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Abstract

In many industrial systems, a bellow is necessary to minimise the amplitude and/or
forces on the structures that are transferred by vibrations. This study focusses on the
application of an in-line rubber bellow and how the change in operating conditions
affects the dynamic properties. The vibration and fluid energy are also simulated to
understand the energy that is transferred to the fluid of the system and not absorbed

by the bellow.

Mathematical models were constructed and implemented. These models were used
to characterise and evaluate the dynamic properties of an in-line rubber bellow system.
The vibration energy and power were evaluated along with the amount of vibration
energy that was transferred to the fluid in the system. A single degree-of-freedom
mathematical model was implemented and numerically calculated to predict the
transient behaviour of the bellow; these predicted calculations were compared to

experimental results.

The input values of the numerical model were characterised, where the phase angle
of the system was calibrated for a damping-free condition. The acceleration and
excitation force of the system were also measured and used as part of the input
parameters for the numerical model. This characterisation process was conducted at
multiple frequencies between 2.5 Hz and 25 Hz, pressures between -30 kPa and 50
kPa, and excitation forces ranging from 50% to 100% of the unbalance motors’

capacity.

The experimental results were evaluated and discussed, where the change in dynamic
properties of the system was compared to the change in amplitude, frequency, and
pressure difference, respectively. Although the change in stiffness was not definable,
the dependence of the damping in the system with respect to the change in amplitude
and frequency was significant and evaluated to aid future design selection for the
application of in-line rubber bellows. The damping ratio at lower amplitudes (<5 mm)
was lower. (<30%) than at higher amplitudes (6-9 mm). The damping ratio also

decreased with the increase in frequency. If the operating design criteria are known in



terms of amplitude or operating frequency, the damping ratio of the system can be

predicted by using the results in the table below.

Known design criteria

Damping-ratio expectation

Notes

Amplitude <5 mm

0-30%

See frequency dependence

Amplitude 6-9 mm

30-80%

See frequency dependence

Operating frequency

y = 1.765x 1035

y (Damping ratio)
x (Frequency [Hz])

The vibration energy was simulated to determine where the vibration energy will be

dissipated. Here, the amount of vibration energy transferred to the fluid in the system

was also determined, where up to 72% of the vibration energy was transferred to the

fluid in certain conditions. The evaluation of the energy transferred to the fluid was

significant to understand what effect the vibrations will have on the internal fluid,

depending on the system design this could have a positive or negative effect on the

system.

Keywords: Rubber bellow, dynamic properties, vibration, characterisation, energy,

transient behaviour.
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1 Introduction and Problem Statement

1.1 Introduction

Rubber bellows are widely used in various engineering applications, allowing thermal
expansion or movement and isolating vibrations in applications where dynamic forces
are induced. Some of the industries where rubber bellows are widely used include
automotive, aerospace, manufacturing, and robotics. Understanding their dynamic
properties is essential for optimising their performance and ensuring the reliability and
longevity of the systems into which they are integrated. Flanged in-line rubber bellows,

as illustrated in Figure 1-1 below, are commonly used in fluid pumping systems.

Figure 1-1: Rubber bellow example (Willbrandt-Cummitechnik, n.d.)

An installation of a in-line bellow application is shown in Figure 1-2, that is used to
minimise the vibrations transferred from the pump to the discharge piping.

ull %

D
—

Figure 1-2: In-line rubber bellow application example (ChangYuanFlex, n.d.)



The process of selecting the correct rubber bellow focusses primarily on the material
being transported, the temperature, and pressure of the system, as outlined in
Appendix A. In-line rubber bellows are usually also subjected to dynamic forces and
vibrations. Under these conditions, the bellows must withstand and respond effectively
to varying levels of mechanical stress and oscillations. Failure to adequately
understand their dynamic behaviour can lead to premature wear, decreased
operational efficiency, and potentially catastrophic system failures. Rubber bellows
also play a vital role in mitigating the transmission of vibrations and noise within piping
systems. By dampening vibrations, bellows help to maintain system stability and
reduce noise levels. However, achieving optimal vibration isolation requires a thorough
understanding of the bellows' dynamic characteristics, such as stiffness and damping

properties, to determine the critical frequencies.

This dissertation aims to better understand the change in dynamic properties of an in-
line rubber bellow used in a fluid pumping system under different operating conditions.
Understanding the change in dynamic properties of an in-line rubber bellow in this
application could assist in recommendations on how to choose the most efficient

rubber bellow based on the expected operating conditions in a similar setup.

1.2 Background

In-line rubber bellows are integral components that are used in engineering systems
for their ability to mitigate vibrations, offering damping and flexibility to absorb dynamic
forces. When installed for vibration reduction purposes, specific criteria must be
considered to optimise their dynamic properties, including damping and stiffness, to
achieve effective vibration isolation. Vibration isolation is the technique used to reduce
unwanted vibrations that results in a reduction in transmitted forces or suppresses the

displacement of a device (Yang, 2005).

Critical criteria in the installation of in-line rubber bellows for vibration reduction are the
selection of appropriate bellows stiffness and damping characteristics. Stiffness refers
to the bellows' resistance to deformation under applied loads, while damping refers to
their ability to dissipate energy. Balancing these properties is essential to ensure

effective vibration isolation without inducing excessive stiffness or compromising
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damping capacity. The most suitable rubber bellow should therefore be soft enough
to reduce transmitted forces and hard enough to limit the relative displacement, as the
process followed during the selection of a hydraulic engine mount (Marzbani et al.,
2014).

Consideration must also be given to the operational conditions and environmental
factors that may influence the dynamic properties of an in-line rubber bellow
installation. Temperature variations, exposure to fluids, and pressure can affect the
dynamic properties of the bellows, necessitating appropriate bellow selection (Sjoberg
, 2002). However, in general, the datasheet of a typical rubber bellow only states the
static properties of the bellow and does not mention the damping coefficient of the

bellow.

In order to illustrate this, a section of a rubber bellow specification sheet is shown in
Figure 1-3 below, the full specification sheet can be seen in Appendix A. In the
specification sheet, no damping properties are provided, along with an indication that

these properties can differ by up to 25% under different operating conditions.

WILLBRANDT Rubber Expansion Joint Type 50

Axial stiffness rates

DN Overall length Stiffness rates (averages value from full way)
BL 0 bar 2,5 bar 4 bar 6 bar 10 bar 16 bar
mm Nm/mm Nm/mm Nm/mm Nm/mm Nm/mm Nm/mm
20 130 31 68 128 192 243 270
25 130 31 68 128 192 243 270
32 130 3 68 128 192 243 270
40 130 30 66 124 186 236 261
A0 130 25 51 98 134 173 192
65 130 I 24 53 100 150 190 21
o 130 24 58 104 148 185 205
100 130 35 71 116 206 274 304
125 130 36 71 137 214 282 313
150 130 49 102 189 293 390 433
200 130 100 180 365 568 735 816
250 130 105 207 388 609 778 864
300 130 123 248 448 658 883 980
350 200 106 177 349 567 753 836
400 200 154 261 516 535 1090 1210
450 200 167 320 581 903 1162 1290
500 200 196 376 686 1060 1364 1514
600 200 208 292 692 1123 1441 1600
700 *250 140 198 521 714 954 -
800 250 180 270 594 975 1258
900 300 200 380 690 1080 1395
1000 300 225 420 742 1248 1568
* Building length 260 mm Warning: Deviations (+/- 25 %) in the stifness rates may occur due

to use of different matenals and manufactunng processes

Figure 1-3: Example of rubber bellow properties



The most effective way to determine the dynamic properties of flexible rubber
connections is through experimental testing (Yang et al., 2020). In their experimental
study to determine the effectiveness of flexible pipes (like in-line rubber bellows) in
isolating unwanted vibrations, it was seen that pipes made of assorted rubber types,
each offered distinct advantages across different frequency ranges. The dynamic
properties (stiffness and damping) were found to be installation dependent and unique,
therefore, complicating the bellow selection to achieve sufficient vibration isolation for

all operating conditions.

1.3 Problem Statement

In many piping applications, in-line rubber bellows are used to isolate vibrations and
accommodate dynamic movements. However, the dynamic properties of the rubber
bellows vary with operating conditions such as pressure, frequency, and amplitude.
These variations can cause changes in the behaviour of the bellows’, potentially
leading to the transmission of unwanted vibrations and forces to the piping and

surrounding structures.

Currently, manufacturers typically provide rubber bellow specifications based on static
conditions, which may not accurately represent their dynamic performance. This
discrepancy poses a challenge in selecting the appropriate rubber bellow for

applications with varying operating conditions.

Therefore, a critical need exists for an improved understanding of how changes in
operational amplitude, frequency, and pressure affect the dynamic properties and

vibration energy distribution of in-line rubber bellows under realistic operating ranges.



1.4 Aims and Objectives.

Using the Willborand Type 50 SP as a representative case study of a typical rubber

bellow used in piping systems, this research aims to:

Understand how the dynamic properties of this specific rubber bellow change
under varying operating conditions.
Develop an improved selection criteria for its application based on these

dynamic behaviours.

The insights gained from this study will support a more effective implementation of the

Willbrand Type 50 SP bellow and provide guidance applicable to similar rubber

bellows and compensators in piping systems with varying operating conditions.

The objectives that will help to achieve the aim of this study are the following:

Conduct a literature review on the characteristics of rubber bellows and
numerical modelling approaches for their dynamic properties and vibration
energy.

Develop a numerical model of the Willborand Type 50 SP rubber bellow that
incorporates its dynamic properties and varying operating conditions.
Experimentally evaluate the in-line hydraulic rubber bellow’s dynamic
properties (stiffness and damping) across various frequencies, pressures, and
amplitudes.

Validate the numerical model through comparison with experimental
measurements.

Assess the accuracy of the numerical integration model by validating its
predictive capability.

Simulate the vibration energy and quantify the energy transferred to the fluid
within the rubber bellow system.

Propose a set of dynamic properties for the Willbrand Type 50 SP rubber bellow
as a test case to demonstrate the characterisation process. Instrumentation



1.5 Research Methodology

The waterfall graph below illustrates the research methodology used for this study.
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1.6 Scopes and Constraints

The experimental setup was chosen considering the practical constraints, the

availability of resources, and the functional requirements of the study.

A Willbrand Type 50 SP bellow was selected as the core component of the
experimental system. The decision was based on two primary considerations. Since
the focus of the study is to study and evaluate the dynamic properties of the bellow,
any fluid will suffice. Therefore, the choice was made to use water as the transport
fluid. Since the faculty had a Willbrand Type 50 SP bellow available from a previous
study, and the fact that the bellow is designed to operate with water and is a
representative example of bellows used in piping systems, this bellow was an

appropriate selection for the study.

The dynamic properties of the bellow needs to be determined by oscillating/vibrating
the bellow in a controlled manner. Vertical vibrations were a critical element of the
experimental procedure. To generate these vibrations, two identical unbalanced
motors were used. The decision to use unbalanced motors over an electromagnetic
shaker was driven by the fact that there was a concern that the weight of the setup
would exceed the recommended capabilities of the available shaker. Unfortunately,
the electrodynamic shaker available in the faculty was damaged during a previous
study, and it was considered an unacceptable risk that a possible water leak could
further damage the shaker. Due to budget constraints with respect to repair or
replacement, it was therefore not a realistic option for the current study. The advantage
of using unbalanced motors is that these motors are robust and simple to install and

operate.

In Chapter 3 the chosen experimental setup is discussed further.



1.7 Chapter Layout

In Chapter 1 the introduction and problem study of the study is given. In this Chapter,
the background of the use of rubber bellows and similar setups are explained, which
leads to a problem statement that defines the aim and objectives of the study,
whereafter the research methodology was defined. The scope and constraints of the

study are described.

In Chapter 2, a review of the literature is given. The literature study begins with
introducing different, applicable, rubber compensators that relate to the use of a rubber
bellow. The applications of these compensators are explained and the advantages of
these compensators are discussed. Hydraulic rubber mounts are discussed. With the
focus of the study being on the rubber bellow, the rubber bellow is discussed along

with some examples of the applications for which these bellows are used.

In Chapter 3 the experimental methodology was developed, starting with the
mathematical modelling of rubber bellows. In this Chapter the mathematical modelling
of the rubber bellow system was developed in terms of the equation of motion and the
vibrational energy and power of the bellow system. To enable the mathematical
modelling of the transient behaviour of the system, an iterative numerical calculating
software had to be implemented, and the modelling thereof was discussed in this
Chapter. Different evaluation methods for rubber bellows were discussed. After
considering the different evaluation methods, the experimental setup was developed
in terms of the type of excitation force inducer and the vibration instrumentation

required. The rubber bellow system was developed and defined.

In Chapter 4 the mathematical models for the rubber bellow system are developed.
The mathematical model to calculate the dynamic properties and response of the
system was developed. The vibration energy and the power of the system were
mathematically modelled along with the fluid energy to determine the portion of energy

transferred from the mechanical elements of the system to the fluid.



In Chapter 5 the MATLAB scripts used to implement the mathematical models for this
study are explained and illustrated. The process flow diagrams of the MATLAB
implementation are illustrated for each mathematical model developed. Process flow
diagrams are illustrated for the calculation of phase angle, dynamic properties,
vibration energy and power, fluid flow power, and fluid energy transfer ratio,

respectively.

In Chapter 6, the experimental results of the bellow system are listed and discussed.
The experimental results were divided into two tests, high frequency and low

frequency tests. At the end of the chapter the conclusions of the results are discussed.

In Chapter 7 the transient numerical model is validated, and the experimental results
are evaluated. In this Chapter the transient numerical integration (MATLAB
implemented) model is evaluated and discussed. The dynamic properties, vibration
energy and power, and the portion of energy transferred to the fluid of the bellow
system are evaluated in terms of amplitude, frequency, and pressure dependency,
respectively. At the end of the Chapter the summary of the experimental evaluation

results is discussed.

In Chapter 8 the conclusions of the study are discussed, with possible

recommendations for future studies in similar systems.



2 Literature Review

2.1 Introduction

This literature review reviews different rubber compensators used in the engineering
industry with a focus on rubber bellows. The mathematical equations required to model
a rubber compensator in terms of vibration are reviewed along with the experimental

methodologies designed to characterise the dynamic properties of rubber bellows.

From the literature study, the rubber bellow application, mathematical model, and

experimental setup was chosen for this study.

2.2 Rubber Compensators

In this Section, different rubber compensators are briefly discussed. The main concept
regarding each compensator is discussed in terms of appearance, application,

advantages, and frequency range.

2.2.1 Cylindrical Mounts

These rubber mounts are used mainly to dampen the noise and vibration of stationary
machinery at a frequency greater than 20 Hz (IAC-Acoustics, 2018), such as pumps
and gearboxes. It is used to absorb compression in the axial direction; however, it
cannot handle high shear forces. These rubber mounts usually have two galvanised
plates (one at each end) with a central thread on each plate (IAC-Acoustics, 2018).
From a catalogue obtained from IAC-Acoustics, it is seen that these mounts can
handle a maximum load of 5 kg up to 1000 kg per mount and a static deflection of up
to 11.5 mm (IAC-Acoustics, 2018). Figure 2-1 shows an example of a cylindrical rubber
mount where the arrows illustrate the usual direction of amplitude.

/Ruht}er connection

End plates
N 5 ———————————1 /
-_—— N ——— —— — — — — — 4—

il

Figure 2-1: Example of a cylindrical rubber mount
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Since the study focusses on the change in dynamic properties due to pressure
changes in a process, this rubber mount will not be suitable for the study since it is not

fluid filled or internally pressurised.

2.2.2 Rubber Turret Mounts

These rubber mounts are used mainly to protect smaller machinery against noise and
vibration (IAC-Acoustics, 2018). These mounts help with isolation, which indicates that
the mount is advantageous at high frequencies (Rao, 2011). These mounts provide
relatively high deflection and can withstand high loads in multiple directions (IAC-
Acoustics, 2018). From a catalogue obtained from IAC-Acoustics, it is seen that these
mounts can handle a maximum load of 3.5 kg up to 3400 kg with a deflection range of
2.5 mm up to 45 mm depending on the type used (IAC-Acoustics, 2018). These
mounts are similar to a cylindrical rubber mount, but with a small change in design to
give a larger diameter base that tapers towards the smaller diameter top plate. Figure

2-2 shows an example of a rubber turret mount.

Top plat

oop E; JRubber hody
- [ ,Base plate

I‘_\'\_\'E__l_“__r\_[:_‘é“

Figure 2-2: Example of a Turret Rubber Mount

Since the study is focussed on the change in dynamic properties due to pressure
changes in a process, this rubber mount won’t be suitable for the study since it's not

fluid filled or internally pressurized.

2.2.3 Hydraulic Rubber Mounts

Hydraulic rubber mounts, also known as hydro mounts, are used in many applications.
Hydro mounts consist of a spring and a hydraulic shock absorber in a single compact
mount. The hydraulic aspect implemented in these mounts enables the mounts to be
highly shock resistant (IAC-Acoustics, 2018). These mounts are mainly designed to
provide isolation, reducing the forces transferred from an engine to the chassis of a
vehicle (Wang et al., 2014), this will then provide isolation when driving and shock
absorbance when there is a sudden impact. From an IAC-Acoustics catalogue, it is

seen that these mounts can handle a maximum load from 30 kg up to 410 kg with a
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deflection capability of up to 8 mm depending on the type selected (IAC-Acoustics,
2018). Hydraulic rubber mounts can provide more damping at lower frequencies;
however, they are usually amplitude dependent in properties (Chai et al., 2014). There
are many designs for hydraulic rubber mount. One of the most sophisticated and

widely used hydraulic rubber mounts is the engine mount.
2.2.3.1 Hydraulic Engine Mounting (HEM).

Used as a vibration isolation part in a vehicle (Steyn, 2011), HEMs are highly valuable
in the design of a vehicle assembly. These mounts reduce the vibration transferred
from the engine to the chassis of a vehicle (Hosseini and Marzbanrad, 2017). Figure

2-3 below shows a typical HEM listing the main components.

Engine side

Top rubber element
Bell chamber

Lipper chamber
Inertia track

Lower chamber Membrane

Decoupler

11|

car Im-dj..r side

Figure 2-3: Schematic representation of a typical HEM (Hosseini and Marzbanrad,
2017) (Mansour, 2010)

The chambers in Figure 2-3, are filled with fluid, where vibrations from the engine
increase the pressure in the upper chamber, forcing the fluid to the lower chamber,
however if the pressure is increased too quickly the decoupler will restrict the fluid
passing to the lower chamber that will make the mount more rigid to avoid excessive
amplitudes. This enables the mount to have different dynamic properties under
different conditions.

With HEMSs, the change in dynamic properties is included in the design of the mount
to manipulate these properties to ensure that optimal vibration isolation occurs at
multiple amplitudes. From the review of the HEM internal fluid and pressure influence
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the dynamic properties of a rubber mount. However, the HEM as such is not designed
to allow fluid moving in piping applications, which leads to the need for the next type

of component, namely rubber bellows.

2.2.4 Rubber Bellow

A rubber bellow, also known as a rubber compensator, is an elastomer that is usually
used to absorb unwanted vibrations in a vibrating system. In a piping system, the
bellow works as an elastic flexible connection between two rigid pipes. The rubber
bellow dampens and isolates the vibrations generated by the surrounding equipment
such as pumps and other machinery. This damping protects the equipment and piping
from damage as a result of unwanted vibrations. The flexibility in the rubber of a bellow
absorbs the energy/vibrations that would normally be transferred in the pipeline. By
isolating vibrations in the pipeline, the noise in the operating environment is also

reduced.

The benefits of having a well selected rubber bellow is that more than 90% of
unwanted vibrations could be absorbed and that not only the axial vibration/movement
can be countered, but the lateral, tortional and angular movement as well (ORIA, n.d.).
Normally the axial movement is used to absorb unwanted vibrations whereas the
angular, lateral and tortional movement accommodates misalignment and thermal
expansion. This study is focussed on the axial vibration of the in-line rubber bellow. In
many studies on rubber bellows the study focusses on the axial vibration as it is the

main direction of absorption (Mendia-Garcia et al., 2023) (Zheng et al., 2025).
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Figure 2-4 illustrates a schematic example of an in-line rubber bellow application of a
pump, where both the vibrations of surrounding equipment and the vibrations of the

pump acting on the bellow. The deformation of the rubber bellow is also illustrated.

Deformation due to vibration

—
Vibration due to external equment
In-line rubber bellow { -

Vibration due to pump

Figure 2-4: In-line rubber bellow schematic example

Because the bellow is made of an elastomer, there are a few factors regarding the
material that plays a role in the dynamics of the bellow.

The stiffness of a rubber bellow or elastomer under static conditions differs from that
under dynamic conditions and has been proven by numerous researchers (Nel &
Wyngaardt, 2014). Elastomers provide a higher damping coefficient than steel, which
is favourable when operating at or near resonance (Bloem, 2015). The dynamic
stiffness of a rubber bellow was seen to depend on the amplitude of the dynamic
vibration, with the dynamic stiffness and damping decreasing as the amplitude
increased (Nel & Wyngaardt, 2014).
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The rubber bellow is widely used in the industry for various applications, with a typical
example shown in Figure 2-5. With multiple different types of rubber bellows available,
it is mandatory to choose a rubber bellow that is most suitable for your application.
Some bellows can withstand extreme temperatures, while others are made of an

elastomer that can withstand aggressive chemicals.

Figure 2-5: Typical in-line rubber bellow (Willbrandt-Cummitechnik, n.d.)

In many applications of these bellows, the process conditions change significantly in
pressure, amplitude, and frequency. Some applications are in-line where different
fluids are transferred through. Some of these bellows can also withstand extreme high
vibrating forces. For this study a Willbrandt Type 50 bellow was selected since these
bellows are widely used in the industrial environment and because this bellow was
used in a previous study at the University, making it available. According to
Willbrantd’s catalogue, the maximum repetitive axial deflection that a type 50 red DN
65 rubber compensator can withstand is 30 mm. From a study conducted on the
properties of a type 50 red DN 65 Willbrandt bellow, the static stiffness was found to
be 25 N/mm (Kent, 2015). This was determined at atmospheric pressure, where the
stiffness of this bellow is seen to increase with an increase in pressure, as seen in
Appendix A. With a maximum deflection of 30 mm and a stiffness of 25 N/mm the
maximum static force that could be applied to the bellow is 750 N. However, this does

not represent the forces that could be applied to the bellow dynamically.
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In the following section, the modelling techniques that can be applied to a rubber below
are described in terms of its appropriate system representations and relevant laws of
motion. This is followed by an overview of typical experimental approaches with which

to characterise this kind of dynamic system.

2.3 Mathematical Modelling of Rubber Bellows

A single degree-of-freedom forced excitation could be used to model a rubber bellow.
Using this equation of motion, the equation could be derived to determine the work
done by the system and, ultimately, the vibration power or energy. This Section gives
a high-level explanation of the modelling of a rubber mount by using a single degree-

of-freedom system.

2.3.1 Single Degree-of-Freedom System

An equation of motion for a vibrating or mechanical system is a differential equation
that determines the change in position, with respect to time, of a vibrational system
(Cai, 2016). Newton’s second law of motion, also known as the equation of motion
(F = ma), governs the motion of a physical system (Cai, 2016). From Newton’s second
law, the equations of motions for a dynamic vibrational system can be derived.
Vibrational systems are usually categorised into four groups. These groups are
undamped, underdamped, critically damped, and overdamped (Cai, 2016). Figure 2-6
is an example of an undamped single degree-of-freedom system, where k is the

stiffness, m is the mass and x is the position of the mass (Rao, 2011).

b x

m

Figure 2-6: Undamped single-degree-of-freedom system

Without an external force applied to the mass, the equation of motion is as follows.

kx+mi=0

16



If a vibrating system consists of some form of damping, the equation of motion could
be derived and illustrated in Figure 2-7, where c is the damping coefficient of the

system.

} x

m

Figure 2-7: Damped single-degree-of-freedom system

Without an external force applied to the mass, the equation of motion is now:
kx+cx+mi=0
Where x is a function of time written as:
x = Xsin(wt) (Rao, 2011)

Where X is the maximum amplitude of the displacement, x. The velocity and
acceleration can be written as:

X =dx/dt

X =dx/dt

2.3.1.1 Forced excitation steady state

Steady-state vibration refers to a harmonic and persistent vibrational response of a
system (Cai, 2016). Figure 2-8 illustrates a schematic representation of a forced

excitation system with a single degree-of-freedom.

kLHC

m

Yo

Figure 2-8: Forced excitation, damped single-degree-of-freedom system

From the equation of motion (Newton’s second law), a steady-state equation of motion
could be derived where an external harmonic force is applied:
F(t) = kx + cx + mi

Here, F(t) is the external harmonically force applied to the mass as a function of time.
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2.3.1.2 Forced excitation transient state

Transient-state vibration refers to a system response due to external forced excitations
directly after the start of the excitation until the response reaches a steady-state
response, as mentioned in Section 2.5.1.1 (Cai, 2016). The equation of motion
remains the same as a function of time. Figure 2-9 illustrates a typical transient

response when a harmonic excitation is applied to a damped system.
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Figure 2-9: Response example of transient behaviour, adapted from (Cai, 2016)

Here, the red line is the displacement of the mass, and the green line is the forced
excitation.
The mathematical modelling of a single degree-of-freedom system is further explained

and utilised in Chapter 4.

2.3.2 Vibrational Energy and Power

From the equation of motion derived from Newton’s second law of motion, the work

(U) done by the bellow system, between two points, x; and x,, could be expressed as:
U= f;;l F(t).dx (Gross et al., 2014)

The work done over a period of time is known as the power and can be further derived
where the power, P, used by the system due to the force, F, at a velocity, v, is:
P = F v (Gross et al., 2014)
By applying the power equation above to the steady state equation of motion, where
an external harmonic force is applied as a function of time, the vibrational power could
be expressed as:
P =F(t)x
From the above equation, the vibrational power could be modelled mathematically and

implemented in a MATLAB environment, as discussed in Section 5.4.
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Since the study and setup are based on a hydraulic filled rubber bellow, it is important
to determine the amount of energy transferred from the bellow movement to the fluid
to determine the degree to which the fluid complements the damping force of the
rubber material itself to recognise how much the fluid acts as a damper in a fluid filled

scenario. Section 2.3.2.1 reviews the hydraulic energy transfer in a fluid filled system.
2.3.2.1 Hydraulic Energy Transfer

The two main energy transfers that occur in a hydraulic machine is the contact of the
fluid with the moving solid surfaces that produces a boundary layer, producing
frictional losses, and the fluid that changes direction and separates, causing shock

losses (Douglas et al., 1985).

For the application of an in-line rubber bellow, the vibration energy transferred from
the bellow to the fluid is a portion of damping provided by the fluid itself. Similar to any
pumping system, the energy transferred from the mechanical (vibrational) energy to
the fluid can be calculated by determining the flow and pressure of the fluid caused by
the oscillation/rotation of the pump, using Bernoulli’s equation (Douglas et al., 1985).
The mathematical calculation of the energy transferred to the fluid is further discussed
in Chapter 4.

2.3.3 lterative Numerical Calculating Software

To model the vibration energy of a rubber bellow, a numerical calculating programming
language is required. Although there are many different software available such as
Python, GNU Octave and R that has built in numerical solvers capable of modulating
a numerical model, MATLAB has been used in many studies (Bloem, 2015) (Nel and
Steyn, 2012) and vibration handbooks (Cai, 2016) (Rao, 2011) to simulate, calculate,
and validate vibration experimental studies. Therefore, it is better to implement the
mathematical model in a MATLAB environment since the implementation can be
referenced to previous studies. In a study to optimise the design of a vibrating screen,
ode23 was used to predict the transient response of a rubber mount, Figure 2-10
illustrates the predicted startup (top graph) and stop (bottom graph) response of a

rubber mount as calculated by using ode23 in a MATLAB environment.
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Figure 2-10: ode23 transient implementation example (Bloem, 2015)

From previous studies, (Bloem, 2015) and (Steyn, 2011), using the build in MATLAB

script ode23, delivered a good correlation between the predicted and experimental

results.

2.4 Experimental Evaluation of Rubber Bellows

A well-controlled setup and analyser(s) are required to enable the experimental
evaluation of the mathematical modelling as discussed in Section 2.3. By evaluating
the equation of motion, the variables are force, stiffness, damping, mass, and motion
(displacement velocity and acceleration) as a function of time. Where the displacement
in a harmonic vibrating system could be seen as (Rao, 2011):

x(t) = Xsin(wt — @)

x(t) = X cos(wt — ¢)

¥(t) = X sin(wt — ¢)
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Where x, x and X is the displacement, velocity and acceleration, respectively, as a
function of time, t. X, X and X is the displacement-, velocity- and acceleration
amplitudes, respectively. w and ¢ is the frequency and phase angle. The phase angle
can be seen as the 'lag' between the applied force and the motion of the mass, which
is caused by the damping in the system (Rao, 2011). Figure 2-11 illustrates the

difference in displacement motion and applied force, also known as phase angle
(Marscher, 2020).
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Figure 2-11: Phase angle illustration

The phase angle can be calculated by (Rao, 2011):

¢ =tan™?! [ﬁ]

This Section will review different experimental setups used to characterise rubber
bellows.
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2.4.1 Dynamic Mechanical Analyser

Dynamic Mechanical Analysis (DMA) is a method used to characterise the viscoelastic
properties of materials such as polymers, by applying an oscillating load to the
material. The stress and strain of the sample are measured to determine the properties
of the material (NETZSCH, 2025). Figure 2-12 illustrates a DMA system, this specific
model has a built-in oven where the material that is tested can be heated up to the

desired experimental temperature.

Owven = ==
I | Sample
under
I | Torsion
or
l | compression

Figure 2-12: Example of a Dynamic Mechanical Analyser (Lubomirsky, 2025)

Although these setups are used mainly for stress and strain tests, it could be
implemented to characterise the properties of a rubber bellow by determining the force

required to oscillate the bellow at a certain frequency.
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2.4.2 Electrodynamic Shaker

A commonly used excitation source to evaluate the properties of a rubber mount is an
electromagnetic shaker, also known as a vibration shaker. These shakers are usually
air cooled and create a forced frequency by means of electromagnetic oscillation.

Figure 2-13 shows a typical experimental setup of electromagnetic shakers.

Equivalent
engine mass

Figure 2-13: Electromagnetic shaker engine mount setup (Nel and Steyn, 2012)

By attaching accelerometers to the base and the mass, the two acceleration

responses can be taken and processed by an FFT analyser.
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2.4.3 Impact Hammer Modal Testing

An impact hammer is a setup that is used to apply a short force to a structure or
system. To evaluate the properties of a rubber bellow with an impact hammer, an FFT
analyser with accelerometers or a force transducer is required. Some modern impact
hammers have built in sensor analysers, where the setup can be more consequent

than your conventional impact hammer.

Figure 2-14: Modern impact hammer (GmbH, n.d.)

In a study to evaluate the stiffness and damping of a frequency-dependent rubber
mount an impact hammer setup was used. The method of experimental setup was
then validated by comparing the results with a mechanical shaker test. The results
were that the impact hammer test was a quick and easy way to evaluate the rubber
mount, although some adjustments had to be made in terms of the weight of the impact
and how hard the hammer should be (Lin et al., 2004).

Since the impact hammer cannot create a steady state forced frequency, this setup

will not be advisable to determine the dynamic properties of a fluid filled rubber bellow.
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2.4.4 Experimental Setup Excitation Source with Unbalanced
Motors

As mentioned in Section 1.6, the excitation source was chosen as two unbalanced

motors. These unbalanced motors are commonly used to excite vibrating screens

(Bloem, 2015).

Figure 2-15: Example of unbalanced motor used in a screening application (Bloem,
2015)

In Section 3.3, examples of accelerometers and FFT analysers are shown. These
responses can be downloaded to a PC and uploaded to a programming language,
such as MATLAB, where the frequency, amplitude, and phase angle can be

determined. Using these values, the equation of motion can be determined.

2.5 Conclusions

The literature study reviews different rubber compensators and the application of these
compensators. The properties of these compensators were briefly discussed along
with the advantages of these compensators. For this study a rubber bellow was
selected and the modelling of a typical rubber bellow was reviewed, this included the
modelling of the equation of motion, the vibrational energy and power, and the iterative
numerical integration software to evaluate the transient behaviour of the bellow.
Different experimental evaluation methods of a rubber bellow were reviewed. From
the literature review, the experimental methodology and setup were determined and
discussed in Chapter 3, the mathematical models were developed in Chapter 4 and

the implementation of the models were determined in Chapter 5.
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3 Experimental Methodology

By combining relevant concepts from previous literature, a test rig was designed and
constructed to investigate the dynamic properties of a rubber bellow. In this Chapter
the experimental setup is discussed and illustrated along with the instrumentation

required to characterise the rubber bellow.

Figure 3-1 illustrates the schematical representation of the experimental setup that will

be discussed in this Chapter.

-®
f

hp 50mm
7 S »
Pipe segment?2 A-;M
4 ™
>« -Gate valve E |
 -Check valve =Discharge
Etank
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)\ 1 \ /
_ Shaker motors h
hC 2 e e = = I-O_-
) )
\/ \/‘ _Bellow
System
Inlet tank
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50mm N
L 25 IR S Pipe segment1_ "~ _ v |

Figure 3-1: In-line rubber bellow schematic experimental setup
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Vibration was induced by two electrical shakers for higher frequencies, and at lower
frequencies a camshaft driven by an electrical motor gearbox was used. Vacuum and
pressure gauges were used to determine the pressure differential in the rubber bellow.
In order to determine the amount of energy transferred to the fluid of the system, two
one-way valves were installed, as seen in the Figure, before and after the bellow. This
requirement and mathematical approach are explained further in Chapter 4.To
measure the flow rate, a 25 litre container that is transparent and marked in increments
of 0,25 litres was used along with a stopwatch. To measure vibrations, an
accelerometer with a Fast Fourier Transform (FFT) analyser was used, and an eddy
current probe was used to calibrate the phase angles of the vibration system. In the
lower-frequency tests, a load cell was used to measure the forces transferred to the

rubber compensator by the camshaft and gear reduction gearbox.

The experimental evaluation was conducted at frequencies ranging from 2.5 Hz to 25
Hz. Where the high frequency test ranged from 12,5 to 25 Hz and the low frequency
tests ranged from 2,5 to 5 Hz. At each frequency the inlet and outlet valves were used
to manipulate the pressure in the system to test each steady state condition at a
differential pressure range from -30 kPa (vacuum) to 50 kPa, unless the fluid flow was
unstable at one of these operating conditions, where the results were neglected as

they aren’t deemed as accurate.

For frequencies between 12.5 and 25 Hz, the unbalance mass of the electromotor
shakers was adjusted to manipulate the amplitude of the condition by changing the
unbalance mass, where the low frequency test was conducted with one camshaft with
a fixed offset distance (amplitude).). The unbalance percentage ranged from 50% to
100%.
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Table 3-1 and Table 3-2 illustrates the measuring points or matrix of the experimental
evaluation for the low frequency and high frequency tests, respectively. Where 6
measuring points were completed for each frequency for the low frequency tests, one
test for each pressure differential at each frequency, and 12 measuring points were
completed for each frequency at the high frequency tests, one test for each pressure

differential, at 50% and 100% unbalance mass, at each frequency.

Table 3-1: Low frequency experimental matrix

f Py
[Hz] [kPa]
-30
-20

0
20
35
50
-30
-20

0
20
35
50
-30
-20

0
20
35
50

2,5 [Hz]

3,5 [Hz]

5 [Hz]
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Table 3-2: High Frequency experimental matrix

f
[Hz]

Unbalance percentage

[]

P, [kPa]

12,5 [Hz]

50%

-30

-20

0

20

35

50

100%

-30

-20

0

20

35

50

18,75 [Hz]

50%

-30

-20

0

20

35

50

100%

-30

-20

0

20

35

50

25 [HZ]

50%

-30

-20

0

20

35

50

100%

-30

-20

0

20

35

50
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3.1 Calibration and Calculation of Phase Angle

A reference phase angle of “zero” degrees was determined to determine the phase
angle of the bellow in each condition. If there was no damping in the bellow system,
cp, is zero, the phase angle would also be zero as determined by Equation (4-12).
Steel springs have a very low damping ratio approximately ¢=0.005 (Hutchinson,
2018), therefor the phase angle can be simplified to zero if the system only consists
of springs for the phase angle calibration process. The bellow’s rigid mass and
unbalance motors were mounted upon the 8 steel springs without the bellow rubber to
eliminate as much damping as possible. The equivalent stiffness, kg, of the 8 steel
springs was 24 N/mm and the weight of the mass, m, used for the calibration was 45

kg. Thus the natural frequency, f,,, of the calibration system was calculated as 3.68

Hz (f, = E(%)) (Rao, 2011). The calibration was done at a frequency of 25 Hz,

m
which was more than 6 times the natural frequency. With a frequency ratio of three or
more and a low damping coefficient, ¢, of 0.005, the phase angle, ¢, could be
assumed to be 180 degrees (Rao, 2011). Thus, the damping present in the phase

angle calibration setup could be neglected.

The EC displacement sensor was attached to the shell of the unbalance motor on the
bottom side of the unbalance motor facing a vertical upward direction, as shown in

Figure 3-2.

Figure 3-2: EC displacement sensor mounted to motor
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By placing the PCB accelerometer on the rigid body mass and neglecting damping as
described, the excitation force, F,, of the motor was in sync with the acceleration of the
body. The EC sensor only read the distance between the unbalance weight and the
sensor, where the reference calibration phase angle ¢.;;, was measured from the FFT
signals. Figure 3-3 and Figure 3-4 show the schematic representation of the calibration
setup for 100% and 50% unbalance. A similar process was followed to calibrate other

unbalance settings.

Qeix =0

EC signal peak (-) &
Unbalance force

Figure 3-3: 100% phase angle representation

m [
(]
a

Unbalance force

EC signal peak (-)

VK-602P

Figure 3-4: 50% phase angle representation
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3.2 Excitation Force

Two Venanzetti VV10B/4 electric shaker motors were attached to opposite sides of

the top plate of the bellow system, as shown in Figure 3-5.

Figure 3-5: Unbalance motor attachment

The rotating direction of the motors should be opposite as described in the user
manual (VENANZETTI-VIBRAZIONI-MILANO, 2003) and as seen in Figure 4-2, to

ensure a vertical induced vibration (motors stays in phase).

The angular speed of the shaker motors was controlled with a Variable Speed Drive
(VSD). The shaker motors have a maximum rotating speed of 25 Hz and deliver a
maximum vibration force of 2.1 kN at this frequency. The unbalanced mass of the
motors is variable and can be adjusted to a percentage of the total unbalanced mass-

radius given by the manufacturer as 0.087 kgm (Vipro, n.d.).

Figure 3-6 shows the specifications of the unbalance vibration motors used.
4 poles Threephase electric vibrators - 1500,/1800 rpm

DESCRIPTION MECHANICAL SPECIFICATIONS RICAL SP DIMENSIONAL SPECIFICATIONS
STATIC CENTRIFUGAL MAX. INPUT | MAX. INPUT Weight Fixing Fixing
MOMENT FORCE POWER | CURRENT (kg.) distances holes
W) (A}
Code | Type |[Size] kgmm N 400V [ 460v Ref Cable
A B cC|D E F| N | G H L M N o]
50Hz |60Hz 60Hz | 50Hz | 60Hz | 50Hz | 60Hz | 50Hz IEDHZ 2 ! gland
vanoo [ wvoseia [ ea [ 140 [ 116l 35 [ 42 o3esfoatz] a0 90 |020 [ ote] 60 [ 60 G2-74] 106 | 216 | 125 | 305] 9 24 23 |93 154 | 129 | B4 50 | PG135
\annt WNERIA | RA kv lal I 324 I A0 I Tl I N7 1 N FRA an an nan nial fa I Ad A2TA ANR 216 1 1925 aNA a 24 bkl a 164 120 Al &N D416

[v4002 [ wwioBia [ca [ e7o [ eos] 220 200 [ot6] 26| 160 | 460 36 [ 038] 125 [ 115 | [ 80 [ t25] 205 152 [285] 13 | [28 [a0o Jos Jtra[1aa] 73 [ 80 [PGras]
VUS| wauBie {UR {167 10| 02U\ W0 {40y 17| JoU y 55Uy Ul | Usi| v |16 U5 | WU e VI PV T TV T WA

V4004 | WV30B/4 | EA | 288 | 215) 750 | 780 | 7,36 ) 7,65 ] 500 | 620 | 088 | 093] 28 | 26

V4005 | WV3SB/4 1 GA | 437 | 27611100 110001 1081 0811 520 | €40 1 080 | 090) 455 { 41
V4006 | WV38B/4 |HA | 556 | 387 ) 1400|1400 ) 13,7 | 137 | 850 | 1000f 137 | 143] 55 | 52
V4007 | WvAOBM | 1A | 744 | 483 ) 1800 | 1750 | 17.7 ) 17.2 | 1100 ) 1200) 191 | 183 ] 61 57

120 | 170 ) 376 f205 | 38 | 17
120 | 170 ) 436 {210 | 60 { 17
140 | 190 | 438 {230 | 72 | 17
140 | 190 | 486 [ 230 | 72 | 17
140 | 190 | 567 {230 | 72 | 17
155 | 225 | 622 | 275 | 795 | 22
155 | 225 | 600 [ 275 | 795 ] 22
155 | 255 | 590 [ 310 | 103.5) 23.5
155 | 255 ] 658 310 ]103.5] 23.5
180 | 280 | 638 {340 | 106 | 26
200 | 320 | 662 1390 | 111 | 28
200 | 320 | 624 1392 | 111 ] 28
125 | 380 | 862 {460 | 70 | 39

40 33 | 111 [214,5) 191 [ 615 | 97 | PG1E
22 1475 1111 | 243 1 293 111551 118 | PGTE
25 | 45 ) 111 | 257 | 241 |1245] 103 | PGT6
25 | 45 ) 111 | 257 | 241 |1245] 127 | PG18
25 | 45 ) 111 | 257 | 241 |1245]1625] PG16
28 55 | 111 | 283 | 271 | 140 |1295] PG16
28 55 | 111 | 283 | 271 | 140 |168.5] PGIE
30 60 155 [ 335 ) 309 | 160 | 140 | PGTE
30 60 1155 | 335 ) 309 | 160 | 174 | PG21
30 65 1155 | 369 ) 336 | 173 | 154 | PG2]
32 75 1155 | 381 ) 384 | 180 | 151 | PG2]
35 75 1155 | 403 | 402 11995 132 | PG
35 95 ] 170 [434.5) 439 | 215 | 230 | PG2

V4016 | WVA1BM | 1A | 833 | 566 ) 2100 | 2050 | 20.6 | 201 | 1300 ) 1400 ) 240 | 220) 72 | 70

V4008 | WVSO0BM | LA | 982 | 6912500 | 2500 | 24.5 ) 24.5 | 1500 ) 1600 300 | 250) 85 | 79
V4017 | WVS3B/M4 | LA | 1250 | 870 ) 3150 | 3150 | 30.9 | 30.9 | 1800 ) 1900 | 360 | 330) 95 | %2
V4009 | WVSSB/4 | MA | 1508 | 1050) 3800 | 3800 | 37.3 | 37.3 | 2100 ) 2400 380 | 370) 18 | 113
V4018 | WVSTBI4 |MA | 1745 | 1188) 4400 | 4300 ) 43.2 ] 42.2 | 2400 ) 2700 | 460 | 440] 125 | 120
V4010 | WV6O0B/4 | WA | 1984 | 1367) 5000 J 4950 ) 49.1) 48.6 | 3400 ) 3200 570 | 480) 174 | 166
V4011 | WVeTB/4 |OA | 2610 | 1823) 6600 J 6600 | 64.7 | €4.7 | 5700 ) 5700 ] 10.0 | 860] 212 | 200
V4012 | WWT1B/M | PA | 3175 | 2210) 8200 | 8200 | 80.4 | 80.4 | 6600 ) 7600 ] 11.0 | 109 228 | 213
V4013 | WVB1B/4 | OA | 3373 | 2486) 8500 J 9000 | 83.4 ) 88.3 | 7100 ) 8000 ) 115 | 113) 319 § 305
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Figure 3-6: Unbalance motor specification sheet (Vipro, n.d.)

32



The unbalance percentage n was adjusted for each condition of the characterisation
scope. Figure 3-7 shows the changeable unbalance mass-radius of the motor. The
unbalance force was solved by Equation (4-2) for each characterisation measurement.

Figure 3-7: Adjustable unbalanced mass-radius

3.3 Vibration Instrumentation

Some vibration instruments were required to successfully characterise the bellow.
Characterisation was performed by implementation of an accelerometer and an eddy

current (EC) probe.

A 100 mV/g PCB accelerometer was used with a cable that was connected to a two-
channel Diagnostic Instruments (DI) 2200 FFT Analyser. Figure 3-8 shows the

accelerometer that was used during the experimental characterisation of the system.

Figure 3-8: Accelerometer

A non-contact EC displacement sensor was used to measure where the unbalance

mass was in relation to the acceleration of the bellow, as explained in Section 3.1. The
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Shinkawa model VK-602P EC sensor with transducer was used, the transducer
supplied a voltage that is proportional to the distance between the unbalance weight
and the sensor and was attached to the second available channel of the DI. Figure 3-9

shows the EC sensor transducer box.

Figure 3-9: Transducer box

Figure 3-10 shows the DI FFT analyser that was used to analyse the signal that was

received from the accelerometer and the eddy current probe.

& @) & (&) [@) 1 )
HEE == @
ise =@ =
e B= =
Ooe B= ®

Figure 3-10: FFT Analyser

The signal received from the accelerometer and the EC probe that was recorded by
the analyser was downloaded to a personal computer. The data obtained from the
analyser were used to calibrate the phase angle and to characterise the dynamic

properties of the bellow system.
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3.4 Bellow System

The setup shown in Figure 3-11 consisted of the rubber bellow, additional springs, top
mass which comprises of the top plate, motors with brackets, discharge pipes and the
water inside the discharge pipes, two excitation motors and two one-way valves on

each end of the bellow. A small section of the discharge pipe is also seen.

Figure 3-11: Bellow system rigid body mass and discharge one-way valve
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The discharge pipe section consisted of a set of 2-inch galvanised steel pipes with a
gate valve, pressure gauge and one-way valve along with a helical plastic pipe with a
diameter of 50 mm, as seen in Figure 3-12. Two tanks were used in the system, also
seen in Figure 3-12, with a valve between the two tanks. The top tank, also referred
to as the discharge tank was transparent with markings on, where the inlet tank was
a 200-litre tank that is blue of colour and was used as the main reservoir for the system.

Figure 3-12: Discharge pressure gauge, gate valve, and two tanks

The inlet pipe section consisted of a set of 2-inch galvanised steel pipes with a gate

valve, vacuum gauge, and one-way valve with a diameter of 50 mm.

3

- .
i . .yv 7"—‘(‘.

Figure 3-13: Inlet/suction pressure gauge, one-way valve, and gate valve
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The piping consisted of an inlet pipe segment, shown in Figure 3-13, and discharge
pipe segment, shown in Figure 3-12. These segments consisted of gate valves on
each pipe segment along with three pressure gauges. These pressure gauges were
at the inlet of the system, shown in Figure 3-13, the bellow itself, shown in Figure 3-14

and one at the discharge pipe shown in Figure 3-12.

Figure 3-14: Pressure gauge Pg, situated at the inlet of the bellow

A summary of all the measured dimensions and required parameters in terms of the
characterisation used in the mathematical model, are indicated in Table 3-3.

Table 3-3: Characterisation Parameters

Parameter Magnitude

my, 58 kg
l 1080 mm
[, 1120 mm
hg 550 mm
hy 395 mm
hg 175 mm
he 590 mm
hp 1280 mm
D, 50 mm
D, 50 mm
p 1000 kg/m3
g 9.81 m/s?
u 1.002e-3 Ns/m?

Piim 86 kPa

The density and dynamic viscosity (Munson et al., 2010) of the fluid p and u was
chosen as 1000 and 1.002e-3 respectively and the gravitational constant is 9.81
(Halliday et al., 2014).

Chapter 4 provides more detail on the specific mathematical models used.
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4 Mathematical Models

4.1 Introduction

For this study, four mathematical models were developed. From the literature review,
the mathematical model was developed by implementing the parameters to the
experimental setup as discussed in Chapter 3. The first model was developed to
characterise the dynamic properties of the bellow. The second model was developed
to describe the vibration energy. The third model was developed to describe the water
flow energy of the bellow, determining the energy transferred by the bellow, and the
fourth model was developed to describe the fluid energy transfer ratio of the bellow

system.

4.2 Dynamic Properties of Bellow

A single degree-of-freedom model was developed to characterise the dynamic
properties of the bellow. The bellow was idealized as a spring, that consisted of the
stiffness of the rubber k,. and the steel springs k; and a viscous damper c,, attached
to a rigid foundation with a rigid body on top of the spring with a mass m,,, and two
non-return valves as shown in Figure 4-1. The 8 steel springs were added to the
system to assist with the deflection caused by the equivalent mass m,,, these springs
are shown in Figure 3-11 as two springs where k; is the equivalent stiffness of all 8
steel springs. The one-way valves before and after the bellow were considered part of
the bellow system because they restrict flow in the opposite direction and are shown
in Figure 4-1 as two square blocks with a cross through them. The translational mode
for movement in the vertical direction was considered. The equivalent vertical stiffness

of the bellow is

km =k, + ks 4-1)

A viscous damping model was used to describe the damping characteristics of the
bellow. The vertical viscous damping coefficient of the bellow is c,,. Note that the

above was applicable regardless of whether the bellow is full of fluid or air.
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The mass on top of the spring was subjected to oscillating forces produced by two
identical exciter motors, fastened to opposite sides of the body mass to achieve linear
oscillation (Venanzetti, 2013). These two electrical motors rotated in opposite
directions relative to each other. The resulting force was produced only in the vertical
direction (Venanzetti, 2013). The two motors were placed equally apart from the centre
of gravity of the bellow to maintain a balanced system. The excitation force produced

by the exciter motors F, caused linear vertical movement of the mass.

1 1
E Fe(t) E Fe(t)

I

1k c k 1k
25 m =] r Es

ANV VNN NN VNNV NN

Figure 4-1: Bellow in single degree of freedom

One excitation motor produces an unbalance force F, that consists of the equivalent
unbalance product of the motor m,r,

n .
E, = mmerewzsin(wt) (4-2)

where w is the rotational speed of the motor and n is the percentage of unbalance that
the motor is set to (varies from 0 to 100). The resultant force produced by the two
exciter motors can be described as an excitation force F,. The magnitude of the
resultant shaking force as a function of time t is

n , -
F, = ZWmerewzsm(wt) (4-3)
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where the equivalent unbalance product of the exciter motors m,r, is related to the
unbalance mass m, of the motor with its respective radius of gyration r,, thus the force
magnitude can be described as

F, = Z%merewz (4-4)
From Figure 4-1 and Newton’s second law (Rao, 2011), for the equilibrium of dynamic
forces, the differential equation of motion is

Fo(t) =kpmx+ cpm X +mpix (4-5)
where x, x and X are the displacement, velocity and acceleration in the vertical
direction respectively. The vertical displacement x at time t can also be expressed in

terms of the corresponding displacement amplitude X as

x(t) = Xsin(wt — ¢) (4-6)
where ¢ is the phase angle and can be calculated as
¢ = AP — beix (4-7)

where A¢ is the measured phase angle and ¢.;; is the calibrated phase angle as
described in Chapter 3. Similarly, the vertical velocity x at time t can also be expressed
in terms of corresponding velocity amplitude X as

x(t) = Xcos(wt — ¢) (4-8)
Similarly, the vertical acceleration ¥ at timet can also be expressed in terms of

corresponding acceleration amplitude X as

¥(t) = Xsin(wt — ¢) (4-9)
The natural frequency (Rao, 2011) of the bellow is
k
2 _ tm -
Wy = m (4-10)

This natural frequency can also be expressed as

_&n (4-11)
o=
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4.2.1 Dynamic Displacement and Forces

The phase angle ¢ of the bellow as described in the equation below:

_ 1 Cm@ ] (4-12)
¢ = tan [km — My w?
with damping ratio
_m (4-13)
(= .

and critical viscous damping
c.=2 |ky,mpy (4-14)

If there is no damping in the system, the phase angle, ¢, will be 0 degrees if the system
is operated below its natural frequency, and 180 degrees if the system is operated
above its natural frequency (Rao, 2011). However, there is always damping in a
system, and therefore we conclude that the phase angle will be between 0 and 180
degrees, and the system will not be perfectly in or out of phase. This was brought into
consideration in the characterisation of the bellow to ensure that all the dissipated
energies are accounted for. Where F,cos (wt), in the operational environment of the
bellow, can represent the force applied by an oscillating member in the wind, a crank

shaft that is driven by a motor or any other mechanical/electrical mechanism.

From Equation (4-5) the force experienced/delivered by each component of the bellow

can be seen where the force that the bellow spring component F,,, experiences is
Ep, = kmx (4-15)

and the force that the damper component F,, _experiences is
Ep, = cpX (4-16)

and the force that the mass component F,, experiences is
Ep, = mpyX (4-17)

These forces ultimately contribute to the energy that is experienced by the bellow due

to the excitation force F,. The displacement amplitude (Rao, 2011) of the bellow for

steady-state conditions is
_ Fe (4-18)
Vk, = mp?)? + (emw)?
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4.3 Vibration Energy and Power

An external force will exert work on an object when the object displaces in the direction
of the force, therefor from the forces described in Section 2.3.1, the work done by the
bellow is (Hibbeler, 2010)
dW = F,dx (4-19)
By differentiation over time and integration of dW, from (Rao, 2011) the vibration work
done by the bellow in one cycle AW, is
%ﬂ (4-20)
AW, = fo Fx dt
By substitution of (4-18) and integration, the vibration work done by the bellow for
steady state conditions in one cycle AW, is
AW, = 0 + cpwX?m + 0 (4-21)
The three terms on the right-hand side of Equation (4-21) represent the work done by
the spring component, the damper component, and the mass component of the bellow,
respectively. The work done in Equation (4-21) is in Joules per cycle where the power
dissipated by the damper is in Joules per second. By calculation of the product of the
work done by the damper in one cycle and the frequency, f, of the bellow, the vibration

power dissipated by the bellow for steady-state conditions is

1 ;
Py = 5 Cre?X? 4-22)

The power delivered to the bellow is (Hibbeler, 2010)

aw 4-2
P() = (4-23)

By substitution of Equation (4-21) into (4-23) and by differentiation of dx/dt (Steward,

2009) the instantaneous power (Hibbeler, 2010) is calculated as

P(t) = F,x (4-24)
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From Equation (4-5) F, can be divided into three components such as the spring force,
damping force and the mass component. The maximum power delivered by the exciter

motors P, is the peak value of P. That means that from (Rao, 2011), IP can also be

divided into the spring power P,

Py, (t) = Fp, X (4-25)
and damping power P, _
Py (t) = F, % (4-26)
with the mass component P,
P, (t) = Fy, % (4-27)
A standard sine wave function (Steward, 2009) is described as
y(t) = Zsin(t) + C (4-28)
and a standard cosine wave function (Steward, 2009) is described as
y(t) =Zcos(t) + C (4-29)

where Z is the amplitude and C is the mean. The power delivered to the bellow for

steady state conditions from Equation (4-25) for the spring power P,, can then be

determined in a cyclic manner by

1
Py, (t) = Ekmszsin(Zwt —2¢) (4-30)
and the damper power P,
1 1
Py () = EcmeXZ cosRwt — 2¢) + Emezxz (4-31)

and the mass power P,,

1
Py, (t) = — Emmw3Xzsin Cwt — 2¢) (4-32)

From the equations above it is clear that the amplitude values of the power delivered
to the spring, damper and mass are (1/2)wX?k,,, (1/2)cw?X? and (1/2)m,,w3X?
respectively with the damper power that is the only component that consist of an
average power of (1/2)c,,w?X?. This average power correlates with the vibration
power dissipated by the bellow P, calculated in Equation (4-22), thus it can be

concluded that the only component of the bellow that dissipates energy is the damper.
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4.4 Hydraulic Energy Transfer

This hydraulic energy model was used to evaluate the power of the fluid that was
transported. The model consists of two water tanks (inlet and discharge) that is inter-
connected with a gate valve that closes the circuit to measure the flow rate the system
delivers in the discharge tank, three pressure gauges to measure the inlet pressure Py,
discharge pressure P, and pressure inside the bellow Pz, two gate valves to
manipulate the pressure of the pressure gauges along with the bellow shown in Figure
4-2. The model is considered between points A and D, where h, is the height of the
inlet pressure gauge, hy is the height of the pressure gauge inside the bellow Pg, h is
the height of the outlet of the bellow and h;, is the height of the outlet pressure gauge.
The height of the inlet tank’s water level is h,. The model consists of two in-line spring-
type check valves, one at the inlet of the bellow and the other at the outlet of the bellow,
as shown in Figure 4-2. Two pipe segments were used for the model, pipe segment 1
with a lengthl; and a diameter D; and pipe segment 2 with a lengthl, and a
diameter D,.

hp 20mm X

Pipe segment 2 I
P-4 -Gate valve .
Z -Check valve Discharge

tank

Bellow

System
Inlet tank

Figure 4-2: In-line rubber bellow schematical experimental setup (Hydraulic energy

system highlighted green)
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4.4.1 Equivalent Piston Pump

In the current industry, some manufacturers produce a bellow pumping system that
acts on a positive displacement principle, similar to a piston pump, for metered
pumping. One of these metering pumps are manufactured by GRI pumps and works
on a positive displacement principle, where the inlet and outlet to the bellow are
separate and installed with poppet valves to ensure that the flow is in one direction
(GRI-Pumps, n.d.). From this design, similar to the experimental setup for this study,
a flexible, volume changing component with two one-way valves are used to induce
flow, where the working principle of flow creation is based on positive displacement

pumps.

The system was modelled as a reciprocating piston pump to simplify the calculations,.
This is an accurate assumption due to the change in volume that the bellow has in
each cycle and the one-way valves that ensure that the flow is limited to one direction.
An equivalent piston model of the bellow was developed by determining the volume

change per cycle of the bellow.

AV (4-33)

I
|

where AV is the volume displaced by the bellow per cycle, Q is the average flow rate
delivered by the bellow and f is the frequency of the bellow.
From Equation (4-33), the cross-sectional area of the equivalent piston, 4,, can be

determined as

A= AV
P 2x
where the stroke length of the piston is 2X, two times the displacement amplitude of

(4-34)

the bellow. The equivalent piston diameter D,, is

D, = /ﬂ (4-35)
T

By means of the law of continuity (Douglas et al., 1985), the velocity of the fluid in the

delivery and suction pipes can be determined as
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v, = A—’i’x (4-36)
A
v, = A—:x (4-37)

where v; and v, is the velocity of the fluid in the suction and delivery pipe respectively,

where the cross-sectional area of the suction A; and discharge A, pipes are

nD?
= 4-38
1= (4-38)

D2
=—< 4-39
=2 (4-39)

with D, and D, the diameters of the suction and delivery pipes respectively. Thus, the

acceleration of the fluid in the suction a, and delivery a, pipes are

Ap .

a, = A—lx (4-40)
Ap

ay =& (4-41)

4.4.2 Hydraulic Energy Losses
4.4.2.1 Inertia

During each cycle, the fluid comes to a complete standstill twice, once with the suction
stroke and once with the delivery stroke. At the beginning of the stroke, an additional
head is required to accelerate the fluid that is at a standstill, and an equal opposite
head is required to stop the fluid at the end of the stroke (Douglas & Matthews, 1996).
The inertia of the fluid does not contribute to the losses in the system because the
harmonic motion of the bellow, where the inertia required at the beginning of the stroke
being equal to the inertia supplied at the end of the stroke. Although the inertia of the
fluid does not contribute to losses, it is, however, important when the suction
capabilities of the bellow is evaluated and can give a rating on the maximum
reciprocating speed of the bellow before cavitation. The additional head required to

overcome the stationary fluid in the suction pipe h;, and stop the moving fluid in the

delivery pipe h;, are

46



—— (4-42)

=

W= (4-43)
where [; and [, are the length of the suction and delivery pipes respectively.

4.4.2.2 Friction

In a reciprocating pumping system, the frictional loss in a pump is a function of the

velocity of the fluid, Figure 4-3 shows a simple PV (pressure vs velocity) diagram

where the head is illustrated for a single cycle.
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Figure 4-3: Typical PV diagram of a piston reciprocating pump (Douglas & Matthews,

1996)
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Where abcd represents the suction stage of the cycle and defa represents the delivery
stage. However, the diagram changes with the addition of the inertia head (h;,, h;,)
and the frictional head loss (h,, hf,) as shown in the figure above. The head loss due
to pipe friction at any point in the cycle is calculated from the Darcy equation and
depends on the velocity of the fluid (Douglas & Matthews, 1996). The friction head in

the suction hy, and delivery hg, is

Af, L, v?
. = f1l1vi (4-44)
D,2g
,_ hlavs (4-45)
fa — DZZQ

where f; and f, is the frictional factors of the suction and delivery pipe respectively.
Friction factors can be calculated as in (Douglas et al., 1985).
for Re; < 2100

f, = 16/Re, (4-46)
for Re; > 2100
1 e/D1>1'11 6.9
— = 1. — 4-47
T 1.8log l( 37 + Re, ( )
for Re, < 2100
f, = 16/Re, (4-48)
for Re, > 2100
1 e/D\"' 6.9
— = 1. — 4-49
N 181°gl< 3.7) " Re, (4-49)

where € is the roughness of the pipe and the Reynolds number for the suction pipe Re;

and the delivery pipe Re, can be determined as

D
Re, =% V; 1 (4-50)

pV2D; (4-51)

Rez =
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where u is the dynamic viscosity of the fluid transferred and p is the density of the fluid.
From the Darcy equation it is clear that the frictional head loss is a parabola, the work
done against friction is two thirds of the maximum frictional loss (Douglas & Matthews,

1996), thus the power loss due to pipe friction for the suction P, and delivery P, are

= ()G ) ) (52
e = ()32 () ve (53

wherev, .. andv, . isthe maximum fluid velocity in the suction and delivery pipes

respectively.
4.4.2.3 One-way valves

To ensure that the energy transferred to the fluid can be determined, two one-way
valves are required to ensure that the flow of the fluid is in one direction, this is crucial

to accurately determine the energy delivered to the fluid of the system.

In an article on cavitation in reciprocating pumps, valve characteristics are said to have
little effect at speeds lower than 100 rpm (Sahoo, 2006). The volumetric efficiency of
the reciprocating pump will be higher at a lower operating speed with a higher valve
spring constant (Sahoo, 2006). The head required to lift the valve must be determined
to take into account the friction head required to open the valve. To measure this head
loss, the difference in pressure over the valve should be taken into account.

To determine this loss, the flow rate should be zero and the gate valve at point D, as
seen in Figure 4-2 should be fully closed. Figure 4-4 shows a simple example of valve

geometry.

Figure 4-4: One-way valve representation
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When the flow is brought to a standstill, it is taken that the fluid has no velocity, which
eliminates the friction loss and the inertia head required by the system in relation to
the fluid in the pipe system. Thus, the only loss due to head required to lift the valve h,,
by analysing the discharge valve is

h,=-1 "€ 4-54
v g (4-54)

where P; and P, is the pressure right before and after the one-way valve at point C

as seen in Figure 4-2 and is determined by

Pe, =pg ((hB —he) + (%)) (4-55)
Pc, =pg <(hD —he) + (%)) (4-56)

4.4.3 Head Delivered by the Bellow System

The internal head delivered by the bellow is a function of all the pressures in the

system at a certain time instance and is expressed as (Douglas et al., 1985).

hin == hp + hil + h’iz + hfl + hf2 (4'57)
where h,, is the head delivered by the bellow and is
P,—P 5 — v
o = (i = 1)+ (22 + <”2 ”1> +hy (4-58)
Pg 29

4.4.4 Hydraulic Power

The hydraulic power IP;, can be calculated as (Douglas et al., 1985)
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4.5 Vibration Energy Transferred to Fluid

The vibration power delivered by the excitation motors, denoted as P, represents the
effective mechanical power transmitted to the system after accounting for the electrical
and mechanical losses within the motors. This power is determined from the measured

displacement amplitudes of the rigid body mass m,,.

The hydraulic power P, calculated in Equation (4-59), corresponds to the power
imparted to the fluid by the bellows and is obtained from the product of the system’s
head gain and the volumetric flow rate. In other words, P, represents the portion of

mechanical energy effectively transferred from the vibrating bellows to the fluid.

The difference between P, and PP, therefore accounts for the mechanical and
volumetric losses within the bellows, which define its efficiency. Considering P, as the
input power and P, as the output (transferred) power, the fraction of vibration energy
transferred to the fluid, also referred to as the transfer ratio in this study, n,, is given
by (Sayers, 1990):

Py (4-60)
T]m - [P)

\%

4.6 Conclusions

Four mathematical models were constructed to characterise the bellow in terms of the
dynamic properties, vibration energy and power, fluid flow power, and fluid energy
transfer ratio of the bellow. These mathematical models were computerised and
implemented in a MATLAB environment. The implementation of these models is

described in Chapter 5.
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5 MATLAB Implementation

5.1 Introduction

The four mathematical models described in Chapter 4 were implemented as scrips in
a MATLAB environment. The first script was implemented to calibrate and determine
the phase angle of the bellow, the second script was to retrieve and plot the data points
from the FFT analyser, the third script was implemented to determine the dynamic
properties of the bellow. The fourth script was implemented to determine the vibration
energy and power of the bellow for steady state, as well as the transient behaviour of
the bellow. The fifth script was implemented to determine the flow properties of the
bellow, and the sixth script was used to determine the amount of energy transferred

to the fluid. These scripts are listed in Appendix B.

5.2 Phase-Angle Calibration of the Bellow System

The flow chart shown in Figure 5-1 describes the script used to determine the phase
angle, ¢, of the bellow. The input data consists of the calibration signals measured by
the DI, and the signals measured for each characterisation condition. From the signals,
FFT calculations are done, and Equation (4-7) is solved in a MATLAB environment.
The MATLAB program is included in Appendix B.

/ Computation: \

Input: ) FFT calculations in a

Two time domain signal data MATLAB environment on all
(calibration) |:> 4 signals.

/ Solve Equation (4-7) in a

Q/IATLAB environment. /

\ 4

Output:
Phase angle: ¢

Figure 5-1: Phase angle flow chart
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5.3 Dynamic Properties of the Bellow

The flow chart shown in Figure 5-2 describes the MATLAB script based on the
mathematical model described in Section 4.2. The input data consists of the equivalent
mass m,, that is on top of the bellow, frequency f, phase angle ¢, the displacement
peak X of the vibration and unbalance properties m.r, and n. From the input values
given, Equations (4-12) and (4-18) were solved simultaneously to determine the

dynamic properties k,,, and {. The MATLAB program is included in Appendix B.

[ dmpue )

Phase angle: ¢
Amplitude: X

Computation:
Equations (4-12) and (4-18)
are solved simultaneously in
a MATLAB environment.

@balance properties: merg ‘

Output:
Stiffness coefficient: k,,

Equivalent mass: m,,

Forced frequency: f

Damping ratio: ¢

Figure 5-2: Dynamic Properties Flow Chart
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5.4 Vibration Energy and Power
5.4.1 Steady State

The flow chart shown in Figure 5-3 describes the MATLAB implementation based on
the mathematical model described in Section 4.3 for steady state behaviour of the
bellow. The input data consists of the dynamic properties of the bellow, k,, and ¢, the
equivalent massm,,, forced frequency f and unbalance properties m,r, andn.
Equations (4-21), (4-22), (4-24), (4-25), (4-26) and (4-27) were solved in a MATLAB
environment. The MATLAB program is included in Appendix B.

K Input: \ / Computation: \

Dynamic properties: k,,,, { Equations (4-21), (4-22), (4-24),

Unbalance properties: m,7,,n ‘ (4-25), (4-26) and (4-27) were
Forced frequency: f solved in MATLAB. Where the

\Equivalent mass: m,, J

vibration power was plotted as a

function of time and the average

power calculated. /

Output:
Power: P, P,,, P, , P, ,P,

Energy: AW,

Figure 5-3: Dynamic energy and power flow chart
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5.4.2 Start-up Transient Prediction

The flow chart shown in Figure 5-4 describes the MATLAB implementation based on

the mathematical model described in Section 4.2, for the transient behaviour of the

bellow. The input parameters consist of the rigid body mass m,,, frequency f,

unbalance properties m.r, and n, bellow stiffness k,, and damping ratio {. This

computation is done to ultimately determine what the required power is to start up the

bellow system. Second-order differential Equation (4-5) is converted to two first-order

differential equations. These equations were then solved in a MATLAB environment

by numerical integration with ode23.m. From this predicted response, the required

power to start the bellow system can be solved. Further Equation (4-25), (4-26) and

(4-27) were solved to plot the power of each component as described in Chapter 4.
The MATLAB program is included in Appendix B.

f Input:
Rigid body mass: m,,

Forced frequency: f

Dynamic properties: k,,, ¢

\

Unbalance properties: m,7,, n

~

=)

J

Output:

(4-27) was solved and
Power: P(¢t), Py, (1), Py, Py,
plotted. The maximum power

Maximum power: P,

K Sub program: \

Equation (4-5) is converted to
two first-order differential

equations and numerically

Q\tegrated by ode23.m. J

/ Computation: \

Equations (4-25), (4-26) and

delivered P, _ is calculated
by an inbuild MATLAB

@ction, max(). /

Figure 5-4: Transient prediction flow chart for start-up conditions
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5.5 Fluid Flow Power

The flow chart shown in Figure 5-5 describes the MATLAB script based on the

mathematical model described in Section 4.4. The input data consists of the flow rate

delivered by the bellow, @, the inlet and outlet pressure gauge values P, and Py, fluid

density and dynamic viscosity p and u, gravitational constant g, heights of each point

in the system as shown in Figure 4-2, hg, hy, hg, he and hy. The length and diameter

of suction pipe [; and D, and the delivery pipe [, and D,. The equations (4-44), (4-45),
(4-52), (4-53), (4-54), (4-57), (4-58), and (4-59) were solved in a MATLAB environment
to calculate the hydraulic power PP;,. The MATLAB program is included in Appendix B.

e

Pressures: Py, Pp, Py
Flow rate: Q

Heights: hg, hy, hg,hc,hp
Constants: g, p, u, €
Pipe diameters: D,, D,

Pipe lengths: 14, [,

N /

=)

K Computation: \

Equations (4-44), (4-45),
(4-52), (4-53), (4-54), (4-57),
(4-58), and (4-59) in a
MATLAB environment.

N /

\ 4

Output:
Head delivered: h,,

Hydraulic power: P},

Figure 5-5: Fluid power flow chart
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5.6 Energy Transferred to fluid

The flow chart shown in Figure 5-6 describes the MATLAB script based on the
mathematical model described in Section 4.5.The input data consists of the hydraulic
power delivered by the bellow, P;, and the vibration power delivered by the excitation
motors P, for steady state conditions. Equation (4-60) is solved in a MATLAB

environment. The MATLAB script is included in Appendix B.

Computation:

N
Input: _ .
Power: Py, P, | » Equation (4-60) solved in a

MATLAB environment.

J

Output:
Fluid energy transfer

ratio: n,,

Figure 5-6: Fluid energy transfer ratio flow chart

5.7 Conclusions

The mathematical models described in Chapter 4 were implemented in a MATLAB
environment, and the flow charts of these MATLAB scripts were described in Chapter
5. These MATLAB scripts are used to characterise the bellow system that is discussed
in Chapter 6.
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6 Experimental Results

6.1 Introduction

The dynamic properties of the bellow can be characterized by examining the power
and energy that are delivered by the excitation motors to the bellow and the portion of
power delivered to the fluid by the bellow. The fluid power transfer was experimentally
determined and formed an important characteristic to determine the portion of energy
transferred to the fluid, compared to the vibrational energy absorbed by the bellow
material and structure. To ensure that the results are consistent and accurate, the flow
and pressure had to be stable for two readings in the FFT analyser, where the 3™

reading was used.

Table 6-1 indicates the phase angle calibration results at 100% unbalance, 50%

unbalance, and 20% unbalance as described in Section 3.1.

Table 6-1: Phase angle calibration results

n [%o] Peix [Deg]
100 -0.33
50 60.63
20 86.22

6.2 High Frequency Test

6.2.1 Bellow System Dynamic Properties

The dynamic properties of the bellow was primarily characterised by processing the
acceleration time response signals measured at each test point. The EC sensor is
connected to the transducer that is connected to the Diagnostic Instrument (DI) that
plots the signal that represents the distance between the EC sensor and the unbalance
mass. The DI plots the acceleration signal, and the EC sensor signal simultaneously.
The signals are then analysed in a MATLAB environment to determine the phase

angle and dynamic properties. A response signals are shown in Figure 6-1.
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Figure 6-1: Response signals from DI (25 [Hz])

Table 6-2 illustrates the phase angle (¢), excitation amplitude (X), stiffness (k,,,) and
damping ratio (¢) of the bellow system for each condition of the experimental
characterisation at a frequency, f, of 12.5 Hz.

Table 6-2: Bellow dynamic properties @ 12.5 Hz

n 50% 100%

P, | Py | & X | ko p X | kn

(kPa] | [kPa] | [Deg] | [mm] | IN/mm] | S| [Deg] | [mm] | (Nimmy | ¢ 1
0 0 |-1952 | 19 | 845 | 028 -10.69 | 47 | 132.3 | 0.098
0 | 20 | 22.88 | 2.6 | 170.8 | 0.16 | 2059 | 4.6 | 138.9 | 0.18
0 | 35 | -19.33 | 2.8 | 174.8 | 013 | -17.83 | 49 | 147.7 | 0.15
0 | 50 | 1945 | 2.9 | 1820 |012 | 1629 | 5.0 | 151.8 | 0.13
20 | 0 | -17.94 | 26 | 1648 | 0.13| 1849 | 45 | 134.0 | 0.17
-30 0 -17.98 2.6 164.7 | 0.13 Cavitation

Table 6-3 illustrates the phase angle, excitation amplitude, stiffness and damping ratio
of the bellow system for each condition of the experimental characterisation at a
frequency, f, of 18.75 [Hz].

Table 6-3: Bellow dynamic properties @ 18.75 Hz

n 50% 100%
P, | Py | & X | kn ¢ | X | kn
(kPa] | [kPa] | [Deg] | (mm] | Nimm]| ST | Deg | (mm] | (Nimmp | €1
0 0 |-1023 | 1.8 | 1287 | 0.19 | -6.88 | 3.7 | 163.7 | 0.11
0 | 20 | 6.22 | 1.9 | 169.3 | 0.094 | -7.78 | 3.8 | 170.8 | 0.12
0 | 35 No flow 6.10 | 3.8 | 172.9 | 0.09
0 | 50 No flow 6.32 | 3.8 | 177.4 | 0.092
-20 0 Cavitation -6.21 3.7 153.5 | 0.10
30 | 0 Cavitation 6.20 | 3.7 | 159.6 | 0.098
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Table 6-4 illustrates the phase angle, excitation amplitude, stiffness and damping ratio
of the bellow system for each condition of the experimental characterisation at a

frequency, f, of 25 [Hz].

Table 6-4: Bellow dynamic properties @ 25 Hz

n 50% 100%

PA PD d) X km ¢ X km

(kPa] | [kPa] | [Deg] | [mm] | IN/mm] | €| [Deg] | [mm] | (Nimmy | ¢ 1
0 0 | -473 | 16 | 1332 |012| -7.25 | 33 | 789.3 | 0.04
0 | 20 | 498 | 1.7 | 1415 |013| 579 | 3.3 | 790.7 | 0.03
0 | 35 No flow 501 | 3.3 | 789.8 | 0.026
0 | 50 No flow 547 | 3.4 | 7940 | 0.027
20 | 0 Cavitation 598 | 3.3 | 7934 | 0.03
40 | 0 Cavitation 92 | 33 | 7828 | 0.05

The MATLAB script used to determine the dynamic properties is included in Appendix
B.

6.2.2 Vibration Energy and Power

The power and energy elements of the bellow was calculated to illustrate the
vibrational energy distribution as it is dissipated in the bellow system. Note that this
section only describes the mechanical vibrational aspect of the energy and that the
energy transferred to the fluid was handled separately. All computations were done in

a MATLAB environment, included in Appendix B.

The power of the below system was calculated using Equations (4-24), (4-25), (4-26)
and (4-27) with the instantaneous power of each vibration system element plotted over
time and is shown in Figure 6-2. The red line represents the damping power of the
system, the light blue line represents the mass component of the vibration power, the
dark blue line represents the spring component of the vibration power, and the green
line represents the overall vibration power. The averages of each power curve are also
plotted, where the light blue and dark blue lines have an average of zero, indicating
that the average power of the spring and mass is zero. The green and red lines had
the same average, indicating that the average damping power equals the average

overall vibrational power, which was higher than zero.
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From Figure 6-2, the nett power delivered to the spring component and the mass

component is zero, where the average power dissipated by the damping component

and the average power delivered is equal, at a value greater than zero. The MATLAB

script used to determine and plot the vibration power is included in Appendix B.

6.2.2.1 Steady state

The vibration energy that was delivered to the bellow for a complete cycle and the

vibration power under steady state conditions were calculated. Table 6-5 illustrates

the vibration energy and power of the bellow system for each condition of the

experimental characterisation at a frequency, f, of 12.5 [Hz].

Table 6-5: Bellow system energy and power @ 12.5 Hz

n 50% 100%
P, P, AW, P, AW, P,
[kPa] | [kPa] | [J] (W] [J] [W]
0 0 1.04 | 13.04 | 2.93 | 36.57
0 20 1.73 | 2167 | 5.44 | 68.04
0 35 1.54 | 19.31 5.02 | 62.77
0 50 1.62 |20.20| 4.73 | 59.12
-20 0 1.37 | 17.18 | 4.87 | 60.82
-30 0 1.38 | 17.20 Cavitation
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Table 6-6 illustrates the vibration energy and power of the bellow for each condition of

the experimental characterisation at a frequency, f, of 18.75 [HZ].

Table 6-6: Bellow system energy and power @ 18.75 Hz

n 50% 100%
P, | P, | AW, P, | AW, P,
[kPa] | [kPa] | [J] W] [J] W]
0 0 118 [22.20| 3.40 |63.74
0 | 20 | 0.78 [1455| 3.88 |72.66

0 35 No flow 3.06 | 57.45
0 50 No flow 3.19 | 59.86
-20 0 Cavitation 3.02 | 56.69
-30 0 Cavitation 3.05 | 57.13

Table 6-7 illustrates the vibration energy and power of the bellow for each condition of

the experimental characterisation at a frequency, f, of 25 [Hz].

Table 6-7: Bellow system energy and power @ 25 Hz

n 50% 100%
P, | P, | AW, P, | AW, P,
[kPa] | [kPa] | [J] W] [J] W]
0 0 092 [22.94] 565 |141.15
0 | 20 | 097 [2428| 453 [113.36

0 35 No flow 3.93 98.18
0 50 No flow 4.04 | 100.96
-20 0 Cavitation 4.71 117.64
-40 0 Cavitation 7.05 | 176.26

6.2.2.2 Transient behaviour

For the transient behaviour, an operating condition was characterised experimentally
to compare the results with that of the numerical integration in a MATLAB environment.
This allowed the determination of the dynamic properties of the bellow during transient
conditions. Figure 6-3 shows the experimental acceleration signal of the bellow during
transient behaviour. The acceleration amplitude of the system starts at zero and
increases with each cycle. After 4 cycles the maximum acceleration was achieved.
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Figure 6-3: Transient acceleration signal (experimental)

Figure 6-4 shows the predicted transient acceleration, calculated by the numerical
integration model in MATLAB.
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Figure 6-4: Numerical integration acceleration signal

Figure 6-5 shows the predicted transient vibration power, calculated by the numerical
integration model in MATLAB.
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Figure 6-5: Numerical integration vibration power signal

Figure 6-6 shows the predicted transient vibration power for each component of the

system, calculated by the numerical integration model in MATLAB. The equivalent

power, spring power, damping power and mass power signals are shown.
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Figure 6-6: Numerical integration vibration power signals for each component
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Table 6-8 illustrates the dynamic properties, steady state vibration energy and power

and the transient properties of the bellow at 20% unbalance and 25 Hz.

Table 6-8: Dynamic properties, energy, power, and transient properties @ 25 Hz

n 20%
PA PD ¢ X kp { AM/U IP)v J.C.actual J'C'p?‘edict ]Pmax
[kPa] | [kPa] | [Deg] | [mm] | [N/mm] | [] [J] [W] [m/s?] | [m/s?] [W]
0 0 -6.53 | 0.66 | 131.81 | 0.17 | 0.20 | 5.04 18.36 | 20.07 | 92.80

The transient behaviour is important since the largest amount of vibrational energy is
transferred during start-up and stop conditions. From the table above it is seen that
the predicted value, 20.07 m/s?, of the transient behaviour correlates well with the

measured response, 18.36 m/s?.

6.2.3 Flow Properties

The layout of the flow system of the bellow is shown in Figure 4-2. The values of the
vacuum gauge, P4, and pressure gauge, P,, was taken along with the maximum
pressure reading of the bellow pressure gauge, Pz, and the flow rate of the fluid was
determined by means of a stopwatch and the reading the volume of water displaced
in that time. The discharge tank consists of a volume indicator that was graded in 250
ml intervals. To ensure that the readings are accurate and repeatable, the minimum
required volume of water pumped to determine the flow rate was at least 7 litres. The

stopwatch used to time the fluid flow rate is shown in Figure 6-7.

A e

Figure 6-7: Stopwatch timer
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Table 6-9 illustrate the flow properties of the bellow for each condition of the

experimental characterisation at a frequency, f, of 12.5 Hz.

Table 6-9: Flow properties @ 12.5 Hz

n 50% 100%
Py | Pp Q hm | Pp Q hm Py,

[kPa] | [kPa] | [Vs] | [m] | [W] [/s] | [m] | [W]
0 0 0.35 |1.06| 366 | 042 | 6.47 | 26.53

0 20 0.12 |3.09 | 3.54 0.34 8.50 | 27.99

0 35 0.07 462 | 3.05 0.17 110.02 | 17.15

0 50 0.03 |6.15| 1.72 0.14 | 11.55| 15.36

-20 0 0.04 [3.25| 1.13 0.20 8.65 | 16.89

-30 0 0.03 | 4.27 1.44 Cavitation

Table 6-10 illustrate the flow properties of the bellow for each condition of the

experimental characterisation at a frequency, f, of 18.75 Hz.

Table 6-10: Flow Properties @ 18.75 Hz

n 50% 100%

Py Pp Q hin Py Q hin Py

[kPa] | [kPa] | [I/s] | [m] W] [I/s] [m] W]
0 0 0.17 |4.21| 6.92 0.16 6.46 | 10.29
0 20 0.04 |6.25| 2.75 0.09 8.50 7.32
0 35 No flow 0.06 | 10.02 | 6.28

0 50 No flow 0.04 | 1155 | 4.75
-20 0 Cavitation 0.14 8.65 | 11.74
-30 0 Cavitation 0.03 9.67 2.45

Table 6-11 illustrate the flow properties of the bellow for each condition of the

experimental characterisation at a frequency, f, of 25 Hz.

Table 6-11: Flow properties @ 25 Hz

n 50% 100%

Py Pp Q hm Py Q hm Py

[kPa] | [kPa] | [I/s] | [m] W] [I/s] [m] W]
0 0 0.08 |3.70| 3.05 0.23 473 | 10.83

0 20 0.07 |574| 3.72 0.03 6.76 2.06
0 35 No flow 0.01 8.29 0.95

0 50 No flow 0.002 | 9.82 0.24
-20 0 Cavitation 0.15 6.92 10.01
-40 0 Cavitation 0.22 8.95 | 19.35
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6.2.4 Fluid Energy Transfer Ratio of the Bellow System

The fluid energy transfer ratio n,, of the bellow in terms of hydraulic power delivered,
was calculated at a frequency of 12.5, 18.75, and 25 Hz and resulting values are

illustrated in Table 6-12, Table 6-13, and Table 6-14 respectively.
Table 6-12: Fluid energy transfer ratio @ 12.5 Hz

n 50% 100%
Py Pp Nm Nm
[kPa] | [kPa] | [%] [%]
0 0 28.07 72.55

0 20 16.34 41.14

0 35 15.79 27.32

0 50 8.51 25.98
-20 0 6.58 27.77
-30 0 8.37 Cavitation

Table 6-13: Fluid energy transfer ratio @ 18.75 Hz

n 50% 100%
Py Pp Nm Nm
[kPa] | [kPa] [%] [%]
0 0 31.17 16.14
0 20 18.90 10.07

0 35 No flow 10.93
0 50 No flow 7.94
-20 0 Cavitation | 20.71
-30 0 Cavitation 4.29

Table 6-14: Fluid energy transfer ratio @25 Hz

n 50% 100%
PA PD Nm Nm
[kPa] | [kPa] [%] [%]
0 0 13.30 7.67
0 20 15.32 1.82

0 35 No flow 0.97

0 50 No flow 0.24
-20 0 Cavitation 8.51
-30 0 Cavitation | 10.98
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From the results obtained it was clear that the fluid energy transfer ratio was greater
at lower frequencies, and the vibration power was smaller at lower frequencies. The
damping coefficient of the vibration rubber bellow was also higher at lower
frequencies. Thus, the need to characterise the bellow system at lower frequencies

than what can be generated by the unbalance motors arose.

Subsequently, the bellow system was also tested at lower frequencies with a higher

amplitude by using an alternative excitation setup as is now discussed in Section 6.3.

6.3 Low Frequency Test

6.3.1 Introduction

The experimental setup was modified to be able to characterise the bellow system at
lower frequencies. By changing the excitation force source to a crank shaft that was
driven through a reduction gearbox, the desired low frequency was obtained. Figure

6-8 shows the modified experimental setup.

Figure 6-8: Motor-gearbox-crankshaft experimental setup

68



A HBM UZ2A tension/compression load cell with a full bridge strain-gauge 6-wire
configuration (HBM, 2017) was used to measure the force that was transferred to the
bellow system. Figure 6-9 shows the load cell connection between the crankshaft and
the bellow system. The top mass was still guided by the linear bearings and guide
shafts as used in the previous setup to ensure that the vibration of the system remains

vertical.

Figure 6-9: Load cell connection
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As seen in Figure 6-10 the only difference when compared with the high frequency
mathematical models discussed in Chapter 4, was that the excitation force F,(t)

comprised of one source. Thus, the existing mathematical models were still applicable.

Fe(t)
| L |
AN NN NN NN NN N NN VNN

Figure 6-10: Low frequency single degree of freedom model

Section 6.3.2 describes how the load cell’'s read-out is calibrated to allow accurate

measurements of the force transferred to the bellow system.
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6.3.2 Excitation Force Calibration

The voltage signal supplied by the load cell is too low for the FFT Analyser to
accurately measure a signal. To amplify the signal, a load cell read-out, as seen in
Figure 6-11, was used. The analogue signal was then connected to one of the

channels of the FFT Analyser.

Figure 6-11: Load cell read-out

To calibrate the load cell, the difference in voltage of the signal supplied to the FFT
analyser due to the change in load applied was determined. Therefore, five different
loads were applied to the load cell and the difference in signal voltage was determined.

Figure 6-12 shows the mass of the steel blocks used for the load cell calibration.

H‘@n@@@m =

Figure 6-12: Mass measurements of weights
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Figure 6-13 shows the zero-load condition of the load cell calibration where the only

mass on the load cell was that of the strap used with a shackle.

Figure 6-13: Zero load condition

Figure 6-14 shows how the calibration of the load cell was done at different loads.

Figure 6-14: Calibration of load cell at 21.50 kg
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Table 6-15 illustrates the signal voltage at different loads.

Table 6-15: Load-cell calibration results

Load kg Signal output mV
“Zero” 43.39
21.50 47.80
24.50 50.30
43.02 54.47
46.02 55.11

The linear correlation between the load and the signal output, as illustrated in Table
6-15, was determined by means of a MATLAB build in correlation evaluator. Table

6-16 illustrates the correlation calculation results.

Table 6-16: Load-cell correlation results

Corrglatlon Result
variable

SSE 1,557

R? 0,9835

R? adjusted 0,978

RMSE 0,7205
Linear model f(x) = plx +p2

pl 0,2582

p2 43,23

From the results it is clear that the coefficient of determination, R?, and the adjusted R?
is a good fit for this linear curve where the Sum of Squares due to Error (SSE) and
the Root Mean Squared Error (RMSE) is a low value relative to the magnitude of the
voltage output (less than 4%). Thus, the linear fit is assumed to be accurate and

correct. As seen in Table 6-16, the straight-line equation from the curvature fit is

SO = 0.2582L + 43.23 (6-1)
Where SO and L is the signal output voltage and applied load respectively. The

gradient is 0.2582, this value is used to determine the excitation force that the crank
shaft will transfer to the bellow system. From Equation (6-1), the excitation force can

be determined as

— - 6-2
F, (0.2582 X 9.81) sin (wt) (6-2)
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Where SP is the amplitude of the signal obtained from the load cell read-out. The force

amplitude, F,, can be determined as

_ 6-3
Fe = o0 X 9.81 (6-3)
Thus, the remaining mathematical models are still applicable.

The excitation force amplitude (F,) of the bellow system was calculated at the different
pressure differentials at 2.5, 3.5 and 5 Hz and are illustrated in Table 6-17, Table 6-18
and Table 6-19 respectively.

Table 6-17: Low frequency excitation force @ 2.5 Hz

P, | Pp F,
[kPa] | [kPa] | [N]

0 | 20 | 14125

0 | 35 [1529.6

0 | 50 | 1457.8

20 | 0 |1306.4

30 | 0 |1379.4

Table 6-18: Low frequency excitation force @ 3.5 Hz

Py | Pp Fe
[kPa] | [kPa] [N]
0 0 961.36
0 20 | 1137.3
0 50 | 1181.5
-30 0 1012.1

Table 6-19: Low frequency excitation force @ 5 Hz

Py | Pp Fe
[kPa] | [kPa] [N]

0 0 757.92

0 20 | 853.58
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6.3.3 Dynamic Properties (Low Frequency)

The rubber bellow was investigated in terms of the dynamic properties present at each

measurement taken. The load cell was connected to the bellow as shown in Figure

6-9, the signal delivered by the load cell was then sent to a load cell readout to amplify

the signal that delivered an analogue voltage signal to the FFT Analyser. The analyser

plotted the acceleration signal and the load cell signal simultaneously. The signals

were then analysed in a MATLAB environment to determine the phase angle and

dynamic properties. An example of the response signals is shown in Figure 6-15.
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Figure 6-15: Response signal example from Analyser
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Table 6-20 illustrates the dynamic properties of the bellow for each condition of the
low frequency experimental characterisation at a frequency, f, of 2.5 Hz.

Table 6-20: Dynamic Properties @ 2.5 Hz

Py Pp (0] X kp ¢
[kPa] | [kPa] | [Deg] | [mm] | [N/mm]| [-]
0 20 17.80 7.3 191.7 | 0.82
0 35 15.61 6.9 220.5 | 0.77
0 50 14.89 7.1 205.1 | 0.70
-20 0 19.29 7.5 170.5 | 0.84
-30 0 17.09 7.7 | 177.09 | 0.75
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Table 6-21 illustrates the dynamic properties of the bellow for each condition of the

low frequency experimental characterisation at a frequency, f, of 3.5 Hz.

Table 6-21: Dynamic properties @ 3.5 Hz

Py Pp ¢ X kp ¢
[kPa] | [kPa] | [Deg] | [mm] | [N/mm]| [-]
0 0 13.83 7.8 132.98 | 0.35

0 20 11.44 8.2 | 149.33 | 0.31
0 50 10.37 6.5 | 193.02 | 0.32
-30 0 12.22 8.5 ]130.41 | 0.30

Table 6-22 illustrates the dynamic properties of the bellow for each condition of the

low frequency experimental characterisation at a frequency, f, of 5 Hz.

Table 6-22: Dynamic properties @ 5 Hz

Py Pp (0] X kp ¢
[kPa] | [kPa] | [Deg] | [mm] | [N/mm]| [-]

0 0 14.85 70 | 13244 | 0.23

0 20 18.60 6.2 | 156.79 | 0.33

6.3.4 Energy and Power (Low Frequency)

Table 6-23 illustrates the vibration energy and power of the bellow for each condition

of the experimental characterisation at a frequency, f, of 2.5, 3.5 and 5 Hz.

Table 6-23: Vibration energy and power @ 2.5 Hz

P, P, | AW, P,
[kPa] | [kPa] | [J] W]
0 20 | 9.87 [24.67
0 35 | 8.92 [22.29
0 50 | 8.36 |20.90
-20 0 [ 10.21 | 2553
-30 0 9.86 | 24.66

Table 6-24 illustrates the vibration energy and power of the bellow for each condition

of the experimental characterisation at a frequency, f, of 3.5 Hz.
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Table 6-24: Vibration energy and power @ 3.5 Hz

P, P, | AW, P,
[kPa] | [kPa] | [J] [W]
0 0 5.63 | 19.72
0 20 | 5.81 [20.34
0 50 | 4.32 |15.12
-30 0 5.69 | 19.90

Table 6-25 illustrates the vibration energy and power of the bellow for each condition

of the experimental characterisation at a frequency, f, of 5 Hz.

Table 6-25: Vibration energy and power @ 5 Hz

P, Pp AW,
kPa] | (kPa] | ] | P W]
0 | 0 | 425 | 2126
0 | 20 | 534 | 26.72

6.3.5 Flow Properties (Low Frequency)

The fluid model has not changed, and the same mathematical model used in Chapter
4 was applicable. The bellow system remains unchanged. Table 6-26 illustrates the
flow properties of the bellow system for each condition of the experimental

characterisation at a frequency, f, of 2.5, 3.5 and 5 Hz.

Table 6-26: Flow properties @ 2.5 Hz

Py Pp Q hy P
[kPa] | [kPa] | [I/s] [m] [W]
0 20 0.149 | 2.80 | 4.09
0 35 0.089 | 4.33 3.76
0 50 0.082 | 5.86 | 4.69
-20 0 0.210 | 2.92 6.03
-30 0 0.020 | 3.94 7.93
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Table 6-27 illustrates the flow properties of the bellow system for each condition of the

experimental characterisation at a frequency, f, of 3.5 Hz.

Table 6-27: Flow properties @ 3.5 Hz

Py Pp Q hy P,
[kPa] | [kPa] | [I/s] [m] [W]
0 0 0.352 | 0.77 2.70
0 20 0.194 | 2.80 5.34
0 50 0.120 | 5.86 5.88
-30 0 0.339 | 3.94 | 13.15

experimental characterisation at a frequency, f, of 5 Hz.

Table 6-28 illustrates the flow properties of the bellow system for each condition of the

Table 6-28: Flow properties @ 5 Hz

Py Pp Q hy P
[kPa] | [kPa] | [I/s] [m] [W]

0 0 0.541 | 0.78 | 4.29

0 20 0.423 | 2.81 | 11.74

6.3.6 Fluid Energy Transfer Ratio (Low Frequency)

Table 6-29 illustrates the fluid energy transfer ratio of the bellow for each condition of

the experimental characterisation at a frequency, f, of 2.5, 3.5 and 5 Hz.

Table 6-29: Fluid energy transfer ratio @ 2.5 Hz

Py Pp n
[kPa] | [kPa] [%]
0 20 16.59
0 35 16.87
0 50 22.43
-20 0 23.63
-30 0 32.16




Table 6-30 illustrates the fluid energy transfer ratio of the bellow for each condition of

the experimental characterisation at a frequency, f, of 3.5 Hz.

Table 6-30: Fluid energy transfer ratio @ 3.5 Hz

Py Pp Ui
[kPa] | [kPa] [%]
0 0 13.68
0 20 26.25
0 50 38.88
-30 0 66.05

Table 6-31 illustrates the fluid energy transfer ratio of the bellow for each condition of

the experimental characterisation at a frequency, f, of 5 Hz.

Table 6-31: Fluid energy transfer ratio @ 5 Hz

Py Pp n
[kPa] | [kPa] [%]

0 0 20.16

0 20 43.95

6.4 Conclusions

The phase angle was successfully experimentally calibrated for each condition. The

dynamic properties of the bellow were successfully experimentally characterised for

each condition. The vibration energy and power of the bellow were successfully

experimentally determined for each operating condition along with the power required

at transient behaviour at one operating condition. The flow properties were also

experimentally characterised for each operating condition. The fluid energy transfer

ratio of the bellow was also successfully experimentally determined for each operating

condition.

In Chapter 7 the numerical integration model is validated, and the experimental results

are evaluated in more detail.
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7 Validation of Numerical Model and Experimental
Evaluation

7.1 Introduction

In this Chapter, the measured transient response is compared to the predicted values
calculated to validate the numerical integration model. The bellow was evaluated in
terms of dampening properties, vibrational mechanical energy and power transferred
to the bellow and the fluid power transferred from the bellow. These properties were
evaluated against the amplitude, frequency and pressure dependence of the operating
condition. Note that all the results are given during the evaluation, where anomalies

and grouping of results were explained where necessary.

7.2 Transient Validation

The transient responses were measured for a condition during start-up of the bellow
system as described in Section 6.2.2.2. As seen in Figure 6-3 and Figure 6-4 the
predicted acceleration and the experimentally obtained signals were plotted. Table
7-1illustrates the predicted and actual acceleration amplitude of the transient condition

of the bellow system at 20% unbalance.

Table 7-1: Predicted and measurable responses for transient condition

n 20%
PA PD (I) X kp ( jéactual X'predict DeViation
[kPa] | [kPa] | [Deg] | [mm] | [N/mm]| [] [m/s?] | [m/s?] [%]
0 0 -6.53 | 066 | 131.81 | 0.17 | 18.36 20.07 9.3

There is a difference between the actual acceleration and predicted acceleration of
9,3%. The small difference could be due to the change in dynamic properties such as

stiffness and damping with a change in amplitude during start-up.
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7.3 Dynamic Properties Evaluation

The dynamic properties of the rubber bellow system were evaluated in terms of the
change in amplitude, frequency and pressure respectively, with the findings discussed

accordingly.

7.3.1 Amplitude Dependency

Figure 7-1 shows the amplitude dependency of all the test results of the stiffness
coefficient for the bellow system, with most results were in the range of 80-200 N/mm,
where 220 N/mm is indicated in orange and 80 N/mm in grey. It was noted that the
stiffness evaluated for the bellow system at a frequency of 25 Hz and 100% unbalance
mass, were much larger than the other results, grouped at roughly 780 N/mm. This
group of results could be due to the increase of frequency at 100% unbalance mass
operating conditions. From the results below it is clear that the stiffness of the bellow
isn’t constant with a change in amplitude, although the values don’t seem to have a

correlation with the change in amplitude.
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Figure 7-1: Stiffness coefficient vs. amplitude (experimental), results at 100%

unbalance and 25 Hz highlighted
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Figure 7-2 shows the amplitude dependency of the damping ratio for the bellow
system. From the plot below it is visible that at lower amplitudes (<5 mm) the damping
ratio is less than 30%, where the damping ratio varies more and could be as great as
84% at higher amplitudes (6-9 mm). This could be due to the frictional damping caused

by the increase in material deformation of the rubber bellow.

90%

o
80% e
o
o

70% o
3 60%
Q
'-g 50%
a0
£ 40%

o
% ® 9 ®
o 30% ® @)
o
20%
® o
10% ol % [ 4 o
0% “
(]
0 1 2 3 4 5 b 7 8
Amplitude [mm]

Figure 7-2: Damping ratio vs. amplitude (experimental)

82



7.3.2 Frequency Dependency

In Chapter 3 the bellow system’s dynamic properties were experimentally
characterised. Although most results varied from 80 to 200 N/mm, it was noted that
the stiffness evaluated for the bellow system at a frequency of 25 Hz and 100%
unbalance mass, were much larger than the other results, grouped at 790 N/mm. A
further study at higher frequencies could supply some clarity on the effect of higher

frequencies at higher excitation forces.
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Figure 7-3: Stiffness coefficient vs. frequency (experimental)
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Figure 7-4 shows the damping ratio vs the frequency of the rubber bellow system.

From the figure below it is clear that there is a decrease in damping ratio with an

increase in frequency.
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7.3.3 Pressure Dependency

Figure 7-5 shows the stiffness coefficient vs the pressure difference over the bellow
system. Although the most results varied from 80 to 200 N/mm, it was noted that the
stiffness evaluated for the bellow system at a frequency of 25 Hz and 100% unbalance
mass, were much larger than the other results, with an average of 790 N/mm.
Excluding the results that were around 790 N/mm, it seems that there is an inclining
trend with the increase of pressure. By characterizing the bellow system at higher

pressures will enable sufficient evaluation of this possible trend.
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Figure 7-5: Stiffness coefficient vs pressure (experimental)
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Figure 7-6 shows the pressure dependency for the damping ratio of the bellow system.

Due to the strong correlation between the operating frequency and damping ratio, as

discussed in Section 7.3.2, the results were grouped in different operating frequencies

to better isolate the change in damping ratio due to a change in pressure. From the

figure below there is a slight increase in damping ratio when there is no differential

pressure in the system.
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Figure 7-6: Damping ratio vs. pressure (experimental)
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To better understand the pressure dependence of the damping ratio, the damping ratio
of the rubber bellow system was plotted at a change in absolute pressure difference,
as seen in Figure 7-7. Although there is no clear correlation between the damping ratio
and the absolute pressure difference of the system, it is seen from the figure below
that the damping ratio of the system decreases with an increase in pressure difference.
If the pressure range was increased in a future study, this decrease in damping ratio

could be confirmed.
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Figure 7-7: Damping ratio vs. absolute pressure (experimental)

7.4 Vibration Power Evaluation

In this Section the vibrational energy transfer was evaluated in terms of a change in
amplitude, frequency and pressure. From Section 4.3, it is clear that the average
power that is transferred to the bellow is due to the damping power element of the
system. The only dependency and relation, as seen in Equation (4-22) can be
expressed as:

1

P, = > Cpw?X?
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7.4.1 Amplitude Dependency

From the equation of the vibration power, the vibration power is proportional to the
square of the amplitude, if the damping in the system stays constant. From Section
7.3 itis clear that the damping in the system is not constant when there is a change in
amplitude. Figure 7-8 shows the vibration power of the system with a change of
amplitude. To illustrate the change in vibration power with a change in amplitude, the
results were grouped in four categories, lower frequencies (2.5, 3.5 and 5 Hz), 12.5,
18.75, and 25 Hz respectively. From the figure below it is clear that the vibration energy
of the system increased with an increase in amplitude at the same frequency. It is also
clear that that the rate of increase is less at lower frequencies. The trendline for 12.5,
18.75 and 25 Hz had a high correlation rate of 0.74, 0.93 and 0.84 respectively. The
highlighted section of the figure illustrates the lower frequency results that showed
minimal correlation between the amplitude and the vibration power since the amplitude
range is relatively small. To obtain better characterisation for the amplitude
dependencies at lower frequencies, the bellow system should be characterised at a

wider range of amplitudes at lower frequencies.
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Figure 7-8: Vibration power vs. amplitude (experimental)
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7.4.2 Frequency Dependency

From the equation of the vibration power, the vibration power is proportional to the
square of the frequency, if the damping in the system stays constant. From Section
7.3 is clear that the damping in the system is not constant when there is a change in
frequency. Figure 7-9 shows the vibration power of the system with a change in
frequency. To illustrate the change in vibration power with a change in frequency, the
results were grouped in three categories, lower frequency ranges, at 50% unbalance
and 100% unbalance respectively. From the figure below there is not a significant
change in the vibration power with a change of frequency for the lower frequency range
or the 50% unbalance results. The 100% unbalance results indicate an increase in

vibration power with an increase in frequency.
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Figure 7-9: Vibration power vs. frequency (experimental)
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7.4.3 Pressure Dependency

Figure 7-10 shows the vibration power of the system with a change in pressure for
each characterisation condition. From the figure below there it wasn’t a clear
correlation between the vibration power and the change of pressure, although it is

noted that there seems to be a slight decrease in power at higher pressure differences.
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Figure 7-10: Vibration power vs. pressure (experimental)
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7.5 Flow Energy Evaluation

In this Section the flow energy is evaluated in terms of a change in amplitude,
frequency and pressure. This flow energy gives an indication of the portion of energy
transferred to the fluid in the system from the vibration energy of the system (with the
remainder of the vibrational energy that is absorbed by the inherent mechanical

damping of the components).

7.5.1 Amplitude Dependency

Since the hydraulic power is directly proportional to the vibration energy, a similar
amplitude dependency was expected for the hydraulic power as seen in Section 7.4.1.
Figure 7-11 shows the hydraulic power of the system vs a change of amplitude. The
results were divided in two groups for more clarity, one for higher frequencies,
including the characterisation at 12.5, 18.75 and 25 Hz, and at lower frequencies,
including 2.5, 3.5 and 5 Hz, to better evaluate the amplitude dependency of the
hydraulic power. From the figure below it is clear that the hydraulic power of the system
increased with an increase in amplitude at higher frequencies, however the correlation
at lower frequencies were not clear to determine. This might be attributed to secondary
flow effects inside the bellow caused by increased wall movement and possible energy

loss through fluid heating.
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Figure 7-11: Hydraulic power vs. amplitude (experimental)
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Figure 7-12 shows the fluid energy transfer ratio of the system vs the change in
amplitude. Although it seems that there is an increase in fluid energy transfer ratio with
the increase in amplitude, the correlation of this dependency is unclear and could be
better defined at higher amplitudes to determine if there is an external effect on the

dependency.
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Figure 7-12: Fluid energy transfer ratio vs. amplitude (experimental)
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7.5.2 Frequency Dependency

Figure 7-13 shows the hydraulic power of the system vs a change of frequency. From
the figure below there is no clear correlation between the hydraulic power of the
system and the amplitude since the correlation coefficient is very low, even when the
results are considered respectively for different frequency ranges and unbalance
masses.
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Figure 7-13: Hydraulic power vs frequency (experimental)
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Figure 7-14 shows the fluid energy transfer ratio of the system vs the change in
frequency. From the figure it is seen that the fluid energy transfer ratio of the system
reduces at higher frequencies. This indicates that at higher frequencies, less of the
vibration power will be transferred to the fluid. Although the correlation between the
increase in frequency and the fluid energy transfer ratio is not great, it is seen in the
figure below that the range of fluid energy transfer ratio reduces with an increase in

frequency (As indicated by the green trendlines).
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Figure 7-14: Fluid energy transfer ratio vs. frequency (experimental)
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7.5.3 Pressure Dependency

Figure 7-15 shows the hydraulic power of the system vs a change of pressure. From
the figure below there is a weak correlation between the hydraulic power of the system
and the amplitude, although it seems that the hydraulic power of the system decreases
with the increase in absolute pressure difference at higher frequencies and increases

at lower frequencies.
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Figure 7-15: Hydraulic power vs. absolute pressure difference (experimental)
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Figure 7-16 shows the fluid energy transfer ratio of the system vs the change in
pressure. From the figure there is no clear correlation between the fluid energy transfer
ratio of the system with a change in pressure delivered, although it is seen that the

fluid energy transfer ratio at lower frequencies increases with an increase in pressure

of the system.
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Figure 7-16: Fluid energy transfer ratio vs. pressure (experimental)
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7.6 Summary of Results

In Section 7.2 it was seen that the predicted excitation of the bellow during transient
behaviour correlated well with the actual excitation, with a correlation of 9.3%. The
small difference could be related to the amplitude dependency on the dynamic
properties of the rubber bellow (Chai et al., 2014). Therefor the transient modelling of

the system can be accepted as accurate for the evaluation of the results.

In Section 7.3 the dynamic properties of the bellow were evaluated in terms of the
amplitude dependency of the system. Although the stiffness of the system measured
between 150 and 200 N/mm, the damping coefficient of the system increased
substantially as seen in Figure 7-2. This is helpful if this bellow’s application has a
certain amplitude, then the expected damping could be brought into consideration with
initial design specifications. If the expected amplitude is less than 5 mm, you can
expect a maximum damping ratio of 30%, where if you have an expected amplitude of
6 to 9 mm, the damping ratio of the bellow system could be as high as 80%. Figure

7-17 shows the illustration of the two scenarios discussed.
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Figure 7-17: Damping ratio vs. amplitude summary
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In Section 7.3.2 the dynamic properties of the bellow were evaluated in terms of the
frequency dependency of the system. Although there is no clear relation seen between
the stiffness and the frequency of the system, the damping coefficient of the system
decreased with the increase of frequency. This is helpful if the operating frequency of
the system is known, the damping ratio of the system could be anticipated which will
help in the design of the system. The trendline used in Figure 7-4 has a strong
coefficient of correlation (0.88), which could be used to determine the damping
coefficient at different frequencies. Figure 7-18 shows the trendline details and an
example of using the trendline equation to determine the damping ratio of the system

when the operating frequency is 10 Hz.
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Figure 7-18: Damping ratio vs. frequency with trendline details

In Section 7.3.3 the dynamic properties of the bellow were evaluated in terms of the
pressure dependency of the system. No explicit correlation between the operating
pressure and the dynamic properties of the bellow was found, implying that the bellow

damping properties can be used without adjusting for pressure conditions.
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In Section 7.4 the vibration power of the bellow system was evaluated in terms of
dependency towards amplitude, frequency and pressure. The only clear indication is
that the vibration energy increase with an increase in amplitude, and that the rate of
increase is dependent on the operating frequency. As discussed in Section 7.4.1 and

seen in Figure 7-8.

In Section 7.5 the flow energy of the bellow system was evaluated in terms of
dependency towards amplitude, frequency and pressure. From Figure 7-11 it is seen
that the energy transferred to the fluid increases with an increase in amplitude,
although the fluid energy transfer ratio or percentage of vibration energy that is
transferred to the fluid doesn’t have a clear correlation, as seen in Figure 7-12. From
Figure 7-14 it is seen that the fluid energy transfer ratio of the energy transferred to
the fluid decreases with an increase in frequency. This indicates that the proportion of
vibration energy that is transferred to other equipment and structures will be more at

higher frequencies.

In Section 7.5 the fluid energy transfer ratio of the system reaches a maximum of 72%,
this is important if the desired application of this bellow system is to transfer energy to
the fluid in the system. Possible solutions would be to implement a dual function
system, responsible for reducing the transferred vibrations to nearby structures and to

circulate fluid as an auxiliary system.

The numerical integration model, implemented in MATLAB, was successfully

validated, and the experimental results were successfully evaluated.

In Chapter 8 the conclusion and recommendations from this study are discussed.
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8 Conclusions and Recommendations

8.1 Conclusions

Mathematical models were successfully developed and implemented in a MATLAB
environment to characterise and investigate the change in dynamic properties of a
rubber bellow system under different operating conditions and to provide an indication
of the expected transient behaviour in such a system. A single degree-of-freedom
mathematical model was developed and used to predict the dynamic properties at

steady-state conditions and vibrational behaviour at transient conditions.

The input parameters required for the mathematical model were described and
included the mass of the system, the length of the pipes used for in the inlet and
discharge sections of the system, the applicable elevation heights, the water lever of
the inlet tank, the respective pressure gauges and the height of the one-way valves,

and the diameters of the piping.

An experimental setup was designed and manufactured, where a closed-loop
hydraulic system was used with an in-line rubber bellow that was excited vertically by
means of unbalanced vibration motors. A second setup was used to excite the system
at lower frequencies; in this setup a gear-reduction motor was used. An accelerometer,
eddy current probe and load cell were used as vibration instruments to characterise
the acceleration response, phase angle and excitation force, respectively. To
characterise the dynamic properties of the system, the phase angle of the system was
calibrated under neglectable mechanical damping conditions and used as a reference
for future characterisation. The dynamic properties were experimentally determined,
where the stiffness and damping coefficient of the system were characterised at
different frequencies, excitation forces, and pressures. The vibration and fluid energy
were characterised at these frequencies, excitation forces, and pressures. The fluid
energy transfer ratio of the power transferred to the fluid from the vibration energy was
also measured, in order to determine the split between vibrational energy absorbed by

the bellow material, and that absorbed by the fluid.
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The numerical integration model was firstly validated by comparing the predicted
transient behaviour with the transient response obtained experimentally. The dynamic
properties were evaluated in terms of the change in amplitude, frequency and pressure
in the system respectively, where the most significant changes were discussed and
analysed. The vibration energy was evaluated in terms of the change in amplitude,
frequency and pressure in the system respectively, where the most significant results

were discussed.

When evaluating the dynamic properties of the rubber bellow system, there was a
clear indication that the damping ratio of the system increased with an increase in
amplitude. In applications where the amplitude of the system is known, the damping
ratio could be predicted and introduced into the design calculations. Should the
amplitude be less than 5 mm, the expected damping ratio can be expected to be less
than 30%, where the damping ratio could be up to 80% at amplitudes higher than 6
mm. The damping ratio’s dependency with regards to a change in frequency was
declining with an increase in frequency, where the evaluated results had a correlating
trendline. By using the equation of power, the expected damping ratio could be
determined at the operating frequency. Table 8-1 illustrates the damping ratio

guideline gathered from the evaluation, which will aid in the correct application design.

Table 8-1: Damping ratio expectation guideline

Known design criteria | Damping-ratio expectation Notes
Amplitude <5 [mm] 0-30% See frequency dependence
Amplitude 6-9 [mm] 30-80% See frequency dependence

y (Damping ratio)

. _ —1.035
Operating frequency y = 1.765x x (Frequency [Hz])

The fluid energy and power were evaluated in terms of the change in amplitude,
frequency, and pressure, respectively, with the goal of determining how much energy
is transferred to the fluid from the system. These evaluations and results were
summarised. By simulating the vibration energy and the amount of energy transferred
to the fluid in the system, efficiencies of more than 70% were observed. However, no

correlation between amplitude, frequency, or pressure was conclusive.
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8.2 Recommendations

It is recommended to characterise and investigate higher pressure systems up to
differentials of 30 bars, where different rubber bellows are used to fully understand the
change in dynamic properties of any rubber bellows when subjected to increased
pressure loadings. The current experimental setup for example was restricted to only
deliver a maximum pressure difference of 50 kPa where the operating range of the
bellow is up to 16 bar. This study is based on an in-line rubber bellow application,
although the recommendation is to evaluate higher pressure tests with a rubber bellow
that is not in-line with the main flow path. Figure 8-1 shows the experimental setup
recommended for higher pressure tests, where the single point flow entry and exit can

be seen at the bottom of the bellow, and one-way valves are used for flow control.
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Figure 8-1: High pressure experimental setup recommendation
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By removing the in-line application of the bellow, it allows for an additional pressure
increasing port as shown in the figure, which will allow for an external increase in

pressure in the system.

Another recommendation is to investigate the application of a rubber bellow as a
vibration isolator with the function of circulating fluid in an auxiliary system. An example
of this is to implement the bellow in a by-pass system that circulates cooling water of
a gearbox while implemented as a vibration isolator for the gearbox or surrounding

pipelines.
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Appendixes
Appendix A — Bellow Rubber Properties

WILLBRANDT
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MILLBRANDT Rubber Expansion Joint Type 50

DN 20 - DN 1000

Type 50 is a low-corrugated, highly elastic rubber expansion joint. Its low corrugation helps

to achieve very low flow resistance, It reduces up to 70 % of the incoming energy. It is also
characterise by very high movement absorption in all directions and variety of rubber qualities,
which means that a suitable rubber compound is available for every application.

Type 50 is used in building technology, plant engineering, water and wastewater technology,
engine construction, shipbuilding and in solar and and wind plant engineering. It especially
used where it is specifically used to absorb expansion and vibration and to insulate sound.

Bellow design Low-corrugated rubber bellow with rein- Flange version Both sides with swiveling flange made

forcement and shaped sealing bead with
core ring, seif-sealing (no addtional seals
required). Suitable for accommodating

of galvanized steel with clearance holes,
drilled according to DIN PN 10 (standard).
Other materials and dimensions are

swiveling flanges. possible.

Similar to DIM 4808 / TUV approved,
drinking water and shipbuilding approval,
FDA and EG 1935/2004 conform

Approvals/Conformity

Specifications for DN 20 - DN 400

Bellow Bellow design ug to Permissible operating data Surface registance Ro
Colour Colour Core Rein- Cover N Short- Core Cover
code marking (inner) forcement (outer) temmn
“C bar | "C bar [ °C  bar | °C  bar C Ohm x cm_ | Ohm x cm
red Sp | BB |EPoM | PEEK [EPOM | 400| 40 10| 70 16| 100 10| 130 & | 150 | 4x 107 | 4x 10
reqa - UL Folyameae EFLM 40 -4U U w 106 i\ 12 1y 10 120 RSl 1Y 1o
red EPDM () EPDM | Polyamide EPDM 400 ( 30 10| S0 6| T 12 20 10 100 = c e
yellow [} NBR Polyamide CR 400 | 20 10| S0 16| T 12| ©0 10| 100 2x 107 1x 10°
white | MNBR Polyamide CR 400 20 10 50 18 T2 90 10 100 Tx 10° 1x 107
green = CEM Polyamide CSM 400 <20 10| S 16| 70 12| 100 10 10 Tx 10° 7x A0°
orange = NBR Polyamide | CR 200 20 10| S0 25| 7O 20| 80 15| 100 3x 10° 1x 107
black EPDM* @ 11 Polyamide EPDM 150 40 10| S0 10| 70 &| 80 &| 120 7x 10° 1x 10°
black GR - GR Polyamide | GR 400 25 10| s0 16| 70 12| 0 10| wo| 7x 10° | 5x 10"
yellow LT Our NBR-LT | Polyamide CR 300 40 10| S 16| 70 12| 80 10| 100 1x 10* 4x 10°
yellow St OO NER Steal cord CR 400 ( 20 10| &0 16| TO 12 20 10 100 2x 10F 5x 10"
yellow HNBR W] |HNBR | Steel cord CR 300 35 10| &0 16| TO 12| 100 10 120 | 15x 10° - 10"
Bursting pressure DN 20 - 400 > 45 bar For pressure loss see technical appendi:.
* Bursfing pressure max. 30 bar, max. DN 150
Specifications for DN 450 - DN 1000
Bellow Bellow design ug to Permissible operating data Burface resistance Ro
Colour Colour Core Rein- Cover N Short- Core Cover
code marking (inner) fomcement (outer) term
“C bar | C bar | *C  bar | *C  bar o Ohim % em Ohim % em
red Sp (=) EFDM | PEEK EPDM 1000 ( <40 8 70 10| W00 75| 130 [ 150 4x 10° 4x 10°
red ] IR Polyamide EPDM 1000 | 40 g s 10| 70 8| W00 & 120 Tx 10¢ 1x 10°
red EPDM ] EPDM | Polyamide EPDM 600 [ 30 8| 50 10| 70 & @0 [ 100 - - - -
yellow O NBR | Polyamide CcR 1000/ 20 8| S0 10| 70 &| 90 6| 100 2y 10% ix 10°
white O NER Polyamide R 800 ( 20 8| S0 10] 70 8| 90 [ 100 7x 10° 1x 10°
green ] CSM | Polyamide | CSM 1000 20 &| S0 10| 70 & w0 6| 110 Tx 10° Tx 10°
black CR = CRN Polyamide CR 1000 [ -25 B 5 10 70 8 90 ] 100 Tx 10° Sx 10
yellow St [ NER | Steel cord CR 60| 20 8| 80 10| TO 8| @0 & 100 2x 10? 5x 10"

Bursting pressure DN 450 - 1000 = 30 bar For pressure |oss see technical appendix,

!mf":o'ta '!t For aggressive media, please see the resistance table (can be requested separately).
information The bellows should not be painted or insulated. Please refer to the installation instructions.

++++ We will be happy to send you further information on the individual fypes and designs. ++++
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WILLBRANDT Rubber Expansion Joint Type 50

")

Application

- DN 20 to 50 vacuum-resistant
without additional accessories

- DN 85 to 250 without additional
accessories to -300 mbar and with
vacuum supporﬂng spiral for full

- DN 300 to DN 1000 only vacuum-
resistant with vacuum supporting ring
- Type 50 black EFOM DN 20 to
DN 40 without additional accessories

Type 50 red Sp

For heating installations according to DIN 4808, For many years of
operation under constant loading with hot water and heating water at
100 “C/M10 °C at 10 bar/é bar operating pressure. Electrically conduc-
tive surface. Not suitable for media with additives containing oil.

Type 50 red

For drinking water, hot water, sea water, cooling water with chemical
additives for treating water, saline solutions, wesk acids and weak
alkaline sclutions. Electrically dissipative inner surface and electrically
conductive outer surface. Not suitable for oil products or cocling water
with additives containing oil.

Type 50 red EPDM
Like Type 50 red, but not for drinking water, shipbuilding and
offshore applications. Temperature range max. 90 °C at 10 bar.

Type 50 yellow

For oils, lubricants, fuels, gases, city and natural gas (not liquefied)
and DIN EN fuels with an amomatic content up to 50 %. Electrically
conductive.

Type 50 white

For foodstuffs containing oil and fat (rubber in food-grade). Mot
approved for drinking water. Electrically insulating inner surface
and electrically conductive outer surface,

Type 50 green
For chemicals, aggressive chemical wastewater and compressor
air containing oil, Electrically insulating,

Type 50 orange
Like Type 50 yellow, but also for liquid petroleum gas ace. to
DIN EN 5889. Electrically dissipative.

to -300 mbar and with vacuum
supporting spiral for full vacuum

Accessories - Guide sleaves

- Potential equalisation

- Flame-resistant protective covers
- Dust and splash protection covers
- Earth cover / sun protection hoods
- Segment tie rods

Type 50 black EPDM

For drinking water, sea water, cooling water, weak acids and alkali
solutions, technical alcohols, esters and ketones. Max. pressure

10 bar. Electrically dissipative inner surface and electrically conductive
outer surface.

Type 50 black CR

For hot and cold water, wastewster, swimming pool water, salt water,
wastewater, cooling water with anti-corrosive products containing oil,
il mixtures and compressed air containing oil. Electrically insulating.

Type 50 yellow LT
Like Type 50 yellow, but also for liquid gas. Electrically dissipative.

Type 50 lilac

For flue gas desulphurisation systems and bio-diesel. Good resistance
to benzene, xylene, toluene, fuels with an aromatic content of more
than 50 %, aromatic/chlorinated hydrocarbons and mineral acids,
Electrically insulating inner surface and electrically conductive outer
surface.

Type 50 yellow St

Like Type 50 yellow with additional flame-resistance for up to

30 minutes at 800 *C. Blectrically conductive inner surface, alectrically
insulating outer surface.

Type 50 yellow HNBR
Like Type 50 yellow St, but for temperatures up to +100 °C. Electri-
cally dissipative inner surface, electrically insulating outer surface.

Note!
Detailed material descriptions on pages 5 - 7.

35
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WILLBRANDT Rubber Expansion Joint Type 50

Design A - without tie rods

Can be used for movement absorption in any direction (for combined

mavements, see the movement diagram in the technical appendix),

noise and vibration insulation.

The expansion joint's reaction force must be absorbed via suitable piping.

Dimensions for Design A

DM

20
25
32
40
50
65
oy
100
125
150

350
400
450
500
600
700
BOO
800
1000

*1WF = affective area
" Other standards/dimansions possibla.

Length
BL

3250
250
300
300

Bellow

oA WE*1

mm mm?2
81 1700
81 1700
81 1700
56 1800
86 3200
111 5300
e Bow
142 | 12800
168 18700
192 25800
252 | 41000
302 58600
354 | 82200
420 | 117600
4560 | 154700
530 | 204200
580 | 227900
660 | 311500
800 | 434200
BED | 527400
1038 | 73700
1136 | 6400

*2 Building length 260 mm

Important

information

6

an

mm
105
115

150

2PCD| @d i

mm
75
85

100
110
125
145
AL
180
210
240

725

950
1050
1160

Flange PN 102

mm
12 4
14 4
18 4
18 4
18 4
| 1o s
18 L]
18 8
18 8
22 8
22 8
22 12
22 12
22 18
26 16
26 20
28 20
30 20
30 24
33 24
33| 28
36 28

axial -

axial +

lateral angular
Movemant absorption Movement absorption Weight
(polyamide cord) (steel cord)
axial | axial | lateral | angular| axial | axial | lateral | angular
+ = H [ + - + 4
mm mm mm £° mm | mm mm £ kg
30 30 30 a0 15 30 15 20 1.5
a0 ] 30 30 15 ] 15 20 1.9
30 30 30 30 15 30 15 20 31
30 30 30 30 15 30 15 20 a5
30 30 an A0 15 30 15 20 it
0] a| s so| 15| %0 15| 20| 5.3
L] i} 40 a0 15 £ ] L] U 6.8
30 30 30 20 15 30 15 15 7.4
30 30 30 20 15 30 15 15 9.6
30 30 30 20 15 30 15 15 12.9
30 30 30 12 20 15 10 5 8.2
30 30 30 12 20 15 10 5 2.5
30 30 30 12 20 15 10 5 4.5
30 50 30 B 30 30 25 10 385
20 50 30 8 30 40 25 5 38.0
30 50 30 8 - - - - 47.2
30 50 30 8 - - - - 58.5
30 50 30 8 - - - - 75.2
30 50 30 8 - - = - 1278
30 50 30 [ - - - - 161.0
30 50 30 ] = - = = 196.7
30 50 30 5 - - 234.5
Pemissible degree of utilization for movement areas:

- up to 50 “C: Utilisation ~ 100 %
- up ta 70 *C: Utilisation = 75 %
- up to 90 °C: Utilisation ~ &0 %

Please note the appropriate f xed point constructions and plain bearings in your piping system!
For more information please refer to our installation instructions.
For information on the tie rods, please see the technical appendix (p. 89 - 92)!
++++ We will be happy to send you further information on the individual types and designs. ++++
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WILLBRANDT Rubber Expansion Joint Type 50
Length limiters

There is a selection of various length limiters / tie rods to absorb the reaction force and to protect the bellow from overstretching or collapsing:

Design B* Design C* Design E Design M
with tie rods with tie rods/thrust limiters with tie rods and spherical with tie rods/thrust limiters
washers/conical sockets and spherical washers/conical sockets

i

Design F
with hinge

*Note: For Designs Band C
the lateral movement absorption is reduced by around 50 %.

Flange dimensions for Designs

with tie rods
DN | Length Flange PN 10 (example dimensions)
BL B @D |@PCD| @d n s ec
mm mm mm mm mm mm mm
20 130 | 180 | 105 75 12 4| 14 ]
25 130 | 208 | 15| &S 14 4| 14 &
32 130 | 230 | 140|100 18 4| 15 8
40 130 | 240 | 150 10 18 4| 15 74
50 130 | 255 | 185 128 18 4| 18 8
65 130 | 275 | 185) 145 18 5| 16| 108
20 130 | =2@0 | 200( 180 18 8 18 18 DN 32 - 200 DN 250 - 900
100 130 | 310 | 220| 180 18 8| 18| 13
125 130 | 340 | 250 =210 18 8| 18| 188
150 130 | 375 | 285( 240 22 8| 18| 1@2
200 130 | 440 30| 205 22 & 20 252
250 130 | s00 | 39s| a@so| 22| 12| 20| 34
300 130 | 550 | 445 400 22| 12| 22| 354
350 200 | 613 | S05| 460 22| 16| 24| 412
400 200 | 7oo | 65| 15| 26| 16| 25| 470
450 200 | 780 | e15| 65| 28| 20| 30| 520
500 200 (810 &70| 620 26 20 30 570
600 200 | @30 | TRO| 725 30| 20| 30| &7s
700 *250 | 1045 | 95| B40| 30| 24| 35| Teo
800 250 | 1175 | 1015| @50 33| 24| 40| B&ET
800 300 | 1285 | 1115 1050 33| 28| 40| o987
1000 300 | 1400 | 1230 1160 36| 28 | 40| 1087 DN 1000 DN 50 - 1000 (Design F)

* Building length 260 mm

av
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WILLBRANDT Rubber Expansion Joint Type 50

Axial stiffness rates

DN Overall length Stiffness rates {averages value from full way)
BL 0 bar 2,5 bar 4 bar 6 bar 10 bar 16 bar
mm Nm/mm Nm/mm Nm/mm Nm/mm Nm/imm Nmv/mm
20 130 31 68 128 192 243 270
25 130 31 68 128 192 243 270
2 130 31 68 128 192 243 270
40 130 30 66 124 186 23 261
50 130, 25 51 28 134 AZ3
| 65 130 24 53 100 150 190 211
80 130 28 58 104 185
100 130 35 7 116 206 274 304
125 130 36 71 137 214 282 313
150 130 49 102 189 293 390 433
200 130 100 180 365 568 735 816
250 130 105 207 388 609 778 864
300 130 123 248 448 6858 883 980
350 200 105 177 349 5657 753 836
400 200 154 261 516 535 1090 1210
450 200 167 320 581 203 1162 1290
500 200 196 376 686 1080 1364 1514
600 200 208 292 692 1123 1441 1600
700 250 140 198 521 714 954 =
800 250 180 270 594 a75 1258 -
900 300 200 380 690 1080 1395 -
1000 300 25 420 742 1248 1568 -
* Buiding length 260 mm Waming: Deviations (+/- 25 %) in the stiffness rates may occur due
to use of different materials and manufacturing processes.
Lateral stiffness rates
DN Overall length Stiffness rates (averages value from full way)
BL 0 bar 2,5 bar 4 bar 6 bar 10 bar 16 bar
mm Nmv/mm Nm/mm Nm/mm Nmvmm Nm/mm Nm/mm
20 130 64 125 184 240 240 300
25 130 84 125 184 240 240 300
32 130 64 125 164 240 240 300
40 130 62 121 178 233 256 291
50 130 5 8 108 145
65 130 40 78 115 150 165 168
B0 1% £ 7 136 155 173
100 130 55 88 143 168 192 28
125 130 100 200 21 293 3683 518
150 130 120 260 309 366 466 616
200 130 323 723 836 949 1219 1624
250 130 379 806 1022 1173 1479 1938
300 130 3% 837 1058 1216 1542 2031
350 200 305 610 %2 875 1098 1433
400 200 338 642 87 946 1199 1579
450 200 342 639 821 a7 1200 1544
500 200 426 818 1048 1204 1495 1952
600 200 456 534 1062 1295 1586 2023
700 *250 516 939 1191 1449 1775 -
800 250 558 960 1055 1557 1758 -
200 300 800 1480 1964 2248 2580 -
1000 300 960 1624 231 273% 2076 K

* Buiding length 260 mm

Waming: Deviations (+/- 25 %) in the stiffness rates may occur due
to use of different materials and manufacturing processes.
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WILLBRANDT Rubhber Expansion Joint Type 50

Angular stiffness torque

DN Overall length Stiffness torgue (averages value from full way)
BL 0 bar 2,5 bar 4 bar 6 bar 10 bar 16 bar
mm NmF N/ M Mrnf® Nm™® Nm™®
20 130 02 05 0.9 13 1.7 19
25 130 02 05 08 13 1.7 1.9
32 130 02 05 09 13 1.7 1.8
40 130 03 08 1.1 16 2.0 2.3
50 130 02 0@ 11 18 20 22
65 130 04 08 1.7 25 3z 36
- 11] 130 Tu 10 20 30 4.0 5.0
100 130 10 20 40 T0 a0 10.0
125 130 20 a0 &0 100 13.0 15.0
150 130 B 7o 120 180 250 28.0
200 130 10 200 41.0 630 g2.0 91.0
250 130 180 350 650 1020 1300 144.0
300 130 290 580 105.0 1540 206.0 229.0
350 200 340 570 1130 1830 2440 270.0
400 200 650 1100 2180 260 460.0 1.0
450 200 870 16850 3040 4730 509.0 G760
500 200 1250 230 436.0 G740 B6E.0 863.0
B00 200 16610 2610 616.0 10040 1286.0 1428.0
T00 250 1670 2370 B51.0 B530 11400 -
800 250 o 4160 914.0 15010 1937.0 -
200 300 3660 T330 13300 20820 2680.0 =
1000 300 5310 amo 17510 20450 37000 -

Warning: Deviatons (+£ 25 %) in the stffnass torque may sceur dus

* Buikding length 260 m
1o use of different matenals and manufactunng processes.

Frictional force

DN Overall length For designs Eand M for design F
BL Frictional force frictional moment
mm Nfbar Nmbar
20 130 T 02
25 130 7 02
32 130 7 02
40 130 7 0z
50 130 12 03
65 130 20 05
80 130 a5 10
100 130 51 14
125 130 76 21
150 130 18 44
200 130 187 62
250 130 243 112
300 130 335 154
350 200 120 170
400 200 180 229
450 200 171 405
500 200 266 635
600 200 534 1385
700 250 662 1609
800 250 BA6 3262
900 250 1105 4024
1000 250 1357 6173

Warning: Deviations (+/- 25 %) in the frictional force may accur
due to use of different materials and manufacturing processes,

* Buiking length 260 m
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WILLBRANDT Chemical Expansion Joint Type 50 PTFE

DN 25 - DN 500

Type 50 FTFE is & low-corrugated, FTFE-lined rubber expansion joint. 1ts low comugation helps

to achieve very low flow resistance. The PTFE lining gives the expansion joint high chemical

resistance or an anti-adhesive property,

The PTFE lining can be used for any rubber compound on Type 50, It is however necessary

to ensure that the selected rubber compound achisves the highest possible media resistance,

as this is the only way to achieve optimum sevice life.

Dimensions for Design A

DN

" WF = affective area

Length
BL

mm
130
130
130
130
130
130
130
130
130
130
130
130
200
200
200
200

Bellow

aa WF*

mm mm2
&1 1700
&1 1700
BE 1800
o5 3200
ikl 5300
122 8500
142 12800
168 18700
192 25900
252 41000
302 SE600
354 §2200
420 17600
460 154700
530 204200
580 227900

Pressure resistance

Conformity

Vacuum resistance

Important

information

40

115

445
505

615
a70

BrPcD

Flange PN 10

n

® oo m kAR R

B e

R

gRREBEYEE

Max. & bar operating pressure with polyamide cord
reinforeement, max. 9 bar operating pressure with

aramid or steel cord reinforcemeant.

FDA and EG 1935/2004

ac

mim
66
66
T4
56
108
118
138
166
192
252
304
354
412
470
520
570

Only limited suitable for vacuum operation. A PTFE vacuum
supporting ring, which allows full vacuum for small nominal

diameters, can be used from DN 50.

The PTFE supporting ring can only be used up to 50 °C.
DN 25, DN 32, DN 40 and DN 350 expansion joints are not
suitable for vacuum operation.

Movemaent abserption
axial lateral
- +
mm mm
15 15
15 15
185 15
15 15
15 158
15 15
15 15
15 15
15 15
15 18
15 15
15 15
i85 15
15 15
15 15
15 15

Parmissibla dagrea of utilisation for movemant amaas:
-up o 50 *C: Utlisation ~ 100 %
-up fo 70 *C: Utlisation ~ 75 %
- up to 90 °C: Utlisation ~ 60 %

For aggressive media, please see the resistance table (can be requested separately).
The bellows should not be painted or insulated. Please refer to the installation instructions.

+++ We will be happy to send you further information on the individual types and designs. ++++
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Appendix B — MATLAB scripts

The following sub routine programs are listed in the appendix.

B-1  Phase angle calibration, where the phase angle is calibrated.

B-2 Signal FFT, where the FFT signals is extracted, and the phase angle and
amplitude are calculated, the expected steady state- (B-2.1) and transient-
behaviour (B-2.2) is then plotted.

B-3 Dynamic properties of bellow system, where the dynamic properties of the
system are calculated.

B-4 Vibration energy and power, where the energy and power of the system is
calculated for steady state- (B-4.1) and transient- behaviour (B-4.2) are
calculated.

B-5 Fluid flow energy, where the fluid energy of the system is calculated.

B-6  Fluid energy transfer ratio

B-1 Phase Angle Calibration
clear all

Te————-— Input values------%%

%$%Load of measured data%$s

filenamel eik = 'EC503A.dat'; $Define acceleration file
name for calibration process
filename2 eik = 'EC503B.dat'; $Define eddy current signal

file name for calibration process

%% Phase angle Calibration

ttl eik = load(filenamel eik); %Load acceleration data
from file

tl eik=ttl eik(:,2); %$Define time array of
data from signal[s]

Rol eik=9.81*ttl eik(:,1); %Define acceleration

array of data from signal and convert Gs to [m/s"2]

tt2 eik = load(filename2 eik); $Load Eddy current
signal data from file

t2 eik=tt2 eik(:,2); $Define time array of
data [s]

Ro2 eik= tt2 eik(:,1); %$Define eddy current

voltage array of data [V]
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fsl eik=1/tl eik(2);
acceleration [Hz]

fs2 eik=1/t2 eik(2);
Eddy current signal [Hz]

npl eik=length(tl eik);
data [s]
fl eik=fsl eik* (0:npl eik-1)/npl eik;

np2 eik=length(t2 eik);
data [s]
f2 eik=fs2 eik* (0:np2 eik-1)/np2 eik;

lenl eik = (npl eik/2.56)+1;
points in acceleration signal measured
len2 eik = (np2 eik/2.56)+1;
points in Eddy current signal measured

FRol eik=fft (Rol eik);

transform of acceleration signal
PRol eik=abs (FRol eik)*2/npl eik;
amplitude of fft at each frequency
aRol eik=angle (FRol eik);

at each frequency

npl eik=1l:(lenl eik);

frequency

FRo2 eik=fft (Ro2 eik);

transform of Eddy current signal
PRo2 eik=abs (FRo2 eik)*2/np2 eik;
amplitude of fft at each frequency
aRo2 eik=angle (FRo2 eik);

at each frequency

np2 eik=1l:(len2 eik);

frequency

%$Array data points of FFT%%

$Sample frequency of

%$Sample frequency of

$Sample total time of
$Frequency domain [Hz]
$Sample total time of
$Frequency domain [Hz]
$Define number of data

$Define number of data

$Discrete Fourier
%$Determine acceleration
$Determine phase angle

%Declare range of

$Discrete Fourier
$Determine Eddy current
%$Determine phase angle

3Declare range of

datRol eik=[2*pi*fl eik(npl eik); PRol eik(npl eik)'; aRol eik(npl eik)'];
datRo2 eik=[2*pi*f2 eik(np2 eik); PRo2 eik(np2 eik)'; aRo2 eik(np2 eik)'];

%%Reconstruction of signals%%
for j=l:npl eik;

Rosl eik(j)=sum(datRol eik(2,:).*cos(datRol eik(1l,:)*tl eik(j)+datRol eik(3

r3))) i

Ros2 eik(j)=sum(datRo2 eik (2, :).*cos(datRo2 eik (1,

r3))) i

end

1) *t2 eik(j)+datRo2 eik(3

%%Determine dominant frequency, corresponding amplitude and phase angle%%

[sortedX eik, sortedInds eik] = sort(PRol eik(:), 'descend'); $Sort

maximum accelerations
topd4 eik = sortedInds eik(1:4);

%Sort top 4
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%$List dominant frequencies from 1 to 4
FFl eik = fl eik(topd4 eik(1l));

FF2 eik = fl eik(topd4 eik(2));

FF3 eik = fl eik(topd4 eik(3));

FF4 eik = fl eik(topd4 eik(4));

maxXValue eik = FF1 eik; %$Dominant
frequency [Hz]

phil eik = aRol eik(topd4 eik(1l)); %$Phase
angle at dominant frequency of acceleration [rad]

phi2 eik = aRo2 eik(topd4 eik(1l)); %Phase

angle at dominant frequency of Eddy current probe [rad]

f dom eik = maxXValue eik $Dominant
frequency of eik signals

phi acc eik = phil eik*180/pi; $Convert
phase angle of acceleration at dominant frequency to [deg]

phi ec eik = phi2 eik*180/pi; $Convert
phase angle of Eddy current at dominant frequency to [deqg]

deltaphi eik = phi ec eik-phi acc_eik $Eik phase
angle [deg]

X eik = (max(PRol_eik(npl_eik))/((maxXValue_eik*Z*pi)AZ));

$Displacement amplitude of dominant frequency [m]
RosddotX eik =

(max (PRol eik(npl eik)))*cos(tl eik*maxXValue eik*2*pi+phil eik);
%Reconstruction of acceleration signal
RosX eik = -

(max (PRol eik(npl eik))/((maxXValue eik*2*pi)~"2))*cos(tl eik*maxXValue eik*
2*pi+phil eik); S%Reconstruction of displacement signal

%$Plot original signals along with reconstructed signals%%

figure

subplot(2,1,1)

plot(tl eik,Rosl eik,tl eik,Rol eik, 'g'")

title ('EIK Acceleration signal vs reconstructed')
xlabel ('Time [s]'")

ylabel ("Acceleration [m/s”2]")

legend ('Reconstructed', 'Acceleration meter')
subplot(2,1,2)

plot (t2 eik,Ros2 eik,'r',t2 eik,Ro2 eik, 'g')
title ('EIK Eddy current signal vs reconstructed')
xlabel ('Time [s]"')

ylabel ('Volts")

legend ('Reconstructed', 'Optical eye')
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B-2 Signal FFT

B-2.1 Steady-state
clear all

FE————- Input values—------%%

%$%Load of measured data%$

filenamel = 'VPT105A.dat'; $Define acceleration file
name of measured signal
filename2 = 'VPT105B.dat'; $Define eddy current

signal file name measured signal

%% Determine phase angle and X

ttl = load(filenamel) ; $Load accelaration data from
file

tl=ttl(:,2); %$Define time array of data [s]
Rol=9.81*ttl(:,1); %Define acceleration array of

data and convert G to [m/s”2]

tt2 = load(filename?2); %$Load Eddy cunnert signal data
from file

t2=tt2(:,2); %$Define time array of data [s]
Ro2= tt2(:,1); $Define eddy current voltage

array of data [V]

fsl=1/t1(2); %$Sample frequency of
acceleration [Hz]
fs2=1/t2(2); $Sample frequency of Eddy

current signal [Hz]

npl=length(tl); $Sample total time of data [s]
fl=£fs1*(0:npl-1) /npl; $Frequency domain [Hz]
np2=length (t2); $Sample total time of data [s]
f2=£s2* (0:np2-1) /np2; $Frequency domain [Hz]

lenl = (npl/2.56)+1; $Define number of data points
in acceleration signal measured

len2 = (np2/2.56)+1; %$Define number of data points

in Eddy current signal measured

FRol=fft (Rol) ; $Discrete Fourier transform of
acceleration signal

PRol=abs (FRol) *2/npl; %Determine acceleration
amplitude of fft at each frequency

aRol=angle (FRol) ; %*Determine phase angle at each
frequency

npl=1:(lenl); 3Declare range of frequency
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FRo2=fft (Ro2) ; $Discrete Fourier transform of
Eddy current signal

PRo2=abs (FRo2) *2/np2; $Determine Eddy current
amplitude of fft at each frequency

aRo2=angle (FR02) ; $Determine phase angle at each
frequency

np2=1: (len2); $Declare range of frequency

$Array data points of FFT%%
datRol=[2*pi*fl (npl); PRol(npl)'; aRol(npl)'];
datRo2=[2*pi*f2 (np2); PRo2 (np2)'; aRo2(np2)'];

%%Reconstruction of signals$$
for j=l:npl;

Rosl (j)=sum(datRol (2, :) .*cos (datRol (1, :)*tl(j)+datRol(3,:)));
Ros2 (j)=sum(datRo2 (2, :) .*cos (datRo2 (1, :)*t2(j)+datRo2(3,:)));
end

$%Determine dominant frequency and corresponding aplitude and phase angle$$

[sortedX, sortedInds] = sort (PRol(:), 'descend'); $Sort maximum
accelerations
top4 = sortedInds(1l:4); %Sort top 4

%$List dominant frequencies from 1 to 4

FF1 = fl(top4(l));

FF2 = fl(top4(2));

FF3 = fl(top4(3));

FF4 = f1l(top4d (4));

maxXValue = fl (top4d (1)), $Dominant frequency
[Hz]

phil = aRol (top4d(1l)); %Phase angle at
dominant frequency of acceleration [rad]

phi2 = aRo2 (top4 (1)), %Phase angle at

dominant frequency of Eddy current probe [rad]

f = maxXValue %$Dominant frequency of

signals

phi acc = phil*180/pi; %Convert phase angle of
acceleration at dominant frequency to [deg]

phi ec = phi2*180/pi; %Convert phase angle of
Eddy current at dominant frequency to [deqg]

deltaphi = phi ec-phi acc $Eik phase angle [deg]

X = (max (PRol (npl))/ ((maxXValue*2*pi)"2)) %Displacement amplitude
of dominant frequency [m]

RosddotX = (max (PRol (npl))) *cos (tl*maxXValue*2*pi+phil) ; %Reconstruction
of acceleration signal

RosX = - (max (PRol (npl))/ ((maxXValue*2*pi)"2)) *cos (tl*maxXValue*2*pi+phil) ;

%Reconstruction of displacement signal
%$%Plot original signals along with reconstructed signals%%

figure
subplot(2,1,1)
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plot(tl,Rosl,tl,Rol, "'g")

title('Acceleration signal vs reconstructed')
xlabel ('Time [s]'")

ylabel ('"Acceleration [m/s”2]")

legend ('Reconstructed', 'Acceleration meter')
subplot(2,1,2)

plot(t2,Ros2,'r',t2,R02,"'g")

title('Eddy current signal vs reconstructed')
xlabel ('Time [s]'")

ylabel ('Volts'")

legend ('Reconstructed', 'Optical eye')

B-2.2 Transient
clear all

$E————- Input values------%%

%$%Load of measured data$%$%

filenamel = 'VPT101lA.dat'; $Define acceleration file
name of measured signal
filename2 = 'VPT101B.dat'; %$Define eddy current

signal file name measured signal

%% Determine maximum X

ttl = load(filenamel) ; $Load acceleration data from
file

tl=ttl(:,2); $Define time array of data [s]
Rol=9.81*ttl(:,1); %Define acceleration array of

data and convert G to [m/s”2]

tt2 = load(filename?2); %Load Eddy current signal data
from file

t2=tt2(:,2); %$Define time array of data [s]
Ro2= tt2(:,1); %$Define eddy current voltage

array of data [V]

fs1=1/t1(2); $Sample frequency of
acceleration [Hz]
fs2=1/t2(2); $Sample frequency of Eddy

current signal [Hz]

npl=length(tl); $Sample total time of data [s]
fl=fsl1*(0:npl-1)/npl; $Frequency domain [Hz]
np2=length (t2); $Sample total time of data [s]
f2=fs2* (0:np2-1) /np2; $Frequency domain [Hz]
lenl = (npl/2.56)+1; %$Define number of data points

in acceleration signal measured
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len2 = (np2/2.56)+1;
in Eddy current signal measured

FRol=fft (Rol);

acceleration signal

PRol=abs (FRol) *2/npl;

amplitude of fft at each frequency
aRol=angle (FRo1l) ;

frequency

npl=1:(lenl);

FRo2=fft (Ro2);

Eddy current signal

PRo2=abs (FRo2) *2/np2;

amplitude of fft at each frequency
aRo2=angle (FR02) ;

frequency

np2=1:(len2);

$Array data points of FFT%%

datRol=[2*pi*fl (npl); PRol(npl)';
datRo2=[2*pi*f2 (np2); PRo2(np2)';

%%Reconstruction of signals%%

for j=l:npl;

Rosl (j)=sum(datRol (2, :) .*cos (datRo
Ros2 (j)=sum(datRo2 (2, :) .*cos (datRo
end

$%Determine maximum acceleration o

ddotX abs = abs(Rol);
ddotX max = max (ddotX abs)

%$%Plot original signals along with

figure

plot (tl,Rol)

title('Transient acceleration')
xlabel ('Time [s]'")

ylabel ('Acceleration [m/s”2]")
legend ('Acceleration meter')

figure

subplot(2,1,1)
plot(tl,Rosl,tl,Rol, 'g")
title('Acceleration signal vs reco
xlabel ('Time [s]'")

ylabel ('Acceleration [m/s”2]")
legend ('Reconstructed', 'Accelerati
subplot(2,1,2)
plot(t2,Ros2,'r',t2,R02,'g")
title('Eddy current signal vs reco
xlabel ('Time [s]'")

ylabel ('Volts")

$Define number of data points

$Discrete Fourier transform of
%$Determine acceleration
$Determine phase angle at each

%Declare range of frequency

%Discrete Fourier transform of
$Determine Eddy current
$Determine phase angle at each

%$Declare range of frequency

aRol (npl) '1;
aRo2 (np2) '1;

1(1,:)*tl(j)+datRol(3,:)));
2(1,:)*t2(3j)+datRo2(3,:)));

f signal%$

reconstructed signals%%

nstructed')

on meter')

nstructed')

legend ('Reconstructed', 'Optical eye')
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B-3 Dynamic Properties of Bellow system

clear all

FE————- Input values—------%%

f = 25; $Frequency [Hz]

deg = -20; %$Phase angle [deqg]

X = 0.0034; $Displacement amplitude [m]

o\°
o\°

Vibration input parameters%%

n = 100; %$Persentage unbalance set
[%]

m p = 58; %Mass on top of bellow [kg]
mer e = 0.087; %Unbalance force of 1 motor
[kgm]

%% Determine k p and zeta

%deg = deltaphi - deltaphi eik %Calculate phase angle [Deg]
phi = deg* (pi/180); %$Phase angle [rad]

omega= f*2*pi; $Frequency [rad/s]

F e = 2*%(n/100) *m_er e*omega”2; %Unbalance force of motors [N]

%$%Calculate dynamic properties$$

syms k c; %Declare two
variables

%$%Solve two equations simultaneously%%

eql = ((F_e)/(sgrt((k-m p* (omega)"2) "2+ (c*omega) "2)))-X ; $First equation
eqg2 = atan((c*omega)/ (k-m_p* (omega)*2))-phi; %Second
equation

[c,k] = solve(eql,eq?); $Solve

simultaneously with build in function

Styfheidl = double (k) ; $List two
senarios for stiffness
Dempingl = double (c); $List two

senarios for damping

$%Damping coefficient must be positive because from egl it is seen that c
has a square root relationship to k%%
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c_p = max (Dempingl) ; $Damping
coeficient [Ns/m]

%%Determine stiffness that matched the corresponding damping%%

if Dempingl(l) == c p

k p = abs(Styfheidl (1)) %$Stiffness
coefficient [N/m]
else

k p = abs(Styfheidl (2)) %$Stiffness
coeficient [N/m]
end

%%Test i1if stiffness and damping coefficient are correct%%

X test = (F_e)/(sqrt((k _p-m p*omega.”2)”"2+(c_p*omega).”2)) S%Test
displacement amplitude from k p and c p determined [m]
f n = (sqrt(k p/m p))/(2*pi) %Natural

frequency [Hz]

%$%Logic test if calculated amplitude and measured amplitude is equal to
ones%s

$%another or at least within 0.1 mm of each other and if natural
frequency%%

%%1is a logical lower than 20 [Hz]%%

if (abs (X test-X)<0.0001 && £ n < 20)

mb = msgbox ('Test match', 'sucess'); %Display message
box if test matches
else

mb = msgbox('k value wrong', 'Error', 'error'); %Display message
box if test is failed

end

%%Determine damping ratio and critical damping coefficient%$

c ¢ = 2*sqrt(k p*m p); %Critical wviscous
damping [Ns/m]
zeta = c_p/c_c $Damping ratio [-]
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B-4 Vibration Energy and Power
B-4.1 Steady-State

clear all

$%Vibration input parameters$$%

n = 100; %$Persentage unbalance set
[%]

m p = 58; $Mass on top of bellow [kg]
mer e = 0.087; $Unbalance force of 1 motor
[kgm]

f = 25; $Frequency [Hz]

X = 2e-3; $Displacement amplitude [m]
k p = 136e3; $Stiffness of bellow [N/m]
zeta = 0.12; $Damping ratio of bellow [-
]

deg = -10; $Phase angle [Deg]

%% Power and energy

R et i T INPUT CALCULATIONS—————=———————————————————

omega = 2*pi*f;

c ¢ = 2*sqrt(k p*m p);
c p = zeta*c c;

[Ns/m]

F T = sqgrt((k_p*X) "2+ (c_p*omega*X)"2);

phi = deg* (pi/180);

$Frequency
%Critical viscous damping

[rad]
[Ns/m]

$Damping coefficient of bellow

SForce transmitted [N]

%Phase angle

[rad]

g mmm e mmm o FURTHER CALCULATIONS-————=—=——————————————————
c = £*50; $Time variable size [s]

b = 0.8; $Interval size of calculations [s]
a= (1/f)/c; $Start time [s]

t = linspace(a,b,c); $Declare time domain [s]

x = X*sin (omega*t-phi) ;
dotx = omega*X*cos (omega*t-phi);

ddotx = -omega”2*X*sin (omega*t-phi);
F = k p*x + ¢ p*dotx + m p*ddotx;
[N]

F p k = k p*x;

F p ¢ = c_p*dotx;

F p m = m p*ddotx;

P = F.*dotx;

%Displacement [m]

$Velocity [m/s]
%$Acceleration [m/s”"2]

sDifferential equation of motion

$Stiffness force [N]
%$Damping force [N]
$Mass force ({N]

SPower

[Watt]
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P v k = F p k.*dotx; $Stiffness power [Watt]

P v c =F p c.*dotx; $Damping power [Watt]

P vm=F p m.*dotx; $Mass power [Watt]

P v = (1/2)*c_p*omega”2*X"2 $Mean power delivered [W]

PP v = mean (P); $Mean power delivered determined
DeltaW v = c p.*omega.*X"2.*pi $Energy dissipated in one cycle [J]
EE——mmmm Plot signals--------"""""""""-"———

$%Plot power signals%%

figure

subplot(4,1,1)

plot(t,P,'g',t,P v k,'0",t,P v ¢c,'r',t,P vm,'c',t,mean(P), 'g*',t,mean(P_v_
k),'b*",t,mean(P_v c), 'ro',t,mean(P_v m), 'co')
title ('Power components')

xlabel ('"Time [s]")

ylabel (' [Watt]")

legend ('Power delivered', 'Spring power', 'Damper power', 'Mass power') %
subplot (4,1,2)
plot(t,P,'g"',t,P_ v ¢, 'r',t,mean(P), 'g*")
title ('Compare dissipated Power')

xlabel ("Time [s]")

ylabel ('Power [W]")

legend ('Power delivered', 'Damping power')
subplot (4,1, 3)

plot(t,F,'g")

title('Force delivered')

xlabel ('Time [s]'")

ylabel ('Force [N]")

legend ('Force excitation')

subplot (4,1,4)

plot(t,ddotx, 'g'")

title('Acceleration')

xlabel ('Time [s]'")

ylabel ("Acceleration [m/s”2]")

legend ('Acceleration')
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B-4.2 Transient Behaviour

B-4.2.1 Script File

clear all

global k p zeta m p f m er e n omega F e c ¢ ¢ p phi

S INPUT VALUES-———-———————————————————————
k p = 131.81e3; $Dynamic system stiffness [N/m]

zeta = 0.1713; %$Damping ratio [%]

m p = 58; $Mass on top of system [kg]

m er e = 0.087; %Unbalance force of 1 motor [kgm]

n = 20; %Persentage unbalance set [%]

f = 25; $Frequency

R et i T INPUT CALCULATIONS—————=———————————————————
omega = f*2*pi(); $Frequency [rad/s]

F e = 2*¥(n/100) *m_er e*omega”2; %Unbalance force of motors [N]

c ¢ = 2*sqgrt(k p*m p); $Critical viscous damping [Ns/m]
c p = c_c.*zeta; %Viscous damping of system [Ns/m]

phi = atan((c_p*omega)/(k _p-m p*omega”2)); S%Phase angle [rad]
deg = phi*180/pi

EE——m Declare numerical integration boundary conditions-------
YO = [0 0]; %$Assign boundary conditions for each array
domain = 0:1/(25*100) :20/25; %Declare domain of numerical integration
[tt,y] = ode23('RungakuttaMotor rev5 final',domain,Y0); %Internal numerical

integration MATLAB function

G Convert to desired variables-----------------%%
x =vy(:,1); %$Displacement [m]
dotx = y(:,2); %Velocity [m/s]
ddotx = ((F_e*sin(omega*tt)-(k_p)*x-(c_p)*dotx)/m p); $Acceleration
[m/s"2]

e Power Calculations----------—--—-——-—--——-——--%%
F = k p*x + ¢_p*dotx + m p*ddotx; S%Force [N]

Fp k =%k p*x; $Stiffness force [N]

F p ¢ = c_p*dotx; $Damping force [N]

F p m =m p*ddotx; %Mass force {N]

P = F e*sin(omega*tt) .*dotx; $Equivalent power [W]

P v k = F p k.*dotx; $Stiffness power [Watt]

P v c =F p c.*dotx; $Damping power [Watt]

P vm=F p m.*dotx; %Mass power [Watt]

——————————————————————— Maximum power Calculations---------——--—-————-—-—————-

oo
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ddotx abs = abs(ddotx);

%$Determmine absolute values of acceleration [m/s”2]

P _abs = abs(P); $Determine
absolute values of power [W]

ddotx max = max (ddotx abs) $Maximum
acceleration of System [m/s"2]
P max = max(P_abs) $Maximum

power of system [W]

g m e Plots—-—-=-=====——=—————————————————— %
figure $Plot transient
displacement

plot(tt,x,'g")

title('Transient displacement')
xlabel ("Time [s]")
ylabel (' [m]")
legend('Displacement')

figure %$Plot transient velocity
plot (tt,dotx, 'g")

title('Transient velocity')

xlabel ('Time [s]"')

ylabel ('[m/s]")

legend ('Velocity')

figure %$Plot transient
acceleration

plot (tt,ddotx, 'g")

title('Transient acceleration')

xlabel ("Time [s]")

ylabel (' [m/s"2]")

legend ('Acceleration')

figure %$Plot transient power
plot(tt,P, 'g")

title('Transient vibration power')

xlabel ("Time [s]")

ylabel ('Power [W]")

legend ('Power")

figure $Plot power
plot(tt,P,'g',tt,P v k,'b',tt,P v ¢, 'r',tt,P v.m, 'c")

title ('Power')

xlabel ('Time [s]'")

ylabel ('Power [Watt]')

legend ('Equivalent', 'Spring power', 'Damper power',6 'Mass power')
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B-4.2.2 Function

function r = RungakuttaMotor rev5 final (tt,y)

global k p zeta m p f m er e n omega F e c ¢ ¢ p phi

R e L L P P e NUMERICAL INTEGRATION--—-—-—-—-——-—-—-—--%%
r = zeros(2,1); %Create array of zeros

r(l) = vy(2); %$Integrate velocity to displacement

r(2) = ((F_e.*sin(omega.*tt))-k p.*y(l)-c p.*y(2))/m p; %Integrate

acceleration to velocity

end

B-5 Fluid-Flow Power

clear all

e———== Input values------%%

X = 0.0034; $Displacement amplitude [m]
f = 25; %$Frequency [Hz]

deg = -20; %$Phase angle [Deqg]

P v = 392; $Vibration power [W]

$%Flow input parameters$Ss

PA=20; %Gauge pressure in inlet
pipe [Pa]

P D = 20e3; %Guage pressure at
discharge end of cycle [Pal]

P B = 65e3; $Maximum gauge pressure

inside of bellow [Pa]

Q = (10/29.84)*10"(-3); SMeasured flow rate [m”*3/s]
P Dv = 178e3; $Pressure built up in
discharge pipe with no flow [Pa]

P Bv = 245e3; %Pressure supplied by the

bellow with no flow [Pa]

h 0 = 0.55; $Height of water level in
inlet tank [m]

h A = 0.395; %$Height of inlet pressure
gauge [m]

h B =20.175; %$Height of bellow inlet [m]
h C = 0.590; $Height of bellow outlet
(m]

h D =1.28; %$Height of outlet pressure
gauge [m]
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D1 =0.05; %Bellow inlet steel pipe
diameter [m]
D 2 = 0.05; %Bellow outlet steel pipe
diameter [m]

1 1=1.08; %$Length of inlet pipe [m]
1 2=1.12; %$Length of discharge pipe
[m]

epsilon = 0.15*10"(-3); %$Equivalent roughness of

galvinized iron [m]

P atm = 86e3; $Atmospheric pressure

g = 9.81; $Gravitational acceleration
[m/s"2]

rho = 1000; $Density of fluid [kg/m"3]
mu = 1.002e-3; %Dynamic viscosity of fluid
[N.s/m"2]

%% Flow energy

o

%$%Input Calculations$%

phi = (deg/180) *pi; %$Phase angle [rad]

c = £*50; $Time variable size [s]

b = 0.8; $Interval size of calculations [s]
a = (1/f)/c; %$Start time [s]

t = linspace(a,b,c); $Declare time domain [s]

omega = 2*pi*f; $Frequency [rad/s]

x = X*sin (omega*t-phi) ; $System displacement [m]

dotx = omega*X*cos (omega*t-phi); %System velocity [m/s]

ddotx = -omega”2*X*sin (omega*t-phi); %System acceleration [m/s”2]
DeltaV = Q/f; %Volume displaced by system per cycle
[m"~3]

A p = DeltaV/(2*X); $Area of equivalent piston [m"2] where
Vol is the volume displacement

D p = sqgrt((4*A p)/pi) %Diameter of equivalent piston

A1l (pi/4)*D_1"2; $Area of inlet pipe [m"2]

A 2 = (pi/4)*D 2"2; %$Area of discharge pipe [m"2]

%%Determine velocity and acceleration of fluid in pipe where v
=(A p/A)dotx p as the law of continuety%%
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v_1 = (A p/A 1)*dotx; $Velocity of fluid in suction pipe
[m/s]

v_2 = (A p/A 2)*dotx; %Velocity of fluid in delivery pipe
[m/s]

al= (A p/A 1)*ddotx; $Acceleration of fluid in suction pipe
[m/s"2]

a 2 = (A p/A 2)*ddotx; $Acceleration of fluid in delivery pipe
[m/s"2]

$%Determine static head required to overcome inertia of fluid

h il = -(1_1/g)*a_1; %Acceleration head of inlet stage [m]
h i2 = -(1 2/9)*a_2; $Acceleration head of discharge stage
[m]

%%Determine frictional head loss due to pulsating fluid

Re 1 = rho*Q*D 1/ (A 1*mu); $Reynolds number in suction pipe [-]
Re 2 = rho*Q*D 2/ (A 2*mu); %$Reynolds number in delivery pipe [-]

$%$Determine friction factor

if Re 1 < 2100 $For laminar flow

f 1 =16/Re_1; $Friction factor of inlet pipe [-]
else $For turbulant flow- assume that
transitional are 2100<Re<4000 is also turbulant

f il = (-1.8*log((((epsilon/D 1)/3.7)71.11)+6.9/Re_1)); %Equation is
f i1 = 1/sqrt(f), just rewritten to simplify

f1=(1/£11)"2; $Friction factor of inlet pipe [-]
end
if Re 2 < 2100 $For laminar flow

f 2 =16/Re_2; $Friction factor for discharge pipe [-]
else $For turbulant flow

f i2 = (-1.8*log((((epsilon/D 2)/3.7)71.11)+6.9/Re_2)); %Equation is
f i1 = 1/sqrt(f), just rewritten to simplify

f 2= (1/f 12)"2; $Friction factor for discharge pipe [-]
end

$%Determine frictional head loss

h £1 = ((4*f 1*1 1)/(2%g*D 1))* (v _1)."2; $Frictional head loss in
suction pipe [m]
h £2 = ((4%f 2%1 2)/(2%g*D_2))* (v_2)."2; $Frictional head loss in

delilvery pipe [m]

%%Determine work to overcome friction in pipes

P f1l = (2/3)*(((4*f_1*1 1)/(2*g*D_1))* (max(v_1))"2)*rho*g*Q $Work
done to overcome inlet friction [W]
P £2 = (2/3)*(((4*f 2*1 2)/(2*g*D_2))* (max(v_2))"2)*rho*g*Q SWork

done to overcome discharge friction [W]
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$%Determine pressure Jjust before and just after the one-way valve

P C2 = rho*g*((h_D-h C)+ (P _Dv/(rho*g))) $Pressure just after one-way
valve [Pa]
P Cl = rho*g*((h_B—h_C)+(P_Bv/(rho*g))) %$Pressure just before one-way

valve [Pa]
h v = (((P_Cl-P_C2))/(rho*qg)); $Head loss over valve [m]
%$Determine head delivered to pipe system%%

if P A == 3Use water level if suction valve is
open to determine head

h p = (h D-h 0)+(P_D/(rho*g))+((rms(v_2).7%2)/(2*g))+h v
%Head delivered to pipe system [m]

else

h p = (h D-h A)+((P_D-P A)/(rho*g))+((rms(v_2)."2-
rms(v_1)"2)/(2*g))+h v $Head delivered to pipe system [m]
end

h in = h p+h il+h i2+h fl+h £f2;
%Internal pressure of System [W]

P h = rho*g*Q*(h p) + P_fl + P f2
$Hydraulic power [W]

%$%Fluid energy transfer ratio%%
eta p = P h/P v

$%Plot fluid figures$$
%$Instantanious head in bellow

figure

plot(t,h _in)

title('Instantanious pressure in bellow')
xlabel ("Time [s]")

ylabel ('Pressure [m]")

legend ('Internal head of bellow')

$Fluid velocity ad acceleration

figure

subplot(2,1,1)

plot(t,v_1,'r',t,v_2,'g")

title('Fluid velocity')

xlabel ('Time [s]')

ylabel ('Velocity [m/s]")

legend ('Velocity of suction fluid', 'Velocity of delivery fluid')
subplot(2,1,2)

plot(t,a 1,'r',t,a 2,'g")

title('Fluid acceleration')

xlabel ('Time [s]')

ylabel ("Acceleration [m/s”2]")

legend ('Acceleration of suction fluid', 'Acceleration of delivery fluid')
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%%create points for PV diagram

h atm = P_atm/(rho*g); $Atmospheric pressure [m]
h as = max(h_1il); $Fluid inertia for inlet pipe [m]
h fs = max(h _fl); $Friction head for inlet pipe [m]
if PA =0
h s =hO0-hA; %$Suction head [m]
else
h s = (P_A/(rho*g))+h A %Suction head [m]
end
h d = h p-h s; $Delivery head [m]
h ad = max(h_12); $Fluid inertia for discharge pipe [m]
h fd = max(h £2); $Friction head for disharge pipe [m]

%%Set data points$$s

vvl = 0.005+0;

vv2 = 0.005+Deltav/2;
vv3 = 0.005+DeltaVv;
vvd = 0.005+Deltav;
vv5 = 0.005+Deltav/2;
vve = 0.005+0;

vv7 = vvl;

o
o°

Set matching head points$$

hhl = h atmt+h s-h as;
hh2 = h atm+h s-h fs;
hh3 = h atm+h s+h as;
hh4 = h atm+h d+h ad;
hh5 = h atm+h d+h fd;
hh6é = h atm+h d-h ad;
hh7 = hhl;

%$%Array points created in table format for plotting%$$s

vvv = [vvl,vv2,vv3,vvd,vv5,vve,vv7];

hhh = [hhl,hh2,hh3,hh4,hh5,hh6,hh7];

h atmos = [h atm,h atm,h atm];

h suct = [h _atmt+h s,h atm+h s,h atm+h s];

h deliver = [h _atm+h d,h atm+h d,h atm+h d];

%$Plot PV diagram

figure
plot(vvv(1:7),hhh(1:7),"'go"',vvv(1l:7),hhh(1:7),'g",vvv(1l:3),h atmos(1:3),'b’
,vvv(1:3),h suct(1:3),'r",vvv(1l:3),h deliver(1:3), 'm")

title('PV diagram')

xlabel ('Volume [m"2]")

ylabel ('Pressure [m]")

legend('Data points', 'PV diagram', 'Atmospheric pressure', 'Suction

head', 'Delivery head')
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B-6 Fluid energy transfer ratio

clear all

P h = 7.6526; $Hydraulic power [W]
P v = 15.43; $Vibration Power [W]
eta = P h/P v %bellow fluid transfer ratio[-]
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