant at atmospheric pressure, and the wear was changed
by 0.5 mm. The length of the not adjusted wear o2 during the 20s is de�ned as the second
objective function. These two objectives (o1, o2) are minimized with the multiobjective
optimization for di�erent rheological �uids.
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The behaviour of the device in the application environment is described by a system of
ordinary di�erential equations (KDE) with 6 degrees of freedom, derived from the equations
of motion for each component. The e�ect of the non-Newtonian �uid was taken into
account by the F (v) function presented earlier. The accuracy of the results was veri�ed
using time-dependent CFD simulations.

4.2 Contrains

The CFD results showed that the analytically calculated characteristic curve has rea-
sonable accuracy for large relative L/h gap lengths. Although the results showed that the
sensitivity of the relative gap size h/d is negligible, I still imposed is based on literature
studies (e.g. [11]). I arbitrarily set L/h < 100 and h/do < 0.1.

In addition to practical considerations, the numerical scheme of the ordinary di�erential
equation solver limits the range of design variables. The condition number of the governing
di�erential equation system and the type of the corresponding numerical solver are strongly
in�uenced by the �ow model. In the case of small pressure loss (small choking and/or low
viscosity �uid) the adjuster can suddenly compress which requires conventional (e.g., ode23,
ode45 ) solvers, e.g., 4-5. Runge-Kutta-Fehlberg method. However, for large pressure losses
(small gap and/or high viscosity �uid), the compression of the adjuster is minimal (in the
nanometer range, three orders of magnitude smaller than the actuation length of 20 mm),
requiring the use of rigid solvers. Moreover, the descriptive KDE equations have to be
solved not only a few times but thousands of times during the optimization for di�erent
condition numbers. To handle this problem, additional nonlinear constraints have been
introduced to exclude a parameter range that is not relevant for the application. Thus, it
is su�cient to use only a rigid solver (e.g. ode23s).

With the analytical methods presented earlier, one can determine the force - velocity
characteristic F (v) for a given �uid and geometry. For a given �uid, the shape of this
curve does not change as the dimensions are varied, but the position of the curve in the
F − v plane (Figure T4) can vary over a wide range. In Figure T4, I have plotted the
characteristic forces on the F (v) plane corresponding to the actuation (Fcrit,2= 6000 N)
and the adjustment (Fcrit,2= 10 N). The characteristic velocities were de�ned with the
industrial partner: the maximum compression velocity at actuation is vcrit,2 = 10−5 m/s,
while the minimum velocity during the adjustment is vcrit,1 = 10−7 m/s. If the gap is too
small, a large force is obtained (Figure T4 g) even at lower speeds than the minimum,
resulting in a very sti� adjuster throughout the whole process, and the adjustment will
not be achieved. If the gap is too large, then only high forces are obtained for speeds
higher than the allowable maximum (Figure T4 h), in which case the adjuster will be
continuously compressed at a high load, which is detrimental during the actuation phase.
The thickening region of the curve may be in the middle-velocity range (Figure T4 a-e). In
this case, if the adjuster is operating in the hardened third region (blue dotted line) during
the process, we will not exploit the middle hardening section (Figure T4 a). The situation
is similar if the adjuster operates on the soft section (dashed in Figure T4 f).

It can be concluded based on the above presented reasons that the appropriate design
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are that make the hardening region of the curve F (v) fall within the rectangle spanned
by the points vcrit,1, Fcrit,1) and vcrit,2, Fcrit,2). The optimization results con�rmed this: we
obtained only appropriate geometric size combinations that met this su�cient condition.

4.3 Results

The results corresponding to the di�erent rheologies are plotted as Pareto fronts. The
Pareto points were classi�ed into arbitrarily chosen quality classes. The results showed
that several points were obtained for two liquids satisfying the industrial requirements.

On the other hand, the investigated �uids have di�erent rheological properties, e.g.
a) di�erent µ(γ̇ = 1) zero-point viscosities, b) di�erent critical shear rates where the
shear thickening e�ect starts, and c) di�erent hardening properties (ratio of minimum to
maximum viscosity). Therefore general guidelines could be formulated to help the �uid
selection. The results showed that the geometric dimensions could compensate for the
e�ect of zero viscosity and critical shear rate but not the rate of thickening. Consequently,
a �uid with a high shear thickening rate would be an optional choice for an adjuster.

Thesis 4.

Using a shear hardening �uid, a passive (no external energy source required) clutch
actuator can be implemented that meets the usual requirements:

a) maximum ∆x compression in case of actuating force Fakt over time takt, and

b) adjusting ∆w wear in the released state over time tu.

Let the annular gap L long in a piston adjuster with cross section A = D2π/4 and
let W = do+di

2
2π be the circumference of the annulus, s the sti�ness of the spring in the

actuator. Let Fu = s∆w denote the spring force caused by the wear ∆w. Then the design
steps are:

1. Determination of the rheological curve of the applied �uid τ(γ̇) and the points A and
B corresponding to the minimum and maximum viscosities, see panel (a) in Figure
T4. (The thickening region is located between points A and B.)

2. Determination of the relative characteristic curve Q̃(τ) of the �ow restriction in the
adjuster (panel b of Figure T4) from the inverse rheological curve γ̇(τ)

Q̃(τ) =
1

τ 2
(2τF(τ)− 2S(τ)) , where F(τ) =

∫
γ̇(τ) dτ, S(τ) =

∫
F(τ) dτ.

3. Formulation and plotting of the force-velocity curve F (v) using the following formulas

F = τ
L

h
A, v = Q̃(τ)

Wh2

A
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4. Calculation of the forces FA = τµ,min
L
h
A and FB = τµ,max

L
h
A, �nally add the rectangle

de�ned by the points (vmin, s∆w) and (vmax, Fakt).

The su�cient condition for the operability is that only the hardening section of the
force characteristic F (v) between points A and B falls within the rectangle de�ned in the
previous step, i.e. the conditions vmin ≤ vA,B ≤ vmax, FA < Fu and FB > Fakt are satis�ed,
see panel c) of Figure T4.

No geometric data are needed to perform the calculations described in items 1. and 2.,
only the rheological curve of the �uid to be used.

Actuator

Adjuster

Figure T4. Explanation for Thesis 4.

Related publication: [J3].
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5 Veri�cation measurements

Although the more accurate numerical (CFD) simulations veri�ed the analytical mod-
els, for a practical application, experimental veri�cation is essential. To validate the mod-
els, I built an experimental setup to measure the di�erential pressure-volume �ow char-
acteristic curves of two types (annular ring, cylindrical hole) and di�erent gap sizes for
non-Newtonian �uid.

During the measurements, an actuator pushed the adjuster, and the built-in position
sensor measured the compression as a function of time. A force sensor was inserted be-
tween the actuator and the adjuster device to record the compression force. From the
position signal, the compression velocity was produced applying the Savitzky-Golay �lter
and compared the analytical and measured results for a given geometry in the form of force
(velocity) curves F (v). Results for the same �uid but di�erent rheologies were compared
using the relative characteristic curve (7).

The measurements were performed with three di�erent types of �uid. First, Newtonian
gear oil then conventional non-Newtonian (Cross) silicone oil of di�erent viscosities were
chosen. In the third case, the adjuster was �lled with polypropylene-glycol silica nanopar-
ticle suspension produced by the Soft Materials Research Group of the Faculty of Soft
Materials, BME VBK. The shear thickening �uid was prepared with two types of silica
particles.

The rheology of the �uids was highly temperature-dependent, so the Soft Materials
research group measured the rheologies at di�erent temperatures (20,25,30,40,55,70°C).
Since it was impossible to keep the temperature constant in the laboratory, the analytical
results compared with the measured data were calculated with the rheologies at 20, 25 and
30°C.

Figure 5 shows some typical results of the comparisons. Points in di�erent colours
correspond to di�erent measurements, while black lines correspond to the analytical curves:
20°C-dotted, 25°C-solid, 30°C-sagged). The measurement points fell between the analytical
curves, so the models can be considered reliable.

Figure 5: Typical measurement results for Newtonian (left), cross (middle) and shear thickening �uid
(right) compared to analytical results (black).
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6 Summary

The doctoral research aims to design a non-Newtonian �uid-based adjuster device that
is rigid under high loads and �exible under low loads. The solution involves �rst developing
an analytical model to model the �ow of shear thickening �uid within the device. The
simpli�ed model with low computational cost was validated by more accurate numerical
simulations in steady-state and transient cases, thus de�ning the limits of applicability of
the model. Finally, I coupled the �ow model with a system of equations of motion describing
the device's behaviour and determined the required �uid and geometric dimensions by
means of a multi-objective optimization. The validity of the models was also veri�ed
empirically.
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