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ABSTRACT

Non-Newtonian liquids, such as
magnetorheological and shear thickening fluids, are
increasingly utilized in hydraulic dampers due to
better controllability and energy absorption
capabilities. Despite these advantages, the design of
such dampers remains heavily reliant on empirical
experiments, and accurately modelling their
damping characteristics presents a persistent
challenge. The most common method involves
applying the Hagen-Poiseuille law to describe the
flow inside the damping channel, and the damping
force is calculated from the pressure drop. However,
in several practical scenarios, this approach may lead
to significant inaccuracies due to the simplifications.
We aim to describe the application range, where the
law can predict the damping characteristic with
reasonable accuracy. We performed steady state
CFD simulations with different dimensions and
frequencies for Newtonian, and shear thickening
fluids. The results were compared to the analytical
values, and the relative error was plotted using the
function of dimensionless length/diameter ratio.
Based on the contour plots, the industry can identify
the ranges where the approximations are applicable.

Keywords: CFD, damper modelling, Hagen-
Poiseuille law, non-Newtonian fluid, shear
thickening fluid

NOMENCLATURE

A [m?]  piston surface

d [m] piston diameter

D [m] outer cylinder diameter
f [-] function

F [N] load

L [m] channel length

p [Pa] pressure

Q [m3s]  volume flow rate

R [m] radius

1

t [s] time

u [m/s]  velocity component in x direction
v [m/s]  velocity component in y direction
w [m/s]  velocity component in z direction
y [1/s]  shear rate

n [Pa:s] dynamic viscosity

T [Pa]  shear stress

Subscripts and Superscripts

c critical
max maximum
w wall

Abbreviation

STF shear thickening fluid

CFD  computational fluid dynamics
PL power-law

PEG  polyethylene glycol

1. INTRODUCTION

Shear thickening fluids (STFs) are increasingly
used in hydraulic dampers due to their self-adaptive
characteristics and enhanced energy absorption
capabilities. However, the accurate prediction of
damping characteristics, F(v), remains a significant
challenge. In engineering practice, the damping force
is commonly estimated using analytical models
based on the Hagen-Poiseuille law, which assumes
laminar, Newtonian flow through the orifices. While
this approach provides a convenient first
approximation, its validity for STF-based dampers
has not been systematically established, raising
concerns about its accuracy in practical applications.

Existing methods for determining damping
characteristics rely heavily on experiments [1-6], but
the measured data could be compared only to
analytical solutions derived from Newtonian [2] or
traditional non-Newtonian rheological models such
as power law [7] or Herschel-Bulkley [8]. However,
these models frequently fail to account for the
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distinctive three region viscosity curve of STFs,
leading to inaccuracies in predicted damping forces.
Furthermore, numerical simulations such as
computational fluid dynamics (CFD) provide precise
solutions but are computationally expensive and
constrained by predefined rheological models (e.qg.,
Newtonian, Bingham, power-law, Herschel-Bulkley,
Carreau-Yasuda models) [9].

To address these limitations, our previous study
[10] introduced an analytical method for estimating
damping characteristics without relying on
rheological model fitting. Instead, we directly
incorporated measured rheological data, enabling an
inverse approach to identify appropriate fluid
properties for a given damping requirement. The
derivation based on the Hagen-Poiseuille law for
pipe flow applying assumption that the entrance and
exit losses are negligible compared to the viscous
flow losses, so the pipes are sufficiently long to have
a fully developed flow. The CFD results prove the
accuracy of the novel analytical model when the
assumptions are fulfilled.

Our initial validation of these assumptions was
performed for power-law (PL) and STF rheologies
[10], where parameter sweeps were conducted for
cylindrical orifice geometries. Although 3D
simulations with multiple orifices provided accurate
results [11], they were computationally demanding,
leading us to adopt a 2D simplification for broader
parameter exploration.

Building on these prior investigations, the
present study systematically assesses the validity of
the Hagen-Poiseuille law in predicting STF damping
characteristics by comparing the CFD and analytical
results. The primary objective is to identify the
applicability range of this law and quantify
deviations beyond its valid range. To achieve this,
we map the relative error as a function of the
dimensionless length-to-diameter ratio and relative
volume flow rate. While previous research has
examined the effects of various rheological models,
the specific transition boundaries where Hagen-
Poiseuille-based predictions break down remain
poorly defined. By providing a detailed error
analysis and visualization, this study establishes an
industry-relevant framework for determining when
these simplifications hold, thus guiding the design of
STF-based dampers with greater accuracy.

A critical aspect of ensuring the accuracy of
these investigations is the reliability of the
rheological data used as input for both analytical and
numerical models. However, existing studies report
significantly different rheological properties for
STFs with identical compositions, suggesting
inconsistencies in measurement techniques or
variations in experimental conditions [12,13]. Under
controlled conditions, we synthesized STF samples
to ensure consistency in rheological measurements,
providing reliable input data for both analytical and
numerical models. Building on this foundation, this
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study systematically evaluates the applicability of
the Hagen-Poiseuille law in predicting STF-based
damper behaviour by comparing analytical
predictions with CFD simulations. We examine a
range of flow conditions and geometries to identify
the accuracy limits of the analytical approach and
quantify deviations beyond its valid range. By
analysing the relationship between relative error,
dimensionless parameters, and flow characteristics,
we establish guidelines for when the Hagen-
Poiseuille approximation remains valid. The findings
offer practical insights for damper design,
highlighting the importance of precise rheological
characterization and the conditions under which
simplified models can be confidently applied.

2. MATERIALS AND METHODS

2.1. Materials and Experimental
Procedures

2.1.1. Materials

The STF is composed of nanoscale silica
particles suspended in a carrier liquid. The fumed
silica (Aerosil® R816, provided by Evonik) has a
primary particle size of 12 nm and a specific surface
area of approximately 190 + 20 m?/g [14]. The silica
is post-treated with hexadecylsilane, consisting of
slightly hydrophobic, spherical particles. Due to its
large surface area and porous structure, R816 silica
effectively adsorbs gases, liquids, and other
substances. This type of silica is characterized by an
extremely fine powder form. Its key advantages
include excellent dispersibility, enabling
homogeneous distribution in various media and
enhancing product performance. Furthermore, it
offers high thermal stability and chemical resistance,
making it suitable for applications across a wide
temperature range and in oxidative or corrosive
environments. The carrier liquid used in the
formulation was polyethylene glycol with a
molecular weight of 200 g/mol (PEG 200, product
code P0840, supplied by TCI Chemicals). It is a
colourless, clear liquid but has lower viscosity and is
miscible with water. Due to its low viscosity and
miscibility, it is advantageous in applications where
easy blending or compatibility with other substances
is essential.

2.1.2. Sample preparation

During the preparation process, the liquid
medium and silica were introduced in alternating
increments, each constituting one-third of the total
required volume. Following each addition, the sealed
bottles were subjected to ultrasonication for 30
minutes to promote dispersion. This process was
repeated twice to ensure uniform distribution of the
silica within the medium. Subsequently, the sealed
bottles were placed in a water bath and gradually
heated to 80 °C. Upon reaching the target
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temperature, the bottle caps were removed, and the
samples were subjected to continuous stirring for 2
hours using an overhead stirrer to achieve thorough
homogenization. As a result, a transparent and
homogeneous fluid was obtained. For each STF,
specific quantities of fumed silica were incorporated
into the carrier fluid at a defined weight fraction (12
and 15 wt.%).

2.1.3. Rheological measurements

An Anton Paar MCR 301 rotational rheometer
equipped with a cone-plate measuring system was
used to determine the rheological properties of the
STF samples. The measuring system featured a cone
with a diameter of 25 mm and a fixed gap of 0.054
mm, ensuring precise control of the measurement
parameters. Based on the defined gap distance, the
applied force, and the rotational speed, the
instrument recorded and plotted shear rate versus
viscosity data. The suspensions were analysed within
a shear rate range of 0.1 to 10,000 s'. All
measurements were carried out at a constant
temperature of 25°C to ensure accuracy and
reproducibility.

2.2. Analytical approach

Rheological measurements provided shear rate
and shear stress data, which can be used to estimate
the expected velocity-pressure drop function for a
given system. The analytical approach presented in
this section is based on the methodology detailed in
[10], where a comprehensive derivation and
validation using CFD simulations can be found. By
utilizing these relationships, a predictive framework
is established for describing the flow behaviour of
the dilatant fluid under given operating conditions.

The hydraulic dampers usually characterised by
the F(v) force(velocity) characteristic. When the
piston with surface Ay, mMoves with a
Vpiston VelOCity, the liquid flows through the gap with
the
Q= Upiston Apiston (€Y)
volume flow rate. The Ap pressure difference
between the chambers drives the flow, which is
proportional to the compressing force, since
F=Ap Apiston 2)
As a result, we can see that the Q-Ap relationship is
essential to predict the F(v) damping characteristic.

To develop the analytical model, laminar flow
was assumed as in the similar research studies such
as [15,16]. The governing equations are the
momentum and the continuity equation in a
cylindrical coordinate system (x,r,8) applying the
assumptions:

1. The fluid is incompressible.

2. The solution corresponds to a steady-state

condition with no time dependence.

3. The flow is two-dimensional, meaning all

quantities are constant in the @direction.
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4. The axial velocity component u depends
only on the radial coordinate (u = u(r)),
while the other velocity components are
zero (v =w = 0).

5. The pressure gradient is constant.

With these assumptions, the continuity equation
and the momentum equation in the & tangential and
in x longitudinal directions are automatically
satisfied. The remaining simplified equation is the

0= dp 1d

— (D) 3
with the

u(r=R)=0 4

boundary condition, where t(r) represents the local
shear stress in the function of the radial coordinate.
This equation is valid for any shear rate—shear stress
rheology T = g(y). After integrating with respect to
r, the local shear stress is

dpr
Plye, (5)

T dx2
For arbitrary non-Newtonian rheology, where 7, is
the local shear stress at the centreline of the pipe.
Since the bore and, consequently, the flow is
axisymmetric, it follows that 7, = 0.

Based on these considerations, the volumetric
flow rate can be determined using the following
equation:

2nR3 (1,2
Q= [ F(ry) — S(zw)|, (6)

where R is the radius, L is the channel length, t,, =

@R _ ApR is the wall shear stress, and

dx 2

Hﬂ=fﬂﬂﬁ )
OT

S(x) = f TF (%) df (8

0
are integral functions where f(7) =g71(7)
represents the inverse function of the traditional
shear stress-shear rate rheological curve.

The authors would emphasize that this method
does not require any model fittings, since the
integrations in Eg. (7) and (8) can be performed
numerically (e.g. with trapezoidal method) using the
measurement data directly. Rearranging eq. (6) gives
the

.0 1

T2
Q= ImRE 13 TF(TW)—S(TW) ) 9

relative flow rate, which depends only on the 7,, wall
shear stress. It practically means that the Q - ,, curve
depends only on f(z) inverse rheological curve.
Since this curve does not depend on the geometric
dimensions, we will define the volume flow rate to
have uniformly distributed Q values in the range of
10-10000 1/s.

The Eq. (9) has a simpler form for Newtonian case,

- Ty 10
Q-—g (10)
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when the inverse rheological and the integral
functions are

=L F —Tz S —T4 11
fO=%  F@=3.  S®=g AD

and 7 is the Newtonian dynamic viscosity.

2.3. CFD setup

To evaluate the accuracy of the Hagen-
Poiseuille law in predicting the damping
characteristics of non-Newtonian fluids in hydraulic
dampers, CFD simulations were performed using
OpenFOAM (Version 2112, [17]). The study
focused on a single damping channel geometry for
various length and diameter configurations.
Consistent material properties, boundary conditions,
and numerical settings were applied across all cases.
The objective was to determine the range of validity
for the analytical approach by comparing the CFD
results to theoretical predictions.

2.3.1. Geometry and meshing

Fig. 1 show the computational domain. To
reduce computational cost while maintaining
accuracy, a two-dimensional axisymmetric approach
was employed, where only a 5° wedge of the circular
domain was modelled. The mesh was generated
using the built-in  blockMesh utility, which
decomposes the domain into structured hexahedral
elements. Mesh parameters, including nodal
coordinates, division counts, and expansion ratios,
were computed using a custom MATLAB script to
ensure a high-quality structured mesh with minimal
distortion. The resulting mesh was composed
entirely of hexahedral elements, exhibiting zero non-
orthogonality and a maximum skewness of
0.320537.

20000

l 15000

o]
10000%
Q

Figure 1. The mesh of the investigated
damper and the corresponding pressure
distribution
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To assess the influence of discretization errors, a
mesh independence study was performed by
evaluating four different mesh densities: 21.2k, 51.2,
132.6k, and 341.4k elements. The study considered
the effects of gap size variations and the shear-
thickening rheology by analysing two different
diameters, 11 different lengths, 15 different
velocities and three rheological models in all
combinations. As a result, 2x11x15x3 = 1320 steady
state  simulations were performed. Mesh
independence analysis was performed based on the
maximum volume flow rate, and the relative
difference in the computed force values was found to
be less than 1% between the three finest meshes.
Consequently, the mesh with 133.4k cells was
selected for all subsequent simulations (see Fig. 1).

2.3.2. Boundary conditions

In the present study, the damper operation was
modelled by prescribing a constant velocity at the
moving boundary, representing the compression of
the damper. The uniform inlet velocity value was
defined to have uniform Q relative volume flow rate
distribution. Since the working fluid was considered
incompressible, the pressure drop remained
independent of the absolute pressure level.
Therefore, a relative pressure of 0 Pa was imposed at
the outlet. No-slip boundary conditions were applied
to all solid walls to accurately capture the shear
effects within the damping channel.

2.3.3. Numerical options, turbulence model

Turbulence modelling for non-Newtonian fluids
presents a significant challenge, as conventional
models such as k-e, k-w, and SST are primarily
developed for Newtonian flows. Proper parameter
tuning or the development of tailored turbulence
models for non-Newtonian behaviour remains an
active area of research. However, considering that
the analytical approach assumes laminar flow and
turbulence is not expected within the studied channel
configurations, no additional turbulence model
development was employed. Previous studies [18—
20] have demonstrated that the SST k-0 model
provides reasonable agreement with experimental
data for pipe flows; therefore, this model was
adopted with the recommended parameter settings.
To accurately account for the non-Newtonian
viscosity  variations, the strainRateFunction
transport model was employed in the CFD
simulations. This approach allowed the viscosity to
be directly interpolated from the experimental
measurement data rather than relying on an
analytical rheological model fit. It is important to
emphasize that both the analytical and CFD models
utilized raw, pointwise 7(y) data instead of assuming
a predefined constitutive equation. Numerical
discretization schemes were selected to ensure
stability and accuracy: the gradient term was
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approximated using a Gauss linear scheme, while
limited bounded Gauss was used for divergence
terms. The Laplacian term was discretized with a
Gauss linear orthogonal scheme, and linear
interpolation was applied throughout the
computational domain.

3. RESULTS

3.1. Rheological results

The rheological behaviour of the prepared STF
samples was characterized using an Anton Paar
MCR 301 rotational rheometer with a cone-plate
measuring system. The viscosity as a function of
shear rate was recorded in the range of 0.1 to 10,000
s™! at a constant temperature of 25°C to ensure
measurement accuracy and reproducibility.

The results indicate that the STF samples exhibit
shear thickening behaviour, see Fig. 2. The flow
curve can be divided into three distinct regions:
(Region 1) a shear thinning region at low shear rates,
(Region 2) a shear thickening region, and (Region 3)
a second shear thinning region at higher shear rates.
The most relevant segment for this study is the shear
thickening region, where two key rheological
parameters were identified: the critical shear rate
(y.), at which shear thickening begins, and the
maximum Viscosity (1,,4,), Marking the end of the
thickening process. Additionally, the dilatant effect,
defined as the ratio of maximum viscosity to the
viscosity at the critical shear rate, was determined as
a significant characteristic parameter [21].

These findings confirm the pronounced shear
thickening behaviour of the STF samples and
highlight the importance of critical shear rate and
maximum  viscosity in understanding their
rheological response. To establish a reference, the
dispersion medium without silica—exhibiting
Newtonian behaviour—was also measured. As
shown in Fig. 2, the viscosity curves of the STF
samples (12% and 15% silica concentration) are
compared to the Newtonian fluid, illustrating the
progressive shear thickening effect with increasing
silica content. The addition of silica led to an
increase in maximum viscosity and a decrease in the
critical shear rate, suggesting that higher silica
content results in stronger particle interactions and
earlier hydrocluster formation. This rheological
response plays a critical role in determining the
fluid’s performance in damping applications.

Table 1. summarizes the key rheological
parameters for each STF sample, including the
critical shear rate, maximum viscosity, dilatant
effect, and the slope of the viscosity curve in the
shear thickening region. These findings emphasize
the significant role of silica concentration in
modulating the shear thickening behaviour and
provide valuable data for further analysis and
modelling of STF behaviour in damping systems.
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Figure 2. The rheological measurement data of
the STF samples and the dispersion medium

Table 1. Critical and maximum rheological values
of STF samples and the dispersion medium

T/L‘ nC ]./max nmax dllatant
[1/s] [Pass] [1/s] [Pa-s] effect
PEG - 0.46 - 0.46 -
STF12 251 0.35 3160 0.98 2.8
STF15 159 055 1260 2.1 3.8

3.2. CFD results

To evaluate the accuracy of the Hagen-
Poiseuille equation in predicting the pressure drop
across the pipe, CFD simulations were conducted for
Newtonian and shear thickening fluids. The results
were analysed for various pipe lengths and
diameters, with a focus on the relative error

Apanalyt‘ical - ApCFD (12)
Apcrp

between the analytical and numerical solutions. This

relative error is plotted in the function of L/D relative

length and Q: = sz3 relative volume flow rate.

3.2.1. Newtonian Fluid Case

Firstly, the flow of the pure PEG-200 liquid was
investigated with the Newtonian viscosity of (n =
0.46 Pas) In the first subplot of Fig. 3. we plotted
the wall shear stress t,, as a function of the relative
flow rate Q. The analytical model gives a straight
line according to the Eq. (10). The CFD results are
marked with cross symbols, which exhibit the same
linear relationship. For large L/D ratio the numerical
values are aligning well with the analytical solution.
However, the error increases as the L/D ratio
decreases, indicating that shorter pipes introduce
additional effects not accounted for by the Hagen-
Poiseuille equation.

The second subplot in Fig. 3. shows the contour
plot of the relative error e in the function of the
relative volume flow rate and L/D ratio. The relative
error primarily depends on the length-to-diameter

e =
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ratio (L/D) and the dependence on the volume flow
rate is negligible.

Therefore, we also plotted the error for all of the
simulation points in the function of the L/D in the
third subplot. The points present a second order
polynomial behaviour in the function of the L/D with
R? = 0.95 determination coefficient.

As shown in Fig. 3., the error decreases with
increasing L/D, indicating improved agreement
between the analytical and CFD results for longer
pipes. For L/D > 25, the relative error remains below
5%, suggesting that the Hagen-Poiseuille equation
provides a reliable approximation in this range.
However, for smaller L/D values, the influence of
entrance and exit effects leads to higher
discrepancies, emphasizing the need for alternative
corrections in short pipe configurations.

3.2.2. Shear Thickening Fluid Case

For the shear thickening fluids with 12% (STF
12%) and 15% (STF 15%) concentration, we applied
the same evaluation method as in the Newtonian
case. Firstly, the flow curves were plotted in the first
and second subplot of Figure 4. It is observable that
the numerical values marked with cross demonstrate
similar behaviour to the analytical curve.

However, the error of the analytical predictions
shows a more complex behaviour due to the non-
Newtonian viscosity variations. As depicted in the
3 and 4™ panels in Fig. 4, the relative error is
strongly influenced by the relative flow rate § in
addition to the L/D ratio. Three distinct regions were
observed: In Region 1 (low Q before the thickening
range) the error follows a trend similar to the
Newtonian case, where longer pipes exhibit better
agreement with analytical predictions while the
volume flow rate has less significant effect. In
Region 2 (intermediate @, in the thickening region) a
sharp reduction in error is observed, likely due to the
stabilizing effect of the shear thickening mechanism,
which compensates for deviations from the Hagen-
Poiseuille assumption. In Region 3 (high Q): The
error again follows the Newtonian trend, indicating
that at sufficiently high flow rates, the deviations in
viscosity do not significantly alter the pressure drop
predictions.

A contour plot (Fig. 4) was generated to
visualize the relative error as a function of L/D for
relative volume flow rates corresponding to different
regions. The results indicate that for shear thickening
fluids, the Hagen-Poiseuille equation derived for the
shear thickening fluid can be applied with reasonable
accuracy for L/D > 50, provided that the flow rate
remains outside the critical thickening.
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Figure 3. Relative error of the analytical
model comparing to CFD results for Newtonian
fluid

3.3. Application for Hydraulic Damper
Design

The findings from this study provide critical
insights into the applicability of the Hagen-Poiseuille
law for damper design. For Newtonian fluids,
analytical predictions are accurate for L/D > 25,
while shorter pipes require correction factors to
account for entrance and exit effects. For shear
thickening fluids, the validity of the Hagen-
Poiseuille equation depends not only on L/D but also
on the flow regime. The equation holds for low and
high flow rates but exhibits significant deviations in
the thickening region. Industry designing hydraulic
dampers with shear thickening fluids should ensure
operation within the recommended L/D and relative
volume flow rate ranges to maintain analytical
accuracy.
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Figure 4. Relative error of analytical and CFD model results for STF12% and STF15%

4. CONCLUSIONS

This study systematically assessed the accuracy
of the Hagen-Poiseuille equation in predicting the
pressure drop for Newtonian and shear thickening
fluids in a pipe flow representative of hydraulic
dampers. To achieve this, we prepared shear
thickening fluids and measured their rheological
properties. We then conducted a series of CFD
simulations to calculate the pressure drop for
different volume flow rates and various pipe lengths.
The error of the analytical approach was evaluated to
identify the regions where the assumptions of the
analytical derivation remain valid.

For Newtonian fluids, the accuracy of the
Hagen-Poiseuille equation depends primarily on the
length-to-diameter ratio, with L/D > 50 ensuring an
error below 5%. For shear thickening fluids, the error
is strongly dependent on the relative flow rate, with
significant deviations occurring in the thickening
region. The equation remains valid for L/D > 50
when and the wall shear stress is outside of the shear
thickening region. The contour plot of relative error
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provides a practical guideline for determining the
applicability of the analytical approach in damper
design.
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