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Abstract 

This thesis presents modifications of the hydraulic engine mount prediction program, 

HEMPP, which is currently used in the automotive industry to match the mount to the 

experimental results by predicting the dynamic stiffness and phase angle of the mount. 

The main focuses of this thesis are the identification, simulation, and verification of a 

new model for measuring pressure drop fluctuations of periodically fluctuating flow inside 

the inertia track of the hydraulic engine mount and its resistance. Moreover, to achieve a 

new model for resistance, the friction factor of fluid under frequency excitation, which is a 

main cause of discrepancies between simulation and experimental results, has been 

investigated. Two major findings were explored in previous studies have been used in 

this research: First, the friction coefficient in oscillatory and reciprocating flow inside a 

finite length of pipe depends on the kinetic Reynolds number and the dimensionless 

oscillation amplitude of the fluid; and second, the linear model and the equations of the 

typical engine mount have been significantly examined. An extensive set of experiments 

have been conducted using two test apparatuses to provide numerical data. One 

examined the effect of a pipe’s geometrical parameters such as cross sectional area and 

roughness on the frequency response of the pressure difference between the entrance 

and exit of the finite length pipe. The second test apparatus has been employed to 

validate the equations of pressure drop in the inertia track of an engine mount. Finally, a 

new model of resistance was implemented in the old version of the prediction program, 

showing that the frequency responses of dynamic stiffness simulated by this modified 

prediction program agreed with the experimental results. This new model could be 

employed to predict the hydraulic engine mount performance in order to create products 

confirming more closely to customer needs. 
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1. Introduction 

Isolating passengers of a vehicle from vibrations and noise is a considerable 

challenge the automotive industry is facing. When the engine of a car is running, 

regardless of whether the car is moving normally or stopping, vibration and noise 

disturbances are induced; but when these are absorbed by the vehicle, the passengers 

enjoy a more comfortable ride. There are two sources of noise during driving: the engine 

and road conditions. Rotation of shafts and combustion of fuel inside the cylinders of an 

engine provide high-frequency excitation at low amplitude. Engine speed, number of 

cylinders, and stroke number are the sources of unbalanced engine vibration [1]. For 

example, a four-cylinder, four-stroke engine produces a frequency of disturbances in the 

range of 20 to 200 Hz for engine speeds ranging from 600 to 6000 rpm, while an eight-

cylinder engine produces a frequency in the range of 40 to 400 Hz for the same engine 

speed range [7]. The second reason for vibrations, road conditions, can induce large 

amplitude disturbance along with low frequency. So the range of frequency disturbance 

varies from 5 to 400 Hz [1].To absorb these noises and provide a smooth ride, 

manufacturers use three kinds of engine mount: active, semi-active, and passive. 

Normally, high amplitudes are induced by engine at idle and low speeds, while at higher 

speeds, the engine creates lower amplitude. Moreover, amplitude induced by engine 

vibration is smaller than 0.3 mm at the high frequencies of 50 to 300 Hz and larger than 

0.3 mm at frequencies smaller than 50 Hz [1].  

 An engine mount has frequency and amplitude dependency characteristics and 

is designed to have different responses to various excitations. To control idle shakes and 

road-induced excitations, the engine mount must be highly damped and stiff, while for 

small amplitude vibrations over the higher frequency range caused by the engine, 

vibration isolation and acoustic comfort are needed. The engine mount therefore has to 

meet these two necessary but conflicting criteria. Spiekermann et al. [3] demonstrated a 

simulation and optimization for solving a common vibration isolation problem involving a 
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rigid body on a compliant mount by using an interactive computer program, ENGSIM. 

Royston and Singh [4] formulated an analytical framework for the design optimization of 

a multi-degree of freedom mounting system considering its nonlinear effects and parallel 

passive design and active control concept. 

The two main roles of an ideal engine mount are to isolate the noises induced by 

operation of the engine, and to prevent engine bounce from the vehicle frame excitation. 

Moreover, the ideal engine mount should reduce the amplitude of engine vibrations that 

are transmitted to the body of car and noise amplification caused by the engine. It also 

should decrease human discomfort and fatigue by isolating the vibrations from the body. 

In addition, it must prevent large engine-to-chassis relative movement caused by torque 

reaction force of road bumps shocks [8].Yu et al. [7] performed a comprehensive 

literature review on all kinds of engine mounts; they show that disturbances inertia force 

has two components, one is parallel to and one is perpendicular to the crankshaft axis 

and inertia torque is also parallel to the crankshaft axis. 

 Nowadays, by improving the automotive technology and industry, car companies 

are starting to design more luxury vehicles based on the market demands, with higher 

power and speed and comfort along with lighter bodies and chassis. The new concerns 

about improving cars result in an increase in the ratio of weight of engine to the weight of 

car, making the design of more effective engine mounts highly desirable. Different types 

of engine mounts have been used in the automotive industry such as rubber mounts, 

passive mounts, semi-active mounts, and active hydraulic engine mounts. Here we 

introduce all of them considering their functionality and performance. Because the 

rubber mount was the first mount applied to isolate the cabin from engine disturbances, 

we start by first introducing that mount. 

1.1. Rubber mount 

Rubber is widely used in many applications because of its great reversible elastic 

deformation, and damping and energy absorption characteristics. Rubber (elastomeric) 

mounts have been used since the 1930s to isolate passengers from engine noises [5].  
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A rubber mount consists of a bulk rubber that is casted in a metal casing and a 

mounting rod. To study the attitude of the rubber mounts in noise isolation, Wang et al. 

[49] predicted the static and dynamic characteristic of the rubber mount; they meshed 

the subject by PATRAN and finalized computation by ADINA and ABAQUS. They 

showed that stress on rubber can be measured by using Von Mises strain-stress. Kim et 

al. [6] investigated the estimation of fatigue life of rubber engine mounts to ensure their 

durability at different conditions of use. They predicted fatigue damage of natural rubber 

by using maximum Green-Lagrange strain parameters. Tian et al. [9] evaluated stiffness 

and damping of a rubber mount as frequency dependent parameters, they studied the 

transition of the rubber mount stiffness from static to dynamic values by applying least-

squares polynomial curve fitting to data obtained from the test. These types of mounts 

have been designed and used because of their elastic stiffness rate characteristic in all 

directions. They are also compact, inexpensive and easy to replace; provide more 

consistent performance; and have a longer life. The dynamic stiffness of rubber mounts 

at lower frequencies is smaller than its stiffness at higher frequencies of excitation 

providing better absorption of road noises than of engine noises [10]. Although rubber 

materials are widely used for controlling structural vibration and sound radiation, their 

visco-elastic behaviour makes their dynamic properties hard to define. With this 

characteristic, it would be difficult to design the mount that can satisfy the requirements 

of noise absorption. Although they show good performance at low frequencies by their 

high stiffness and damping, they provide poor isolation at higher frequencies. Rubber 

mounts have been used in vehicles for many years, but by developing the heavier 

engine and lighter body used in faster cars, especially front wheel drive cars, it is 

necessary to use mounts with better performance. 

1.2. Passive hydraulic engine mount 

The passive hydraulic engine mount is the component that has been used in 

vehicles to tolerate the engine weight, keep it tightly attached to the chassis, as well as 

prevent the occupants from feeling the vibrations and disturbances of the engine and 

road conditions by acting as a shock absorber. It was patented by Richard Rasmussen 
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in 1962 for increasing damping [11]. The passive engine mount is used widely for two 

reasons: First car manufacturers plan to build smaller cars with lighter bodies and front 

wheel drive power trains, because of fuel efficiency, requires more complex mounting 

systems; and second, the mount has dual characteristics. This engine mount has 

amplitude and frequency dependant characteristics that can significantly reduce low-

frequency vibration, isolate high-frequency vibration, and provide consequential damping 

or stiffness to control the firm body movement of the engine. Different types of passive 

engine mounts have been created to absorb the disturbances of engines, resulting in 

tremendous progress in ride comfort and decreased noise levels compared with 

conventional elastomeric mounts. The passive engine mount contains two chambers, 

filled with liquid, which are connected by inertia track and decoupler. Bernuchon [12] and 

Corcoran et al. [13] have shown that the mount can reduce noise level by 5 dB, bringing 

more comfort to passengers. Various types of passive hydraulic engine mounts are 

similar in concept but different in details of structural design. Typically, the different types 

include hydraulic mounts with simple orifices, hydraulic mounts with inertia track and 

hydraulic mounts with inertia track and decoupler. Although hydraulic mounts with simple 

orifices and mounts with inertia track have similar characteristics in providing damping at 

lower frequencies, the mount with inertia track creates more damping than the other type 

[14]. It can be adjusted to have more damping especially at higher amplitude of 

excitation used to decrease shock levels. Although these models work well in increasing 

the damping at low frequencies, at high frequencies they do not perform well in terms of 

noise isolation. To solve this problem, a decoupler has been added to act as amplitude 

limited floating piston, which causes the mount to be amplitude-dependent at high 

frequencies and low displacement. It allows the mount to have the characteristics of the 

elastomeric mount and induces excellent vibration isolation at larger displacement [7]. At 

larger amplitude and lower frequencies, the pumping of upper compliance makes the 

decoupler sit in the bottom of cage and closes the orifices, making the inertia track the 

only way for liquid to move to the lower compliance. At higher frequencies and lower 

amplitude, the decoupler is open and fluid passes freely through it, so it will likely not use 

the inertia track as a passage. It should be mentioned that bulge stiffness of the lower 

chamber is very high, making the static stiffness of the hydraulic mount almost equal to 

that of the top elastomeric section. When the frequency increases, the fluid traveling 
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from the inertia track causes higher damping and results in an increase in the dynamic 

stiffness until it reaches maximum value, at which point, fluid uses the decoupler to flow 

between two chambers [15]. Moreover, the static stiffness of the mount is almost the 

same as the stiffness of rubber located on top of the mount. Modelling of the hydraulic 

mount is necessary for studying the dynamic stiffness of the mount system. Various 

researchers modeled the engine mount from one degree of freedom systems to multi-

degree linear and nonlinear systems. Royston and Singh [4] discussed the nonlinear 

properties of passive hydraulic engine mounts in detail. Kim et al. [16] studied passive 

and adaptive engine mounts with emphasis on their nonlinear characteristics.  

Golnaraghi et al. [1] developed and analysed the nonlinear model of engine mounts with 

emphasis on flow resistance of fluid passing through the decoupler. They also analyzed 

the dynamic characteristics of a hydraulic engine mount with a lumped model based on 

finite element analysis [2]. Geisberger [17] developed the passive engine mount and 

derived the time domain equations of a passive mount and identified all parameters of 

the mount such as linear and nonlinear resistance of the inertia track; in addition he 

designed a bell added to the mount to obtain better noise isolation. Singh et al. [19] 

analysed hydraulic engine mount linearly with an emphasis on decoupler characteristics. 

Wang et al. [20] obtained the graphical modelling method integrated with parameter 

identification of hydraulically damped rubber mounts by applying the finite element 

method. With an emphasis on resistance of the inertia track, Shangguan et al. [23], 

modeled the hydraulic engine mount. They used glycol as a fluid and the least square 

estimation as a method; they also used the nonlinear finite element method and 

computational fluid dynamics to study the parameter of the lumped model of a mount 

[24], and compared the results with experimental data [25]. Wang et al. [49] used 

ABAQUS software to study the dynamic characteristic of hydraulic damped mounts; as 

well, they studied [26] the damped mount and analyzed the hydrostatic fluid-structure 

characteristic of it with emphasis on fluid transfers between chambers. Nakhaei et al. [2] 

modeled the nonlinear mathematical equations of the decoupler and validated the 

results with experimental data by using the multiple scale perturbation method. He et al. 

[27] proposed a nonlinear time domain model for a free decoupler mount to predict both 

decoupler and inertia track resonances at higher frequencies. Studying the passive 

engine mount guides us to the point where a typical passive mount has two chambers 
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with inertia track and decoupler as passages for fluid; it works as a piston to push the 

fluid to the lower chamber, and also should be sealed perfectly to provide the vacuum 

inside and pull the liquid back to the upper chamber. Considering the characteristics of 

those various mounts, it can be concluded that the passive hydraulic engine mount can 

produce lower dynamic stiffness for vibrations at high frequencies and high damping for 

shock excitation control; due to its amplitude-and frequency-dependent properties. 

However, because of the significant nonlinearity of the decoupler, its use is not practical 

for superimposed impacts. To solve the problem, semi-active and active hydraulic 

engine mounts are introduced [7]. 

1.3. Semi-active mount 

Semi-active hydraulic engine mounts are created to improve the dynamic 

performance of conventional hydraulic mounts. Elastic stiffness and damping 

parameters can be controlled and, as a result, the dynamic response of a mount can be 

adjusted based on the desired performance. Shoureshi et al. [28] introduced a typical 

example of a semi-active hydraulic engine mount that contained an external bleed to 

adjust the spring and damping parameters. In this mechanism, they controlled the 

system resonance frequency by changing the pressure of fluid injection and by 

restricting the orifice. Passive engine mount with controllable parameters and 

mechanism is defined as a semi-active engine mount system. The benefit of these kinds 

of mounts is that, if the controllable parameters stop working properly, they can still 

perform as a passive hydraulic engine mount, thereby giving higher reliability than the 

conventional model. Two kinds of smart material are used by manufacturers in semi-

active mounts: Electro-rheological (ER) [29] and Magneto-rheological (MR) [30] fluids. 

These materials have similar characteristics due to their resistance to flow and their 

energy dissipation. In some cases, an on-off solenoid valve is added to change the 

passive mount to a semi-active mount [31]. Winslow [55] developed ER fluids by 

blending semi-conducting particles and a dielectric carrier liquid. Choi et al. [29] studied 

the ER engine mount in terms of its feedback control characteristic of shear mode. The 

noise absorption capability of their proposed model due to random and sinusoidal 
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excitation has been observed. By using an electro-viscometer, they could determine 

experimentally the value of the field-dependent yield shear stress of ER fluid, and then 

implemented the stress into the equation of motion of engine mount. Because of the high 

working voltage consumption of ER, industries often hesitate to use it. MR fluids are a 

mixture of magnetically polarisable materials located in a low viscous fluid media [8]. 

Rabinow discovered that the viscosity of these materials can be adjusted by changing 

the external magnetic field [33]. The yield strength of MR fluid is 50-100 kPa [32]; and if 

we remove the magnetic field, MR fluid behaves like Newtonian fluid. Peel et al. [34] 

were the first to illustrate the capability of MR fluid in noise isolation. Mathematical and 

mechanical models of MR fluid were derived by Jolly et al. [35] and Davis [36] after 

industries started to use MR fluid in various applications in the 1980s. William et al. [37] 

were the first to create a semi-active engine mount; they simulated it mathematically 

along with experimental results they obtained with their test setup. 

 In recent models, researchers have inserted a microchip to control vibration 

isolation that measures the vibration and produces feedback. It also controls the electric 

current that creates a magnetic field to the hydraulic mount. As a result, when a 

hydraulic mount starts to vibrate, it pushes MR fluid through the inertia track from the 

upper chamber to the lower, and vice versa, while the flow of fluid can be adjusted by 

the magnetic field that induced by microchip [8]. By changing the length of inertia track 

and effective decoupler area, Foumani et al. [31] used a solenoid valve to tune the 

mount at low frequency excitation of road condition and high frequency of engine 

disturbances. They have indicated improvement in performance of the passive mount 

using their switch. Mansour et al. [30] used the passive engine mount as a base and put 

an auxiliary MR fluid chamber inside the pumping chamber to function as a pressure 

regulator. By applying electrical current to the magnetic field, they were able to switch 

the properties of the mount from passive to semi-active, drawing on desirable 

characteristics. MR semi-active systems demonstrate low energy consumption, low cost, 

and very effective isolation characteristics. Semi-active hydraulic engine mounts are 

used mainly to absorb the noises at lower frequency of excitation; to solve the problem 

at higher frequencies; active engine mounts have been developed. 
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1.4. Active mount 

An active hydraulic engine mount is a component that isolates engine- and road-

induced vibrations; it contains one or more actuators to create dynamic force to restrict 

the transmission of the system disturbance force. Moreover, energy is conducted 

continuously inside the engine mount to adjust its dynamic performance and meet target 

optimization. This kind of mount is used in various industrial engines such as marine, 

aircraft, and helicopter [8]. An active engine mount is a passive engine with an actuator, 

a structural vibration sensor, with an added electronic controller. The system works as a 

closed loop; an actuator provides a reasonable force while a vibration sensor (could be 

force sensor) sends a controlled signal to the controller; the controller then adjusts the 

force induced by the actuator to minimize the measured sensor signal, resulting in 

deduction of the disturbances [7]. As with a semi-active mount, if the actuator or other 

electrical components fails, the passive part can still perform vibration isolation. Various 

controlling methods are available for obtaining optimal parameter values in an active 

isolator; for example, Tuer et al. [56] developed the concept introduced by Golnaraghi 

[38] about a nonlinear absorber to model the active system. Different types of actuators 

are being used in active engine mounts; for example, Ushijima et al. [39] studied 

piezoelectric actuators for these mounts. The reason they investigated these actuators 

was their fast response; but the problem was limitation of displacement, which makes 

them not very practical, so they introduced the amplitude magnifying mechanism to 

solve the problem. Another actuator for use in active mounts is proposed by Fursdon et 

al. [40], using an electro-magnetic actuator and self-tuning noise cancellation algorithm. 

They also showed that by adding a voice coil actuator to a passive engine mount and 

moving it, they could adjust the pressure in the upper chamber of the engine mount, 

resulting in good isolation in a range of 25-200 Hz. Arzanpour and Golnaraghi [41] 

offered a novel solution for variable displacement engines. They used a magnetic 

actuator to produce mechanical pulse, and, by using linearization technique, they were 

able to simplify the equations. Mansour et al. [57] designed a solenoid valve-based 

active mount; they replaced the decoupler with a solenoid actuator to control the 

dynamic characteristics of the mount. 
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The static stiffness of an active mount is similar to that in the passive one, while 

the dynamic stiffness is quite different. An active mount can produce high damping and 

stiffness at lower frequencies, and low damping and stiffness at higher frequencies, 

providing excellent isolation and allowing the manufacturer to investigate building the 

cars with lighter bodies. Although these mounts show great performance, their cost and 

weight still pose a challenge to manufacturers. 

1.5. Summary 

As discussed, there are three types of engine mounts for use in the automobile 

industry: passive, semi-active, and active. Car companies in the past, used rubber 

mounts due to their cheap price and low maintenance fees. Passive engine mounts are 

no longer as simple as rubber mounts but are still much more economical than the other 

two models. The advantage of the passive engine mount is its simplicity, making it 

independent of electrical and control components. 

Semi-active engine mounts have a different structure and, along with active 

engine mounts, improve the functionality of passive engine mounts to absorb vibration 

and provide the proper damping and stiffness characteristics. In the semi-active engine 

mount, use of Electro-Rheological and Magneto-Rheological fluids, which are smart 

materials, enables the manufacturers to build the mount with adjustable resistance, 

which can be controlled to have the desired performance in any kind of situation [8]. An 

active engine mount is more complicated and more expensive due to the transducer 

located inside the mount to create the force needed to modify and control the dynamic 

performance of the mount and provide a smooth ride for occupants. There are various 

kinds of transducers for use inside engine mounts, such as piezoelectric actuators, 

servo-hydraulic actuators, and electromagnetic inertia-mass actuators, depending on 

their capability and performance. Although semi-active and active hydraulic engine 

mounts show very good performance at various ranges of frequency, not many car 

companies rely on them, given their cost and maintenance fees along with their 

complications. The passive hydraulic engine mount is still the first choice in the car 

industry because of its simplicity and inexpensive models. Passive hydraulic mounts are 
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the focus in this thesis. Figure (1-1) shows commercial passive hydraulic engines mount; 

Figure (1-2) depicts its main rubber, upper and lower chamber, decoupler, and inertia 

track. In the coming sections, a passive engine mount will be discussed in detail. 

 

Figure 1-1: Hydraulic passive engine mount 
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Figure 1-2: Schematic views of hydraulic passive engine mount [1] 

1.6. Objectives and thesis outline 

In chapter one, the engine mount has been discussed in detail. All kinds of 

mounts are studied and reviewed with their advantages and disadvantages. It has been 

showed that the main model to investigate in this thesis is passive hydraulic engine 

mount and the reasons for choosing this model of mount have been developed. Chapter 

2 dedicated to passive hydraulic engine mount with its components. The mechanism and 

characteristics of a passive engine mount have been discussed. As a background, 

harmonic excitation of a damped system is studied. Also, analytical modelling of engine 

mount and its linear equations with the help of its schematic are investigated in detail. 

Hydraulic engine mount prediction program, HEMPP, is introduced in this chapter, along 

with problem definition. It is shown that there are discrepancies between the 

experimental results of frequency response of dynamic stiffness of mount, and 

simulation data predicted by HEMPP. 
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Chapter 3 provided a preliminary discussion of the effect of parameters and 

geometry on the pressure gradient inside pipe. In this chapter, the first experimental 

setup has been introduced. The pulsatile and reciprocating flow is passed through the 

regular pipe and the influence of dimensional parameters of pipe on the pressure 

gradient of fluid has been studied. The effects of roughness, cross sectional area and 

curvature of pipe have been evaluated. Studying the mechanics of fluid and modelling 

the pressure gradient equations of pulsatile and reciprocating flow are done in chapter 4. 

Also the equation of resistance of inertia track is derived in this chapter. 

The second test apparatus is introduced in chapter 5 to verify and validate the 

derived equations of chapter 4. The influence of using different material and also, 

increasing the resistance on frequency response of dynamic stiffness have been 

simulated via HEMPP. Moreover, new model of resistance is implemented in HEMPP 

and final results have been achieved.  

Chapter 6 concluded the thesis. The key findings are highlighted and 

recommendations for future work in this area are discussed. 
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2. Passive hydraulic engine mount 

As discussed in the last chapter, the rubber engine mount could not satisfy dual 

functionality of high damping and stiffness at lower frequencies and soft at higher 

frequencies. Also semi-active and active mounts are not economically sufficient for use 

in all kinds of vehicles. In this chapter, the passive hydraulic engine mount is 

investigated; its characteristics and performance along with its analytical modelling are 

studied. 

2.1. Desired engine mount characteristics 

An engine mount is a vehicle component widely used to attach the engine 

bracket to the chassis and isolate the power train from road excitation in the vertical 

direction and torque excitations from the engine around crankshaft. One advantage of 

the hydraulic engine mount is to provide high damping at certain frequencies. The main 

factors in designing the hydraulic engine mount (HEM) are: the influence of 

characteristics of the HEM’s rubber spring, the fluid viscosity and density and the 

geometry of inertia track and decoupler along with the ratio of the maximum dynamic 

stiffness to the stiffness of the HEM [7]. 

 All these factors must be estimated with the effective models and methods. The 

engine is connected to the car’s chassis by several mounts, which are important for 

smooth operation of the vehicle. With today’s developments in technology, engine 

mounts come in different sizes and types. In this chapter, we explore the mechanism of 

the passive engine mount and its components along with its mathematical modelling. 
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2.2. Mechanism of passive engine mount 

A passive hydraulic engine mount contains upper and lower chamber, inertia 

track, decoupler, and main rubber on top which has same role as in conventional 

mounts. The fluid within the mount is a mixture of ethylene glycol and water. The 

decoupler and inertia track are passages for fluid to pass through from the upper 

chamber to the lower, and come back to the upper chamber from the lower. Compliance 

of the lower chamber is much greater than in the upper, which expands more than the 

other one when liquid is pushed to fill the lower chamber. At high frequencies and lower 

amplitudes, the decoupler is open and all the fluid passes through it between two 

chambers; at low frequencies and high amplitudes the decoupler is closed and the 

inertia track plays the main role of circulating the liquid, thereby dissipating energy in the 

inertia track. This is exactly what manufacturers require; at low frequencies we need 

high stiffness and high damping and at high frequencies we need low stiffness and low 

damping, and with this attitude of mount we achieve that goal [22]. The typical hydraulic 

engine mount is shown in Figure (2-1); Figure (2-2) depicts a schematic of the engine 

mount with inertia track and decoupler. At top the mount is attached to the engine, and 

at bottom it is connected to the chassis. Other than isolation of noises, the engine mount 

should be able to support the weight of the engine, so manufacturers are concerned with 

choosing the right material to support the engine. Huge disturbances would be created if 

one of the mounts broke. The mount illustrated in Figure (2-1) is the product of Cooper 

Standard that contains a bell. Geisberger [17] added the bell to the mount which is used 

to relieve the resonant frequency of the liquid column of the decoupler. It is attached 

directly to the point of excitation and adds more flexibility to the high frequency results. In 

the following sections, all the components of the mount will be discussed in more detail. 



 

15 

 

 

Figure 2-1: Cooper Standard engine mount 

 

Figure 2-2: Hydraulic engine mount cross section 
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2.2.1. Upper chamber 

The upper chamber is a space between the upper rubber and plate that contains 

the inertia track and decoupler. Depending on the manufacturers who produce the 

engine mount, it may contain bell or have the decoupler and inertia track in different 

sizes. The main rubber has very low compliance that makes it very stiff and at very low 

frequencies, it has the same role as conventional rubber mounts, and it tolerates the 

weight of the engine. The rubber is pushed down under the weight of the engine, and 

vibration of the engine and road condition makes it work as a piston to push the fluid 

through the decoupler and inertia track to the lower chamber. Because the lower 

chamber is made of low-stiffness rubber and cannot push the fluid back to the upper 

chamber, the fluid comes back to the upper chamber because the vacuum develops in 

the upper part of the mount. The length and width of the rubber on top of the mount 

change depending on the amplitude and frequency of excitation. In terms of simulation 

the dynamic stiffness of the mount, modeling the parameters of the rubber such as 

compliance (  ), which is better defined as bulging compliance, is difficult and should be 

done very precisely because of its nonlinear characteristic. This factor depends on some 

parameters such as frequency of vibration, preload, and volume of fluid inside the upper 

chamber [17]. Moreover, the fact that upper rubber works as a piston to push the fluid 

through the gates to the lower chamber, makes the calculation of effective piston area 

(   , important. Geisberger [17] calculated the effective piston area for dry mount and 

found that this parameter is a function of preload, which is weight of the engine. 

2.2.2. Lower chamber 

The lower chamber is made of rubber with high compliance, which provides low 

stiffness. As a result, it expands easily when the fluid is pushed from the upper chamber 

through the decoupler and inertia track to the lower cage. With its high compliance, the 

damping characteristics of the lower chamber are much more valuable than its stiffness. 

Bulging compliance of the lower chamber   , has a direct relation to the preload, which 
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is weight of engine in our case [17]. In building the mount, however, employing the right 

rubber with the precisely chosen thickness is an important factor. Although the rubber in 

the lower chamber should have low stiffness and should expand well, it has to have 

good resistivity. Otherwise it will fracture and leak, damaging the mount and causing 

disturbances for the occupants. 

2.2.3. Decoupler 

One of the connections between the upper and the lower chamber for passing 

the fluid is the decoupler. A decoupler, as depicted in Figure (1-2), is a gate-like cylinder 

with a few orifices at the top and bottom, and a rubber that moves up and down inside 

this cylinder shape gate. The mechanism of movement of this rubber depends on the 

amplitude of excitation. At higher frequencies and lower amplitudes, for example at 

amplitude of0.1 mm and frequency in the range of 50-250 Hz, the gate is open and the 

rubber moves freely inside [38]. Furthermore, the fluid moves between two chambers 

easily, and the inertia track is out of mechanism due to its narrow diameter. On the other 

hand, when excitation is occurring at lower frequency and higher amplitude, the rubber 

contacts the orifices and closes the gate, and makes the inertia track the only path for 

fluid to move between the two chambers. Golnaraghi et al. [1] studied the nonlinear 

characteristics of a decoupler, along with Singh et al. [19] who worked on the nonlinear 

characteristics of decoupler, due to the free travel gap for rubber inside the decoupler 

and diaphragm area. In the Cooper Standard products we are working with, the 

decoupler has 28 holes of 3 mm diameter, 14 holes on each side. Another consideration 

that has been investigated by Geisberger [17] is the leakage of the decoupler when its 

rubber sits on the bottom of the cage. It adds a leakage term to nonlinear equations of 

the mount. To the matter of fact that we studied the mount at lower frequencies to 

analyze the attitude of inertia track, as will discussed in the test setup, the decoupler 

cage has been closed firmly to avoid any leakage and make the inertia track the only 

passage for fluid from the upper chamber to the lower, and from lower chamber to the 

upper. 
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2.2.4. Inertia track 

The inertia track is a pipe of small diameter that connects the lower chamber to 

the upper and fluid passes through it if the decoupler is closed. Its cross section and 

diameter can be different in each kind of engine mount. Some of the engine mounts 

have more than one inertia track, based on the dynamic stiffness requirements. Zhang et 

al. [42] studied the resistance of the inertia track of an engine mount with one, two, and 

three inertia tracks. In the case of a closed decoupler, the inertia track plays a major role 

in energy dissipation inside the mount and provides the high damping needed at low 

frequency to isolate the cabin from noises and vibrations. The inertia track studied in this 

thesis has a diameter of 5.4 mm and the cross section is semicircular. Many researchers 

assume the inertia of the fluid inside the inertia track    and resistance of fluid    are 

constant. Kim and Singh [19] have considered that the inertia of the fluid in laminar flow 

inside inertia track increases by frequency. Because the Reynolds number keeps 

changing due to the sinusoidal excitation of fluid, in this thesis the resistance cannot be 

assumed to be constant, based on the experimental results and simulations. 

2.3. Harmonic excitation of damped system 

Before investigating mathematical modelling of the engine mount, we decided to 

study the harmonic excitation of a damped system, to gain a better understanding of the 

desired characteristic of engine mounts.  

Considering the engine as a mass and the engine mount as a component 

containing spring and damper, as depicted in Figure (2-3), the mechanical equations of 

harmonic base excitation are explained [22]. Assuming sinusoidal excitation of the base 

and summing the relevant forces on the mass  , the sum of gravitational force and two 

forces acting on mass from damper and spring modeled in Figure(2-3), the equation of 

motion yields, 
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Figure 2-3: Lumped model of mass, spring and damper system 

   ̈     ̇   ̇           2-1 

with sinusoidal excitation of base: 

                2-2 

where     represents the amplitude and     denotes the frequency of base 

oscillation. By substituting      from equation (2-2) into the equation of motion given in 

(2-1), the following equation is achieved: 

  ̈     ̇                             2-3 

If we use the definition of natural frequency and damping ratio [22], then 

calculating the particular solution of equation (2-3) and dividing by the mass yields, 

   √
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where   is damping ratio,   is damping coefficient and    is natural frequency. 

Equation 2-6 be simplified as 

  ̈        ̇    
     √  
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Considering           and solving the equation for particular and harmonic 

solution we obtain 
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for   and   , By definition 
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Therefore, knowing that time goes to infinity and defining    frequency ratio, we 

get 

 

  
 

√        

√              
 2-12 

  
  

  
 2-13 

which expresses the ratio of the maximum response magnitude to the input 

displacement magnitude which is used to define the transmission of motion from the 

base to the mass as a function of frequency ratio 
  

  
 . 
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Figure 2-4: Displacement transmissibility as a function of the frequency ratio [22] 

The graph in Figure (2-4) makes it obvious that for   √   the transmissibility 

ratio is greater than 1, which shows that motion of the mass is an amplification of motion 

of the base, and a different value of damping ratio   determines the level of amplification. 

It is also seen that for   √    the transmissibility ratio is less than 1, and motion of the 

base is larger than motion of the mass. Knowing that the best situation is to have the 

transmissibility ratio between 0 and 1, we need to have an interchangeable attitude 

based on frequency and amplitude of the system. This graph directs us to the conclusion 

that at low frequency and high amplitude, we need higher damping ratio ζ and stiffness K 

and damping coefficient C, but at high frequency and low amplitude we need lower ζ and 

K and C. To achieve these responses we are using a passive engine mount that has 

different attitude based on various frequencies. 

As discussed, the ideal engine mount should minimize the transmissibility ratio of 

the engine to the chassis. Therefore, having low damping for   √  and increasing the 

frequency ratio to move to the right of Figure (2-4) are desirable. To achieve these, we 

must decrease the stiffness of the engine mount along with damping coefficient. 

Considering    √  , at the lower frequency region in Figure (2-4) the mount must 

provide higher damping ratio and stiffness to reduce the transmissibility. The design of 

Increasing   

Increasing   
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the hydraulic engine mount is a time-consuming, expensive process needing many trial 

and error attempts, so to save time and energy, good modeling of passive engine 

mounts is required. 

2.4. Linear model of hydraulic engine mount 

A linear model of the hydraulic engine mount with emphasis on the inertia track 

as the main passage of fluid inside the mount has been investigated. Figure (2-5) 

illustrates a lumped model of our passive engine mount, with the decoupler and inertia 

track as paths for fluid from the upper chamber to the lower, and vice-versa. As depicted 

in Figure (2-5),    is the stiffness of the main rubber while,    is the damping coefficient 

of the rubber on top of the mount. Assuming the chambers of engine mount are a 

cylinder and movement of the upper rubber is a piston,    is the effective piston area. In 

addition,    and    are flow rate passing through the decoupler and inertia track, and   

is the mass of engine,   and   being the motion of engine and hydraulic mount, which is 

attached to the chassis. Finally,    and    are compliances of upper and lower cage, 

while   and    demonstrate the pressure of upper and lower chamber. Now we can 

study momentum equations for an engine mount. 
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Figure 2-5: Lumped model of hydraulic mount [17] 

   ̇            ̇ 2-14 

   ̇        2-15 

Because the focus of this project is response of the engine mount at lower 

frequencies, and knowing that the inertia track is the main passage for fluid at this 

frequency range, the decoupler is assumed to be closed in deriving the equations. 

2.5. Linear equations for fixed decoupler 

Assuming we use a fixed decoupler, we can write equation (2-14) as 
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   ̇     2-17 

      ̇  2-18 

where    is the cross sectional area of inertia track and  ̇  is the speed of the flow 

that is passing through inertia track. We can also define    and   , upper and lower 

compliances, as [43] 
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Where   and    are stiffness of upper and lower chambers. Considering    and 

  as hydraulic forces induced in the entrance and exit of the inertia track, the following 

equation can be derived 

         ̈     ̇  2-21 

Where    is finite mass that passes through the inertia track and    is the viscous 

friction in the pipe. Dividing both sides of the equation by the cross sectional area of 

inertia track, enables us to show the pressure of both sides of the inertia track 

  

  
 

  

  
 

  

  

 

  

    ̈   
  

  

 

  
    ̇   

 

yields 



 

26 

 

      
  

  
   

̇  
  

  
    2-22 

Now we can define inertia and the resistance of the fluid inside the inertia track 

as 

   
  

  
  2-23 
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Finally the difference of pressure in upper chamber and lower chamber is derived 

from 

         ̇       2-25 

where    and    denote the pressure of lower and upper chamber,    is inertia 

terms of inertia track,    is resistance of the inertia track, and   and  ̇  are volumetric 

fluid flow and its derivative.  

Therefore, to obtain the force transmitted to the basis, we have 

           ̇                 2-26 

Where    and    are stiffness and damping of the main rubber. To solve the 

equations for pressure in the upper and lower chambers as well as fluid flow through the 

inertia track, the Laplace transformation has been applied to equations (2-16), (2-17) 

and (2-25), yielding 
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As a result, we obtain  
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Finally, to show the dynamic stiffness of the engine mount, as well as 

implementing equations (2-31) and (2-32) in equation (2-26), we divide both sides of 

equation (2-26) by the movement of the engine, assuming the chassis is fixed; then 
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where    and    are stiffness of main rubber and engine displacement, and    

denotes affected piston area. Equation (2-33) includes the sum of three components; the 
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first and second parts are related to the stiffness and damping of the rubber and the third 

part is the participation of hydraulic components.  

Now is a suitable time to analyze the inertia track in terms of its resistance by 

employing experimental setup to gather reliable data. In next chapters, test apparatus 

and modeling the resistance of inertia track will be discussed. Although this model 

seems to be close to real situation, there are still some uncertainties. Assuming the 

decoupler is closed at lower frequencies and inertia track is only passage of fluid is not 

very accurate due to leakage of fluid in decoupler area. Also nonlinear characteristic of 

resistance of inertia track make the linear assumption doubtful. Geisberger [17] added 

the nonlinear term to solve the problem and have got equation below with     and     as 

linear and nonlinear resistances, which is still inaccurate and not perfect solution to 

model the engine mount. 

         ̇          |  |    2-34 

2.6. HEMPP 

Hydraulic Engine Mount Prediction Program, HEMPP, is a tool to predict the 

dynamic stiffness for hydraulic engine mounts over a specified range of frequency 

values. This software combines experimental data and analytical modeling of engine 

mount to achieve a better prediction of dynamic attitude of the engine mount at a wide 

range of frequencies. The dynamic stiffness of a mount can be anticipated by simply 

inputting various dimensional parameters of the mount along with some other test data, 

saving both time and cost. The HEMPP uses database files as a compliance files 

obtained from experiments such as pumping area of upper chamber, stiffness and 

damping of the main rubber. It should be mentioned that the stiffness and damping 

characteristics of rubber would be achieved by testing a dry mount, while the effective 

pumping area at different frequencies have been obtained with a mount full of liquid. The 

HEMPP then adds the geometrical parameters of the decoupler and inertia track (not in 

a wide range), and by using an analytical method it can predict the dynamic stiffness of 
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the engine mount. As depicted in Figure (2-6), in the interface of the program, the 

manufacturer is able to simulate the behaviour of an engine mount by substituting the 

right data for the geometry of the decoupler and inertia track, and excitation condition 

such as range of frequency and amplitude of oscillation. Although the HEMPP is not 

time-consuming and is simple to understand, due to inaccurate modeling of the engine 

mount the results do not agree well in a specific range of frequencies. 

 

Figure 2-6: Interface of HEMPP 

2.7. Problem description 

Cooper-Standard Automotive is today one of the leading global automotive 

suppliers offering solutions in many aspects of industry. Their expertise lies in supply 

customized products, offering numerous benefits for costumers. An engine mount is an 

anti-vibration segment that they produce by using a HEMPP. Ultimately, the program is 

used by company to meet customer requirements without having to use practical trial 

and error. However, the outputted stiffness curve of the program, HEMPP, fails to 

generate precise solutions for larger displacement amplitudes, based on comparison 
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with experimental results. Figures (2-7) and (2-8) illustrate the comparison of simulated 

results of the HEMPP and experimental results in cases of dynamic stiffness and phase.  

Since the prediction begins to fail in the region 10 to 15 Hz, where the inertia 

track has more dominance on the stiffness output and is the range where the inertia 

track plays a main role, it has been suggested that the model for resistance of the inertia 

track could be the cause. For this reason, the goal of this thesis is to precisely identify 

the resistance of inertia track and to analyze the effect of dimensional divergence on 

pressure loss under sinusoidal frequency excitation. 

 

Figure 2-7: Dynamic stiffness outputted by HEMPP and experiments for 1mm and 
2mm amplitude of excitation 

 

Figure 2-8: Phase outputted by HEMPP and experiments for 1mm and 2mm 
amplitude of excitation 
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3. Preliminary Studies on Parameter to 
Geometry Relation 

Before starting the modeling of the resistance of fluid inside the inertia track, we 

try to get some knowledge of the attitude of pulsatile fluid. This chapter focuses on 

providing insight into the relationship between dimensions of pipe and its resistance, 

when fluid inside the pipe is under frequency and sinusoidal excitation. Specifically, the 

work presented here investigates the effect of roughness, cross sectional area, and 

curvature of pipe on the frequency response of pressure drop using the experimental 

procedures described in this chapter.  

Using different pipes with different diameters and roughness, and changing the 

pipe from a straight form to a rotated form in different angles, have been considered. To 

obtain results from this kind of situation, use of the simple experimental setup discussed 

in this chapter has been suggested. 

3.1. Experimental setup 

The experimental setup used to obtain the test data contains the cylinder, piston, 

and cap that the regular pipe has come out of it. The cylinder is filled with water; this 

filling should be done precisely to prevent air bubbles from sticking to the walls of the 

chamber, because bubbles can cause great uncertainties in the results. One pressure 

sensor model Omega PX481A with ability to sense pressure up to 100psi and producing 

output in voltage has been located in the end of the cylinder. By putting the sensor there, 

the pressure of the fluid at the entrance of the pipe is achievable; and because the other 

end of the pipe is connected to the atmosphere, we can calculate the pressure 

differences of fluid flowing in the pipe. After the system has been perfectly sealed, we 

put the whole setup on an electro-magnetic shaker with ability to create a wide range of 
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frequencies from 5 to 2000 Hz with amplitude of 1” (2.54 cm). This shaker can tolerate 

150 kg of mass on top. Then the chassis and holder bar are used to fix the top of the test 

setup and allow the piston to move up and down inside the cylinder. There is one power 

field to create the electrical field and one amplifier to induce the power through the 

shaker for running the test. Also, it is required to have one USB shaker controller to 

direct and modify the signals to the computer, allowing us to read the data and analyze 

them. The software used to program the shaker and run it in the desired mode is 

working through the USB controller. In addition, there is one accelerometer located on 

top of the shaker to close the electrical loop. The controller has eight input channels as 

directors of signals those are coming from sensors depends on the condition of the test. 

In our case that we have two sensors, two of the channels have been used. All the 

facilities that have been used to run the tests are shown in Figure (3-1). Figure (3-2) 

shows the test apparatus and its schematic. More information about electro-magnetic 

shaker and sensors is provided in the next sections. 

 

Figure 3-1: Experimental setup and its components 
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Figure 3-2: Test apparatus and its schematic view 

3.1.1. Electro- magnetic shaker 

The V721series vibrators are wide frequency band electro-dynamic transducers 

capable of producing a sine vector force of 4100N (922lbf). These vibrators normally 

operate in the frequency range 5 to 4000 Hz from a sine wave of random signal input, 

and are driven by power amplifiers of up to 2.5 KV output. Operation below 5 Hz is 

possible with a suitable amplifier. They are fitted with built-in air load support with a 

maximum payload capacity of 100 kg (220lb) with full relative displacement. 

The vibrator consists of a magnetic structure that houses and supports the 

armature and field coils, which are suction air cooled by using a remotely located fan. 

Degauss coils are fitted to reduce the stray field above the armature table. 
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The vibrator can be locked in the vertical or horizontal position by means of 

clamp bolts. On the other hand, it can provide a support about which it can turn in a 

vertical position. This series of vibrators can be driven by any suitable 

oscillator/amplifier/field power supply combination, but the LDS PA1000L amplifier is 

used for this purpose. It also requires a field power supply, the LDS model FPS10L. The 

typical V721 vibrator is shown in Figure (3-3). Swept-Sine is a common type of vibration 

test as the name implies, the drive signal to the shaker is a sine wave that changes in a 

smooth continuous manner over a range of frequencies. The amplitude level of the 

reference profile can be defined in acceleration, velocity or displacement units. The 

control system generates an output sine wave to excite the device being tested. A level 

detector measures the control signal amplitude. The control signal amplitude is then 

compared with the reference amplitude and the drive signal amplitude is updated. 
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Figure 3-3: LDS electro-magnetic shaker 

3.1.2. Accelerometer 

For this test apparatus, the accelerometer model Dytran has been used. This 

type of accelerometer features Low Impedance Voltage Model (LIVM) operation. The 

self- generating seismic element, using piezo-ceramic crystals in a planner shear mode, 

converts acceleration to an analogous electrostatic charge mode signal. 

These models are capable of driving long cables with no appreciable effect on 

sensitivity and frequency response. Simple constant current type power units supply 

power to operate the integral charges amplifier and separate the signal from the DC bias 

at the output of the internal amplifier. In our experiments, it is attached to the USB 

shaker controller which provides the power to run it and get the feedback at the same 
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time. A coaxial cable has been used to connect the accelerometer to a controller. The 

other reason to apply this model relates to featuring signal ground isolation on the 

mounting surface which is at the top of the shaker to avoid annoying ground loops and 

hermetic sealing for normal operation in moist and dirty environments. 

 

Figure 3-4: Dytran accelerometer 

3.1.3. Pressure transducer 

A pressure sensor model Omega’s PX481A has been installed at the wall of the 

cylinder. This type of transducer is designed for general industrial requirements and 

offers excellent performance in a wide range of applications. It is based on proven micro-

machined silicon technology, providing high reliability and long-term stability. To avoid 

damage from high pressure during fast motion, the 100psi range has been chosen. 

The PX481A is fully digitally compensated for the effects of pressure and temperature 

change. It is extremely accurate less than 0.3% FS reference accuracy, and less than 

1% FS over its compensated temperature range. Wetted parts are made of 316L 

stainless steel for a wide range of media compatibility, it has voltage output matched to 

the controller, and it prevents use of the amplifier which may result in more noise in the 

data obtained. 
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Figure 3-5: Pressure transducer 

3.2. Effect of roughness on frequency response of pressure 
gradient inside pipe 

Changing the roughness of the pipe was achieved by locating two different sand 

papers inside the same 0.5” diameter pipes. As depicted in Figure (3-6), sand papers of 

220 grit and course 80 grit were applied inside the pipe. The roughness of 220 grit sand 

paper is 0.48     and of 80 grit is 1.8   . The shaker was programmed to run in 

sinusoidal motion from 5 to 40 Hz frequency with amplitude of 0.1 mm peak to peak. As 

illustrated in Figure (3-7), roughness has a great effect on the peak value of the 

amplitude of frequency response of pressure difference in the fluid flow between two 

heads of pipe. Although the peak values occur in the same frequency for both situations, 

the amplitude of the pressure in the smoother pipe is lower than in the coarser one at 

frequency range 12 to 17 Hz. Based on Bernoulli equation (      
 

 

  

 
 )[44], there are 

few parameters such as viscosity, dimension and inertia which affect the pressure 

gradient inside the pipe. At lower frequencies, the interior diameter of the pipe with 

smoother sand paper is larger than another one, allowing the fluid passes through the 

pipe with higher speed, causing larger pressure gradient. But at the frequency range 12 

to 17 Hz, viscosity shows more effect and pressure gradient in the pipe with coarser 
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interior is higher than the other one. After this frequency range, the velocity of fluid inside 

the pipe is larger, inertia dominates the effect of viscosity and pressure gradient inside 

the smoother pipe becomes larger than pressure gradient inside the pipe with coarser 

interior. This proves that if we have two pipes of the same size with the same fluid 

passing through them, the pipe with greater roughness induces more pressure 

differences between two heads of pipe at specific frequency range. 

To study the phase lag of motion, we need to study the Womersley number 

which is very helpful in understanding the attitude of oscillatory flow. The Womersley 

number is a dimensionless number that define the collaboration of pulsatile flow 

frequency with viscous effects. Womersley [45] showed that when the Womersley 

number is small, flow will be almost in phase with the pressure gradient, but when it is 

large (greater than 10), flow lags the pressure gradient by about 90 degrees. Womersley 

number in defined in equation 3-1 with   is radius of the pipe,   is angular frequency 

while,   and   denote density, dynamic viscosity and kinematic viscosity of the fluid. 

   (
 

 
)
   

  (
  

 
)
   

 3-1 

Studying the graph in Figure (3-8) of the phase-lag between the pressure of the 

fluid flow inside the pipe and the acceleration of the fluid leads us to the point where the 

largest phase lag (180degree) occurs in the same frequency that peak values of 

pressures take place for both pipes. As depicted in Figure (3-8), at higher frequencies 

the phases are less than 180 degree and around 140degree, which are reasonable 

values due to the higher roughness and lower speed of water inside the pipes. Based on 

work by Womersley [45], it is obvious that increasing the speed of flow caused by the 

shaker at higher frequency excitation makes the acceleration lag the pressure gradient 

from zero in 1 Hz frequency up to 180 degree at higher speeds. By looking at the phase 

graph more closely, it has been observed that the phase of pipe with smoother interior 

reaches the point of 180 degree phase shift at higher frequency compared with the one 

that has rougher wall. At lower frequencies, acceleration of the fluid also lags the 
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pressure gradient in a smoother pipe more than in the rougher pipe. Therefore the 

roughness in pulsatile reciprocating fluid flow has an undeniable effect. 

 

Figure 3-6: Different sand papers and a pipe 

 

Figure 3-7: Pressure vs. frequency for different pipes roughness 
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Figure 3-8: Phase lag between pressure and acceleration of flow for different 
roughness 

3.3. Effect of diameter on frequency response of pressure 
gradient in sinusoidal movement 

To observe the effect of change of diameter on frequency response of pressure 

gradient of fluid flows under the situation of pulsatile reciprocating excitation, three 

different pipes have been used to the test setup .The Shaker was programmed to run a 

sinusoidal pattern from 5 to 40 Hz with 0.1 mm peak-to-peak amplitude and a rate of 1 

Hz frequency per second, so the total process took 40 seconds. Looking at the results in 

Figure (3-9), gathered from the pressure sensor located in the same place as in the 

previous experiment, we reach the conclusion that when the pipe is  smaller in diameter, 

the peak value of pressure gradient occurs at smaller frequency and the value is larger 

than those with larger cross sectional area. Although all three of them follow the same 

trend in their frequency response, a smaller cross section creates a higher pressure. As 

in previous cases, the White’s equation can confirm that our experimental results are 

reasonable; in the pressure differentiation between two heads of pipe,    is related to 

diameter of pipe,  . It has been proven that    
 

   [44]. Studying the loss angles of 

these three pipes depicted in Figure (3-10), again is showing us that the resonance of 

frequency response occurs at 180 degree phase lag but depends on the diameter of the 

pipe; the pipe with smaller cross sectional area reaches the point of the highest phase 

shift earlier than those with larger cross sectional area. Also, same as previous 
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experience and considering Womersley number [45], the phase between pressure 

gradient and acceleration of the fluid starts at 1 and increases to 180 degree, which 

results in 90 degree loss angle between the pressure gradient and velocity of liquid. So 

these experimental results prove that the diameter of the pipe has a definite effect on 

pressure differential, the smaller the pipe, the higher the pressure. 

 

Figure 3-9: Pressure vs. frequency for different diameter 

 

Figure 3-10: Phase of pressure and acceleration 

3.4. Effect of curvature on frequency response of pressure 
gradient in sinusoidal movement 

To evaluate the effect of curvature on the frequency response of pressure 

differentiation of a pipe, when the pulsatile reciprocating fluid flows inside it, the regular 
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pipe with an inner diameter of 3/8” and accepted flexibility has been used. The reason 

that the regular transparent pipe was used is the ease of rotating it around the circular 

cylinder to test different rotational angles. As depicted in Figure (3-11), the 3.25” cylinder 

made with aluminum has been used as a base, and the pipe was rotated around it, 

startingat90 degree. Next angle was 180 degree, and rotation continued until the pipe 

made a circle in increments of90degrees. It has been suggested to use the pipe with 

smaller diameter because rotating and forming it to the expected shape is simpler than 

for those with larger cross sectional area.  

 

Figure 3-11: Cylinder and pipe rotated around it 

To start the test, for each kind of situation and angle, the shaker was 

programmed to run the sinusoidal motion from 5 to 40 Hz with the rate of 1 Hz per 

second. Amplitude of excitation was 0.1mm for all of them. The results for frequency 

response and phase shift are depicted in Figures (3-12) and (3-13). These experimental 

results lead us to the point where the angular rotation of the pipe does not make a 

noticeable change in the peak value of the pressure differential of the fluid flows through 

the pipe, and same for phase; the discrepancy in different angles is negligible. Although 

entrance loss is a substantial parameter in laminar and turbulent flow [44], in 
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reciprocating flow in a pipe with small size of cross sectional area and length, it seems to 

be inconsequential in modelling the fluid flow. Although curvature of the pipe did not 

have a noticeable effect on the frequency response of the pressure gradient in our study, 

it has an undisputable influence on the pressure gradient of a pipe when fluctuating fluid 

flows in bigger pipes with larger cross sectional area and more rounds of circulation. As 

in previous tests, in this case, the phase between pressure and acceleration of fluid goes 

up to 180 degree which is reasonable according to Womersley [45]. 

 

Figure 3-12: Pressure vs. frequency in different rotational angles 

 

 

Figure 3-13: Phase of pressure and acceleration 
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3.5. Studying the results of testing 0.5” diameter pipe with 
applying different amplitudes and frequencies 

A 0.5” inner diameter pipe was used to observe the frequency response of 

pressure gradient when the amplitude changes. The graph comparing different 

amplitudes is depicted in Figure (3-14). To start the test, the shaker is programmed to 

perform in sinusoidal harmonic movement in the range 5 to 40 Hz with a time rating of 1 

second per hertz. As shown in the graph, increasing the amplitude from 0.2 mm to 0.5 

mm makes a big difference in the peak value of frequency response. For instance, at 0.2 

mm amplitude the highest value of the pressure gradient is nearly 6 kPa occurring 

around 12 Hz, but at 0.5 mm amplitude of excitation, it jumps to 40 kPa. Although they 

have different pick values, resonances are happening in the same frequency for both. As 

shown in White [21], the pressure differentiation between the entrance and exit of the 

pipe,    and flow of water inside the pipe,   have a relationship as        . The 

experimental results can be validated, considering the fact that by increasing the 

amplitude of excitation, the volume of fluid passing through the pipe is increased. 

 

Figure 3-14: Pressure vs. frequency for different amplitude of excitation 

The phase of the system between pressure and the acceleration of the shaker is 

depicted in Figure (3-15); it shows that the phase starts from zero and increases to -180 

degree, which agrees with results from Womersley [45]; when the speed of the flow 

inside the pipe in reciprocating movement exceeds 10 Hz, flow lags the pressure 

gradient by about 90 degree .Because flow and acceleration have another 90 degree 
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difference in phase, the results of the phase could be approved. Another result observed 

from the graph concerns different amplitudes; phase between pressure and acceleration 

of flow of the fluid inside the pipe, does not change. It should be mentioned that to 

achieve a better observation of attitude of fluid inside inertia track of hydraulic engine 

mount, the second test apparatus has been employed. In chapter five, the second test 

apparatus will be explained in details. 

 

Figure 3-15: Phase lag between pressure and acceleration of flow 

3.6. Conclusion 

By studying the experiments explained in this chapter, we have visual information 

about the effects of changing some physical parameters of the pipe. The different 

diameter, roughness’s and amplitude of the sinusoidal movement, each have their own 

importance in modelling the attitude of fluid that flows through a pipe under sinusoidal or 

harmonic reciprocating excitation. Because flow is going back and forth through the pipe, 

amplitude of movement affects the output pressure more than other geometrical 

changes. In all the fluid mechanic equations, the diameter of the pipe is a main concern; 

increasing or decreasing it affects the speed and flow and pressure profile. Moody [46] 

shows in his well-known chart that in turbulent flow,     
 

 
 .The same property of the 

dynamics of fluid has been monitored when a different roughness was applied.These 

consequences emerge not only in the peak value of pressure differentials, but also in 

phase angles. Other parameters concerned with the behaviour of the dynamics of fluid 
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are length of the pipe and cross sectional shape of the pipe. Also, although the different 

angles of rotation did not show differences in pressure differential or phase lag, it should 

be mentioned that short pipe, with small diameter and curvature up to 360 degree has 

been used in our experiments. The reason for avoiding more curvature and larger pipes 

is to simulate the situation close to the inertia track of the engine mount. On the other 

hand, in other applications where rotation occurs a few times, and sizes of pipes are 

larger; even with higher frequency excitation, the angle of rotation may play a big role in 

the behaviour of fluid through the pipe. 
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4. An insight into modelling the resistance of 
the inertia track of an engine mount 

This chapter is an insight to the modelling of resistance of inertia track, when fluid 

flows through it, under pulsatile and reciprocating excitation. The Mechanics and regime 

of fluid inside the inertia track has been investigated. The main equations of pressure 

gradient and the resistance of fluid inside a pipe along with dimensionless numbers of 

flow have been reviewed. The pressure gradient of fluid inside inertia track in laminar 

and turbulent flow has been achieved.  

4.1. Mechanics of fluid 

Resistance is an important factor in the mechanics of fluid being studied by many 

researchers using different material fluids under various situations and conditions. 

Before analysing the modelling of resistance of fluid inside the inertia track, some 

fundamental equations have been introduced and discussed. In upcoming sections the 

dynamics of fluid behaviour have been investigated in more detail. 

4.1.1. Reynolds number 

One of the most important dimensionless factors in the mechanics of fluid is the 

Reynolds number, used to identify the ratio of internal forces to viscous forces [21]. This 

number is used to define the attitudes of fluid in terms of laminar or turbulent behaviour. 

Researchers evaluate the Reynolds number of motion to anticipate the profile of velocity 

and forces and generally to determine the dynamics of fluid in all cases of study. For this 

project where flow inside the inertia track is concerned, the Reynolds number is defined 

as 
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 4-1 

where   is the density of the fluid and   is the mean velocity of fluid inside the 

pipe, while Q denotes volumetric flow rate,   and D are cross sectional area and the 

diameter of a pipe. Also,   is the dynamic viscosity of the fluid, and   is the kinematic 

viscosity    
 

 
 . 

4.1.2. Laminar flow 

To define the laminar flow, the Reynolds number has been employed such that 

for Reynolds numbers lower than 2300, the regime of fluid is laminar with smooth,  

steady and parallel layers of fluid [44]. There are a few equations to quantify the 

pressure drop in a pipe when fluid is passing through it, and here, some of the more 

practical equations are reviewed. 

4.1.3. Hagen–Poiseuille equation 

In calculating fluid dynamics, Hagen-Poiseuille equations widely used in many 

cases, defined as 

   
      

   
 4-2 

These parameters have the same definition as explained before along with    as 

pressure gradient. It should be noted that there are some assumptions to derive this 

equation; for instance, the working fluid is a viscous fluid and incompressible while the 

motion inside the pipe is laminar with no acceleration. This formula is also written for a 

long pipe, and entrance loss has been neglected. The Hagen-Poiseuille equation has 

been derived from the Navier–Stokes equation. 

http://en.wikipedia.org/wiki/Navier%E2%80%93Stokes_equations
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4.1.4. Darcy–Weisbach equation 

Darcy and Weisbach have done excellent research on the head loss of a pipe 

when laminar fluid flows through it [21]. Based on their fundamental equation, the 

pressure drop or head loss in pipe is related to length, diameter, and average velocity of 

fluid, gravity, and Darcy friction factor. 

     
 

 

  

  
 4-3 

In the mechanics of fluid, the Darcy friction factor is defined as 

  
  

  
 4-4 

In some applications, the Fanning friction factor has been used which is 

  
  

  
 4-5 

4.1.5. Turbulent flow 

Turbulent flow is studied in this section as a main regime of fluid inside the inertia 

track. The Hagen-Poiseuille law loses its validity when the Reynolds number exceeds a 

certain value. Experiments show that irregular velocity fluctuations set in, causing an 

intensive intermixing of the various layers in the flow [47]. The profiles of the time-

averaged velocity increase and the wall shear stress increases. The pressure drop no 

longer is proportional to  ̇, but approximately to   ̇, and the flow is then called turbulent 

[47]. Turbulent flow occurs at high Reynolds numbers, mostly higher than 4,000, and is 

dominated by inertial forces, which tend to produce chaotic eddies, vortices and other 

flow instabilities. Analyzing the regime and profile of velocity and pressure in turbulent 

http://en.wikipedia.org/wiki/Eddy_%28fluid_dynamics%29
http://en.wikipedia.org/wiki/Vortex
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flow is more complicated than for laminar flow. It should be noticed that in the range of 

2300< Re <4000, fluid is considered transient flow which is the region that laminar flow 

becomes turbulent. Some efforts have been taken to identify the pressure drop of the 

fluid inside the pipe, and its friction factors. Here some equations are discussed. 

One of the most important equations for identifying the pressure drop used for 

both laminar and turbulent regimes was given by White [21]: 

    
   

    
    

  

   
   4-6 

Where  , is a friction factor as a function of Reynolds number and roughness, 

and   is the entrance loss that depends on the diameter of the pipe. 

This equation shows that pressure differentiation inside the long pipe is changing 

linearly with the square of volumetric fluid flow. For laminar regimes, the friction 

coefficient is being calculated as shown, and for turbulent regimes, it is obtained by a 

different method which will be discussed in this section. 

Blasius [44] has determined resistance of fluid in turbulent regime as 
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where    is the friction coefficient and    is the modified diameter found from 
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This can be applied for the situation where the Reynolds number is greater than 

4000. But the most reliable diagram to estimate pressure gradient and friction factor was 
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developed by Moody [46]. He provided the chart, known as the Moody chart, to define 

the pressure drop with respect to Reynolds number and roughness of a pipe or tube. 

When using the Moody chart, researchers should be careful about the friction factor that 

has been used in laminar regime. Depending on the version, it would be either a Darcy 

or a Fanning friction factor. 

 

Figure 4-1: Moody diagram [46] 

The chart in Figure (4-1), shows the relationship between Reynolds number and 

pipe friction. Calculation of friction factors depends on the type of flow encountered. 

Most commercial applications involve turbulent flow; in these cases, the inner roughness 

of the pipe has a significant effect on the friction factor. The relative roughness is the 

inner roughness divided by the internal diameter of the pipe. The friction factor is found 

by plotting the intersection of Reynolds number and relative roughness, and reading the 

friction factor on the left hand axis of the chart. 

Studying of the Moody diagram shows that based on the Darcy-Weisbach, the 

friction factor can be calculated as below: 
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To find the pressure drop from a Moody chart, we can employ the equation of 

Darcy-Weisbach [47] as 
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In equations 4-9 and 4-10,   denotes head loss,   is friction factor,   is length of 

pipe work,   is inner diameter of a pipe.   is the velocity of fluid, and   is acceleration 

due to the gravity. Also, there are some additional calculation have been done by 

Colebrook [48] and Haaland [44] to achieve  the friction factor by correlation, those are 

independent of head loss and pressure drop. 

Colebrook got the implicit equation based on Reynolds number, using   as the 

factor of roughness which is 

 

√ 
      (

 

     
 

    

  √ 
) 4-11 

But Haaland found the explicit equation also by correlation 

 

√  
        ((
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Based on studies on resistance inside the pipe, we found that in turbulent flow: 

 Resistance is not constant(R changes with flow) 
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 Pressure is proportional to approximately (flow rate) ^2 

 Greater resistance when flow is turbulent, everything else remains constant 

 Pressure is proportional to the 5th power of radius (i.e. Darcy-Weisbach 

equation) 

 Turbulent flow occurs at Reynolds number greater than 4000 

After reviewing the fundamentals and some practical equations of fluid flow and 

resistance, we will focus on the inertia track, our main concern in the thesis. As our 

application consists of oscillatory reciprocating flow, it is important to consider that 

Reynolds number is changing by direction of flow. So it is going from laminar to turbulent 

range, then zero, and again laminar and turbulent continuously. For this reason, none of 

the equations above give us accurate results for resistance inside the inertia track. In 

addition, in pulsatile flow, instead of using Reynolds number, kinetic Reynolds number 

has been used which will be introduced in the next section. 

4.2. Studying the model of resistance inside inertia track 

Pulsatile flow inside a pipe under the effects of periodic pressure fluctuations is a 

problem that has been investigated by researchers using experimental and analytical 

studies. It has been applied for many years in the studies of the circulation system of 

blood and in super-charging systems of reciprocating engines. Richardson and Tyler 

(1929) [47] were the first researchers whose measurements results showed that 

maximum axial velocity in an oscillatory flow with fast speed occurs near the wall of the 

pipe; it is called the “annular effect”. They worked on the sound waves in resonators. 

The theoretical verification of this phenomenon was made by Sexl (1930) [50] who 

calculated the velocity distribution. Both sinusoidal and non-sinusoidal motions of a fully 

developed incompressible laminar oscillatory flow in a pipe were analyzed by 

Womersley (1950) [45].Uchida (1959) performed an exact solution of pulsating laminar 

flow superimposed on the steady motion in a circular pipe under the assumption of flow 

parallel to the axis of the pipe[52]. He used Hagen-Poiseulle’s law on the steady 
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component of pressure gradient. He also presented the relation between mean mass-

flow and the necessary gradient of pressure and loss of energy by dissipation that must 

be overcome by the excess work from the exterior.  

A few researchers have investigated frictional losses in a reciprocating pipe flow. 

Although they gathered some data on pressure drops and on heat transfer in a tube and 

packed tube under reversing flow condition with high speed, they could not find 

frequency dependence in either pressure drop or heat transfer data. The data obtained 

by Taylor and Aghili [58] (1984) indicate an increase of friction coefficient over a 

unidirectional steady flow of water in a pipe of finite length under the effects of 

oscillation. Zhao and Cheng [53] found an analytical and experimental solution to 

pressure drop in a fully-developed laminar incompressible reciprocating pipe flow. They 

showed that instantaneous and cycle-average friction coefficients of this kind of flow 

depend not only on the kinetic Reynolds number     
   

 
 , but also on the 

dimensionless oscillation amplitude of fluid    
     

  
), while dimensionless axial 

velocity profiles of fully-developed flow,   depend only on the kinetic Reynolds 

number     
   

 
 . The process of derivation used in next section is achieved from 

analyzes done by Zhao and Cheng [51]. 

4.3. Mathematical modelling 

Considering reciprocating flow inside a pipe, as an incompressible fully-

developed flow, conservation equations of mass and momentum are  
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Figure 4-2: Schematic of flow inside a pipe 

where   and  are the radial and axial coordinates,   and  are the density and the 

kinematic viscosity of fluid,   is velocity and   is the pressure of the fluid. Assuming the 

reciprocation of flow is caused by a sinusoidal varying pressure gradient defined as 
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Where  and   are circular frequency and amplitude of oscillation of motion. Zhao 

and Cheng [51] achieved the exact solution for the axial velocity profile of a fully-

developed reciprocating flow, obtained by modifying Uchida’s analytical solution [52], 

which is 
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 and are achieved respectively from 
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      and       are Kelvin functions defined as real and imaginary parts of 

    
   

  , and   is a Bessel function of first kind and is clarified as 
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with  (
 

 
) is the dimensionless radial coordinate, and with   denoting Womersley 

number defined by 

  
 

 
√
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As stated already,     
   

 
 is the kinetic Reynolds number which has same 

effect as regular Reynolds number in a unidirectional steady flow [53]. If integration over 

the cross sectional area of the pipe is applied to equation (4-16), the following exact 

expression for the mean velocity yields: 

             4-22 

Where      is the maximum speed of fluid and  , is the phase shift between 

velocity and externally imposed pressure gradient, defined to be 
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With 

  
 

  
√        
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And 
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where   and    are achieved from 
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with       
         

  
 and       

         

  
; so dimensionless axial velocity for 

reciprocating flow (  
 

    
) depends on    and    , where       is the 

dimensionless time related to the phase angle   as             with   as the 

number of turns. These equations prove the fact that the dimensionless axial velocity of 

fully-developed flow, at a known time and position, is only a function of kinetic Reynolds 

number. The instantaneous and cycle average friction coefficients of a reciprocating flow 

has been clarified as 
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In the equation 4-29,    is the shear stress of the wall of the pipe. Deriving the 

differentiation of equation (4-16) and substituting in equations (4-29) and (4-30) leads us 

to the exact expression for friction coefficient of fully-developed reciprocating flow 
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and 
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where 
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where   denotes phase angle difference in degrees between the wall shearing 

stress and cross-sectional mean velocity    defined in equation (4-22) . Also,    is a 

dimensionless fluid displacement which can be explained on the other hand as 
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Then 
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where     , as the maximum bulk fluid displacement. It also has been found that 

in laminar flow, the approximate correlation equation for prediction of the cycle-averaged 

friction coefficient is [54]: 

  ̅   
       

  (   
             )

 4-38 

By looking at the instantaneous friction coefficient more deeply, we observe that 

this value can be negative or positive depending on the direction of fluid flow inside the 

pipe. To derive the equation which matches the inertia track of the engine mount, we 

should return to momentum equation (4-14), and after multiplying both sides by 

     ,integration over cross sectional area and then the length of pipe from x=0 to x=L, 

have been applied, yielding 



 

60 

 

  

 
  

   

  
 

   

 
 4-39 

       
̇  

  

 
   

 

Where    is inertia of the fluid inside the inertia track defined as 
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As   denotes mass of the fluid and  the cross sectional area of the pipe, from 

equations (4-29) and (4-31), we can replace   and       and considering           ,  

we obtain 

   
  

 
 ̇  
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To obtain the instantaneous fluid flow and its derivative in equation (4-41), 

          is expanded and yields 

   
  

 
 ̇  

      

 
                                    4-42 

Then if we return to equation (4-22) (            ) and multiply both sides in 

the cross sectional area of pipe we will find the instantaneous flow    as follows 

            4-43 
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Then 
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By looking at equation (4-44) more deeply, we find the derivative of flow rate   ̇   

with respect to time which is            ; finally; we achieve the following equation 
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All the parameters can be calculated using the previous equations, and obtaining 

the pressure differentiation of fluid flows inside the inertia track of the engine mount is 

achievable. In the next section the gathering of experimental data and implementing 

them inside the formula is studied.  

It should be noted that all the above equations are based on the assumption that 

flow is laminar and they are valid in the range of             and           ; 

however at a higher speeds of fluid movement with a different diameter of tube, we may 

reach turbulent flow. For instance, in a situation where            and          

     , it was found that the following algebraic equation can predict the friction 

coefficient of cyclically turbulent oscillatory flow [54] 
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To achieve the pressure differential of fluid in two heads of a pipe, under 

oscillatory excitation, application of the same method used to obtain equation (4-45), 

yields 
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with 
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4.4. Evaluating the cycle average friction coefficient 

To study the cycle average friction coefficient at different amplitudes of excitation 

under sinusoidal movement, equation (4-38) has been evaluated in Figure (4-3). 

  ̅   
       

  (   
             )

 4-38 

In this case of study, the amounts of cycle average resistance at frequency range 

of 5 to 40 Hz with amplitudes of 0.5, 1 and 2 mm have been calculated.    and     have 

been obtained and implemented in equation (4-38).As observed from the Figure (4-3), 

the higher amplitude causes a lower cycle average friction coefficient inside the inertia 

track, and this value will decrease by increasing the frequency of oscillation. The 

reduction of resistance is occurring faster before the frequency of 10 Hz, while the 

incline of the graph is larger in this range of frequency. Although the friction decreases at 

higher amplitude of excitations, they all have the same trend with greater slope until 10 

Hz, slowly decreasing after that frequency. In addition, it can be shown that the 

resistance has frequency and amplitude dependency. To compare the resistance of 

reciprocating fluid under and pulsatile excitation in laminar and turbulent flow, equation 

(4-46) is given as 
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Figure (4-4) shows that the amount of resistance in turbulent regime is larger 

than in laminar regime flow. Both laminar and turbulent resistances have the same trend 

with bigger slopes at lower frequencies. The dependency on frequency is reduced by 

increasing the frequency, and it can be observed that at higher frequencies the slopes of 

the graphs are near flat. 

 

Figure 4-3: Cycle average resistance vs. frequency with different amplitude of 
excitation 
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Figure 4-4: Comparison of cycle average resistance vs. frequency in laminar and 
turbulent regimes 

4.5. Conclusion 

In this chapter, the pressure drop of pulsatile and reciprocating flow inside inertia 

track has been investigated. By looking at equation (2-5), 

         ̇       2-5 

and comparing it with equations (4-45) and (4-47), the new model of resistance 

of inertia track in laminar,   , and turbulent flow,   , will be define as 

   
      

 
         4-49 

and 

   
    

  
         4-50 

with 
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  (
    

   
           )  

In the next chapter, implementing of these new resistances in HEMPP will be 

evaluated and results will be discussed. 
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5. Simulation and verification of System Models 

In this chapter, simulation and verification of the system model are performed. 

The second test apparatus to verify the obtained equations of previous chapter is 

introduced in this chapter. First of all, the least square estimation method is applied to 

obtain the resistance of fluid inside the inertia track. This method has been used by 

many researchers to evaluate the resistance factor of the inertia track [17] [42]. 

Validation of the pressure drop equations which have been achieved in the last chapter 

has been investigated in the second part of this chapter. Moreover, simulation of 

modelling the dynamic stiffness of the engine mount to observe the effects of using 

different rubbers and of applying higher resistances has been studied. Final equations of 

new model of resistance obtained in chapter 4 have also been applied to model the 

dynamic stiffness of the engine mount to check progress in solving the problem. 

5.1. Experimental setup 

After studying the mechanics of fluid and the behaviour of fluid inside the inertia 

track, the thesis now quantifies equations obtained by introducing the test apparatus 

designed to get experimental results with best accuracy. As design criteria, the system 

had to be able to prove oscillatory input conditions to match those found within the 

mount. For this reason, two identical cylinders have been used with size similar to that of 

the upper and lower chamber of the engine mount. Figure (5-1), illustrates the test 

apparatus. Between these two cylinders we located the unit that containing the inertia 

track and decoupler of the engine mount that was provided by decomposing the engine 

mount to observe everything close to the real situation. Figure (5-2) shows a schematic 

of the unit. The lower piston is the location of the pressure sensor installed close to the 

top, just under the engine mount component. Both cylinders are filled with water, and a 

piston passes through the lower cylinder. 
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Figure 5-1: Schematic and mechanical experimental setup 
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Figure 5-2: Schematic view of component of engine mount containing inertia and 
decoupler 

The piston rack is attached to the bolted plate on the surface of the shaker, 

transferring the frequency-dependent motion of the shaker to the fluid inside the 

cylinders.  

Putting the pressure sensor right under the inertia track enables us to assess the 

pressure of fluid entering the inertia track. Because the inertia track is being studied in 

this research and is the main focus, the decoupler has been blocked to make sure the 

inertia track is the only way to allow flow from the lower cylinder to the upper and from 

the upper to the lower. Finally, four bars are passed through the lower and upper caps 

for bolting the system and keeping all components of the apparatus locked together, 

preventing unwanted movement and leakage. Because the upper cylinder is full of water 

and open at one end, we can calculate the pressure at the other end of the inertia track 

very simply. Furthermore, one Dytran accelerometer has been used to close the 

electrical loop and provide the feedback for the shaker. The pressure sensor and 

accelerometer and hydro-electronic shaker are the same as those described in chapter 

3. Sealing the unit should be done very precisely to avoid leakage and prevent the 

existence of air bubbles. Air bubbles inside the cylinders or the inertia track would cause 

Decoupler 

orifices 

Entrance 

and Exit 

of fluid 
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huge uncertainties in results by creating unnecessary compliances and may damage the 

pressure sensor by exceeding the pressure limit. 

To start the test, the shaker has been programmed to move with sinusoidal 

motion in different selected frequencies and amplitudes. The whole unit should be fixed 

without any extra movement as a result of fixing the top with iron bar to the chassis. 

Lubrication of the piston is an important requirement to allow it to slip smoothly inside the 

cylinder and avoid additional forces in the system.  

5.2. Least square estimation method 

The method of least square has been used by a few researchers to find the linear 

and nonlinear resistance of the inertia track. Geisberger [17] and Zhang et al. [42] have 

used this method to achieve the resistances of the inertia track when the fluid was a 

mixture of water and ethylene glycol. This method is a standard approach to estimate 

solutions of over-determined systems in cases of having more equations than 

unknowns. In addition, least square means that the overall solution minimizes the sum of 

squares of errors made as the result of every single equation. This method is being used 

to minimize the difference between observed values and fitted values provided by 

models. Equation (2-34) has been defined for the inertia track, considering     and     

as linear and nonlinear terms of resistance inside the inertia track. They have added the 

nonlinear terms to equation (2-25) which yields, 

         ̇          |  |    2-34 

In the matrix form of equation (2-34), the pressure difference and flux for different 

actuator velocities    are assigned to     and   
 , respectively. For the series of velocities 

denoted by 1, 2...,  , the nonlinear and steady state momentum equations of the fluid 

passing through the inertia track is: 
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Using the least square method, therefore, we can estimate inertia and 

resistances,    as  

                 5-1 

To obtain the data for this method, an experimental setup has been used to 

measure the pressure of fluid flowing inside the inertia track; and knowing that the inertia 

track is open to the atmosphere from the other end, we can calculate the value of each 

parameter of matrix. The fact that the shaker is moving in a sinusoidal pattern and the 

piston has constant area helps us to calculate the parameter of matrix  . To achieve the 

demanded values, we need to have at least three sets of equations and by using a DAC 

cart, we can obtain enough time domain data to estimate the inertia and resistances of 

the inertia track. 

To start the experiment, the shaker has been programmed to run sinusoidal with 

constant frequency for a few seconds, and 1000 data per second have been measured. 

The results of inertia and linear and nonlinear resistance of the inertia track at a dwell 

frequency of 15 Hz are listed as 
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Figure (5-3) depicts the evaluation of the accuracy of this method by comparing 

with measured data the result of multiplying matrix   by matrix  ; the results agree well. 

 

Figure 5-3: Comparison of measured and calculated pressure using least square 
estimation 

Although this method has been used by a few researchers, it has not been 

reliable in this thesis. Testing different frequencies and amplitudes, as well as different 

numbers of measured data, to put in a MATLAB code and obtaining the required values, 

giving us different results each time that the discrepancy between results is not 

negligible. Moreover, it should be noticed that in fact, in each iteration, there are some 

singular matrices that are not invertible, and therefore the accuracy of this estimation is 

doubtful. 

5.3. Verification of equations of momentum achieved for 
inertia track 

Now the equations of pressure differentiation of the inertia track with respect to 

the cross sectional area of the pipe is being evaluated experimentally. 

It can be seen from the equation (4-45) that all the parameters on the right side 

of equations are easy to calculate.  and   are length and cross sectional area of the 

inertia track which are known   represents radial frequency of oscillation, and  is the 

fluid density that here, density of water is used (            ).   and  ̇  can be 
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obtained from speed of the actuator multiply by constant cross section of the piston and 

its derivative. In addition,   and   can be found by applying Kelvin and Bessel functions 

    
  

 
 

      

 
         ̇   

      

 
            4-45 

For collecting experimental results, the shaker has been programmed to run a 

sinusoidal pattern with constant frequency of oscillation. Because these equations are 

derived in time domain and the shaker is able to provide frequency domain data only, 

the high speed data acquisition system (DAC) has been used to gather the time domain 

outputted data from the pressure sensor, with 1000 samples observed per one second 

of operation.  

Experimental results are being compared with analytical results in Figures (5-4) 

and (5-5). At 5 Hz and 10 Hz, which are the focuses here, experimental and simulation 

data agree very well in phase and amplitude, showing that the suggested model is a 

reliable equation for studying the attitude of fluid inside the inertia track. 

 

Figure 5-4: Pressure differentiation vs. time for 5 Hz 
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Figure 5-5: Pressure differentiation vs. time for 10 Hz 

To examine the validation of equation (4-47) for turbulent regime, the same 

technique for checking laminar flow equation has been used; to reach the turbulent 

regime, the shaker should be programmed to provide the higher frequency of excitation. 

Figure (5-6) compares the pressure differentiations of the inertia track with the simulated 

model results obtained from the equation. As observed, the test and simulation agree 

very well. In Figure (5-7) the variation of flow versus time is depicted. The negative value 

of   shows the direction of movement under sinusoidal and frequency excitations. 
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Figure 5-6: Pressure differentiation vs. time for 25 Hz 

 

Figure 5-7: Fluid flow vs. time in frequency of 25 Hz 

5.4. Prediction of dynamic stiffness of hydraulic engine 
mount with implantation of new model for resistance 

To check the improvement of prediction of dynamic stiffness, using the new 

model for resistance, the first step was to rebuild the HEMPP, a program written using 

both the MATLAB and C++ programming languages. The entire GUI and various 

parameter calculations were written in C++ while all of the core mathematics in HEMPP 

were done in MATLAB. The rebuilding of the HEMPP was done by previous researchers 

using MATCOM45 Compiler. In addition, FFT has been written to convert time domain 
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data to frequency domain. By following the method of HEMPP to build the library files for 

use in simulation, they were able to generate the program in MATLAB. 

At this point we needed to implement our new model of resistance inside the 

MATLAB codes to check the modification of HEMPP but before doing that, we will 

observe the effect of some materials and parameters in the simulation of dynamic 

stiffness. 

5.4.1. The prediction of dynamic stiffness using different rubbers 

In this section two types of rubber are studied to observe the dependency of 

dynamic stiffness to the main rubber material. 50 Duro and 45 Duro rubbers were 

examined to evaluate the influence of material on the stiffness    and damping    

characteristics of the mount. The simulation was done by applying 1 and 2 mm 

amplitudes from frequencies of 2 Hz to 40 Hz. Applying geometrical parameters and 

running the simulation yields the results depicted in Figures (5-8), (5-9), (5-10), (5-11). 

 

Figure 5-8: Dynamic Stiffness vs. frequency, using different rubbers with 1 mm 
amplitude of excitation 
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Figure 5-9: Phase vs. frequency, using different rubbers with 1 mm amplitude of 
excitation 

 

Figure 5-10: Dynamic Stiffness vs. frequency, using different rubbers with 2 mm 
amplitude of excitation 
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Figure 5-11: Phase vs. frequency, using different rubbers with 2 mm amplitude of 
excitation 

Figures (5-8) and (5-9) for amplitude of 1mm in sinusoidal motion, and Figures 

(5-10) and (5-11) for amplitude of 2 mm show discrepancies on dynamic stiffness and 

phase when two different rubbers are used to build the hydraulic engine mount. The gap 

is obvious when the frequency is higher than 17 Hz, because of the effect of compliance 

of the main rubber on the whole functional characteristics of the mount. 

Equation (2-33) also proves the fact that at higher frequencies   plays the main 

role in the frequency response of dynamic stiffness. Although changing the rubber has a 

big influence on dynamic stiffness of the mount, the effect on phase is not very obvious. 

5.4.2. The prediction of dynamic stiffness, increasing the 
resistance of inertia track 

In this section a new model of resistance is implemented inside codes and then 

increased by 20% and 40% to observe the effect of resistance on predicting dynamic 

stiffness and phase of the mount. Resistance parameter R does not alter the natural 

frequency of the liquid column in the inertia track. But it can change the shape of 

resonance and peak value of phase in both 1 mm and 2 mm amplitude of excitations. As 

illustrated in Figures (5-12), (5-13), (5-14), and (5-15), by increasing the resistance, the 

peak of dynamic stiffness curves and phase curves are reduced. On the other hand, 

arising resistance limits the motion of fluid inside the inertia track during resonance, 

causing the pressure peak to reduce and making the total system response smoother. 
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Figure 5-12: Frequency response of dynamic stiffness under the excitation of 1 
mm, using different resistances 

 

Figure 5-13: Phase vs. frequency under the excitation of 1 mm, using different 
resistances 
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Figure 5-14: Frequency response of dynamic stiffness under the excitation of 2 
mm, using different resistances 

 

Figure 5-15: Phase vs. frequency under the excitation of 2 mm, using different 
resistances 

5.5. Final graphical results 

After the studying the effect of two the most important parameters on the 

response of the system, we are going to implement the new model of resistance inside 

the HEMPP to predict the dynamic stiffness and phase of the hydraulic engine mount. 

Figures (5-16), (5-17), (5-18) and (5-19) illustrate the comparison of the new model with 
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the old model along with the experimental results achieved by the Cooper Standard 

Company. 

Here, 1mm and 2mm amplitude excitations have been performed. As observed, 

the frequency response of dynamic stiffness and phase of the system show great 

improvement. The model resistance agrees well with the experimental results, verifying 

the mechanical fluid equations that were derived and discussed in chapter 4. Figures (5-

16) and (5-18) are showing dynamic stiffness is predicted well compared to the 

prediction of older version of HEMPP, not in magnitude, but also in frequency. 

Resonance for both prediction of dynamic stiffness by new version of HEMPP and 

experimental results happen at same frequency of 15 Hz, while the prediction by older 

version of HEMPP is showing that resonance happens at frequency of 20 Hz. By looking 

at these graphs, it is obtained that using the new model resistance in HEMPP, which is 

frequency dependent, improves the prediction of dynamic stiffness compared to the old 

version with resistance as a constant amount. 

 

Figure 5-16: Frequency response of dynamic stiffness for 1 mm amplitude of 
excitation 
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Figure 5-17: Phase vs. frequency of engine mount for 1 mm amplitude of 
excitation 

 

Figure 5-18: Frequency response of dynamic stiffness for 2 mm amplitude of 
excitation 
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Figure 5-19: Phase vs. frequency of engine mount for 2 mm amplitude of 
excitation 
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6. Conclusion and recommendations 

Modifying the prediction program of a hydraulic engine mount, HEMPP, was the 

main goal of this thesis. Different types of hydraulic engine mounts and their functionality 

have been discussed. It has been shown that development of the prediction program 

cannot be achieved unless the resistance of fluid inside the inertia track has been 

modeled accurately. The mechanics and characteristics of fluid under frequency and 

pulsatile excitation have been investigated in details. It is noteworthy that reciprocating 

motion of fluid inside inertia track complicates problem. For instance, Reynolds number 

is varying from 0 to the higher amount and then, when the direction of flow changes, the 

Reynolds number returns to zero and starts to increase depending on the frequency of 

excitation, which makes it difficult to predict the regime of flow. To solve the problem, the 

kinetic Reynolds number and the Womersley number have been used and studied to 

understand the attitude of the fluid flows inside inertia track. It was found that the regime 

of fluid depends on kinetic Reynolds number and dimensionless amplitude of excitation 

which in our case of study, flow is turbulent except at very low frequencies. Two test 

apparatuses have been assembled to investigate the characteristics of fluid inside pipes 

with different dimensions and also the frequency responses of pressure differentiation in 

a circular pipe when fluid passes through it under pulsatile and sinusoidal excitation. 

Pipes with different cross sectional areas, interior roughness and rotational 

angles have been studied. The effect of changing the amplitude of excitation when fluid 

is moving under pulsatile excitation has also been experienced and discussed with the 

help of the first test apparatus. Using the second test setup, we were able to validate the 

new model of resistance for the fluid inside the inertia track of the engine mount. By 

implementing the new model of resistance inside the HEMPP codes written to predict 

the dynamic stiffness of the hydraulic engine mount, we could check the improvement of 

the closeness of experimental results and simulation data. The last step confirmed that 
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the new model for resistance is a reliable model, especially at lower frequencies of 

motion when only the inertia track has been chosen by fluid as a passage and the 

decoupler is excluded from the process. 

It is recommended to investigate all other specifications and components of the 

engine mount, such as the main rubber and decoupler with upgraded methods. 

Modelling the main rubber under frequency excitation is one of the issues manufactures 

are always dealing with. Moreover, in the second test apparatus, to get more precise 

data, it is suggested to put another pressure sensor in the upper chamber near the end 

of the inertia track. It would help to observe the pressure at the end of the pipe and have 

a better understanding of the pressure drop of fluid inside the inertia track. Modelling the 

attitude of pulsatile flow inside the inertia track with help of upgraded software of 

computational fluid dynamics beside the mathematical model and experiments would 

improve modelling the resistance of the inertia track significantly. Improving test setup 

and its facilities and making them better able to provide a wider range of frequencies and 

amplitudes of excitation are other factors to be considered in future work. 
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