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ARTICLE INFO ABSTRACT

Vehicle dampers are fundamental components in vehicle engineering and are of great impor-
tance for ride comfort, handling and safety. Proper flow control within these dampers is vital 
to optimize vehicle performance and passenger comfort. Transparent damper models consist-
ing of light transmitting materials facilitate direct visualisation of flow patterns of fluid. This is 
crucial for understanding how these systems work, under different conditions. The dye injec-
tion technique is based on the injection of coloured or fluorescent dyes in the damping fluid. 
When combined with high speed photography, this technology allows for detailed recording 
of transient events during compression and rebound cycles. Real-time response of the damp-
er is captured through high-speed cameras that record the rapid changes in fluid dynamics, 
providing crucial data. The flow speed and turbulence inside the damper are determined and 
characterized by particle-tracking techniques.
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INTRODUCTION

In automotive engineering, the pursuit of a smooth, 
safe and comfortable ride has been a major driver of prog-
ress and breakthroughs [1,2]. Dampers are essential for 
the proper control of the dynamic interaction between the 
vehicle suspension system and the road surface [3,4]. The 
main function of these devices is to absorb and dissipate 
efficiently the kinetic energy that is generated by the road’s 
irregularities and the driver’s actions [5]. Damping systems 
are used to reduce vibrations, oscillations and disturbances 
which can affect the driving comfort, the handling stabil-
ity and the passenger safety [6,7]. These simple looking 

cylinders are operated on the basis of the complex field of 
fluid mechanics. Car dampers require accurate fluid con-
trol as a function of load and velocity to achieve damping 
characteristics. Understanding and improving the fluid 
flow is the fundamental basis for developing dampers with 
outstanding performance and ride quality [8].

Fluid flow analysis is the systematic study of the flow 
of liquids or gases in a given region. [9] It consists in ana-
lyzing the dynamics of the flow of the damping fluid in 
the damper during the compression and rebound cycles. 
The analysis is aimed at elucidating the fluid dynamics by 
identifying factors influencing damper performance, such 
as pressure distribution, heat generation, turbulence, and 

https://sigma.yildiz.edu.tr
https://orcid.org/0000-0001-9550-8533
https://orcid.org/0000-0003-3740-794X
http://creativecommons.org/licenses/by-nc/4.0/


Sigma J Eng Nat Sci, Vol. 44, No. 3, pp. 2249−2262, June, 20262250

cavitation [10]. Flow patterns are the motion and interac-
tion of the damping fluid with different internal parts like 
the piston, orifices and reservoir. The flow direction and 
the circulation of the fluid directly affect the ability of the 
damper to control the vibration and keep the stability of the 
vehicle [11]. The effectiveness of a damper is determined 
by several key factors. These include its ability to efficiently 
damp vibrations, control heat, resist cavitation and absorb 
energy from uneven road surfaces. Adequate fluid flow and 
heat transfer are crucial for the consistency of the damping 
behaviour and durability of the damper [12,13].

Automotive engineers and researchers have access to a 
range of experimental and computational techniques known 
as flow visualization methods to examine the complexities 
of fluid dynamics in key automotive components [14]. The 
range of visualisation techniques is vast, from transparent 
damper models and dye injection for qualitative observa-
tion to more advanced technologies such as high speed 
photography, particle tracking, pressure sensors, thermal 
imaging and computational fluid dynamics (CFD) for 
qualitative and quantitative analysis [15]. This study inves-
tigates in detail a number of techniques for analysing and 
visualising fluid flow, in order to gain better insight into car 
damper performance. The methods can be used to observe, 
quantify and analyse fluid flow patterns, turbulence, pres-
sure variations and temperature distributions in dampers 
[16]. In this study, we will explore the importance of these 
approaches to shed light on the intricacies of car damper 
dynamics by analysing their practical implementation and 
evaluating their value. Moreover, we will explain how these 
observations can be translated into better damper designs 
which in turn will result in better cars in terms of driving 
experience as well as passenger well-being and satisfaction. 
Figure 1 illustrates the interaction between light waves and 
fluid dynamics.

Transparent Damper Models
Transparent damper models, also called see-through or 

cutaway damper models, are physical prototypes of vehicle 
dampers which are made from casing materials with trans-
parency properties, e.g. acrylic or glass [17]. Specialized 

damper models are useful tools for research and education 
purposes. Engineers, students and hobbyists can directly 
see and understand the internal mechanisms of dampers 
with them. A careful attention is paid to the building of 
transparent damper models, which are supposed to faith-
fully imitate the external structure of real dampers [18]. 
These models are intended to include the transparent mate-
rials for the casing. Transparent materials facilitate the visu-
alization of the interior constituents and fluid flow. These 
models are often used in educational settings, especially in 
automotive engineering programs and training workshops. 
Visual aids help students and technicians in understanding 
the working of dampers and basic principles of fluid dynam-
ics. The transparent damper models are mainly to visualize 
the dynamic behavior of the damping fluid during the com-
pression and rebound strokes. The dynamic behaviour of 
the fluid can be visually observed using a suitably coloured 
or fluorescent damping fluid, in terms of movement and 
circulation and the response to the change in the position of 
the damper [19]. Summary of flow visualisation techniques 
in vehicle damper analysis is shown in Table 1. 

Transparent damper models serve as helpful teach-
ing tools for explaining the concepts of damping rate, 
rebound damping and compression damping. These tools 
can be used by educators to show the effect of fluid flow 
on the ride quality and handling of a vehicle. Clear damper 
models are used by engineers and academics to study the 
fluid dynamics of dampers in detail. These models allow 
researchers to investigate the influence of design parame-
ters and fluid variables on the damping performance. It is 
useful for the improvement of damper design and devel-
opment of liquid formulations [24]. Transparent damper 
models are useful to identify and evaluate defects and irreg-
ularities of dampers. The behaviour of the damping fluid 
can be observed in order to identify difficulties such as cav-
itation, air entrainment or leakage [25]. The experimental 
configuration for evaluating passive dampers is depicted in 
Figure 2 (a), showing the layout of the experimental appa-
ratus and the method utilised to simulate road conditions, 
as presented in Figure 2 (b).

The automotive industry also uses these models in pub-
lic demonstrations and exhibits to highlight the technol-
ogy and engineering behind vehicle suspension systems. 
Transparent damper models are often used in conjunction 
with computational simulations such as Computational 
Fluid Dynamics (CFD) to verify the fidelity of the compu-
tational models [26]. The comparison of empirical obser-
vations in the real world with simulated data validates the 
models’ accuracy and representativeness in capturing damp-
ers’ behaviour. The transparent damper models are valuable 
tools for teaching, research and development in automotive 
engineering. Vehicle dampers provide a concrete approach 
to understand and improve the fluid dynamics inside them, 
which in turn improves the vehicle ride quality and perfor-
mance. The automobile features a control mechanism that 
employs a magnetorheological (MR) damper Figure 3.Figure 1. Interplay between light wave and fluid flow.
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Figure 2(a). Experimental setup for testing passive dampers (b). Illustration showing the arrangement of the experimen-
tal equipment and the mechanism employed to replicate road conditions [From Al-Zughaibi [22], under the terms of the 
Creative Commons Attribution 4.0 International License]

Table 1. Summary of flow visualisation techniques in vehicle damper analysis

Flow Visualisation Techniques Advantages  Disadvantages
Transparent Damper Models Visual investigation of the behaviour of fluid 

flow in real-time.
Restrictions apply only to qualitative observations

Appropriate for use in instructional contexts It may not accurately depict intricate interior 
details or intricate flow patterns.

Dye Injection Real-time representation of the movement 
of fluids, formation of vapour bubbles, and 
blending of substances

It is restricted to subjective observations. 

It has useful and accurate information on fluid 
flow dynamics.

Disruptive and can change the smoothness of 
movement. 

High-Speed Photography Records instantaneous events and the flow 
patterns of liquids. 

Restricted to the visible spectrum of light 

It gives numerical information on the speeds of 
the particles

Shadows and interference patterns may appear

Particle Tracking Quantitative examination of particle speeds 
and paths. 

It only allows tracking of particles, not fluid 
characteristics.

Provides a deep understanding of the details of 
flow patterns

Difficult to apply to complex flow systems. 

Pressure Sensors Gives numerical information on distribution 
of pressure. 

Limited to collecting pressure data only, without 
the ability to see flow. 

Shows Cavitation, Fluctuating Pressures and 
Overheating. 

Lacks the ability to observe flow patterns directly. 

Thermal Imaging Displays the distribution of the temperature in 
space and zones of high temperature

Provides implicit information about the 
movement of the fluid. 

Identifies excessive heat and thermal issues. Constrained by phenomena directly associated 
with temperature

Computational Fluid 
Dynamics (CFD)

Quantitative study of fluid motion and 
behavior. 

Requires computational resources and specialised 
knowledge

Predicts fluid flow, pressure distribution and 
temperature profile.

Depends on presuppositions and 
oversimplifications
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Dye Injection 
Dye injection technique is a widely used method for the 

investigation of fluid dynamics and engineering to study 
the fluid behaviour in different systems. This technique 
consists of the addition of pigmented or fluorescent dyes 
to the fluid under study which allows the visual observa-
tion and evaluation of the flow patterns, the turbulence and 
the properties of the fluid [27]. The primary purpose of dye 
injection is to improve the visibility and observability of 
fluid flow patterns. The movement, mixing and behaviour 
of fluid dynamics inside a particular system can be visual-
ised by adding a dye to the fluid, allowing researchers to 

study and analyse [28]. The dye injection process involves 
the use of pigmented and fluorescent dyes. These are 
coloured dyes. They add pigment, changing the way the 
fluid looks . Fluorescent dyes are dyes that emit visible light 
when illuminated at certain wavelengths. Fluorescent dyes 
are especially useful when researchers want to study flow 
patterns in low light conditions or where high accuracy is 
required.

The use of dye injection is widespread in various fields 
such as fluid mechanics, aerodynamics, chemical engineer-
ing and environmental sciences. This method is concerned 
with the flow behaviour of liquids in pipes, tanks, channels 
and other systems containing liquids. In automotive engi-
neering, dye injection is used as a technique to study and 
analyse the airflow patterns around cars or within specific 
components such as radiators and heat exchangers [30]. 
Once the dye is injected into the fluid, researchers can 
observe and record the flow patterns using a number of 
visualisation techniques. The characteristics of the bound-
ary layer over (a) flat and (b) undulating surfaces are shown 
in Figure 4.

Under appropriate lighting conditions, a number of 
techniques can be employed including high speed photog-
raphy, video recording or direct observation. Qualitative 
observation of fluid motion patterns can be performed 
by dye injection [31]. Through meticulous adjustment 
of dye concentration and the use of appropriate imaging 
apparatus, researchers can conduct quantitative analyses, 
including measuring flow velocities, tracking vortices, and 
evaluating turbulence levels. When performing dye experi-
ments, it is important to adhere to safety measures to guar-
antee the use of non-toxic dyes that are compatible with the 
fluid being studied.

Figure 3. The vehicle is equipped with a control system 
that utilises a magnetorheological (MR) damper. [From 
Grzesikiewicz et al. [23], under the terms of the Creative 
Commons Attribution (CC BY) license.]

Figure 4. The behaviour of the boundary layer over (a) flat and (b) undulating surfaces. [From Kadivar et al. [29], under 
the terms of the Creative Commons Attribution 4.0 International License.]
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In addition, it is important to avoid any form of con-
tamination of the experimental environment . The use of 
dye injection for flow visualization has greatly increased 
with improvements in imaging technology and comput-
er-assisted analysis [32]. Dye-injection experiments pro-
vide visual data from which detailed information is often 
extracted by digital image processing and analysis tech-
niques. Dye injection is a useful methodology for academics 
and engineers wishing to gain an improved understanding 
of fluid flow behaviour. Dye injection is a useful tool for 
studying and estimating the complex dynamics of fluid 
motion in a variety of fields, such as industrial processes, 
environmental systems and engineering applications [33].

High-Speed Photography
High speed photography is a specialised technique 

which involves taking images at an extremely high rate, 
beyond the ability of normal cameras. This technique is 
used to record and analyse fast or transient events within 
a short time interval [34]. This method is applied in many 
areas, for example in science, engineering, sports analysis 
and art. High-speed photography is the process of captur-
ing images at much higher frame rates than normal video 
or film cameras, typically in the range of several hundred 
to several thousand frames per second (fps) [35]. Modern 
systems are capable of recording at frame rates of millions 
of frames per second, capturing very fast phenomena. 
The application of this technique enables the fast inves-
tigation of dynamic physical phenomena, like chemical 
reactions, explosions, fluid dynamics and others [36]. 
It helps to study mechanical system dynamics, effect of 
forces and fluid flow behaviour in a range of practical sit-
uations. This instrument is used to assess athletes’ perfor-
mance including the analysis of sports actions such as golf 
swings and ball impacts in relation to their mechanics [37].  
High-speed photography can capture extraordinary, visu-
ally captivating moments such as the dynamic motion of 
liquids dispersing on impact, the rapid rupture of balloons 
or the forceful collision of objects. High-speed photography 
is a practice that requires the use of specialised equipment, 
such as high-speed cameras, robust lighting arrangements 
and accurate triggering systems [38]. 

These components are designed to work together. In 
this way they can capture fast paced events with impres-
sive accuracy and efficacy. For high speed photography, 
the presence of a suitable illumination is of the utmost 
importance owing to the very small exposure durations, 
leading to the use of highly concentrated light emissions 
[39]. Strobe lights are often used to produce controlled, 
even lighting. “Precise triggering is important to catch the 
precise time of interest. Various techniques such as man-
ual activation, auditory sensors, motion-sensing devices, 
or laser-based activation mechanisms can be employed 
to attain this goal. After acquisition of high speed photo-
graphs, researchers and photographers often use specialist 
software for analysis and data processing [40]. This process 

can include quantification of distances, velocities, angles 
and sequences frame by frame to understand the dynamics 
of the phenomenon. 

High-speed photography is essential in scientific inves-
tigations to observe phenomena that happen at speeds 
so fast that they cannot be seen with the naked eye [41]. 
This technique has been applied in several studies in fluid 
dynamics, ballistics, impact physics and related disciplines. 
High-speed photography has been used not just for scien-
tific and technical purposes, but also by artists because it 
can capture unique and visually appealing moments [42]. 
Freezing a split-second in time can reveal intricate details 
that are often overlooked in real time. High speed photog-
raphy is a very useful technique for the study and recording 
of transient events [43]. It’s a portal to the dynamic world 
of fast events, whether that’s for scientific exploration, engi-
neering evaluation or artistic representation.

Particle Tracking
Particle tracking is a widely applicable methodology 

that is used in many different scientific, engineering, and 
research fields to observe and analyze the motion of parti-
cles or objects within a fluid or medium [44]. The method 
consists of following the spatial coordinates of individual 
particles over a certain period of time and is a powerful 
tool to gain information about fluid dynamics, flow char-
acteristics and other phenomena. Particle tracking is used 
to obtain a detailed knowledge of the motion of particles 
in a fluid or medium [45]. This tool enables the investi-
gation of several parameters such as velocity, trajectory, 
diffusion, and concentration of particles inside dynamic 
environments which allow the researchers to conduct com-
prehensive analyses [46]. Fluid dynamics studies employ 
techniques such as flow pattern studies, turbulent phenom-
ena and mixing processes. Tracking of particles is a com-
mon technique in biology, where biologists use it to study 
movement patterns of cells, organelles and biomolecules in 
different biological systems [47]. This phenomenon gives 
a better understanding of chemical processes by showing 
reactions, diffusion and transport.

Tracking particles is a common technique used in envi-
ronmental science. Researchers use it to study the spread of 
pollution, the transport of sediment and the quality of water. 
In many cases it is common practice [48] to add small par-
ticles or tracers, e.g. fluorescent microspheres or neutrally 
buoyant particles, to the fluid being studied. Particle tracking 
is a method that employs imaging equipment to record and 
evaluate particle movement. The main imaging methods are 
bright field microscopy, fluorescence microscopy and digi-
tal cameras . High-speed cameras [49] are often employed to 
capture the fast motion of particles. The analysis of images 
and the tracking of particles are supported by specialized 
software and algorithms. The algorithms can detect and 
track the exact locations of individual particles in succes-
sive frames automatically, enabling the collection of accurate 
and reliable data [50]. Particle tracking is a technique used 
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for quantitative investigation of fluid flow parameters such 
as particle velocities, accelerations and trajectories. The data 
can be used to calculate distributions of fluid velocity and to 
investigate properties of turbulence. 

Particle tracking is crucial for understanding cellular 
and subcellular phenomena in biology and biophysics. This 
technique facilitates the quantification of cellular compo-
nents and proteins, providing insights into fundamental 
biological systems. The task of particle tracking can be chal-
lenging in settings characterised by intricate flow patterns, 
high particle densities, or particles with poor contrast [52]. 
Resolution of these issues frequently necessitates using cut-
ting-edge imaging methodologies and intricate tracking 
algorithms. Advances in image technology and computa-
tional skills have improved particle tracking capabilities. 
The utilisation of three-dimensional (3D) particle track-
ing and multi-particle tracking techniques has become 
increasingly prevalent in recent years, offering enhanced 
precision and a more comprehensive understanding across 
several fields of study. The study of particle dynamics in 
fluid and non-fluid systems can be significantly aided by 
particle tracking [53]. This phenomenon has implications 
in various scientific fields, improving our understanding of 
fluid dynamics, biological mechanisms, and environmental 
occurrences. Because of technological advances, the field 
of particle tracking is constantly expanding. As a result, 
researchers and engineers have access to more exact and 
comprehensive data. [54]. Figure 5 shows the evolution of 
variable input lengths and velocity profiles.

Pressure Sensors
The pressure sensors are paramount for viewing and 

analysing flow inside the vehicle dampers. These sensors 
enable the observation and comprehension of fluid dynam-
ics within dampers by measuring pressure fluctuations at 
different points in the system. Pressure sensors are pre-
cisely positioned inside the damper such as intake and out-
put ports, piston chamber and reservoir [55]. The sensors 
provide real-time data on the pressure distribution inside 

the damper during its compression and rebound strokes. 
Cavitation is formation and collapse of vapour bubbles in 
the damping fluid and its occurrence has a significant effect 
on the overall performance of dampers. Pressure sensors 
are used to detect changes in pressure that may indicate 
cavitation effects [56]. The provided information is suf-
ficient for optimisation of damper design to minimize or 
eliminate cavitation. This can lead to reduced dampening 
effectiveness and structural damage.

By combining pressure sensors with various flow visual-
ization methods, turbulence inside the damper can be ana-
lyzed. Turbulence may have negative effects on the damping 
efficiency of a system and deterioration of components. The 
pressure sensors are important for quantifying the pressure 
fluctuations that are associated with turbulence and hence 
for assessing the level of turbulence [57]. Validation and 
improvement of numerical models is possible through the 
use of experimental data from pressure sensors [58]. This 
way of working ensures that the simulation of the damping 
fluid with computational fluid dynamics (CFD) is a faithful 
reproduction of its real behaviour. Changes in pressure can 
be used to measure variations in fluid temperature, which 
is a significant factor in the study of heat generation and 
removal processes [59]. 

Monitoring thermal impacts is important to ensure the 
damper is operating within acceptable temperature limits. 
Through the examination of pressure data obtained from 
sensors, engineers can enhance the design of dampers to 
attain precise damping properties [60]. The orifice size, fluid 
properties and a number of parameters can be varied to opti-
mize damping performance and improve overall ride com-
fort. Pressure sensors are very important for observing and 
studying the flow dynamics in car dampers and as such are 
valuable tools in this respect. Damping fluids are important 
for engineers and researchers to understand fluid dynamics. 
They are a good source of data to identify potential problems 
such as cavitation and turbulence. Moreover, these fluids 
contribute to the improvement of damper designs, resulting 
in enhanced performance and comfort in vehicles [61].

Figure 5. Variable input lengths and velocity profile evolution. [From Iturbide Jiménez F et al. [51], under the terms of the 
Creative Commons Attribution 4.0 International License.]
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Thermal Imaging
Thermal imaging is a very useful tool for visualizing and 

analyzing flow patterns in automobile dampers. This meth-
odology relies on an infrared (IR) camera to capture the 
temperature profile of surfaces and fluids, thereby providing 
engineers and researchers with important information about 
the thermal properties of dampers. The temperature fluctu-
ations of the damper can be observed and analyzed by using 
thermal imaging [62]. The movement and interaction of the 
damping fluid with internal components during the com-
pression and rebound cycles generates heat due to the friction 
and energy dissipation. Thermal imaging allows monitoring 
and quantification of temperature variations [63]. 

Cavitation is the formation and subsequent collapse of 
vapour bubbles in the damping fluid and can lead to localised 
temperature changes. Thermal imaging can be used to locate 
areas of the damper where cavitation is likely to occur. This 
is done by detecting temperature peaks associated with the 
collapse of bubbles. The thermal imaging technology pro-
duces a graphical representation of the spatial distribution of 
thermal energy in the damper [64]. This enables engineers 
to detect hot spots and temperature gradients, which helps 
them to see if the damper is operating within safe tempera-
ture limits. The increase in the temperature of damping flu-
ids can reduce the efficiency of damping and deteriorate the 
components of dampers. [65]. Damper analysis key parame-
ters and methods are illustrated in Table 2. 

Thermal imaging is a useful technique used to detect 
areas of the damper that could be prone to overheating 
and to optimize the design in order to improve the heat 
dissipation [67]. The combination of thermal imaging 
with pressure sensors and other flow visualisation tech-
niques allows full assessment of damper action. Engineers 
can then correlate thermal effects to fluid dynamics by 
combining temperature data with pressure and flow 

patterns. Thermal imaging can be used to evaluate the 
thermal efficiency of dampers in different operational 
conditions including different vehicle velocities, loads and 
road conditions [68]. The information provided is of great 
importance for the improvement of the design of dampers 
for practical applications. The thermal and flow field con-
tours of the gaseous phase. The temperature and veloc-
ity profiles of the gas phase, without suspension injection 
(left) and with suspension injection (right), are depicted 
in Figure 6.

 

Figure 6. The temperature and velocity contours of the gas phase. without suspension injection (left) and with suspension 
injection involved (right). [From Jadidi M [66], under the terms of the Creative Commons Attribution 4.0 International 
License.]

Table 2. Damper analysis key parameters and methods

Parameters Techniques for Assessment
Fluid Flow Patterns Transparent Damper Models

Dye Injection
High-Speed Photography
Particle Tracking

Pressure Distribution Pressure Sensors
Computational Fluid Dynamics (CFD)

Temperature Profiles Thermal Imaging
Computational Fluid Dynamics (CFD)

Cavitation Detection Pressure Sensors
Transparent Damper Models

Heat Generation and 
Dissipation

Thermal Imaging
Computational Fluid Dynamics (CFD)

Turbulence High-Speed Photography
Computational Fluid Dynamics (CFD)

Fluid-Structure 
Interaction

Computational Fluid Dynamics (CFD)
Finite Element Analysis (FEA)

Impact Analysis LS-DYNA
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In Computational Fluid Dynamics (CFD) simulations, 
it is common to integrate heat transfer models to forecast 
temperature changes in dampers [69]. Physical tests with 
thermal imaging data validate and complement numerical 
simulations, ensuring accuracy in the prediction of thermal 
behaviour. Thermal imaging is a useful technique for the 
view and analysis of the flow in vehicle dampers as it pro-
vides important information on the thermal characteristics 
of the damping fluid dynamics [70]. The data are important 
for the improvement of damper designs, for the identifica-
tion of possible overheating and cavitation problems and 
for safe and efficient operation of car suspension systems.

Computational Fluid Dynamics
Computational Fluid Dynamics (CFD) is very useful 

tool to visualize and analyze fluid flow in automobile damp-
ers. CFD simulations enable the modelling and analysis of 
damping fluids inside dampers providing valuable insight 
into fluid flow patterns, pressure distributions and many 
significant factors [72]. The initial step in carrying out 
the computational fluid dynamics (CFD) simulations is to 
build a three dimensional geometric model of the damper. 
This model includes both the external structure and inter-
nal parts of the damper, such as orifices, pistons, and fluid 
reservoirs. Accurate modelling of the geometry is essential 
to achieve meaningful simulation results [73]. The mag-
netic circuit’s apex (the piston head) exhibits a significant 
concentration of magnetic flux, whereas the coil bobbins 
display a reduced flux concentration, with the predominant 
flux traversing the MR fluid area surrounding the magnetic 
poles of the piston. The input current is denoted as 1.0 A, 
whereas I is illustrated in Figure 7.

The geometric model is discretized into a mesh of cells 
or elements. Appropriate meshing techniques are of great 
importance for realistic representation in fluid dynamics. 
Engineers must find the optimal trade-off between the fine 
and coarse mesh resolutions [74] to achieve the comput-
ing efficiency with the accuracy. Explicit definitions of fluid 

parameters like density, viscosity and thermal conductivity 
are required for CFD simulations [75]. Car dampers usu-
ally use oil as damping fluid. The choice of the damping 
fluid plays an important role in the accuracy of simulations 
. The boundary conditions of the simulation, such as the 
input and output conditions, the movement of the piston, 
and other relevant characteristics are defined by engineers 
[76]. These are true representations of real-world scenarios 
and driving conditions. Software applications for flow visu-
alisation of fluids in vehicle dampers is shown in Table 3. 

A wide range of solvers and numerical methods are avail-
able for computational fluid dynamics (CFD) simulations. 
The choice depends on the damper arrangement and the 
level of precision desired [77]. The popular Computational 
Fluid Dynamics (CFD) solvers are finite volume, finite 
element and boundary element methods. Several simula-
tion runs are carried out to evaluate a number of scenarios 
including variations in damper settings, piston speeds and 
fluid properties. The simulations provide useful insights 
into the effect of variations in these parameters on the fluid 
flow, pressure distribution and heat transfer in the damper 
[78]. Post-processing technologies analyse and visualise the 
outcomes of simulations. [79] Engineers can create contour 
plots, streamline visualisations and animations to under-
stand the flow patterns, turbulence and pressure fluctua-
tions that happen inside the damper. 

Validation of computational fluid dynamics (CFD) sim-
ulations with experimental data is crucial for the evaluation 
of their accuracy and reliability [81]. The utilisation of an 
iterative process enhances damper design to achieve opti-
mal performance. The comparison of simulation results with 
physical testing data is used to improve the confidence on the 
predictive capabilities of the computational fluid dynamics 
(CFD) model [82]. The application of Computational Fluid 
Dynamics (CFD) to simulate fluid dynamics has become a 
very effective way to study the flow inside vehicle dampers. 
These tools assist engineers in understanding complex fluid 

Figure 7. There is a high concentration of magnetic flux in the magnetic circuit’s apex (the piston head), a lower flux 
concentration in the coil bobbins, and the majority of flux flowing over the MR fluid region around the piston’s magnetic 
poles. 1.0 A is the input current, I. Measured in Tesla. [From Elsaady W et al [71], with permission from Elsevier.]
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dynamics, and improving damper designs for better vehi-
cle performance and ride comfort [83]. Proper modelling 
techniques, mesh generation and validation procedures are 
important parts to ensure the accuracy and reliability of the 
computational fluid dynamics (CFD) simulations used in 
damper analysis [84].

Limitations of Flow Visualisation Techniques
Flow visualization methods for vehicle dampers are 

well known to be valuable tools for understanding and 
improving damper performance. However, it is import-
ant to acknowledge the limitations and problems of these 
techniques. 

v	 Sometimes flow visualisation methods make real world 
situations simpler, so that experiments or simulations 
become more tractable. However, this over-simplifica-
tion might lead to differences between the controlled 
lab or simulated environment and the real-world road 
environment, and potentially compromise the accuracy 
of the results.

v	 Automotive dampers are subjected to various external 
influences in the real world such as temperature vari-
ation, vibrations and road surface irregularities. These 
elements can be a source of noise and variability in the 

Table 3. Software applications for flow visualisation of fluids in vehicle dampers. [From Ferhath AA [80], with permission 
from Springer]

Softwares Uses
ANSYS Fluent Model and examine fluid movement, pressure distribution, and damper temperature profiles. 
COMSOL Multiphysics Investigate the dynamics of fluid-solid interactions and analyse the heat-transfer characteristics 

of dampers. 
Open FOAM Model fluid dynamics, encompassing intricate flow patterns, turbulence, and heat transfer within 

dampers. 
SolidWorks Flow Simulation Examine fluid flow and heat transfer in automobile dampers using the SolidWorks suite. 
Autodesk CFD Conduct a comprehensive examination of fluid movement, heat transfer, and pressure 

distribution in the various parts of the damper. 
STAR-CCM+ Research the principles of fluid dynamics, heat transfer, and the vibrations caused by fluid flow in 

dampers. 
Gambit Generate grids and meshes explicitly designed for Computational Fluid Dynamics (CFD) 

simulations, with a focus on their applicability to damper analysis. 
Abaqus Investigate fluid-structure interactions in car dampers, with a specific focus on their behaviour 

during dynamic events. 
LS-DYNA Examine the effects of dampers and their interactions with other vehicle components across 

different settings. 

Figure 8. The velocity vectors of the MR fluid flow field in the MR damper at t=0.5 s represent the piston’s highest velocity. 
The input current is 1.0 A, with a maximum magnetic field strength of 0.242 T at the magnetic poles. The fluid is stimu-
lated by the movement of the piston walls at the entry of the throttling area (where the piston moves to the left while the 
fluid is restricted in the right direction). [From Elsaady W et al [71], with permission from Elsevier.]
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experimental data and can make it difficult to isolate 
specific flow features. 

v	 Full size damper action may not be fully reproduced 
in very transparent scale models. Differences in scale 
can influence the accuracy of the results of flow visu-
alisation, especially for Reynolds-number and bound-
ary-layer dependent phenomena. 

v	 The visualization depth of transparent damper models 
and optical approaches is limited. Therefore, research-
ers may have limited ability to detect or quantify the 
flow characteristics occurring at significant depths 
within the damper and essential information might be 
omitted.

v	 Some flow imaging techniques (e.g., dye injection) can 
affect fluid dynamics by introducing external chemicals 
into the damper fluid. Such a modification may affect 
the precision of results especially when analyzing com-
plex and delicate flow phenomena. 

v	 High speed photography and particle tracking require 
sophisticated equipment and careful synchronisation. 
This leads to expensive and technically demanding 
experiments. Some issues may limit researchers’ access 
to some techniques.

v	 Damping fluids are frequently characterized by com-
plex, non-Newtonian and viscoelastic properties. This 
behaviour can be difficult to model and accurately visu-
alise and may require specialist techniques. 

v	 In optical methods, such as high speed photography, 
interference patterns and shadows can hide some details 
of the flow field and may therefore prevent a complete 
investigation of some particular flow phenomena. 

v	 Significant processing resources and a high skill level 
are needed to execute computational fluid dynamics 
(CFD) simulations. Simulations at large scales can be 
very processing intensive and time consuming. 

v	 It can be difficult to get the empirical data needed to 
validate the accuracy of computer models due to scale 
differences and boundary conditions. It is often dif-
ficult to get a perfect match between simulations and 
experiments. 

v	 Potential researcher safety hazards exist in the research 
setting due to the use of high speed photography, pres-
sure sensors and some chemicals used in dye injection. 
It is important to take proper safety precautions.
However, flow visualisation techniques are still indis-

pensable to gain an insight into the behaviour of car 
dampers in the face of these restrictions. Researchers and 
engineers are continuously working on improving existing 
methodologies, addressing their inherent limitations and 
developing novel approaches to improve the accuracy and 
suitability of flow visualisation in damper analysis.

CONCLUSION 

Techniques for flow visualisation are essential to 
understanding and improving the performance of vehicle 

dampers. The vital elements are very important to improve 
the comfort level during the rides, in maintaining the sta-
bility of the vehicle and in increasing the overall safety of 
the car and its passengers. The current discussion includes 
various flow visualisation techniques that reveal complex 
fluid dynamics within dampers and improve automobile 
engineering. 
Ø	 A full understanding of damper behaviour is reached by 

employing a combination of different flow visualization 
methods which include transparent damper models, 
dye injection, high speed photography, particle track-
ing, pressure sensors, thermal imaging and computa-
tional fluid dynamics (CFD). 

Ø	 Transparent damper models are used for educational 
purposes and as research prototypes for engineers and 
scientists. These tools allow us to observe directly the 
flow pattern and help us to understand better the prin-
ciples of damping. 

Ø	 Dye injection, high-speed photography and particle 
tracking techniques can be used to visualise and anal-
yse fluid behaviour, turbulence and flow patterns within 
dampers. It makes easier the diagnosis of cavitation and 
other related problems. 

Ø	 Pressure sensors and Computational Fluid Dynamics 
(CFD) simulations are used to obtain the numerical 
data of pressure distributions, temperature profiles 
and fluid dynamics. These data allow for the improve-
ment of damper designs and the optimisation of their 
performance. 

Ø	 Thermal imaging monitors temperatures and ensures 
dampers are within acceptable temperature thresholds. 
Integrated pressure sensors can detect overheating and 
cavitation, thus improving safety and efficiency.
Flow visualisation methods are important for validat-

ing computer models and optimizing damper designs. 
Engineers can anticipate and correct problems before they 
begin to impact vehicle operation in an adverse way. The 
knowledge that can be obtained from these results is of 
advantage both to automotive manufacturers and to the 
scientific and engineering domain in general. The devel-
opment of flow visualisation techniques continues with the 
aim of improving vehicle safety, confort and performance. 
Engineers and researchers are ready to make data-driven 
decisions, improve designs and develop new solutions 
that enhance the overall driving experience. With the ever 
increasing advancement in technology and the increased 
understanding of fluid dynamics, the coming years pres-
ent the possibility of more sophisticated flow visualisation 
methodologies. This is expected to lead to further improve-
ments in vehicle dampers and overall vehicle dynamics.
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