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ABSTRACT 

Badri, Yousif, Master, January: 2022, Master of Science in Mechanical Engineering. 

Title: An experimental and numerical investigation of the combination of different 

damper types for improved control of vibration. 

Supervisors of Thesis: Sadok, Sassi, Mohammed Hussein, and Jamil Renno 

Eliminating and reducing unwanted vibrations required a good knowledge of 

the dynamic system’s fundamental components; mass, spring, and damper. Meanwhile, 

dampers are responsible for reducing the vibration’s amplitudes and the time needed by 

a structure to reach its steady state. This research is focused on studying a combination 

of different dampers through computational and experimental approaches. 

Furthermore, parametric studies are conducted to investigate the parameters that affect 

each damper's damping behavior. 

Two dampers were designed, manufactured, modeled, and tested through this 

study. Firstly, a hybrid damper was developed by integrating two damping 

technologies; Viscous Fluid Damper (VFD) and Particle Impact Damper (PID). The 

VFD used in this study was a Mono-tube commercial viscous damper used in the 

automobile suspension system. On the other hand, the PID part consisted of a circular 

plastic enclosure filled with Stainless Steel 15mm diameter bearing balls. The Fluid 

Impact Hybrid Damper (FIHD) was designed by attaching the PID part to the VFD 

piston rod. A shaker testing setup was developed to drive the hybrid damper’s piston 

rod into a sinusoidal dynamic load with a 1-8 Hz frequency range. The number of balls 

was changed three times (5, 10, and 15) to examine this parameter effect on the FIHD’s 

damping effect. In addition, a Finite Element Model (FEM) of the FIHD was developed 

using LS-Dyna explicit solver. The FEM of the FIHD simulated the elastoplastic 

collisions between the balls and the walls using a piecewise-linear plasticity material 
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model. Results were presented using Frequency Response Function (FRF) to show the 

damping effect in a set of force-independent results. The evaluated FRF of the two 

approaches (Experiment and FEM model) showed a noticeable reduction in amplitude 

at the system’s natural frequency (2 Hz). In addition to the hybrid damper, this study 

also investigated a damper that belongs to the semi-active countermeasures known as 

Magnetorheological fluid (MRF) damper. MRF dampers’ damping effect is controlled 

using a magnetic field produced by an excitation system. In an MRF damper, a smart 

fluid is used as the damper fluid instead of using the classic hydraulic oil. The excitation 

system components were designed and manufactured based on dimensions reported in 

a previous study. The excitation system's magnetic field (MF) density value was 

obtained both experimentally and numerically using Comsol FE software. The MF 

study aimed to address the parameters that affect the magnetic field density, and thus, 

the MRF damping effect.   Eventually, a Computational Fluid Dynamic (CFD) Analysis 

is conducted on the MRF damper. The CFD analysis describes the fluid flow between 

the compression and rebound champers through the internal orifices. Averaged Navier-

Stokes equations are solved by the SIMPLE method, and the RNG k-ε is used to model 

turbulence when the fluid passes through the orifice. The viscosity of the MRF was 

evaluated experimentally using a viscosity meter when applying different values of 

magnetic flux. The magnetic flux values were changed along with changing the 

excitation current values from 0 A to 5 A with a 1 A increment. Rebound and 

compression forces were observed from the static pressure contour plot. Based on the 

damping coefficients obtained from different viscosities values, the results showed that 

the damping values are exponentially increasing when increasing viscosity. 
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CHAPTER 1: INTRODUCTION 

 

Noise and Vibration are socio-environmental problems that call for solutions by 

engineers. Controlling noise and vibration requires a good knowledge of the dynamic 

systems and their main components, i.e., mass, stiffness, and damping. In particular, 

dampers’ main application prevents discomfort vibrations, outright structural failure, 

or reduces noise emission [1]. This thesis will mainly focus on investigating the 

combination of different types of dampers having viscous dampers as their fundamental 

part. In this chapter, the three types of vibration countermeasures will be discussed. In 

addition, the understudy dampers will be defined, and their related materials will be 

mentioned. Then, the study statement and its significance are given. At the end of the 

chapter, the thesis objectives and aims are presented, followed by the thesis content. 

Generally, the vibration isolation countermeasures can be classified into three types: 

Passive, Active, and Semi-active. In the following sub-sections, Passive dampers and 

Semi-active dampers will be discussed. 

 

1.1 Passive dampers 

Passive damping can be defined as the inherent damping in the mechanical systems that 

can reduce vibrations energy over time. Most noise and vibration control systems are 

open loops, where the damping occurs naturally without sensing the amount of 

vibration [2]. In other words, passive damping controls the vibration due to previous 

predesigned considerations of the damper. Both industrials and scholars’ practitioners 

conducted innovations and developments intensely on the different types of passive 

dampers such as; frictional dampers, viscoelastic dampers, viscous dampers, and 

particle impact dampers. Although each of those dampers has its unique characteristics, 
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their passive attitude in reducing and eliminating the vibration energy by converting it 

to another form of energy (mostly heat) is the same. A brief definition of the passive 

dampers used in this study will be discussed in the following sub-sections. 

 

1.1.1 Viscous dampers 

Usually, a viscous fluid damper (VFD) consists of a steel cylinder filled with silicone 

oil. An orifice plate (damper piston), connected to a rod attached to the vibrating 

structure, moves inside the cylinder and absorbs the disturbances. The movement of the 

rod forces the fluid to flow through the orifice plate between two chambers, resulting 

in pressure difference and generating the damping force. Viscous dampers were found 

to be sufficient for vibration energy dissipating and isolation for both mechanical and 

civil applications [3]–[6]. Many studies investigated experimentally and numerically 

the characteristics of viscous dampers in response to a different form of vibration 

excitation [7]–[9]. 

 

Figure 1. Viscous damper components [10]. 

  

Most vehicular shock absorbers are either twin-tube or mono-tube types with some 

variations on these themes, as shown in Fig. 1. A Twin-tube shock absorber consists of 

two nested cylindrical tubes. The inner tube is called a working or pressure tube, while 
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the outer tube is called a reservoir tube. At the lower bottom of the damper, valves (base 

valves) separate the fluid between the two tubes. Mono-tube dampers were considered 

a revolutionary advancement when invented by August Bilstein back in the 1950s [11]. 

As its name implies, the mono-tube shock absorber (single end piston damper), which 

is gas-pressurized, consists of only one tube [11]. When the piston moves, the single-

piston end divides the oil reservoir into two chambers (rebound and compression). 

Because of the monotube single-cylinder, no base valves are needed to control the flow 

between the two chambers as in the Twin-tube.  

 

(a)                                  (b) 

Figure 2. Viscous damper: (a) Twin-tube, (b) Mono-tube. 

 

The differences in design features of the two types are clearly shown in Fig.2. These 

differences govern not only the flow pressure inside the cylinder but also the damping 

force, ride quality, and damper sensitivity are also affected. The main differences 

between the two types of viscous dampers are summarized and highlighted below in 

Table 1. 
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Table 1. Comparison between Twin-tube and Mono-tube viscous dampers [12] 

Characteristics Twin-tube Mono-tube 

valve mechanism Multiple Single 

Cylinder circumference-Piston 

size 

small large 

Gas pressure low High 

Responsiveness Moderate  Very sensitive  

Aeration Possible Rarely 

Ride quality Smooth stiffer 

Damping force Limited Wide range 

Production cost low High 

 

Based on each damper criteria, the vehicles types using the damper in their suspension 

system will vary accordingly. Mono tube shocks are typically found in trucks, vans, or 

vehicles used for hauling, transportation, or any equipment driven in harsh road 

conditions. At the same time, twin-tube is mainly used for cars suspension systems and 

smaller sport utility vehicles (SUVs) [13].  

 

1.1.2 Particle Impact Damper (PID) 

Nowadays, particle-impact dampers (PID) are gaining more interest among researchers 

and engineers for the passive control of vibrations [14], [15]. The impact damper is a 

typical passive-control device that consists of freely moving masses constrained by two 

stops inside a container, mounted on the primary system [16]. When the moving masses 

impact the enclosing obstacles, momentum exchange occurs together with energy 
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dissipation [17]. Figure 3 depicts the most common types of impact dampers presented 

in the literature. 

 

 

Figure 3. Types of Traditional Particle Dampers [16]. 

 

The impact damper has found wide use in the industry because it is simple, low-cost, 

robust, effective in vibration suppression over a wide range of accelerations and 

frequencies. In addition, PIDs could be installed in an application where harsh 

environmental conditions exist [18] [19]. Due to PIDs' previously mentioned favorable 

damping characteristics, several engineering fields considered using them in their 

applications. For example, PIDs were used in the aerospace field to reduce aircraft 

vibration [20], and wind turbines field to control the response of dynamic-wind load 

[21]. In addition, PIDs are excessively used in machinery fields such as; compressor 

machinery fields, metal‐cutting machine tools, electro‐mechanical systems [14]. 

The automotive field was also taking advantage of the developing technology of PIDs 

by applying them to their application. For example, PIDs were used in vehicles 

Inhibiting the steering wheel vibration steering control electric motor’s noise during 

idling [22]. As can be seen from these applications, PIDs can be used in devices and 

machines that vary in size, mass, operating conditions, and function. Consequently, the 

vibration energy's magnitude, frequency, and excitation profile will vary accordingly. 



 

6 

Therefore, no common PID will suit every application. However, it is not an easy job 

to classify PIDs according to their related application. Alternatively, Lu et al. [14]  

comprehended a review paper classifying PIDs according to the aspect of development 

applied in traditional PIDs (Fig.3). Those aspects mainly focused on three variants that 

distinguished each PID from the other. Therefore, configuration, material, and 

combination of damping technology were adopted as the three classification variants of 

the PIDs. Consequently, besides traditional PID, three categories of particle dampers 

were developed; Configuration Improved Type, Material Improved, Combination Type 

(Fig.4). 

 

 

Figure 4. Categories of particle dampers. 

 

In configuration improved type, modifications are made on the PID structure (e.g., 

particles and cavities) to enhance the vibration attenuation mechanism. On the other 

hand, the material-improved type employs a novel and traditional material for the box 

and the particles. Selecting the appropriate material will reduce noise and increase 
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plastic deformation, thus amplifying the vibration energy absorption. Although 

extensive research was conducted on the three categories, the combination improved 

type has the least number of investigations. Therefore, part of this study will be 

presenting a novel combination type of fluid-impact hybrid damper (FIHD) [23]. 

Moreover, designing, manufacturing, testing, and modeling will be presented in detail 

through the following chapters (3-5). Despite the PID's unpredicted behavior in 

damping, standard features should be provided to secure efficient damping. In the 

design phase of PID, many considerations should be known for a better structure 

damping effect. Firstly, the volume that includes the balls should be positioned to the 

maximum vibration amplitude location [15].  The rest of the design considerations 

could only be understood if the damping mechanism of the PID is first clarified. The 

damping mechanism of the PID mainly depends on two types of collisions; between 

particles to particles and between container walls and particles (Figure 5). Those two 

collision types govern the momentum exchange between the vibrating structure and the 

PID damper. The reduction of energy is a direct consequence of such a collision. 

Thorough investigation proved that the damping effect is mainly produced from particle 

to particle collisions. On the other hand,  walls-particles collisions exchange movement 

between the vibrating structure and the PID with a low damping effect [15]. 

 

   

Figure 5. Damping mechanism of PID: (a) Wall-particles colloisions, (b) 

(a) (b) 
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Particles-particles colloisions. 

 

Usually, there is no fixed rule to follow when designing the PID. Instead, it is a tradeoff 

relationship between two main factors; the coefficient of restitution (e) and the friction 

coefficient. Those two factors govern the damping functioning of the PID. Therefore, 

the design consideration of PID should be focusing on compromising the effect of the 

two coefficients. Generally, several concepts should be known before starting the 

design of PIDs [15]. Those concepts are addressed below. 

 Increasing the sliding friction coefficient between the particles and the walls 

will decrease the damping effect of the PID. This can easily be explained by the 

correspondent decreasing in the (e) value and hence the momentum exchange. 

 For small containers, the (e) value should be low to increase the damping effect, 

and for big containers, the design should maintain a high value of (e) to increase 

the damping. 

 Using soft material or coating the internal surface of the container is important 

to reduce the noise and maintain a coefficient of friction at a value where many 

collisions could occur. 

 The PID should be located where the maximum amplitude of vibration occurs. 

  

 

1.2 Semi-active dampers  

 

Semi-active dampers are mechanical devices that can give a variable damping value 

when connecting to a small power source [24]. Therefore, the variable damping value 

will provide a steady-state operation regardless of the continuous changes in the 

disturbance and vibrations coming from the surrounding environment. Semi-active and 
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fully active dampers overcome the possible range of damping characteristics provided 

by the conventional passive dampers. The semi-active control technology is 

implemented in different devices, and typical semi-active devices include 

Servo/Solenoid valve, Magnetorheological (MR), Electrorheological (ER), and 

Electromagnetic dampers.  

 

1.2.1 Magnetorheological fluid (MRF)  

The origins of the MRF belong to smart material, which changes its rheological 

behavior along with the applied magnetic flux [25]. Although MRF is much similar to 

Ferrofluid (FF) in particles aggregation when magnetically controlled, the magnetized 

particles size of the two fluids is different. Moreover, the FF particles size is nanometer 

range (3-15 nm), while you can find that MRF particles are above one micrometer (1-

20 μm) [26]. The micron particles of MRF are almost stationary, and their Brownian 

motion is negligible. On the other hand, FF particles perform intense thermal movement 

due to their permanent dipole moment. Therefore, the Agglomerate formation of the 

MRF particles is essential due to the particles' stationarity when the fluid is 

magnetically induced [26]. The MRF fluid's previous properties significantly increase 

the fluid viscosity up to 103 times when induced with a magnetic field.  In addition, MR 

fluid could give similar damping of ordinary oil (Newtonian fluids) with moderate 

viscosity value in the absence of excitation. The micron metallic particle forms a 

column structure perpendicular to the flux line (Figure 6). The small particle’s structure 

will have yield stress known as field-dependent yield stress. Field-dependent yield 

stress value will increase as the magnetic field increases, and at any stress point below 

this value, the fluid will behave as a viscoelastic material. 
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Figure 6. MRF particles arrangement, before and after applying a magnetic field. 

 

MR fluids could be classified depending on the fluid yield stress value and the fluid 

carrier type. Nowadays, the LORD Corporation company manufactures most of the MR 

fluids types. Therefore, instead of mentioning each type of characteristics table, Lord 

corporation product code will be satisfactory for MRF characteristics identification. 

Based on the fluid carrier, Lord corporation manufactured three types of MRF; oil-

based (MRF-132LD ), water-based MRF-240BS, and silicone oil-based (MRF- 

336AG) [27]. Moreover, when considering the value of the fluid yield stress, the MRF 

will be divided into three groups; low yield stress MRF-122-2ED, medium yield stress 

MRF-132-DG, and high yield stress MRF140 CG [28]. Although all the previous types 

are hydrocarbon-based, it was found that MRF with high yield stress tends to consume 

less power in brake applications [28].  

On the other hand, all devices that use MR fluid can be categorized into three operating 

modes: (a) valve mode, (b) direct shear mode, (c) squeeze mode. Figure 7 shows the 

schematic of the structural configuration for each mode. Although all the modes may 

have induced a magnetic field perpendicular to the plate’s planes, the actuating part is 

changed between the fluid and the plates. For example, MR fluid flows in valve mode 

due to a pressure gradient between two fixed plates. This mode can be found in 

applications that include hydraulic controls such as; shock absorbers, servo valves. 
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In contrast, the shear mode includes one plate, which moves relatively while the other 

plate remains stationary. Clutches, brakes, and braking devices are the devices that use 

such a mode with MRF. Lastly, squeeze mode induces the flow of MR fluid by applying 

forces on the two plates in a direction perpendicular to their planes. Due to the small 

movement of the plates, the Squeeze mode is usually adopted in small-amplitude 

vibration and impact dampers [29] [30] [31].  

 

Figure 7. MRF operating modes (reproduced from ([32]). 

 

As shown previously, each one of the three operating modes is implemented in 

applications where small/high amplitude/frequency is needed. One of the first 

applications that used valve mode was the suspension element of vehicles [33]. 

Designing such a damper usually starts by replacing the damper’s classic hydraulic oil 

with an MRF damper and integrating a magnetic coil integrated into the piston of the 

damper to generate a magnetic field. The induced magnetic field will regulate the MRF 

flow resistance inside the damper cylinder (Figure 8).  
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Figure 8. Schematic of MRF twin-tube damper. 

 

MRF damper presents a state-of-art semi-active vibration countermeasure, which 

supplies different damping values in response to an applied magnetic field. MRF 

dampers can be controlled to provide a damping effect suitable for various vibrations’ 

frequencies and amplitudes with maximum working efficiency. MRF dampers are 

mainly used in vehicles suspension systems (Spring-Damper) to overcome the 

limitations of passive viscous dampers. The axle transfers the movement to the vehicle 

body when the car spring oscillates due to road imperfection. Therefore, the passenger 

comfort will be disturbed unless the car suspension system is functioning efficiently. 

The efficient (optimal) damping required a compromise between safer damping (hard) 

and comfort damping (soft), which depends on the damper selection as well as it 

depends on the road profile [24]. The continuous changing in the damping between 

what is safer and what is required for ride comfort can only be achieved by semi-active 

damping.  

 

1.3 Problem Statement and its Significance 

Developing or improving vibration isolation countermeasures have been gaining 

scholars' interest since the development of the first tuned mass damper in 1909. The 

continuous urban expansion and development processes in the transportation sector are 
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associated with human discomfort resulting from increased noise and vibration levels. 

In addition to the human discomfort, excessive vibrations also result in outright 

structural failures of buildings and the damaging of different industrial machines. 

Historically, vibrations induced from dynamic loads were reduced by using passive 

dampers, which develop a predetermined damping amount. In contrast, those dampers 

cannot overcome a particular limitation associated with their damping amount and its 

variation in response to the dynamic loads. 

Moreover, improving the damping performance of passive dampers in certain 

conditions required adopting one of the following approaches; controlling the damping 

by modification or tuning of a few internal parameters or integrating extra control 

technology. Till this moment, the approach based on combining and integrating two 

damping technologies is the least investigated approach of passive damping. Therefore, 

this study will explore the possibility of combining the viscous damping and the particle 

impact damping in the same device and analyze its damping behavior. The second part 

of the study will present smart rheological material as a damper’s fluid. The semi-active 

MRF damper’s damping behavior was extensively investigated analytically by 

developing equations based on statistical analysis to experimental results. In contrast, 

analyzing the damping effect of MRF dampers needs more investigation on the fluid 

flow perspective. Therefore, a computational fluid dynamic analysis will be adopted to 

create numerical models for the passive and MRF viscous dampers. Meanwhile, the 

previous experimental work that has been conducted on the MRF dampers mainly 

focuses on testing setup. Alternatively, a small number of studies overlooked the 

parameters that may amplify the MRF correspondent magnetic field. However, rather 

than building an MRF damper experimental setup, this study will address new design 

features to enhance the MRF’s excitation system efficiency and thus its damping effect.   
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1.4 Research objectives 

This research aims to introduce a novel type of hybrid passive dampers (FIHD) and 

enhance the efficiency of semi-active (MRF) dampers. The behavior and characteristics 

will be studied both experimentally and numerically.  

The main aim of the work will be achieved through the following objectives: 

A. Experimental work 

 Design and manufacture the hybrid damper (FIHD). 

  Design and manufacture a testing setup of small amplitude and small frequency 

excitation using a shaker. 

 Examine the damping effect of the manufactured hybrid damper using the 

developed testing apparatus. 

 Design and manufacture the excitation system of Magnetorheological Fluid 

(MRF) damper. 

  Test the magnetic field density of the damper’s excitation system to investigate 

the parameters that affect the magnetic field intensity and, thus, the 

magnetorheological fluid’s damping effect. 

 

B. Numerical work 

 Develop a finite element model that simulates the FIHD behavior. 

 Analyze the magnetic field effect through finite element modeling for the semi-

active MRF damper. 

 Investigate the damping coefficient of the MRF damper through a CFD analysis 

of the fluid flow inside the damper. 
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1.5 Research Methodology 

Similar to any scientific inquiry, the actual work has started by conducting a thorough 

investigation of the literature to explore the previous experimental and numerical 

studies that focused on Hybrid passive and MRF dampers. This works mainly aims to 

fill the literature gap regarding hybrid passive dampers countermeasure. Therefore, a 

hybrid damper that combines viscous and particle impact damping effects was 

designed, manufactured, tested, and modeled numerically. In addition, one more  MRF 

damper was designed and manufactured to replicate an MRF damper developed in a 

previous study. In contrast, the MRF damper was analyzed numerically to explore 

design features that may enhance its damping effect. The first damper (FIHD) was 

investigated experimentally using a shaker setup. The FIHD testing setup aims to 

examine the dampers' characteristics independently from their surrounding structures. 

The excitation was in Sine-waveform, and the response was measured using a set of 

force-sensor and an accelerometer. The MRF experimental findings were obtained from 

a previous experimental study of a falling mass. Secondly, a numerical model was 

developed to simulate the behavior of each damper, which replicates the experimental 

setup. The numerical software packages basically have two solving methods; finite 

element modeling (FEM) and finite volume modeling (FVM). FEM was developed 

using LS-Dyna to examine the collisions of the ball of the PID attached to the HFID in 

increasing the damping effect of a conventional VFD. A Computational Fluid 

Dynamics (CFD) model was developed to study the flow inside the VFD flow domain 

and its developed forces that produce the damping forces. The CFD model was then 

upgraded to fit the use of the MRF damper by setting a variable parameter (viscosity) 

with the applied current. The results obtained from the experiments and the simulations 

for both dampers were compared to validate and examine the model accuracy.   
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1.6 Thesis Content 

Chapter 1: Introduction: This chapter introduces the passive and semi-active vibration 

countermeasures fundamentals, along with the damper types included in the study. 

Research objective and thesis organization are also included in the first chapter. 

Chapter 2: Literature review: This chapter reviews the experimental setups and 

modeling of each damper developed and redesigned in this work. 

Chapter 3: Numerical Modeling of the special dampers: This chapter shows the 

numerical models developed to understand the behavior of Hybrid-fluid impact 

dampers and MRF. ANSYS Fluent-CFD tool will be used to simulate the flow domain 

inside the viscous damper, while LS-Dyna will simulate the balls’ collision in the HFID. 

Lastly, COMSOL-AC/DC magnetic field package will be used for the magnetic field 

analysis  

Chapter 4: Experimental Developments and Prototype Setup of the dampers: This 

chapter illustrates the manufacturing of the FIHD’s essential components and 

corresponding setup. In addition, the MRF excitation system’s components and 

drawings are presented. 

Chapter 5: Conclusions and future works: It will summarize the main findings and 

conclusions in this thesis and highlight some recommendations for future works. 
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Chapter 2: Literature Review 

 

The relevant studies reported in this chapter are reviewed to establish a framework for 

holding and generating new ideas that will help improve the damping effect of each 

damper.   

 

2.1 Experimental investigation of dampers   

Dampers' experimental setups are designed and used to simulate the dynamics of 

dampers in real case scenarios and to evaluate their damping characteristics. In addition, 

experimental investigation presents a reliable way to validate dampers’ numerical 

models. Although numerical models could be verified analytically, analytical models 

suffer from limitations in showing nonlinearity and hysteresis damping behavior. 

Experimental tests overcome this limitation and strengthen the approach of discovering 

new models depending on the interpolation of experimental results. Generally, each 

setup consists of three main parts: damper, actuator, and sensor. The actuator can excite 

the damper with different forces (oscillating, impact, impulse, etc.). The vibration 

energy is then transferred to the damper through means of couplings. Eventually, to 

record the damper response, sensors measure many parameters such as displacement 

(LVDT), force, and acceleration (Accelerometer). However, these testing apparatus 

sensors’ signals will not be acquired unless they are coupled to Data Acquisition System 

(DAQ) with appropriate sampling frequency. A brief review of scholars’ experimental 

investigations associated with this study dampers will be discussed in the following 

sub-sections. 
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2.1.1 Experimental investigation of viscous dampers  

Laboratory tests of vehicles' viscous dampers are preferable to road driving sessions 

because they are cheaper and may be performed more rapidly [34]. Researchers usually 

require a test setup similar to the axial fatigue machine to conduct an experimental 

investigation for the VFD. Usually, a viscous damper's test apparatus consists of a 

hydraulic actuator applying reciprocal motion with predetermined force magnitudes. 

These actuators should be equipped with a speed controller, force cells, and 

displacement sensors to measure the damping of the viscous dampers. The moving part 

of the actuator must be connected to the piston rod of the viscous damper from one side.  

On the other side, the damper is connected to fixed support through a force sensor. To 

measure the dynamic displacement of the piston rod, an LVDT is attached to the damper 

body, as shown in Figure 9. The LVDT will give a continuous displacement reading for 

the damper rod during its two strokes; compression and rebound. 

 

 

Figure 9. Viscous damper testing apparatus 
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To obtain an accurate reading of the damper’s dynamic performance, the user could 

easily combine the two readings of time and displacement of the rod to get the velocity 

and use the load cell to make a continuous reading of the force. Consequently, the force-

displacement and force-velocity graphs, which characterize the damping behavior, 

could be easily obtained [17]. 

Considerable studies were carried out using different experimental setups and 

procedures to better understand the viscous damper's behavior. For example, Guan et 

al. developed a twin-tube VFD test apparatus [35] that consists of a motor, a load rack, 

a static frame, and a crank. The crank transforms the rotation movement into a 

reciprocating displacement. The loading rack is connected to the crank through a 

linkage and then attached to the damper. A load cell is located at the bottom of the 

bench to record the damping force using a data acquisition (DAQ) system. Another 

experimental setup was introduced in [36] to test magnetorheological dampers. The 

shaking table was composed of a hammer, a basement, suspension springs, and a 

support structure. The impact load generated by the hummer impacts excites the 

basement, and the response of the MR damper is consequently measured. Instead of 

using a hydraulic actuator, Badri et al. [37] developed a small amplitude VFD setup 

using a shaker and a dual accelerometer-force sensor. Their experimental setup was 

designed to drive the VFD's rod into harmonic oscillations with small displacement 

amplitudes and excitation frequencies. 

The shaker stinger was connected through couplings and a dual force-acceleration 

sensor to the damper rod. Both coupling and sensors were moving together to transfer 

the periodic motion to the rod. The state-of-art small-amplitude shaker setup allows 

linearization of fluid viscous damper characteristics. The design, manufacturing, and 

contribution of their novel shaker setup and the experiment results are discussed in 
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Chapter 4. In contrast to periodic loads setups, Narkhede and Sinha [38] developed a 

non-periodic shock testing machine for viscous dampers (Figure 10). The testing 

machine generates a half-cycle sine pulse using a corset, steel plate, and buffered mass. 

After releasing the corset from a suitable height, it will strike the buffered mass, which 

is linked to the damper rod.  Two accelerometers are attached to the piston-end and the 

cylinder-end. Also, an LVDT is connected between the buffer mass and damper piston 

to record the damper's acceleration and displacement time responses [38].  

 

Figure 10. Half sin pulse experimental setup [38] 

 

To sum up, the various devices and sensors used in testing viscous dampers, Table 2 

addresses most of their measured parameters. 

 

Table 2. Summary of the testing devices of Viscous Damper from the literature review 

Device Measuring Parameters Frequency Range 

Axial fatigue 

machine 

Force, Displacement, 

Acceleration. 

 

0-10 Hz 
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Device Measuring Parameters Frequency Range 

Damper testing 

setup 

Force, Displacement, 

Acceleration 

- 

Load Cell Force - 

Position Sensor  Displacement - 

Accelerometers Acceleration - 

 

2.1.2 Experimental setup of PIDs 

In particle-impact-based dampers, an experimental investigation is usually used for two 

purposes; validating a numerical model or/and parameters identification. Such 

parameters could easily be obtained by a statistical process of the force, acceleration, 

velocity, and displacement experimental results. Usually, the testing setup consists of a 

structure, a PID, an exciter, and a DAQ system to record the structure's acceleration 

time response (Figure 11). The particles' damping contribution is gaged by measuring 

the reduction in the response peak amplitude, the decay time, and the change of the 

structure’s natural frequency. 
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Figure 11. PID typical experimental setup structure. 

 

 In summary, the various devices and sensors used in testing the damping behavior of 

PIDs are depicted in Table 3 with their measured parameters. 

 

Table 3. Summary of the testing devices of PID experimental setups from the literature 

review. 

Device Measured 

Parameter 

Frequency Range 

Shaker - - 

Impact Hammer Impact Load 0-10 kHz 

Mass Impact Load - 

Accelerometer Acceleration-Velocity-

Displacement 

 

10mV/U-100mV/U 

Position Sensor Linear displacement - 
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 The test is repeated 3 to 5 times for each experimental investigation to reduce the 

statistical errors and ensure good experimental repeatability. In addition, the position 

where the structure or the PID is excited should be fixed and consistent during every 

test [15]. Numerous experimental studies were carried out to shed light on PID's 

behavior.  Masmoudi et al. [39] investigated the energy dissipation of a PID, partially 

filled with particles and attached to a shaker. The shaker provided a sinusoidal load 

with 46 to 166 Hz and an acceleration amplitude from 0 to 1g. Their experimental 

investigation showed that the damping value is independent of the particle's material 

and quantity but strongly dependent on the particles' mass and the excitation magnitude. 

Li and Darby [21, 22] conducted two experimental studies describing a single ball PID's 

behavior attached to single and multiple degrees of freedom (SDOF, MDOF) structures. 

Their setup consists of a shaker moving a linear bearing attached to a frame. The 

response was recorded using LVDT and accelerometers. The SDOF system was 

designed as a single-story structure, while the MDOF system has three stories. The 

amplitude of the SDOF system decreased when the size and mass of the balls increased. 

The same result did not apply to the MDOF case. In other words, the trend of amplitude 

reduction of the PID does not behave the same through all modes. Moreover, all the 

experimental research works agree that PIDs are more efficient for low amplitude high-

frequency vibration reduction applications [14]. In 2015, Gharib and Karkoub 

investigated the “linear particle chain impact damper” case [41], where particles were 

driven in straight-line motion In such experiment, the harmonic excitation shaker was 

replaced by a pulse excitation where an impacting mass hits the structure support.  
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Table 4. Summary of the Applications and Experimental setups from the literature 

review. 

 

Damper 

Type 

 

Experimental 

Setup 

 

Measured 

Factor 

 

Applicati

on 

 

Ref 

 

 

PID 

Particles bed attached to a 

supported beam. The response is 

measured remotely by a laser 

vibrometer. 

Velocity time 

response. 

Dissipate 

the 

structure 

elastic 

energy 

 

[19] 

 

 

Viscous 

damper 

 

 

 None (Analytical Modeling) 

 

Force and 

displacement of 

the piston rod. 

 

 

Vehicle 

dynamics 

 

 

[42] 

 

 

PID 

 

Multi-story structure with three 

accelerometers attached to each 

story. PID is located between 

two load cells. 

 

Time response 

acceleration 

envelope curve 

+ Power 

spectrum 

density 

 

 

Earthquake 

Excitations 

 

 

[43] 

 

 

 

PID 

 

Single degree of freedom 

structure having one 

accelerometer to measure 

structural response. The PID ball 

is located between two load cells. 

 

 

Displacement 

time response 

 

 

 

Not 

specified 

 

 

 

[1] 
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Damper 

Type 

 

Experimental 

Setup 

 

Measured 

Factor 

 

Applicati

on 

 

Ref 

 

 

 

PID 

 

Linear balls chain attached to the 

rectangular frame structure with 

impact mass, position sensor, 

and DAQ. 

 

Displacement 

time response + 

Frequency 

response 

function. 

 

Small 

vibration 

magnitude 

with small 

frequency 

 

 

[44] 

 

 

Rubber 

supports 

Railway tracks prototype with 

support equally spaced, having 

an accelerometer attached to the 

track end. 

 

 

Response decay 

 

Railway 

application 

 

 

[45] 

 

 

MRF 

damper 

 

Viscous damper attached to a 

sliding structure and impact load 

of a falling mass. 

 

The damping 

coefficient of a 

linear force-

velocity model. 

 

Power 

consumptio

n is 

reduced. 

 

 

 

[46] 

 

PID linear 

particle 

chain 

 

Balls with two different 

dimensions arranged in a line, 

each ball hung like a pendulum. 

 

Acceleration 

time response 

 

Not 

specified 

 

[41] 

 

 

PID 

Balls with different mass ratios 

placed inside a box with LVDT 

and force cells 

 

Acceleration 

time response 

 

Not 

specified 

 

 

[16] 
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2.1.3 MRF experimental investigation 

Based on the type and number of parameters needed to be extracted from the damper, 

the experimental setup is designed. As discussed before, MRF dampers can operate in 

different modes and result in different types which function differently. However, the 

scope of the study is to investigate the classical viscous-based MRF damper. Therefore, 

almost the same experimental apparatus machines used in passive viscous dampers will 

be applied in analyzing the MRF dampers. The experimental work of the MRF damper 

includes designing the magnetic excitation system and building the testing apparatus. 

In the design phase of the excitation system, coils should be wounded around the 

metallic core to generate the magnetic field in a direction perpendicular to MRF flow 

inside the damper cylinder. The number of copper coils turns, wire dimension, current 

values, and excitation type (AC-DC) still investigate able parameters in the field of the 

MRF dampers. Moreover, no common relationship is yet developed to connect all the 

excitation system design parameters with the obtained damping values.  

All the MRF damper’s experimental studies were conducted whether to obtain models 

parameters statistically or to validate developed models of the MRF dampers. For 

example, Dong Guan et al. [35] designed a test bench for their twin-tube shock absorber 

investigation consisting of a motor, a load rack, a static frame, and a 25-mm radius 

crank. The crank function was to transform the motor rotational movement into a linear 

reciprocating motion. The loading rack is connected to the crank through a linkage and 

then attached to the damper. Meanwhile, a force cell was located at the bottom of the 

bench to record the damping force using a DAQ system. Their objective was to obtain 

Force-velocity and Force-displacement curves, then compare them to the numerical 

model results. They found that the damping force decreases at the end of the 

compression stroke. However, the testing mechanism was governed by the crank slider 
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(Scotch Yoke). In addition to the crank slider movement, T. M. Gurubasavaraju et al. 

[47] used a mechanical exciter in their MRF damper experimental setup. The 

mechanical exciter consists of a variable speed motor with a cam system. It provides 

the needed dynamic load up to 500N with 0.1-3Hz. An LVDT sensor and a force cell 

were mounted to the damper to measure the damper performance. The required 

excitation current was provided by a DC power supply that was connected to the MRF 

electromagnetic system coils. Subsequently, all the sensors were connected to a DAQ 

device that records the Displacement-Force data. 

On the other hand, some scholars use specially made devices known as Damper Test 

System (DTS) [48] and [49]. In their investigations, [49] used an MTS-835, which is a 

damper testing system that can go up to 15kN with a maximum stroke length of 100mm. 

Moreover, their testing machine could provide a wide range of excitation waveforms 

(Sine, Ramp, Square, Sine-on-sine, Sine sweep, etc.). The variety of excitations forms 

gave advantages over the motor-based experimental setup. Continuing with the MRF 

damper study, the damper was excited with harmonic oscillations of increasing 

frequencies (frequency sweep). In addition, another test was conducted while 

increasing the load amplitudes for a fixed frequency (amplitude sweep).  In all the tests, 

the excitation current values were increased by a constant step of 1A, from 1A to 6A.  

The used damper system helped them find the damping force behavior for a wide range 

of frequencies and amplitudes.   

 

2.2 Numerical investigation of dampers 

In the absence of exact solutions for complex and nonlinear problems, we usually 

require a numerical answer. The current growth in computing power strengthens 

numerical simulation software used to solve physical differential equations. 
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Furthermore, to seek a solution for a physical phenomenon, simulation software 

mainly adopts one of the three techniques: Finite Element, Finite volume, or Finite 

Difference. In the previous literature review, several numerical simulations of VFD, 

MRF dampers, and PIDs were encountered, using at least one of the previous 

methods. As a result, numerical models gave a good prediction of their damping, 

nonlinear behavior, and performance in absorbing the vibration energy. 

 

2.2.1 Viscous damper numerical modeling  

Many studies investigated experimentally and numerically the characteristics of 

viscous dampers in response to various forms of vibration excitation [7]–[9]. 

Analytically, two main models could be used to describe the VFD force-velocity 

relation: linear and generalized models. In a linear model, the damping force (F) is 

directly proportional to the velocity (𝑦̇) [9]: 

                                                       𝐹 = 𝐶 𝑦̇                                                       (1)  

 

 

 

In the generalized model, the nonlinear behavior is defined by a fractional exponential 

coefficient (α), and the damping force is set as follows: 

                                                               𝐹 = 𝐶 (𝑦̇)𝛼                                                 (2)      

 

The exponent values range from 0-1, and the VFD behaves fully linear when α=1 [6]. 

The Finite element (FE) software packages use a built-in element category to 

characterize both the viscous damper's linear and nonlinear behaviors. Bai [50] 

developed a finite element model (FEM) of a simply-supported beam using ANSYS. 

The authors investigated the beam response when using various damping elements 

(COMBIN14, COMBIN37) to control the vibration. The FEM time response results 

showed that the COMBIN14 element could simulate a linear viscous damper, while the 
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COMBIN37 element is more suitable for simulating the nonlinear viscous damper 

cases. Another numerical model was presented by Jugulkar et al. [3] to characterize the 

viscous damper using CFD Fluent Flow. They simulated the damper fluid flow through 

the orifices in rebound and compression chambers. Their model indicated a decrease in 

the damping value as the number of orifice holes increased. On the other hand, the 

damping is linearly proportional to velocity change and starts acting nonlinearly after a 

specific velocity value. 

 

2.2.2 PID numerical modeling  

To obtain the response of a structure equipped with PID, scholars use both analytical 

and numerical approaches. However, analytical models are rare to be used and limited 

to a few cases. The classical PID’s damping behavior could be described using a 

rheological model [51], similar to the mass-spring-damper Maxwell model. Olȩdzki et 

al. [52] developed a model based on rheological models to characterize the moveable 

plastic inserts’ collisions with a container with a non-metallic layer. Moreover, the 

material plastic deformation, coming from the plastic inserts' collisions, was considered 

the source of PID damping. The mathematical expression developed by Olȩdzki et al. 

is given in equation (3) below. 

 

              𝑚𝑥̈ + 𝑎𝑥|𝑥𝑏| + 𝑐𝑥̇|𝑥̇𝑑| = 0                         (3) 

 

where m is the mass of the moving insert, and x is its displacement. The values of the 

parameters a, b, c, and d can be found by calibrating the experimental results based on 

the initial velocity of the moving parts and their coefficient of restitution. 

In addition, most of the models developed in the analytical approach need some 
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numerical methods to be solved. Those Numerical methods are used because of the 

nonlinear PID’s behavior, force-displacement, and force-velocity results curves. 

Basically, the contact problem between collided particles could be solved by referring 

it to  Hertzian contact theory. Furthermore, Hertzian contact theory is driven from the 

elasticity theory equations [53] to calculate the forces, stresses, and displacement of 

collided bodies at the contact point [54]. Hertz's contact theory and its extensions are 

used inside a numerical method to define collided PID’s particles behavior [15]. For 

example, Aryaei et al. [55] reviewed Hertz's theory's use in finding the coefficient of 

restitution (COR) between two collided bodies. They built a numerical model and 

experimental apparatus to retrieve the COR of falling mass on a squared plate. The 

study focused on finding the effect of ball size, material, and contact area on the energy 

loss or the COR value. The LS-Dyna FE explicit solver was used to conduct the 

dynamic analysis of the falling ball. Besides the FE method, the Discrete Element 

Method (DEM) was also used in modeling the PIDs [56]. DEM reduces the MDOF 

system to an equivalent system of masses, springs, and dampers. The DEM element 

motion is governed by local contact law and Newton equations, assuming interaction 

with neighbors at a small time-step [14]. Recently, a FEM and DEM coupling approach 

was implemented by scholars [57]. The DEM describes the interaction between 

particles and walls, while the FEM simulates the structure’s response [57].  

 

2.2.3 Characterization of MRF dampers  

The MRF rheological characteristics are rapidly and reversely changed with the applied 

magnetic field [58]. The change in rheological characteristics results in adjustable 

damping force. MRF dampers have been widely investigated with the variable damping 

force where vibration controlling, reduction, and isolation are required.  
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2.2.3.1 MRF analytical models 

MR damping force was modeled using different analytical models to describe its 

nonlinear and hysteretic dynamic behavior [27].  Viscoelastic material models are 

usually used to characterize the MRF fluid behavior. The viscoelastic material 

combines both the elastic properties (described by Hooke’s law) and the viscous 

properties (described by Newton’s law) [59]. Bingham model is the simplest model 

describing the behavior of the MR viscoelastic material. Bingham's model uses a Quasi-

static approach to study the non-newtonian yield stress fluids flow of the MRF [60] 

[61]. In contrast, the Bingham model does not present the true non-linear hysteretic 

force-velocity relationship. Although the Bingham model limitation in characterizing 

nonlinearity, It is very useful in the damper designing phase and performance prediction 

[27].  

 

Figure 12. Schematic representation of Bingham damper model 

 

Figure (12) shows a schematic of the Bingham damping force model where the damping 

force consists of passive and active components. The analytical equation expressing the 

Bingham model damping force is given in Eq (4). 

                               𝐹 = 𝑓𝑐  𝑠𝑔𝑛(𝑥̇) + 𝑐0𝑥̇ + 𝑓0                                    (4) 

where 𝑓𝑐  is the friction force due to yield stress, 𝑐0 is the damping coefficient, and 𝑓0 is 

the force stored by the accumulator. Due to the previously mentioned limitation of the 

Bingham model, it is not preferable to use it in dynamic applications where nonlinearity 
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is observed. In contrast, many other models are developed to predict the 

nonlinearity/hysteresis behavior of the MRF damping force.  These models are 

reviewed comprehensively in Table 1 of the study [62], including the mathematical 

expression for the damping forces. Each model has it is own parameters (as in eq.4); 

parameters values could be estimated by conducting statistical analysis fitting 

techniques for the experimental results of the MRF damper [63]. Although analytical 

models that describe the MRF damper behavior are out of scope for this study, one of 

the experimental investigation’s objectives is to estimate those model parameters. 

 

 

2.2.3.2 Viscous and MRF dampers CFD modeling 

As mentioned before, MRF dampers are passive viscous dampers with integrated 

magnetic field sources and controllable damping fluid. Therefore, a numerical model 

characterizing the MRF damper will be built on the viscous damper model while 

involving the effect of the controllable fluid. Viscous dampers could be characterized 

by only simulating the flow inside the damper chamber using Computational Fluid 

Dynamics (CFD) analysis. In contrast, two physics are usually included in developing 

MRF dampers numerical models: fluid flow inside the damper piston and magnetic 

field analysis. Due to the continuous development of numerical packages of FE 

modeling, solving complex geophysical problems, which include the interconnection 

of fields, became possible. Numerous studies were conducted to investigate both 

passive MRF viscous dampers characteristics through developing computational fluid 

dynamic models. For example, using CFD analysis, Xiaolei Jiao et al. [66] 

characterized micro-vibration fluid viscous damper nonlinear behavior. Their study 

introduced passive viscous dampers used to isolate the high-frequency micro-vibration 
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produced from gyroscope satellites. In their CFD analysis, they obtained the damping 

coefficient and the damping ratio through two approaches; analytical and numerical. In 

the analytical approach, resistive forces acting on the pipe were calculated while 

assuming the fluid flow through the orifice was laminar. On the other hand, the 

numerical CFD model was developed using the ADINA software package. The model 

results concluded a relationship between the nonlinear damping force with the damper 

orifice dimensions, fluid viscosity, excitation amplitude, and frequency. Moreover, 

Lalitkumar et al. [3] used Ansys Fluent to develop a CFD model characterizing the 

viscous damper behavior. The damper fluid flow through its orifice’s openings was 

simulated using K-epsilon (k-ε) turbulence model. (k-ε) is well known two equations 

model describing the mechanism that affects the turbulence kinetic energy [64]. 

However, their investigation focuses mainly on the effect of openings number on the 

viscous damper damping forces. It was clearly observed, increasing the number of 

outlets will decrease the damping force accordingly. As mentioned before, simulating 

the MRF viscous sums up the modeling of fluid flow and the excitation system’s 

magnetic field. Usually, non-Newtonian MR fluid is modeled as Bingham fluid having 

magnetic-field-dependent yield stress  [65], [66]. Engin Gedik et al. [70] studied a 2D 

MR fluid flow between parallel plates through CFD analysis based on Bingham fluid 

assumption. The CFD model was conducted using Ansys 14 Fluent MHD module, 

which uses momentum equations along with magnetic induction equations. 

Subsequently, a parametric study was conducted based on the effect of the magnetic 

field value on the fluid flow speed. However, it was found that the MR valve operating 

mode tends to decrease the fluid velocity as the magnetic field density increases. 

In contrast, the shear mode was used to model the MRF twin-tube damper by 

Gurubasavaraju et al. [47]. Their numerical investigation delivered a 3D coupled CFD-
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FE model. The FE-model is concerned with the simulation of the coils' magnetic field 

regarding the applied current. Then, the field-dependent yield stress ) is obtained 

directly through the Bingham fluid model equation. The field-dependent yield stress is 

then adopted by the non-Newtonian fluid region defined in the CFD model. Dynamic 

CFD modeling was achieved using the CFX commercial package, which gave the 

privilege of applying reciprocation motions (such as Sin wave). Finally, their model 

was proven against experimental data, and good agreement was observed.  In addition 

to the numerical models, a novel analytical equation was derived by Gołdasz [67], 

characterizing the behavior of a twin-tube MRF damper. Their model equation included 

the effect of different parameters values on the damping force, such as fluid chamber 

compressibility, fluid inertia, cylinder elasticity, friction. All the previous numerical 

models do not investigate the MRF damper characteristics based on experimental 

results of viscosity values regarding magnetic field. Moreover, all of those studies used 

simplified orifices geometries. However, the numerical model that will be presented in 

this study will try to overcome the mentioned literature pitfalls. Therefore, as is 

mentioned in Chapter 3, the CFD model will rely on a real case damper orifice 

geometry. Meanwhile, the viscosity value change with the magnetic field will be tested 

and included in the CFD model as well.  
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CHAPTER 3: NUMERICAL WORK 

 

In this chapter, numerical modeling is adopted for understanding, characterizing, and 

predicting each damper behavior. Numerical modeling will use mathematical models 

associated with each damper, presented in numerical discretization [68]. In addition, 

this chapter will include solution algorithms, boundary conditions, and convergence 

criteria related to the numerical approximation. The FE method will be used to model 

both MRF damper excitation system magnetic field analysis and FIHD behavior. The 

COMSOL Magnetic Field (mf) Package was found to be suitable for the magnetic flux 

representation. On the other hand, FIHD collisions prediction used the LS-Dyna 

software package. In contrast, the Finite Volume method using CFD analysis was 

adopted to simulate the flow of the MRF inside the Semi-active damper.  

 

3.1 COMSOL magnetic field analysis  

The physics describing a phenomenon in space and time domains are usually expressed 

in Partial Differential Equations (PDE’s) form. These PDEs are hard to be solved 

analytically when geometrical and boundary conditions complications are included. In 

contrast, Finite Element Software such as COMSOL solves these equations with a 

suitable approximation based upon different types of geometrical discretization. In 

particular, COMSOL-5.6 developed an AC/DC module that provides a solution for 

physics, including modeling interfaces of many application areas. For example, 

electrostatics, electric currents, magnetostatics, and time-varying electromagnetic fields 

applications. A magnetic field interface (mf) was selected to simulate the excitation 

system of the MRF damper. Magnetic field interface (mf) is used when magnetic field 

and induced current distributions in and around coils, conductors, and magnets are 

intended to be calculated and analyzed [69]. Moreover, this physics interface provides 
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material models regularly being used in magnetic field applications such as; copper, 

soft iron, and plastic insulators. The following section will present the phases adopted 

to conduct the magnetic field analysis of the MRF core excitation system. 

 

3.1.1 Numerical model of the excitation system  

A 3D SolidWorks drawing was developed for the entire excitation system. The 

magnetic field excitation system consists of three main parts; cores, core holder, and 

surrounding ring, as shown in Figure 13. In addition to simulations, 3D drawings have 

been used for manufacturing purposes of the MRF damper excitation system. The MRF 

excitation system developed in [46] presents a starting point for further work and 

improvement adopted in this study. In other words, the same number of cores and core 

holder dimensions in the previous study [46] was used in this study. In contrast, the 

core design was enhanced to involve more coils turns and allow a significant interaction 

between the core and the surrounding ring. In addition, the upper ventilation openings 

of the core holder were increased in number and dimensions as well to improve cooling 

by the natural convection. 

 

       

Figure 13. Magnetic field excitation system 3D model. 
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3.1.1.1 Meshing  

As illustrated in Figure 14, the meshing was conducted using the built-in physical 

controlled meshing of COMSOL. Usually, when using the automatic mesh, tetrahedral 

elements are created with a predefined size. As in this case, Finer size was adopted. 

Using “Finer size” mesh, a total of 327043 tetrahedral elements was needed to simulate 

the entire domain, with a 5.419e-8 element volume ratio and a mesh volume of 

0.01405m3. To ensure the solving process generates an excellent level of accuracy, the 

solution should be independent of the mesh size and the number of elements. Therefore, 

the mesh quality should be examined to confirm that its statistical parameters, such as 

the skewness, range within acceptable limits. The skewness,  defined as the angular 

measure of the quality of elements, illustrates how ideal is a cell or a face [70]. In the 

actual meshing, the skewness quality value was found to be 0.615. This value indicates 

a good mesh quality since it is bigger than the minimum element value of 0.01, 

illustrated in [70].   

 

Figure 14. Meshing setup. 

 

The SolidWorks 3D drawing already created four main domains; holder, ring, cores, 

coils. However, the coils were drawn in a cylinder shape surrounding the core and did 

not merge with the core body, as shown in Fig (15). 
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Figure 15. Core & Coils modeling.  

 

The element arrangement through the entire domain is shown in Figure 16.  

 

                   

Figure 16. Mesh of the MRF damper excitation system. 

 

3.1.1.2 Governing equations  

In electromagnetics analysis, Maxwell's equations fundamentally describe the magnetic 

behavior when using any device that generates a magnetic field. Maxwell’s equation 

also explains how the magnetic field interacts with different media. The following 

Coils 

Core Body 
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equations solve for the “external magnetic field interface with no current” 

                               ∇. (𝜇0𝜇𝑟𝐻) = 0                            (5)  

                               𝐻 = −∇𝑉𝑚 + 𝐻𝑏                           (6)  

                                  𝐻 = −∇𝑉𝑚                                 (7)  

where 𝜇𝑟 is the material’s relative permeability, 𝜇0 is the empty space permeability, H 

is the magnetic field intensity, Hb is the background magnetic field intensity and ∇𝑉𝑚 

is the magnetic’s potential vector. Eq (7) is usually used when simplifying the case by 

assuming zero surrounding background’s magnetic field intensity. The relationship 

differs for each material depending on its relative permeability. The general constitutive 

relation for the magnetic behavior of air medium is 

                                                  𝐵 = 𝜇0𝜇𝑟𝐻                                                                                                                                                   (8)  

where B is the magnetic flux intensity, and M is the magnetization. The general 

constitutive equation for the iron particles (magnetic material) is given by 

                                                      𝐵 = 𝜇0(𝐻 + 𝑀)                                                                     (9) 

  

3.1.1.3 Electromagnetic excitation system Boundary conditions  

Firstly, an infinite element was defined in a spherical shape with 0.1m diameter in order 

to maintain the system inside. The infinite element simulates the air volume that 

surrounds the excitation system. Secondly, the material selection was conducted to each 

domain (part) with properties built-in Comsol material library, as illustrated in Table 5 

below. 

 

 

 



 

40 

Table 5. Material electromagnetic properties. 

Domain Materials Relative 

Permeability 

Relative 

Permittivity 

Electrical 

conductivity(S/m) 

Infinite 

element 

Air 1 1 0 

Core Mild-steel 6000 0.001 1.12e7 

Coils Copper 1 1 5.87e7 

Plastic-Holder ABS 1 1 7.05 

Surrounding-

ring 

ABS/ Mild-

steel 

1 

6000 

1 

0.001 

7.05 

1.12e7 

 

Then, coils were modeled as multi-turns circular copper wire. The number of turns was 

set to 180, which replicates the real-case design of the coils. The current values were 

increased from 1A to 5A with an increment of 1A. Eventually, a Magnetic field (mf) 

study including Amper’s law, magnetic insulation, and initial value equations was 

applied to the stationary study. Meanwhile, the (mf) analysis was conducted five times 

(1-5A) for the two materials of surrounding rings (Mild-steel & ABS). The 

computational time for each case was approximately  3 hours because of the huge 

number of meshing elements and the computer processor's mediocre potential.  

 

3.1.3 Results and discussion 

The main aim of the COMSOL magnetic simulation was to define the differences 

between using two different materials for the surrounding ring. The main properties 

affecting the magnetic field density were the permeability, permittivity, and electrical 

conductivity of the two materials (Plastic, Mild iron). Figure 17 clearly shows the 

differences in magnetic field density between the two cases; plastic & metallic rings. 
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                                                       (a) 

 

                                                      (b) 

Figure 17. Magnetic field density contour plots: (a) Metallic ring, (b) Plastic ring.  

 

The contour plot presents the maximum value of magnetic field density in red color, 

while green/blue colors correspond to its smallest value. An intense value of magnetic 

field density is concentrated at the center of the core’s holder for the two cases. In 

contrast, the surrounding environment (0.1m away) will have approximately the same 

maximum value as its center when using a plastic ring. In other words, magnetic flux 

penetrates the plastic rings and diffuses on the surrounding in a spherical shape with a 
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0.1 m radius. Using a metallic ring will close the magnetic circuit and prohibit the 

magnetic flux from passing into the surrounding area. Hence, the maximum magnetic 

field density value is higher for the metallic ring than the one corresponding to the 

plastic ring. As displayed in Figure 18, to quantify the simulations' differences, a 

“Section Cut” is created in the plane (x-y-z). In COMSOL, a straight line, passing on 

the volume of interest, allows the reading of magnetic field density at those specific 

locations.  

                    

 

Figure 18. 3D surface line  

 

This line was drawn for all the parametric study cases by using the Comsol Cut Line 

tool; 3D for Fig.18. Moreover, plotting the magnetic density values along a specific line 

or direction will highlight the effect of the current increase and surrounding material.  
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Figure 19. Magnetic field value for the center 3D line 

 

Although the 3D line gave different magnetic density values along the z-axis, the 

average value was adopted in the above figure. The results illustrated in Fig.19 showed 

a significant increase in the magnetic field density when using a metallic ring instead 

of the plastic ring.   

To validate the numerical results, a gaussmeter's experiment is conducted. The gauss-

meter experiment is further discussed in sub-section (4.3.1). The experimental setup’s 

configuration and the comparison between the experiment results and Comsol model 

results are shown in the validating the Comsol section in Appendix A. It was found that 

the Numerical model is very close to the real case scenario with almost 12% error. The 

permeability, permittivity, and electric conductivity defined in the model for all the 

domains play a major role in the numerical results' slight divergence from the 

experimental ones. However, the model's main aim is to show the magnetic field 

distribution and concentration in a 3D contour plot (Fig.17). In addition, this model was 

also developed to investigate the surrounding ring material’s effect on the magnetic 
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field density. Therefore, the following Figure (Fig.20) gives the average amplification 

effect of the metallic ring with respect to the plastic ring.  

 

 

Figure 20. Metallic Ring’s effect on the Magnetic field density value  

 

It can be concluded from the previous figure that using a metallic ring will amplify the 

magnetic field density by almost 1.35 times. Therefore, using a metallic ring will 

concentrate the magnetic field at the area occupied by the damper and increase its value. 

 

3.2 Viscous damper and MRF CFD model  

The CFD numerical investigation requires three significant steps: pre-processing, 

solving, and post-processing. The pre-processing analysis starts by identifying all 

geometry dimensions to create the fluid domain. It is followed by an appropriate 

meshing of the elements, carefully selecting element types and sizes. Finally, initial 

phenomenon values of temperature and velocities may be calculated in the pre-

processing analysis. The basic computational fluid dynamics methodology steps are 

shown in Figure 21. 
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Figure 21. Numerical modeling methodology steps. 

 

The main steps in the solving step include assigning the appropriate model for the study 

while applying all the boundary conditions needed; material, viscosities, velocity, and 

pressure to the fluid domains. The post-processing phase will show the contour plot of 

the static pressure related to the compressing and rebound side of the viscous damper 

piston.   

 

3.2.1 CFD modeling methodology 

The approach considered to develop the numerical model aligns with the procedures 

previously used in  [3] and [47]. The CFD model reported in [3] obtained the damping 

values for a viscous damper by introducing a fluid flow with a given velocity through 

an orifice then calculating its pressure drop. The pressure associated with each 

chamber’s side develops a force that contributes to the viscous damper's damping. In 

the calculation procedure, three main parameters are taken into consideration: fluid 

velocity, orifice geometry, and fluid characteristics. The main geometrical features that 

most of the viscous dampers include are shown below in Figure 22. 
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Figure 22. Damper schematic internal details. 

 

The relationships between force and velocity in compression and rebound strokes of 

the viscous damper are usually nonlinear. However, for moderate values of forces and 

velocities, the relationship between them could be reasonably considered as linear [37]:  

 

                                                 𝐹𝑑 = 𝐶𝑑 𝑉                                                   (10) 

 

 

where 𝐹𝑑 is the damping force, 𝐶𝑑 is the damping coefficient, and V is the piston-

damper linear velocity. 

According to [3], the damping force is defined as the difference between the rebound 

and the compression forces. When the damping force considers the fluid's friction 

effect, Guan et al. [35] proposed the following equation for a twin-tube shock absorber: 

                                            𝐹𝑑 = 𝑃𝑟𝐴𝑟 − 𝑃𝑐𝐴𝑐 + 𝐹𝑓                                   (11) 

 

where 𝐹𝑑  is the damping force, 𝑃𝑐 is the pressure in the compression chamber, 𝑃𝑟 is the 

pressure in the rebound chamber, 𝐴𝑐 is the cross-sectional area of the orifice plate in 

the compression chamber, 𝐴𝑟 is the cross-sectional area of the orifice plate in the 

rebound chamber, and 𝐹𝑓 is the friction force.  

 Similar to model [13], no friction effect will be counted in the present work. 
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Although the friction is negligible for low magnetic field values, the micro metallic 

chain structure will develop considerable friction at high magnetic flux density values. 

Both rebound and compression forces depend on the static pressure value acting on the 

orifice surface during the piston's oscillating motions. The fluid is forced to flow from 

the rebound to the compression chamber across a tiny orifice inside the piston during 

the piston's reverse motion. Therefore, a pressure build-up, known as rebound pressure, 

takes place around that orifice. The value of that rebound force  is depicted in the 

following Eq (12): 

                                                     𝐹𝑟 = 𝑝𝑟  𝐴𝑟                                                       (12) 

where 𝑝𝑟 is the pressure in the rebound chamber, and 𝐴𝑟 is the cross-sectional area of 

the orifice plate located in the rebound chamber. 

On the other hand, during the damper rod's extension stroke, the fluid tends to move 

back from the compression to the rebound chamber. This motion generates a high-

pressure value at the compression side. The compression force  is given by: 

𝐹𝑐 = 𝑝𝑐  𝐴𝑐 (13) 

where 𝑝𝑐 is the pressure in the compression chamber, and 𝐴𝑐 is the cross-sectional area 

of the orifice plate in the compression chamber. 

The resultant damping force is due to the subtraction of the rebound force from the 

compressing force. In the case of constant velocity V, the damping coefficient for the 

rebound and the compression are given by:  

 

     𝐶𝑟 =
𝐹𝑟

𝑉
     and     𝐶𝑐 =

𝐹𝑐

𝑉
    (14) 

 

where 𝐶𝑟 and 𝐶𝑐 are the rebound and compression damping coefficients, respectively.  

In both cycles of compression and rebound, the velocity values are considered constant 

[3]. 
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3.2.1.1 Fluent Flow model 

The CFD modeling involves the numerical solution of the conservation equations in the 

laminar and turbulent fluid flow regimes. Therefore, the theoretical predictions were 

obtained by simultaneous solution of the continuity and the Reynolds averaged Navier-

Stokes (RANS) equations. The governing equations for an incompressible flow are [19] 

 

Conservation of mass: 

 

                           ∇⃗⃗ . (𝑣 ) = 0 (15) 

 

Conservation of momentum: 

 

                               𝜌 [
𝜕(𝑣⃗ )

𝜕𝑡
+ (𝑣 . ∇⃗⃗ . )𝑣 ] = 𝜌𝑔 − ∇𝑃 + 𝜇∇2𝑣  (16) 

  

where 𝑣  is the flow velocity vector, 𝜌 is the fluid density, 𝑔 is the acceleration 

of gravity, ∇𝑃 is the, and 𝜇 is the fluid viscosity.  
 

 

 Since the flow in the shock absorber is in a state of turbulent motion, it is 

important to use an appropriate turbulence model for evaluating the flow field. The 

standard k-ε model is a semi-empirical model based on transport equations for the 

turbulent kinetic energy (k) and the dissipation rate (ε). Improvements have been made 

to the model to improve its performance by the Realizable k- ε model [20]. The 

realizable k-εmodel has shown substantial improvements over the standard k- 

εmodel, where the flow features include strong streamline curvature, vortices, and 

rotation. The flow governing equations are solved with ANSYS FLUENT 17R. A 

standard wall function is used for wall treatment since the focus is on the orifice plate. 

The velocity and pressure coupling used the SIMPLE algorithm with a second-order 

upwind spatial discretization for a pressure-based study. 

 

The Fluent Flow ANSYS-17 provides different models to simulate turbulence. In this 
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work, and for the sake of simplicity, the standard - model was used. This choice was 

considered because this model does not include complex structures or flows involving 

[71]. The standard k-ε is a two-equation model that includes two transported variables: 

k is the turbulent kinetic energy, and ε is the dissipating rate of the kinetic energy. 

Although the realizable model represents an improvement in the standard model [72], 

a negligible pressure difference was found when comparing the two models' results.  

 

3.2.2 Effect of viscosity and velocity using CFD 

In this study, the orifice geometry was reproduced from dimensions used in [3]. 

According to study [3] findings, increasing the number of orifices will decrease the 

damping force. The orifices plate was redesigned by modifying the number and location 

of the orifice holes. A total of 8 orifice holes are placed near the edge of the plate, 

separated by an angle of (45). The top view of the orifice plate is shown in Figure 23.  

 

       
Figure 23. Orifice’s geometry and orientation. 

 

 

Fig. 23 shows the 3D drawing of the damper. The idea behind this model is that CFD 

simulation will be done inside the cylinder of the damper. As shown in Figure 24-a, this 

is the domain where the viscous oil will be moving through the orifice plate between 

the chambers at a specific velocity. Figure 24-b shows the 3D CAD model of the 
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damper with the eight orifices, as obtained in ANSYS.  

 
Figure 24. 3D CAD drawings of the damper. 

 

The CFD analysis will be based on throttling the viscous oil through the orifice of the 

three different cases. This will require the drawing of the inside domain of the cylinder. 

The oil will be throttled between the two chambers. Therefore, the domain will appear 

as a solid, but it will be considered as fluid in the CFD simulations. The orifice plate is 

placed at the midpoint of the length of the cylinder, which is 118 mm. The volume of 

the orifice plate and the rod (piston) is subtracted so that the domain is only fluid 

throttling through the orifice for the three different cases. 

 

3.2.2.1 Mesh generation and quality 

Unstructured automatic fine meshing with 3D tetrahedral cells was used. The meshing 

smoothing chooses to be high while having a normal curvature angle of 15°. The mesh 

responded to high gradient and curvature areas by providing more cells to those areas. 

By increasing the number of cells at the throttling area while having fewer elements 
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near the inlet, the outlet ensures accurate results with less computational time. The grid 

is then generated having 445076 elements with 87552 nodes, as shown in Figure 25. 

 

 

Figure 25. Meshing of the fluid domain. 

 

3.2.1.1.1 Meshing quality  

The mesh quality is identified through different procedures. A mesh dependence study 

is the most common method in finding the best size of the element that should be used 

in the analysis. Although this method is giving a good result, it was found to be a time-

consuming method. Three different parameters located in the meshing statistics of 

Fluent ANSYS gave an indicator for the mesh quality, which are the skewness, the 

orthogonal quality, and the aspect ratio. Skewness is defined as the difference between 

the shape of the cell and the shape of an equilateral cell of equivalent volume. Its value 

ranges between 0 and 1. For tetrahedral elements, any value below 0.95 is acceptable 

[3]. The skewness of this study was found to be 0.79, which led to a faster solution 

convergence. Another meshing quality parameter is the orthogonal quality, which refers 

to how close the angles are between adjacent faces of cells. The conducted minimum 

orthogonal quality was 0.259, which is in the acceptable range above the minimum 

value of 0.01 [3]. Lastly, the aspect ratio for a tetrahedral element is the ratio between 

the sphere radius inscribed in the element and the sphere radius circumscribed in the 
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element. The maximum aspect ratio for the given mesh is 14.77, which is below the 

allowable max value of 500 for conducting a good mesh quality [22]. Meshing inputs 

and results are shown in Table 6. 

  

Table 6. Meshing properties. 

Meshing Inputs Mesh Metric (Results) 

Size 

Function 

Element 

type 

Max 

element 

size 

Min 

element 

size 

Total 

Elements 

Max 

Skewness 

Min orthogonal 

quality 

Curvature Tetrahedral 0.05 

mm 

0.005 

mm 

445076 87552 0.25906 

 

 

3.2.2.2 Boundary conditions and simulation studies 

This study focuses on investigating the damping effects on the proposed damper using 

different values of viscosities (hydraulic fluids) and different flow velocities. The 

model will simulate the viscous oil throttling from the compression piston side to the 

rebound piston side and vice versa. Fig. 26 (a) shows boundary conditions when the oil 

is to be throttled from the rebound piston side to the compression piston side, the inlet 

(A), the outlet (B), and walls that are separated by the orifice which the pressure is 

calculated (C). The inlet of Figure 26 (a) was made as an outlet for Figure 26 (b) to 

simulate the flow from the compression piston side to the rebound piston side. 
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Figure 26. Boundary conditions at (a) Rebound stroke, (b) Compression stroke. 

 

The area of both compression and rebound piston sides was determined, and then the 

pressure on each piston side was obtained from CFD results, and the force on each side 

was calculated. Finally, Eq. (13) is used to calculate the damping force. The viscous oil 

is throttled through the orifice for velocities of 0.8 m/s, 1.0 m/s, 1.2 m/s, and 1.5 m/s. 

The throttling velocity range and the different viscous oils used are summarized in 

Table 7. 150 iterations are selected for each simulation, and the convergence criteria 

are achieved. The solution converged with minimum residuals of 1E-3.  

 

 

 

(a) 

(b) 
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Table 7. Viscous oil types used and their properties [73]. 

Viscous oil 

type 

Viscosity 

(Pa.s) 

Density (kg/) Velocity range 

(m/s) 

SVI-25 0.009 841 0.8 

3WT 0.0139 860 1.0 

HPX R4 0.0169 885 1.2 

5WT 0.0186 815 1.5 

 

3.2.2.3 Results and discussion 

Static pressure contours are required to identify the forces on the two orifice sides 

(rebound, compression). The pressure contours for the compression and rebound piston 

sides for one case are presented in Fig. 27 (velocity of 0.8 m/s and using SVI-25 oil; 

0.009 Pa.s). 

 

 
Figure 27. Pressure contour for (a) rebound piston side, and (b) compression piston 

side. 

 

 

The pressures values for all cases in the compression and rebound piston sides 

are shown in Table 8. 

 

Rebound 

side 

Compression side 
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Table 8. Pressure calculations for compression/rebound piston sides for all cases. 

Oil 

type 

Viscosity 

(Pa.s) 

Velocity 

(m/s) 

Pressure on the 

compression side (Pc) 

in MPa 

Pressure on the 

rebound side (Pr) 

in MPa 

SVI-

25 

0.009 0.8 5.15 12.1 

1 7.99 18.8 

1.2 12.4 29 

1.5 19.2 45.2 

3WT 0.0139 0.8 5.38 14 

1 8.31 19.4 

1.2 12.9 30.2 

1.5 13.9 32.6 

HPX 

R4 

0.0169 0.8 5.6 18 

1 8.6 20.1 

1.2 13.3 31 

1.5 20.6 48.3 

5WT 0.0186 0.8 5.27 17.6 

1 8.03 19.6 

1.2 11.4 28.8 

1.5 13.1 31 

 

The rebound-compression forces are calculated with respect to the maximum 

pressure value observed at the contour plot range. These forces are also related to the 

piston side surface areas. The compression side area is 1.8569 x10-4 m2, and the rebound 

surface area is 2.4649 x10-4 m2. The forces acting on a small area (rebound) are greater 

than the forces acting on a bigger area (compression) due to the pressure difference. 
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Pressure drops and forces differences generate an essential damping coefficient as a 

result of subtracting the forces’ values at each side divided by the inlet constant 

velocity. All the results involved in the damping values are shown in Table 8. 

 

 

Figure 28. Damping coefficient vs. velocity in (a) rebound piston side, and (b) 

compression piston side. 

 

Damping values results are shown in Fig. 28 for all types of viscous oils used 

within a velocity range of 0.8 m/s, 1.0 m/s, 1.2 m/s, and 1.5 m/s. Fig. 28 (a) shows the 
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damping coefficient variation inside the rebound chamber with respect to the velocity 

for each oil used. HPX R4 (0.0169 Pa.s) and 5WT (0.0186 Pa.s) oils show a nonlinear 

behaviour of the damping coefficient-velocity relation. For example, the damping 

coefficients for HPX R4 oil are 3578.025 N.s/m, 3732.369 N.s/m, 4796.992 N.s/m, and 

5335.663 at a velocity of the fluid of 0.8 m/s, 1 m/s, 1.2 m/s, and 1.5 m/s, respectively. 

The increasing viscosity value can explain the nonlinear behavior of the graph since 

those oils are higher in viscosity than the other two oils (SVI-25, 3WT). In contrast, 

SVI-25 and 3WT oils show an approximately a force-velocity linear relationship. For 

instance, the compression side damping coefficient values for SVI-25 oil with a 

viscosity of 0.009 Pa.s are 2808.561 N.s/m, 3490.972 N.s/m, 4487.508 N.s/m, and 

5595.459 N.s/m at a velocity of the fluid of 0.8 m/s, 1 m/s, 1.2 m/s, and 1.5 m/s, 

respectively. Similar trends are shown in the compression piston side, as in Fig. 28 (b). 

The damping properties increase when the velocity increases. However, values 

of the damping coefficient increase as the viscosity increase as well. This can be seen 

from both Fig. 28 (a, b); the graphs are shifted upwards, indicating increases in damping 

coefficient due to viscosity increase. This means that the damping effect of the oil is 

enhanced if the oil is more viscous. In addition, the damping coefficient is larger on the 

rebound side due to the pressure difference between the two chambers. From Fig. 28 

(b), the damping coefficient values at a flow velocity of 0.8 m/s are 1586.779 N.s/m, 

1657.645 N.s/m, 1725.43 N.s/m, and 2123.753 N.s/m for a viscosity of 0.009 Pa.s, 

0.0139 Pa.s, 0.0169 Pa.s, and 0.0186 Pa.s, respectively. However, at a velocity of 1.5 

m/s, the trend of the graphs is shown to be different. Damping characteristics is not 

showing similarity in the direct proportionality. The Reynolds number of the fluids can 

have an effect in determining whether the flow is laminar or turbulent.   

To investigate the hydraulic oil viscous properties, the change in damping 
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coefficients with respect to the viscosity values was assessed, and the results are 

displayed in Fig. 29(a) and 29(b). The fluid viscosity represents the resistance to the 

gradual deformation by shear stress. Fig.29 (a) and (b) depict the rebound chamber 

damping coefficient variation with the viscosity. It can be clearly seen that as the oil 

becomes more viscous, the damping effect is higher. This is because the resistance to 

the stresses and the ability to damp the motion is higher in the viscous oil. A linear 

relationship of damping-velocity was obtained for almost all oils used at low velocities. 

However, HPX R4 oil developed a nonlinear damping-velocity for all the values of the 

velocity range. 
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Figure 29. Damping coefficient vs viscosity in (a) rebound piston side, and (b) 

compression piston side. 

 

 

3.2.3 Using the CFD model in MRF dampers 

The fluid viscosity used in [3] was considered constant since the damper's viscous fluid 

was deemed Newtonian. However, the MRF is a non-Newtonian fluid, and therefore its 

viscosity value may change with the variation of the applied magnetic field. A typical 

change of an MRF viscosity is depicted in the results generated by an FE-CFD coupled 

model [47]. The FE magnetostatic model was developed to calculate the magnetic flux 

density inside the MR damper flow gap. Different viscosities were found and then 

implemented in the CFD model based on each excitation current's magnetic flux density 

values [47]. In this section, the MRF damper will be modeled using the model 

considered in the previous sub-section, which calculates the damping coefficient by 

calculating the forces acting on the compression and the rebound sides of the piston for 

constant velocities. Viscosity values illustrated in Chapter 3 will then be used and 

identified in the material properties section in the Fluent flow model. 
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3.2.3.1 Diaphragm geometry 

The previous studies’ orifices were commonly considered small thickness cylinders 

with many holes [7], [35]. The fundamental orifices' detailed small design features were 

frequently neglected. These small design features (like non-uniform edges) may 

substantially contribute to the pressure drop and the damping effect. In this study, the 

damper under investigation was previously used in a former experimental research 

work [46]. The damper was disassembled, and its internal parts were checked to get 

their accurate dimensions and shapes. The graphical details are displayed in Figure.30 

and Figure.31. 

 

 
 

Figure 30. Damper internal components. 
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Figure 31. 3D CAD drawing of the orifice. 

 

3.2.3.2 Meshing Computational Analysis 

In this CFD model, the meshing is concerned with the flow area, which starts from the 

inlet through the throttling orifices, all the way to the outlet. Unstructured automatic 

fine meshing with 3D tetrahedral cells was used. The meshing smoothing was chosen 

to be high while having a normal curvature angle of 18. The mesh responded to high 

gradient and curvature areas by providing more cells to those areas. Increasing the 

number of cells at the throttling area while having fewer elements at areas near the inlet 

and the outlet ensures accurate results with less computational time. The grid is then 

generated having 58169 elements with 12151 nodes, as shown in Figure 32. 
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Figure 32. Meshing of the flow area. 

 

The skewness of this study was found to be 0.72, which led to a faster solution 

convergence. Another meshing quality parameter is the orthogonal quality, which refers 

to how close the angles are between adjacent faces of cells. The minimum value of the 

orthogonal quality was found to be around 0.2. When such a value is above the 

minimum allowable limit of 0.01 [74].  In addition, the maximum aspect ratio for the 

given mesh is equal to 14.77. Such a value is below the allowable max limit of 500, 

usually obtained when the mesh is of good quality [74]. 

 

3.2.3.3 Simulation and Modeling 

After achieving the grid of the fluid area, the standard - model was used, as discussed 

in the 3.2.1 sub-section. The viscosity values displayed in Fig.62 (Chapter 4) were 

assigned to the liquid-water material characteristics to investigate the magnetic field 

density variation effect. For the material type settings, the fluid was considered viscous 

with a density of 3090 Kg/m3. The velocity was set to 0.08 m/s, as mentioned in the 
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experimental reference [37]. A simple method was used for coupling pressure and 

viscosity and a second-order upwind spatial solver to increase accuracy. The rebound 

and compression pressures should be both considered for finding the damping 

coefficients. Both scenarios were considered in the CFD model to find the pressure at 

both sides of the orifices. Firstly, the fluid flow was supposed to be from the rebound 

chamber to the compression chamber with an initial velocity at the inlet boundary layer. 

This scenario will have a maximum pressure value at the orifice surface directly facing 

the inlet boundary. Reversing the flow direction by changing the inlet and the outlet 

boundary while maintaining the same velocity will result in compression pressure.  

 

 
Figure 33. Boundary conditions. 

 

Figure 33 shows the inlet, outlet, and three orifice holes of the fluid flow. Rebound and 

compression areas are name-selected for later pressure contour representation. A 

constant pressure condition was assigned to the outlet. In the meantime, as a boundary 

condition, the cylindrical partitions were modeled as walls. Only the inlet boundary is 

giving a constant value of  0.08 m/s representing the damper rod velocity that delivered 
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the first damping value in the reference experimental study [46]. 

 

 
                           (a)                                                                    (b) 

Figure 34. Pressure contours for (a) compression stroke (b) rebound stroke of a piston 

for 1 A current applied. 

 

After computing the results, the contours post-processing tool in CFD enabled showing 

the characteristic gradients, namely velocity, total pressure, dynamic pressure, and 

shear strain. In this study, only static pressure is required to identify the forces on both 

orifice sides (rebound, compression). Figure 34 displays an example of the static 

pressure contour plot for the rebound and compressing sides of the piston for an applied 

current of 1 A. 
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Figure 35. Damping Forces [N] Vs Excitation current in rebound and compression 

chambers 

 

The rebound-compression forces are calculated for the maximum pressure value 

observed at the contour plot range. These forces are also related to the piston side 

surface areas. The sides areas are (3.71 x10-4 m2) at the compression side and (3.40 x 

10-4 m2) at the rebound side, respectively. Consequently, the rebound force is more 

significant than the compression one because of the difference in the area values. As 

already explained in equations (5) and (6), the pressure drop generates different forces 

on both sides of the piston which difference, divided by the inlet constant velocity, 

results in damping effect. All the results involved in the damping values are shown in 

Figure.35. 
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3.3 FIHD LS-Dyna model  

To understand and gauge the damping when two different mechanisms (viscous and 

impact) are combined in a single device, a finite element (FE) investigation was 

conducted based on the commercial software LS-Dyna. It is an explicit multi-physics 

simulation program commonly used to simulate short-duration dynamic problems such 

as collision phenomena. Many parameters determine the need for using nonlinear 

analysis, such as geometry, material, support, and boundary conditions [75]. In order to 

have a better understanding and for further implementation of the LS-Dyna model in 

such an application, the below diagram (Fig. 36) shows the steps of the model.  

 

Figure 36. LS-Dy detailed modeling steps. 

 

3.3.1 LS-Dyna governing equation 

 In general, LS-Dyna simulates the collision by finding a solution for the momentum 

Equation (17) [76]: 

                                                           𝜎𝑖𝑗 + 𝜌𝑓𝑖 =  𝜌𝑥𝑖̈                                                             (17) 
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where 𝜎𝑖𝑗 is the Cauchy stress tensor, 𝜌 is the material density, 𝑓𝑖 is the body force 

density, and 𝑥𝑖̈  is the body’s acceleration. Cauchy stress tensor is a nine components 

tensor that defines the state of the stress inside the material, whether the state was 

deformation, placement, or configuration [77]. 

The changes of the deviator stress with time at the contact area affect the contact force 

value, hence changing the damper's acceleration response. The updated acceleration 

value in the momentum equation defines the contribution of the particles in the damping 

characteristic of the FIHD, as shown below in Fig.37. 

 

 

Figure 37. Numerical model analysis steps. 

 

3.3.2 FIHD Geometry and Meshing 

Five main parts were considered to create the model geometry: damper rod, box cover, 

base,  spring-damper system (modeling the VFD), and balls. The cylindrical wall of the 

box was neglected because the study scope is focused on external collisions (balls box-

cover, balls box-base). To include the mass of the walls, the density of the box material 

was increased with the appropriate fraction. The box's cover and base diameters were 

set to 70 mm, while their thicknesses were set to 10 and 5 mm, respectively. The 

meshing density was set at ten elements per mm, using an 8-node brick element. Such 
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element was assigned for all the solid parts, based on the findings of (Aryaei, 

Hashemnia, and Jafarpur, 2010), and the applicability material model and element table 

in the LS-Dyna manual [76]. The piston rod was modeled as a solid part with an element 

density of 10 elements per mm.  Merging the rod with that PID box was conducted by 

refining the mesh at the rod edges, creating more nodes for duplication, and creating a 

rigid body movement. The fluid damper system was modeled by creating a straight line 

between the rod's lower face center and a constrained node (Fig. 38). The node is 

vertically distanced by 10 cm from the rod's lower face center. Two discrete elements 

section was assigned to the straight line to simulate the VFD using the Maxwell model.  

 

Figure 38. FEM model of FIHD without balls. 

 

The Maxwell model consists of a linear spring and a dashpot in series (Akcelyan et al., 

2018). The linear fluid damping coefficient (C) value was found based on the 

experimental test conducted on this damper [37]. The objective of the test was to 

investigate the linear change of damping value with the force-frequency magnitude. 
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The study observed the C value variation at five frequencies (1, 3, 5, 7, and 10 Hz). At 

the range between 1 and 6 Hz, the damping value was quasi-stable. However, starting 

from 7Hz, the amount of damping increases significantly, as shown in Figure 39.  

 

 

Figure 39. The changing of Damping Constant value with Frequency. 

 

Based on the previous finding [37], 220 N.s/m was the C value adopted for the linear 

dashpot discrete element. The axial stiffness was estimated at 90 N/m, representing the 

slope of the force-displacement linear part, at the vicinity of 1 Hz.  

          

3.3.3 Material Models 

The LS-Dyna theory manual [76] also suggests using a piecewise linear plasticity 

(isotropic) material model for the understudy balls and box material. The selected 

material describes the elastoplastic balls-walls collision of the FIHD. The developed 

strain rate (determines the Cauchy stresses, which affect the system acceleration value. 

This strain rate (∅) is a function of the deviator stresses (𝑠𝑖𝑗), and the yield (𝜎𝑦) as 

shown in the Equation (18)  [76]: 
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∅ =
1

2
𝑠𝑖𝑗𝑠𝑖𝑗 −

𝜎𝑦
2

3
≤ 0  (18) 

          

The isotopic values of density, Poisson ratio, elastic modulus, yield stress, and 

tangential modulus assigned to the materials of the box, rod, and balls are obtained from 

(Samal, Valko, and Pannell, 2009) and [80]. The material’s mechanical properties used 

for the LS-Dyna model are provided in  Table 9.  

 

Table 9. FEM Material properties. 

Part Damper Rod Balls Plastic Box 

Material Mild Steel 440C Stainless Steel ABS 

Density,  [g/cm3] 7.87 7.7 1.05 

Poisson Ratio, ν 0.3 0.3 0.3 

Elastic Modulus, E 

[ GPa ] 

210 200 2.28 

Yield Stress [MPa] 450 450 40 

Tangential Modulus 

(1% of E) [GPa] 

2.1 2 0.028 

 

3.3.4 Boundary conditions & Contact configuration  

To reproduce the experimental conditions of the shaking system (Chapter 4), a 400-N 

amplitude sine curve was selected inside the defined force of the LS-Dyna model. The 

contact was controlled by defining a primary/replica (balls/box walls) condition and 

selecting two-way automatic surface-to-surface to avoid nodes penetration in both the 

primary and replica. Finally, the termination was set to three seconds, with a step of 

0.01 seconds in the software's database category. The LS-Dyna FE models of FIHD for 

the three considered cases are shown in Fig.40. 
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                (a)               (b)             (c) 

Figure 40. The FEM of the FIHD having a different number of balls; 

(a) 5 balls,   (b) 10 balls,   (c) 15 balls 

 

 

3.3.5 Model verification  

Developing computational models to make engineering predictions with quantified 

confidence required implementing a verifying methodology. Verification and 

Validation (V&V) is the developed methodology to solve the growing people of 

numerical models uncertainty [81]. However, the Mesh dependence study presents a 

starting point for the V&V process. Moreover, model verification is usually conducted 

by comparing the numerical results to an analytical mathematical model. In our case, 

HFID without balls simulate the behavior of a simple mass-spring-damper system. and 

the balls’ collisions.   
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Figure 41. FIHD Mass-spring-damper system.  

 

The above system (Fig.41) can be modeled using the basic second-order equation of 

motion by examining the sum of the forces acting on the mass Eq(19) [82].   

                           𝐹 = 𝑀𝑥̈ + 𝐶𝑥̇ + 𝐾𝑥                         (19) 

where F is the dynamic force, M is the mass of the system, C is the damping coefficient, 

and K is the linear spring stiffness. Consequently, a single degree of freedom natural 

frequency equation could be subtracted from the above Newton’s equation as shown in 

the below equation (Eq (20)) [82]. 

                                       𝜔𝑛 = √
𝐾

𝑀
                               (20) 

The second step was to obtain M value for the damper moving part and K values 

associated with passive fluid stiffness. The overall mass was found to be 0.6 kg (0.52 

kg for the damper’s rod and 0.08kg for the PID box). Viscous damper stiffness was 

found to be 90 N/m, by finding the slope of the Force-Displacement experimental 

results in [37]. Therefore, Consequently, 1.95Hz was the natural frequency of the mass-

spring-damper system. Furthermore, the numerical FRF results shown in the following 

section (Fig.43) show a peak localized around 2Hz, which corresponds to the system's 

analytical natural frequency. 
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3.3.6 Results of the FIHD Numerical Model 

LS-Dyna Post-processing shows different kinds of results to be shown as animation, 

fringe plotting, or even curve plotting [83]. Results are mainly concerned with the time 

dependency change of the model’s energy, stresses, displacement. However, the 

understudy damper characteristics were evaluated by comparing the FRF results of the 

parametric study cases. FRF is defined as the amount of acceleration transmitted to the 

FIHD system regardless of the input force. Lower the FRF value indicates better 

damping capability of the FIHD damper. The plot time history interface used the plot 

function to obtain the damper rod part acceleration in the y-direction. Fig.42-a shows a 

sample result of FE acceleration time response at 1 Hz in the damper rod part's vertical 

(y) direction. The acceleration time response data was then processed by using the 

MATLAB vibration data analysis tool. This tool uses the well-known Fast Fourier 

Transform (FFT) built-in function to convert the original signal from time to frequency 

domain. Using this tool, the magnitude of the frequency response was calculated and 

displayed in Fig.42-b. 
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                  (b) 

       Figure 42. FEM sample result of acceleration at 1Hz; (a) Time response; (b) 

Frequency response. 

 

The FRF was obtained by numerically dividing the spectrum of acceleration response 

(output) by the spectrum of excitation force (input). Both forces and accelerations 

responses in the frequency domain were processed by using the MATLAB vibration 

data analysis tool. The numerical model FRF parametric study of FIHD, when the PID 

box is empty and filled with a different number of balls, is presented in Fig.43. 
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Figure 43. Numerical parametric study FRF fitting curve. 

 

 

Figure 44. Numerical FRF values at 2Hz. 

 

The bar chart illustrated in Figure.44 shows the amount of FRF value with respect to 

the number of balls used in the FIHD. As can be seen, using 5 balls results in a 

significant reduction in the FRF value of 6% at 2Hz, while using 10 and 15 balls 
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contribute to FRF reduction of less than 2.5%. Along with the PIDs’ facts reported in 

the literature [14], the damping value of the PID is independent of the particles' mass, 

size, and number. In contrast, the damping value of PID depends on the compromise 

between the coefficient of restitution and the coefficient of friction. Moreover, 

providing a suitable empty space for the particles inside the enclosure associated with 

its size may help in generating more collisions, and hence more damping is obtained. 
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CHAPTER 4: EXPERIMENTAL WORK 

 

4.1 FIHD Experimental Work 

The basic concept in the construction of the FIHD consists of combining a standard 

VFD to a PID. Therefore, a well-designed container that encloses the balls and 

facilitates their inter-collisions is needed. That box was designed to serve as an outlet 

for the release of destabilizing energy. For operational and manufacturing convenience, 

such a container should be cylindrical to allow the colliding balls to move freely inside 

the enclosure space and expel their undesired energy during the structure's motion. As 

portrayed in Fig 45, the PID box could be joined to the VFD structure in two possible 

locations: around the main body of the damper or the moving rod. However, as 

discussed in the literature [15] and practically noticed and confirmed during our first 

laboratory experiments, the most suitable location for most energy exchange is where 

the balls attain their maximum velocities. Therefore, the b-configuration (Fig.45-b) was 

implemented in this investigation. 

 

(a)                                                  (b) 

Figure 45. FIHD design consideration: (a) The PID attached to the cylinder wall (b) 

The PID attached to the damper rod 
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The FIHD manufacturing and testing were conducted in many stages. First, a viscous 

damper was dismounted, adjusted, and tuned. Then, a PID was designed, 3D printed 

and assembled to the fluid damper rod. Finally, a test apparatus was built and used to 

characterize the dynamic behavior of the hybrid damper. Each of the previously 

mentioned processes will be addressed in a sufficient way in the following sub-sections. 

 

4.1.1 Viscous Damper preparation  

Using the shaker in exciting the hybrid damper with small amplitudes was the first 

intention of the FIHD experimental setup. Therefore, the viscous damper force has to 

be decreased to a certain level below the max shaker output (400N). This could only be 

conducted by changing the oil of the monotube cylinder chamber with low viscosity of 

the oil. In the beginning, two possible types of hydraulic oil were nominated as damper 

oil substitution; Brake fluid and Steering oil. In order to know which one is better, a 

small comparison study was conducted based on their main properties. The two types 

of oils are ISO 32, ISO 46, and ISO68. In contrast, steering oil has a high-temperature 

boiling point and a high tendency of compressibility than brake oil. All of the previous 

characteristics besides steering oils' low viscosity value of (0.028 Pa.s) made it a better 

damper oil substitution. The evacuation process took place by drilling a small hole 

(5mm) through the outer shell of the piston-cylinder to the inner walls of the oil 

chamber.  Then a hard carbon steel nozzle with (5mm diameter) was attached to the 

hole using adhesive epoxy glue and gum tape to avoid oil leakage. Moreover, to prevent 

ending up with trapped air bubbles inside the damper cylinder, vacuum pressure (-15 

psi) was created inside the cylinder. A vacuum pressure pump was used to conduct such 

a process (Pump type) (Fig.46). Eventually, a feeding tube was connected to the nozzle 

from one end and to the oil container from another end. Consequently, due to vacuum 
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pressure inside the cylinder, the oil flows smoothly to the inside damper cylinder. 

 

 

Figure 46. Replacing damper oil process 

 

The previous manufacturing phase of the VFD is mainly focusing on limiting the 

possibilities of generating cavities and air bubbles inside the damper cylinder.  

 

4.1.2 Particle Impact Box  

The PID box was secured to the 16-mm diameter moving rod. The box height was set 

at 2.5 cm to avoid obstructing the movement of the rod of the VFD during the 

compression and extension strokes. For a future parametric study of balls number, the 

box inside the space was designed to receive a total number of 40 balls of 15 mm 

diameter each. Figure 47 (a) illustrates the 3D geometry of the particle impact box 

created using SolidWorks ®. Based on the preliminary drawings, the box was 3D 

printed from Acrylonitrile-Butadiene-Styrene (ABS) material, as shown in Figure 
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47(b). 

 

 

 

Figure 47. PID box: (a) 3D geometry, (b) 3D printed box 

 

4.1.2.1 PID balls 

 15 mm diameter Stainless Steel 440C balls (Fig. 48) were used in filling the FIHD box. 

The material (SS440C) characteristics illustrated in Table 10 [84] govern the amount 

of vibration energy dissipating when the collisions take place, as is going to be shown 

in the results section.  

 

Table 10. PID ball Mechanical properties  

Balls Material Description Density Strength 

Stainless Steel 440C 

Series 

corrosion resistance and 

toughness 

27.68 g/cm3 370-460  MPa 

Mpa 

 

a) 

b) 
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Figure 48. Stainless steel bearing balls 

 

4.1.3 Shaker test apparatus  

The experimental setup was designed to drive the damper into a reciprocating motion 

with a controlled frequency (Fig.49). The harmonic motion was set by connecting a 3 

V amplitude sine wave provided by a signal generator to an amplifier and a shaker input 

portal. The shaker Model 2100E11 TMS, with maximum output force 440-N. All the 

devices used in this experiment are shown in Fig.49. To secure a stable position of the 

damper, its body was mounted between the two jaws of a vice, itself fixed on a heavy 

metallic bench. A dual force-acceleration sensor, Model 288D01, was installed between 

the damper rod and the shaker stringer. The signal generator was set to generate a sine 

wave with 3V amplitude and send it to an amplifier with 24dB gain. 
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Figure 49. Testing setup devices.  

     

 Once the system is correctly installed in a vertical and stable position (Fig.50), the 

piston rod is driven vertically into a sinusoidal motion. The sensitivity range of the data 

acquisition system was set to 10.2 (mV)/(m/s²) for the sensor acceleration channel and 

22.4 mV/N for the force channel. Five different excitation frequencies were considered, 

namely 1, 2, 4, 6, and 8 Hz. Above 8 Hz, it was observed that the VFD was not able to 

move, even at low displacement amplitude (less than 0.5 cm). Although the PID, when 

considered independently, can give effective vibration attenuation performance within 

a wide frequency band of 0 to 6000 Hz [14], it was observed that the understudy VFD 

was not able to move, even at low displacement amplitude (less than 0.5 cm). 
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Figure 50. FIHD experimental setup. 

As a first parametric investigation, the FIHD was emptied from its balls and tested over 

the whole frequencies range. Secondly, the FIHD was filled with a set of 15-mm 

diameter Stainless-Steel balls. Such stainless-steel, 440C series, was used because of 

its good hardness, dimensional stability, corrosion resistance, and toughness properties. 

The parametric study contains three sets of ball numbers, namely 5, 10, and 15. The 

case of 15 balls was the maximum number that provided correct spaces between balls. 

4.1.4 Experimental Results 

The response amplitude does not depend only on the size, number, and material of the 

balls but also on their kinematic conditions (initial positions and velocities). 

Consequently, a higher speed would generate a higher excitation force, which in turn 

would cause a higher response amplitude, even when the number or the size of balls is 

small, which could be misleading, especially for a novice user. To investigate the 
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effects of the essential experimental parameters (number, size, and material of balls) on 

the damping mechanism, independently from their initial kinematic conditions, the 

Frequency Response Function (FRF) must be considered.  

-  Parametric study Results 

Dual force-acceleration sensor recorder both the force and the acceleration of the 

moving rod. A sample result of the time-domain results for damper rod’s acceleration 

is displayed in Fig. 51 when no-balls fill the PID box. 
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Figure 51. Experimental sample result of acceleration at 1 Hz; (a) Time response (b) 

Frequency response. 

 

As shown in the numerical results section, FRF was obtained using the MATLAB 

vibration data analysis tool. The input force, in this case, is the recorded signal coming 

only from the force-portal of the dual sensor. The FRF parametric study of FIHD, when 

the PID box is empty and filled with a different number of balls, is presented in Fig.52 

& Fig.53.  

 

Figure 52. Experimental parametric study on FRF fitting curve 
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Figure 53. Experimental FRF values at 2Hz. 

 

-  Numerical model validation with the experimental results 

       FIHD went through a verification process (Chapter 3) in which its numerical model 

natural frequency was compared with the analytical one. Furthermore, for the sake of 

testing the numerical model accuracy, both its experimental and FE simulation 

acceleration time responses corresponding to 1-Hz were compared (Fig. 54). Based on 

the displayed acceleration time responses, one can see that the FEM is nearly matching 

everywhere with the experimental ones. In contrast, a small dissimilarity between the 

two results can only be seen in experimental bumps, which developed from 

imperfections in the design of the VFD.   
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Figure 54. Comparison between the experiment and the FEM acceleration time 

response for 1-Hz acceleration. 

 

To visualize the discrepancy between numerical and experimental results, three 

different cases are displayed in Fig.55. Each one of the numerical FRF of the parametric 

study is compared against its similar experimental ones.  Although a good agreement 

is observed between both sets of results, a slight discrepancy could still be noticed 

around 2 Hz and 4Hz.  
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Figure 55. Comparison between the experimental and the numerical FIHD FRF results;    

(a) five balls, (b) 10 balls, and (c) 15 balls 

 

 

In order to quantify the errors and ascertain the accuracy of the FE model, Table 11 

highlights the dissimilarity between experimental and numerical results at 2 and 4 Hz 

for the different cases. 
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Table 11. The FRF amplitude variation between experiment and FEM at 2 and 4 Hz 

Parametric 

study 

2 Hz 4 Hz 

EXP 

(g/N) 

FEM 

(g/N) 

Error 

(%) 

EXP 

(g/N) 

FEM 

(g/N) 

Error 

(%) 

5 balls 2.25 x 10-3 2.20 x 10-3 3 3.9 x 10-4 4.3 x 10-4 9 

10 balls 2.30 x 10-3 2.36 x 10-3 2.8 3.6 x 10-4 4.3 x 10-4 16 

15 balls 2.30 x 10-3 2.36 x 10-3 2.7 4.3 x 10-4 5.0 x 10-4 14 

 

 

4.2 MRF Damper experimental work  

The MRF damper of this study basically consists of a classical fluid damper connected 

to an excitation system. The viscous fluid damper cylinder was divided into two pieces 

and assembled through a male-female screwed groove. This modification allows 

replacing the viscous oil with the magnetological fluid. In addition, The magnetic field 

excitation systems were manufactured through three different work packages. Each 

work package was assigned to the manufacturing and delivery of one component of the 

magnetic excitation system. Furthermore, the following subsections will present the 

manufacturing process and the new design features considered in this work.  

 

4.2.1 Core manufacturing 

In order to amplify the magnetic flux density and coils inductance, a ferromagnetic core 

made from mild steel has to be used along with the copper coils. Although the design 

of the core was built on the core design used in [46], the new enhancement featured 

was considered to increase the system output magnetic capacity. The differences 

between the old and the new design are shown below: 

 The core inner diameter was 1mm less using a CNC lace machine, which 
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enables more coils to be turned around the core circumference. 

 The core outer edge was processed using an EDM machine to have a surface 

finish in a half-moon shape to fit the excitation system’s ring internal 

circumference. 

The 3D drawing of the core is conducted using SolidWorks 2020, as illustrated in the 

below figure (Fig.56).  

 

Figure 56 Core 3D drawing. 

 

The 2D drawing of the core with its dimensions is clearly illustrated in Appendix A. 

 

4.2.2 Plastic coil holder and metallic ring  

The core’s holder was designed to include the 12 cores in its body. The holder design 

was based on the one developed in the previous study [46]. In contrast, small connecting 

wire passages were made to provide a compactable space for the surrounding ring.  The 

holder 3D drawing and is shown in Fig.57(a), which was further transformed to STL 

form for conducting the plastic model using a 3D printing machine.  
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Figure 57 Excitation system holder: (a) Core holder 3D drawing, (b) 3D printed plastic 

holder, (c) Surrounding ring. 

 

The coils were turned using a wounding machine similar to the lace machine. The total 

number of turns was 170 turns using 18 AWG copper wire with a 1mm diameter. The 

following figure (Fig.58) shows the excitation system parts, arrangement, and the two 

surrounding rings of the parametric study addressed in the previous chapter (Chapter 

3). 

 

(a) 
(b) 

(c) 
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Figure 58. Magnetic field Excitation components. 

 

4.3 The effect of the magnetic field on the MRF viscosity 

The CFD numerical model illustrated in Chapter 3 required knowing the change of the 

viscosity value with the magnetic field. Furthermore, the finding of this section was 

used as one of the CFD model boundary conditions. In order to know the relationship 

between the MRF viscosity value and the applied magnetic field density, two stages 

procedure should be adopted. Firstly, the MRF damper’s excitation system should be 

investigated to identify the relationship between; applied current and the magnetic field 

density. Secondly, the viscometer test should be adopted to detect the change of the 

MRF viscosity value with the magnetic field density. This two steps procedure will be 

discussed in the following sub-sections.   

 

4.3.1 Magnetic field measurements 

In the understudy MRF excitation system, different pole arrangements were 

investigated, and the best performance was found to be obtained when two neighboring 

poles had opposite charge signs, as shown in 59 (b). 
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Figure 59. Magnetic excitation system (reproduced from [46]). 

 

Usually, the change in the magnetic flux density could be measured when the excitation 

current is varied. The magnetic flux density is recognized as: 

                                       𝐵 = 𝜇 𝑁 𝐼                                              (21)  

Where 𝜇 is the magnetic permeability of the core, N number of turns in the coil, and I 

is the excitation current. 

The magnetic flux density was measured using the previously described excitation 

system and a Gauss meter, as in Figure 60. The twelve cores were connected to a power 

supply in a particular arrangement that matches the requirements specified in [46]. The 

meter needle was placed at a reference point located precisely in the center of the core 

holder. As the center is the most distant point from the cores (circumference), the 

reading taken at that point may have the minimum value of flux density because of the 

low air permeability. 



 

94 

 
Figure 60. Measuring the magnetic flux density. 

 

The excitation current was periodically increased, from 0 A to 5 A, with a 1 A 

increment. The magnetic field density value corresponding to each current value is 

shown in Fig.61. 

 

 
Figure 61. Magnetic field density values at the center point. 
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4.3.2 Viscometer setup 

The viscosity value depends on the dependent yield stress value (𝜏𝑏), which varies as 

the magnetic (B) value changes. Based on previous experimental results, fourth-order 

fitting curve equations were developed to obtain a relationship between the applied (B) 

and the value. 

 

𝜏𝑏= 39.7𝐵4+119.1𝐵2 + 10.3 𝐵 + 0.1       (22) 

 

For the understudy MRF 132DG, its characteristic was investigated previously by [37], 

to obtain a relationship between its shear stress (𝜏) and the applied (B) value as shown 

in equation (23) below 

    𝜏 = 52.962𝐵4 − 176.51𝐵3 + 158.79𝐵2 + 13.708𝐵 + 0.1442         (23) 

The obtained stress value is used along with the Bingham plastic model to conduct the 

corresponding dynamic viscosity value (equation 24). 

                                                        𝜇 =
𝜏𝐵

𝛾
+ 𝜇0                                     (24) 

where 𝜇 is the dynamic viscosity, 𝜏𝐵 is the dependent magnetic yield stress, 𝛾 is the 

shear strain, and 𝜇0 is the fluid viscosity in the absence of a magnetic field. 

Rotational viscosity meters are devices that provide dynamic viscosity values by 

measuring the required torque to rotate a spindle with a known RPM inside a fluid 

container [85]. Usually, a viscosity meter device consists of a motor, spindle, motor 

controller, rotational motion sensor, and force sensor. The spindle rotates inside the 

fluid container, forcing the fluid to move accordingly, generating essential torque. By 

measuring the force at the oil reservoir outer cylinder, spindle RPM speed, and knowing 

the distance from the axis of rotation, the dynamic viscosity is obtained using equation 

(1) in Ref [85]. The advanced viscosity meter used in this study is conducting the 
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viscosity value regarding the torque and RPM velocity of the spindle. The only 

difference here is that torque and RPM are measured using a servo system. The servo 

system determines the required current for moving the spindle inside the fluid with set 

speed. When set a velocity to the spindle the fluid started to decrease its velocity, that’s 

when the servo system determined the required extra current needed to contain the same 

rotation speed.  For testing the viscosity of the MRF 132DG, a unique setup has been 

developed using the Viscosity meter (Viscometer 2300 RV) (Fig.62).  

 

 

Figure 62. Viscometer experimental setup. 

 

Viscometer comes with different spindles types regarding the viscosity range under 

study and its desired resolution. Spindle L1 was used to examine the MRF 132DG 

viscosity under different magnetic flux values. The L1 spindle has a minimum 

recording value of (1mPa.S) and a range of viscosity values (30-20000) mPa.s. Using 

a glass container to test the fluid's viscosity may decrease the magnetic field effect, 
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hence the error in viscosity value. Viscous damper’s steel cylinder was used as a 

container, and cores were placed around it, as shown in Fig.62. The spindle (L1) goes 

inside the cylinder, and the viscosity meter starts measuring viscosity values 

corresponding to each excitation current applied.  

 

 
Figure 63. MRF viscosity reading vs. applied current. 

 

Depending on the results displayed in the above figure (Fig.63), viscosity values could 

be predicted for (I) current value. Hence, a second fitting curve equation (R2 =0.95) is 

presented below, which was found using excel statistical regression tool. 

 

𝑉𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 =  − 0.0446 𝐼2 +  0.6946 𝐼 +  0.1893  (25) 

 

4.4 MRF DAMPER EXPERIMENTAL SETUP 

4.4.1 Released weight 

As mentioned before, the MRF CFD model results will be compared with the 

experimental findings mentioned in Sassi et al. study [46]. Therefore, reviewing what 

has been done in that experiment is essential to find a sort of scientific validation 

clarifications.  However, in the absence of such a machine, the authors decided to load 
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the damper with different dead weights and record the rod's time travels back and forth, 

as in Figure 64. Using the travel distance, the time was converted into speed. 

Consequently, the force and speed relationship was easily obtained for both rebound 

and compression cycles, as shown in 64(a) and 64(b), respectively.  

  

(a) (b) 

Figure 64. Experimental testing of the damper filled with MRF; (a) Rebound test; (b) 

Compression test. 

 

In their approach to measuring the rod's motion speed [46], the mass motion was 

considered uniform, which was not the case. Indeed, for a falling object, subjected to a 

resistive force which is proportional to the speed, the equation of motion is of the type: 

 

 

 

 

 

 

 

 (27) 
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CHAPTER 5: Conclusion and future work 

This study investigated experimentally and numerically the behavior of two dampers; 

Fluid Impact Hybrid Damper (FIHD) and magnetorheological (MRF) damper. The 

investigation aims to explore different parameters that affect each damper’s damping 

effect. Moreover, the developed FIHD is a novel type of combination-type dampers 

introduced for the first time in this study. However, to sum up, the following sub-

sections summarized the findings and conclusions of the two dampers’ studies. 

5.1 Magnetic field numerical modeling 

The magnetic field of the MRF damper’s excitation system was modeled numerically 

using Comsol FE- software. All the parts of the excitation system were included in the 

model besides the surrounding air. Part’s material, number of coil’s turns, and range of 

excitation current values (1-5 A) were also considered similar to the real experimental 

case. However, the main objective of the study was to detect the effect of the 

surrounding ring’s material on the generated magnetic field density and distribution. 

Based on the magnetic field density 3D contour plots and the 3D line results for the two 

ring’s material of the parametric study, the following was obtained: 

 Surrounding the excitation system of cores with a ring made from mild steel 

will concentrate the magnetic density value at the place of interest. In contrast, 

using plastic (ABS) will dissipate the magnetic field in a large area around the 

interest area. In other words, for limiting the magnetic field with a certain area, 

mild steel with a medium relative permeability value (6000) could be 

functional. The steel interface shortens the magnetic flux’s merging points and 

allows flux passages.  

 Metallic (mild-steel) rings amplify the magnetic field density value by almost 

35% than the magnetic density when using plastic (ABS) rings. Although the 
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plastic ring increases 5% in the magnetic field density compared to the no ring 

case, the mild steel material is still considered better in amplification. 

 

5.2 MRF-CFD modeling  

In this study, a CFD model was used to characterize passive and semi-active MRF 

mono-tube dampers for different viscosity values over a range of velocity using Ansys 

17 Fluent. The CFD model only considers the fluid chamber compressibility and the 

variation of fluid viscosity. However, the contribution of the internal friction in the 

damping force was omitted. Based on the obtained numerical damping coefficient 

values for the two dampers of the parametric study, the following was concluded: 

(A) Passive viscous damper 

- Increasing the oil viscosity contributes to increasing the damping coefficient, 

and hence, the damper efficiency. 

- For low values of viscosity (0.009 and 0.0139 Pa.s), the damping value 

increases linearly with the increase in velocity. In other words, using SVI, 3WT 

suspension oils will probably result in having a linear viscous damper. 

- At high velocities (>1.1 m/s), the mono-tube damping coefficient tends to 

increase nonlinearly regarding the increase in velocity. In addition, the damping 

coefficient increasing trend when using 5WT oil is nonlinear even for small 

velocities. Hence, for high-viscosity values (>0.0186 Pa.s), the nonlinear 

behavior of the damping force is independent of the velocity increases. 

 

(B) MRF damper  

1- The MRF damper coefficient increases exponentially as the viscosity 

value of the rheological fluid increase. 
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2- For low excitation current values, particularly not exceeding 2 A, the 

internal friction forces induced to the MRF are insignificant. Therefore, the 

CFD model results are fairly close to the experimental ones.  

3- The discrepancy between the model and the experimental results is 

significant for high excitation current and hence high magnetic field. The way 

that experimental results were computed is one of the main reasons for the 

discrepancy between results. In other words, the travel time of the piston rod 

recorded using a stopwatch results in a timing error due to human reaction delay 

in pressing the stopwatch’s button. 

4- In the absence of friction and cavitation force components, the CFD 

simulation generates accurate values that fairly match the experimental results. 

In its actual state, the proposed model is only applicable for magnetic field 

values that give a viscosity range of 0.1 Pa.s -1.4 Pa.s. These viscosity values 

are associated with the magnetic field excitation currents ranging from 0A to 

2A. 

 

5.3 FIHD conclusion  

This study presented the design, construction, and testing of a novel hybrid damper that 

combines a viscous fluid damper (VFD) and a particle-impact damper (PID) to increase 

the overall damping of the VFD. The resulting fluid impact hybrid damper (FIHD) was 

modeled numerically using LS-Dyna and tested experimentally using a custom shaker 

setup. The effect of the number of balls on the performance of the FIHD was 

investigated numerically and experimentally. The testing was done using sinusoidal 

excitations at five frequencies: 1, 2, 4, 6, and 8 Hz. The same excitations were also used 

in the finite element model to investigate the contribution of the ball-box collisions on 
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the performance of the PID. The experimental results clearly showed a reduction in the 

amplitude of the acceleration after adding the PID. Based on the comparison of 

numerical and experimental FRF results, one can state that: 

 In the FIHD response, the FRF showed a maximum peak around the system's 

natural frequency (2Hz), and the most peak reduction was observed at the same 

frequency. Since the other frequencies did not satisfy an efficient damping 

effect, the parametric study focuses on the 2 Hz results. 

 LS-Dyna's piecewise linear plasticity material model is applicable for 

characterizing the collision between stainless steel 440C series balls and (ABS) 

plastic material box. 

 The use of a FIHD with five balls was observed to reduce the FRF peak 

magnitude by almost 6% for both experimental (5.5%) and numerical (6%) 

models. Therefore, at 2Hz, the PID contribution in the damping effect can be 

modeled as two-way contact between the balls-box. 

 The FIHD parametric study showed that using more balls (more than 5) does 

not affect the damping effect. Both numerical and experimental results show 

that the increase of balls to 10 or 15 did not show an increase in the percentage 

of peak reduction (less than 2.5%).  

 A high error (9% - 16%) between the FEM and the experimental approach 

results was obtained at 4Hz. Some internal collisions (balls-balls) were 

observed experimentally at that particular frequency, which was not considered 

in the FEM investigation. For future work, a discrete element model should be 

implemented in characterizing the ball-ball collisions. 
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5.4 Future work 

From overviewing the previously mentioned dampers in this study, many research 

opportunities are opened for further investigations. In order to fill the gaps of each 

damper’s investigation, further research should be focused on the following: 

 In hybrid damper’s (FIHD) numerical investigation, a discrete element model 

(DEM) should be implemented in characterizing the ball-ball collisions. DEM 

will overcome the error that occurred with the FEM by including the 

contribution of balls’ collisions in the hybrid damper’s damping effect. 

 Rather than studying the magnetic effect of using the surrounding ring of the 

excitation system, its damping effect should be examined experimentally. 

Therefore the manufactured MRF damper has to be tested by developing testing 

apparatus to characterize its damping behavior. In contrast to the previous 

experiment of a falling mass, the proposed future testing setup will include the 

MRF damper hysteresis and nonlinear behavior of the Force-Velocity 

relationship. 

 The proposed experimental setup required improving the MRF damper’s 

steady-state CFD model by including the fluid movement. However, the fluid 

domain movement could only be addressed by creating a User Defined Function 

(UDF) to the meshing element.  

 All the developed numerical models should be adopted in a given application to 

examine its efficiency related to a specific application. For example, the quarter-

car model’s damper could be replaced with the dampers’ models addressed in 

this study. 
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Appendix A: Magnetic field numerical modeling results 

 

 Excitation system component 2D drawing 

The 2D drawings of the  MRF’s excitation system presented in Chapter 4 are given in 

the below figures. All the drawings were conducted using SolidWorks2021. Those 

drawing were further used in defining the solution domain in the Comsol numerical 

model of the magnetic field analysis. 

- Plastic core holder 
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- Magnetic Core 

 

 

 

 

 

 

 

 

 Magnetic field density  

A sample result of the magnetic field density was presented previously in Figure. 17-

Chapter 3. In addition, magnetic field density’s contour plots of the five current values 

for the two different ring materials (ABS and Mild steel) are shown below.   

 

 

 

 



 

115 

- Magnetic field density values when using the plastic ring  
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- Magnetic field density when using the metallic ring  
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 Validating the Comsol model through experimental setup 

In order to validate the magnetic field (MF) numerical model, its findings have to be 

compared against experimental results. Therefore, Gaussmeter is used in measuring the 

field density value at a reference line located at the center of the excitation system, as 

shown in the figure below.   

 

 

The magnetic field densities in mT recorded at the Gauss meter for the two cases (two 

ring’s material) were further compared with the 3D line results of the Comsol MF 

numerical model.  

 Validation of the Comsol model results in the metallic ring case 
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 Validation of the Comsol model results in the plastic ring case 
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Appendix B: CFD analysis of the MRF damper 

Continuing with the diaphragm contour pressure sample results mentioned in Figure.34, 

the figures below show the static pressure at the two chambers (Rebound and 

Compression).   

- Pressure contours at the rebound side 
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- Pressure contours at the compression side 
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Appendix C: FIHD Numerical modeling  

LS-Dyna software package provides numerous material models which simulate 

different materials’ failure and collisions in many conditions and forms. LS-Dyna 

theory manual includes the below table, which eases the material model’s selection 

based on the meshing element type, the scope of the study, and the material compound. 

The yellow squares highlight the material models used in the FIHD LS-Dyna model. 
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