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Abstract

Friction control at the wheel-rail interface has been an outstanding challenge in front of the rail
road engineers throughout the world. On-board solid stick friction modifier system, simply named
stick-applicator assembly, has proved to be one of the simple and efficient ways to tackle the
excessive wear and rail corrugation. Interlocking solid sticks are applied to the wheel flange and
tread by means of a mechanical applicator mounted on a bracket, which is connected to the bogie.
Relative sliding motion in the stick-wheel interface provokes gradual transfer of solid lubricant
film to the wheel-rail interface through the wheel’s motion. Consequently, friction control at
wheel-rail interface could be achieved. Instability and failure of stick-applicator assembly due to
stick-wheel interaction destabilize its performance. The present study uses a lab-scale setup to
produce consistent instability, which helps examine the behavior of the stick-applicator assembly
during instability. The lab-scale setup incorporates a mock-wheel connected to the stick-applicator
assembly. Mock-wheel is used to simulate up - down and transverse motion based on the concept
of parametric excitation in the presence of internal resonance. Dynamics of each substructure is
investigated to gain better understanding of the behavior of the coupled system. Having known the
characteristics of each substructure, the dynamics of the coupled system is studied. It is found that
period doubling bifurcation occurs consistently in certain ranges of excitation frequencies and
voltages. Lateral stiffness is identified as one of the design parameters of the lab-scale setup that
governs the vibration level. Clearances in the stick-applicator assembly and looseness between
each interlocking sticks are found to be parameters which weaken the lateral stiffness of the
coupled system. Some modifications in the design of the main contributing parts to
eliminate instability and suppress the vibration of the coupled system in the lab-scale setup are
also addressed in this thesis. Furthermore, full-wheel rig experiments are carried out to check the
practicality of the design modifications.
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Lay Summary

The idea of using lubricants to reduce the wear and friction at the wheel-rail interface in Vancouver
mass transit systems dates back to 1980’s when the rails were replaced shortly after the
establishment of the mass transit systems due to the huge amount of wear and rail corrugation.
Engineers came up with a new idea of exploiting on-board solid stick friction modifier systems
suspended from the bogie and connected to the wheel through frictional contact. Relative sliding
motion in the stick-wheel interface leads to gradual transfer of solid lubricant film to the wheelrail interface through the wheel’s motion and consequently friction control at wheel-rail interface
could be achieved. Problems associated with the stability and failure of friction modifier systems
due to stick-wheel interaction undermines their performance. The present dissertation scrutinizes
the instability mechanisms and investigates the ways to lower vibration in friction modifier
systems by introducing design modification of their components through a lab-scale setup.
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The present thesis entitled “An experimental study of nonlinear oscillations in railroad friction
control systems” is original and unpublished work conducted by the author, Mohammad Reza
Talebi Bidhendi, under supervision of Dr. A. Srikantha Phani. This project was financially
supported by LBFoster Company and Natural Science and Engineering Research Council of
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Chapter 1: Introduction
1.1

General overview
Rail road engineers always seek the most effective, inexpensive and secured way to

overcome the wheel-rail transportation related problems. These include track life increase,
improving fuel efficiency by optimizing traction and train weight, wear decrease and excessive
noise suppression during wheel-rail interaction. Friction management at the wheel rail interface
has been recognized to be crucial. Several methods of friction modification have been developed
and designed by the railway industries including liquid and spray based top of rail friction
modifiers by which the top of rail is lubricated, and carbon-based solid stick technology by which
wheel flange and tread are lubricated. More details about friction modification in railway
transportation can be found in [1,2,3]. The idea of using solid lubricants to reduce the wear and
friction at the wheel-rail interface in Vancouver mass transit systems dates back to 1980’s when
rails were replaced shortly after the establishment due to the huge amount of wear and corrugation
[4]. On-board solid stick friction modifier systems suspended from the bogie and connected to the
wheel through frictional contact are used to tackle the aforementioned issues (Figure 1.1).
Moreover, other features of solid lubricants such as environmentally friendly, fire resistance, nontoxic and low wear rates provoked them to be eminently suitable in freight, urban transit and heavy
haul locomotives.

Bracket (connected to the
bogie)

a)

b) Wheel

Tube (Applicator)
Tread
Bolted connection
Flange
Wheel

Solid lubricant (stick)

Layer of solid
lubricant

Rail

Figure 1.1: A schematic of operation of an on-board solid stick friction modifier system; a)
wheel flange lubrication, b) thin transferred solid lubricant film from the wheel to the rail
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Although using applicator-stick assembly leads to effective reduction of wear and friction at the
wheel-rail interface, stability and failure of the solid stick friction control systems remain a
challenging issue that can drop the efficacy of that technology. Stick-applicator assemblies are
prone to excessive vibration and noise due to stick-wheel and stick-applicator interaction. Hence
eliminating the instability and preventing failure of the stick -applicator assembly by experimental
identification of instability mechanisms are the focus of this project.
1.2

Problem statement

As depicted in Figure 1.1, interlocking solid sticks are applied to the wheel flange/ tread by means
of a mechanical applicator mounted on a bracket, which is connected to the bogie. As shown in
Figure 1.2, applicator is a hollow tube utilizing a folded and removable part named insert with a
constant force spring. Sticks are placed inside the applicator and pushed from one side by a
constant force spring to be continually in contact with the wheel flange at the other side.
a)

Tube

Lock-bolt

Insert

Constant force spring

b)

c)

Constant force spring
Z

400 microns

Y
Protrusion

Constant Force

X

Tube and insert (applicator)

Interlocking carbon-based solid lubricants
(sticks)

Gap

Figure 1.2 : Schematic of the applicator-stick assembly; a) exploded view of the
applicator ,b) cross section of a loaded applicator showing interlocking sticks inside
the tube, c) front view showing clearance between sticks and insert. Note that free- 2
play exists in X and Z direction.

Excessive amount of stick’s vibration, which is the result of the relative motion between the wheel
and stick-applicator assembly, is one of the main concerns in dealing with the failure of the
mechanical applicators. As shown in Figure 1.2(c), sticks can freely move and hit the internal sides
of the applicator because of less constraints in X and Z directions due to the presence of the
clearance which exists inevitably in the system due to manufacturing tolerances. Consequently,
stick-wheel and stick-applicator interactions may lead to the failure of the applicators through the
friction –induced vibration and vibro-impact mechanisms.
In this thesis, practical ways of suppressing the sticks’ vibration are explored by performing
experiments on a lab-scale setup, which includes a mock-wheel to simulate the relative motion
between the wheel and the stick-applicator assembly (Figure 1.4), and available full-scale wheel
test-rig at LBFoster Company.
a)
Bracket
Accelerometers

b)
Tip mass

Beam

Mock-wheel
Stinger
Shaker

Stick

Applicator

Shaker

Applicator

Figure 1.3 : UBC lab- scale experimental setup; a) coupled system, b) uncoupled system

3

1.3

Literature review

Since the current project deals with three important phenomena including friction-induced
vibration due to stick-wheel interaction, vibro-impact oscillation because of stick-applicator
interaction and nonlinear mechanisms route to instability due to the mock-wheel’s dynamics, a
brief pertinent literature review is given in the following subsections.
1.3.1

Friction – induced vibration and instability

Friction-induced vibration and instability is usually known as the root cause of undesired noises
and instabilities in many engineering applications such as disc-brake interaction in automotive
industry, machining processes, wheel-rail interactions, ceramic-on-ceramic hip arthroplasty, etc.
Numerous studies have been conducted and various models have been proposed to describe the
behavior of the systems oscillating due to friction. Friction modeling is a key task for the
mathematical models to successfully predict the system’s behaviors with frictional contact [5]. The
underlying mechanisms of friction generated instability and chaos have been comprehensively
reviewed in [6,7,8,9]. Some of the mechanisms are briefly presented here.
1.3.1.1

Negative slope of friction coefficient

When friction coefficient is a decreasing function of relative velocity of two sliding systems in
contact, friction can be interpreted as a negative damper feeding energy to the system instead of
dissipating it. This characteristic was recognized to be an essential destabilizing mechanism for a
long time [7]. However, Jarvis and Mills [10] showed that decreasing of friction coefficient with
sliding speed could not alone amount for the squeal, based on their setup consisting of a
cantilevered beam on a unidirectional rotating disc. Geometry of the coupling of the motions was
identified as the main cause of instability in their setup. Moreover, Chen et al [11] looked at the
instabilities arising from the frictional interaction of a reciprocally driven pin-on-plate apparatus
and observed squeal occurrence in both regions of negative and positive friction-velocity gradients
but no clear explanation was given.
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1.3.1.2

Stick-slip

Stick-slip motion, a non-smooth behavior, usually occurs at a low sliding speed between two
surfaces due to the difference between the static friction coefficient and the kinetic friction
coefficient or transition between elastically deformed asperities during sticking phase followed by
plastically deformed asperities during sliding phase. Stick-slip vibration occurs in many systems
such as drill strings in oil and gas well drilling [12], brake system, and bowed music instruments.
In some cases, stick-slip vibration alone cannot be the source of brake squeal noise, but it can lead
to the coupling of various modes in the system by releasing an impact-wise energy during slipping
phase and enhance the squeal propensity [13, 14]. Hence, finding its causes and avoiding its
formation by changing system parameters including interface frictional properties are pursued in
industrial applications.

1.3.1.3

Mode coupling

Flutter is a common example of mode coupling when at least two closely spaced modes of a
system, get coupled and merge into one due to certain conditions such as having an asymmetric
stiffness and/or damping coefficient matrices arising from follower loads or frictional contact
conditions. Akay et al [15] demonstrated mode coupling as one of the most important mechanisms
in the disc brake squeal and the effect of damping in the squeal noise through a simplified designed
test rig. F.Chen [16], by using the concept of aligned frequencies, demonstrated that the squeal
frequency is close to the aligned frequency. He addressed that if one in-plane mode of the rotor
falls into the less than one-third frequency distance between the two adjacent out-of-plane rotor’s
modes, in-plane and out-of-plane modes are said to be aligned and there is a high possibility of
squeal to arise if a proper friction, pressure and temperature exist to couple those modes. Hoffman
[17] studied a minimal two degree of freedom model exhibiting mode coupling instability. Flutter
route to instability has also been observed by several researchers in follower loading structures,
both experimentally and theoretically [18,19].
The above mechanisms are the accepted and identified sources of the instability in
engineering systems. However, nonlinear mechanisms route to instability including modal
interactions (internal resonances), parametric oscillations, subharmonic or super harmonic
5

resonances are also known to be involved in dynamical systems and some of them are discussed
briefly in section 1.3.3.
There is a strong analogy between the wheel-stick-applicator assembly and disc-brake system,
widely discussed in the literature. Train wheel, applicator and sticks can be treated as disc, caliper
and pads respectively. Although controlling friction at the wheel-rail interface is done by the stickapplicator assembly, the physics behind the chatter/squeal occurrence in wheel-stick-applicator
assembly remains unresolved. Inspired by the linear stability theory in frequency domain used by
Duffor and Woodhouse [20] in studying the disc brake squeal and Altintas [21] in constructing the
stability lobes for milling process, the first rudimentary work in the context was done by Sharma
et al [22]. He studied the stability of an applicator mounted on three different brackets in contact
with the wheel in a virtual environment. Further, he did modal experiments to measure the required
transfer functions for the linear stability theory. No chatter/squeal was observed during his field
experiments and he mentioned the wheel-stick interaction as a forced vibration process.
Robustness of his model is under question since the stick’s influence, clearances as one of the main
sources of the nonlinearities and vibro-impact phenomena were neglected in his model. The effect
of sticks and clearances are studied in the present work by the lab-scale setup (Figure 1.4).

1.3.2

Vibro- impact phenomena

Woodpecker toy [23], ground moling [24], impact dampers [25] and various loosely connected
structures have been studied as typical examples of vibro-impact phenomena. Clearances in
loosely connected systems similar to the stick-applicator apparatus can prompt the vibro-impact
effects which results in noise level increase during operation and fatigue intensification of
components. Impact dampers used in machining process to passively suppress the unwanted
vibration (chatter) [26, 27], however, are one of the desired application of vibro-impact
phenomena. A single mass can act as an impact damper in systems with clearances (Figure 1.5) by
absorbing part of the main oscillating system’s energy during impact.
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Main oscillatory structure

X

Impact damper (single mass)

Clearance

Figure 1.4 : A vibration model of drill with impact damper; note that in some cases
impact damper can be equipped outside of the main oscillatory system as well [27]
In general, vibro-impact phenomenon is a non-smooth process and can be a nonlinear mechanism
leading to instability. Many complex behaviors such as drift in response, subharmonic response
and chaotic motion might potentially be observed in certain conditions and due to system’s
parameters in an impact oscillator [28, 29].
Stick-applicator assembly can be treated as an impact oscillator due to the existence of the
clearance between the stick and the applicator. To prevent the failure of the applicators caused by
the stick motion, inserts may be designed to act as an impact damper to absorb stick’s energy.
Different types of inserts are studied in this work.

1.3.3

Non-linear mechanisms route to instability

Nonlinearity is an ubiquitous characteristic in most practical engineering systems. Large
deformation of structural elements such as beams, shells and plates, impact and backlash and
elasto-plastic behavior of materials exemplify the geometric, non-smooth and material
nonlinearities in the systems respectively. Identification of nonlinearities and their influence on
system operation is of great importance in achieving proper and simple models to predict the
system’s behaviors adequately. Furthermore, there are involved phenomena exclusive to nonlinear
systems and using linear models for that systems lead to spurious results. Modal interaction
(internal resonance), saturation, amplitude dependent frequency of oscillation, jump (hysteresis)
,subharmonic or super harmonic resonances due to certain circumstances can arise only in
nonlinear systems. A brief review of one of the known features of nonlinear structures associated
7

with the current project, in particular the mock-wheel used in the lab scale setup, are provided
here. More details can be found in [30].
1.3.4

Internal resonances

Modal interactions occur in nonlinear multiple degree of freedom systems as a result of the
presence of the internal coupling and energy exchange between the modes due to nonlinearities.
Autoparametric or internal resonances, which is one type of modal interaction in nonlinear
systems, is said to exist when two or more of a system’s linear natural frequencies are
commensurate or nearly commensurate, i.e. Z2  2Z1 , Z3  3Z1 r Z2 . Internal resonances depend
on the order of the nonlinearities. For instance, when a structure has a quadratic damping or an
asymmetrical geometry caused quadratic nonlinearity, internal resonances may be anticipated if

Zm  2Zn or Zm  Zn r Zk , while for cubic nonlinearities such as cubic stiffness, internal
resonances arise when Zm  3Zn or Zm  2Zn r Zk . Internal resonances, which can be a nonlinear
mechanism route to instability, when combined with external resonance can cause hazardous large
responses in modes and enhance fatigue-related problems. However, they have been purposefully
exploited in applications including vibration absorption [31] and energy harvesting [32, 33]. A
two-DOF model (Figure 1.6) was widely used as a good approximation to explain the observed
behaviors including saddle-node bifurcation (jump phenomenon), Hopf bifurcation, Period
doubling (PD) bifurcation, saturation and chaotic motion during experiments on the
autoparametric systems [31,34,35]. Fourier spectra, time-frequency analysis, time histories,
autocorrelation for detection of chaotic motion, Poincare sections and maps are useful tools in
characterizing the responses of nonlinear systems [36, 37].
m2

Up and down motion
m1

Shaker

Figure 1.5 : Adjusted two-degree of freedom model for a 2:1 autoparametric resonance
investigated by Nayfeh [35]
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The mock-wheel designed in the current work draws on the approach of a 2:1
autoparametric resonance with new boundary conditions. The mock-wheel shows some
fascinating responses such as jump phenomenon (Hysteresis) and period doubling bifurcation in
certain frequency ranges by increasing the excitation level which are discussed in Chapter 2 of this
dissertation.

1.4

Objectives and outline

As mentioned earlier, chatter/squeal was not observed during the stick-wheel interaction by
Sharma [22]. Moreover, it was reported to be an inconsistent phenomenon in the field experiments
by the industry. Therefore, the lab scale setup (Figure 1.4), which uses mock-wheel as a parametric
system in the presence of internal resonance to simulate up-down and transverse motion, is opted
for producing consistent instability. The objective of this work is to understand how stickapplicator assembly performs at instability. Next, how to eliminate the instability of the applicatormock-wheel assembly and suppress the vibration by identifying the contributing design factors
and hence modifying the main contributing parts such as sticks, clearances and inserts are
addressed based on the lab scale setup. Furthermore, full scale test rig is also used to check the
usefulness of conclusions made according to the lab-scale setup findings.
The current dissertation is organized as follows: in Chapter 2, the components of the lab-scale
setup is described along with modal experiments and Finite Element (FE) simulations to extract
the linear natural frequencies and investigation of mock-wheel nonlinear behavior. After that, the
dynamics of the applicator-mock-wheel assembly is analyzed experimentally to highlight the main
contributing parts of stick-applicator assembly. In Chapter 3, the results of experiments conducted
on the full-wheel test rig are presented and practicality of conclusions made based on the lab-scale
setup findings is assessed. Finally, conclusions are recapitulated in Chapter 4.

9

&KDSWHU/DEVFDOH([SHULPHQWVDQG0RGHOLQJ

&KDWWHUVTXHDORFFXUUHQFHGXHWRVWLFNZKHHO LQWHUDFWLRQZDVUHSRUWHGWREHDQ LQFRQVLVWHQW QRW
UHSHDWDEOH  SKHQRPHQRQ LQ WKH ILHOG H[SHULPHQWV )XUWKHUPRUH PRVW RI YLEUDWLRQ DULVLQJ IURP
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1RQOLQHDUEHKDYLRURIWKHPRFNZKHHO

3UHVHQFH RI QRQOLQHDULWLHV LV DQ LQKHUHQW SURSHUW\ RI PDQ\ UHDO HQJLQHHULQJ VWUXFWXUHV DQG
LQDSSOLFDELOLW\RIOLQHDUWHFKQLTXHVWRH[SODLQFRPSOH[SKHQRPHQDLQFOXGLQJMXPSVVDWXUDWLRQ
OLPLWF\FOHVLQWHUQDOUHVRQDQFHVDQGFKDRVEHKRRYHVWKHUHVHDUFKHUVWRIRFXVRQQRQOLQHDUV\VWHP
LGHQWLILFDWLRQ 1RQOLQHDU V\VWHP LGHQWLILFDWLRQ SURFHVV LQ JHQHUDO LV FRPSULVHG RI WKUHH PDLQ
VWDJHV RI GHWHFWLRQ FKDUDFWHUL]DWLRQ DQG SDUDPHWHU HVWLPDWLRQ TXDQWLILFDWLRQ  RI QRQOLQHDULWLHV
>@7KHUHDUHVWDQGDUGH[SHULPHQWDOZD\VVXFKDV)5)YDULDWLRQVLQIUHTXHQF\GRPDLQRUODFNRI
SURSRUWLRQDOLW\ LQ WLPH UHVSRQVHV GXH WR GLIIHUHQW FRQVWDQW H[FLWDWLRQ OHYHOV DQG H[LVWHQFH RI
KDUPRQLFVLQUHVSRQVHRIDV\VWHPVXEMHFWWRDVLQXVRLGWRGHWHFWLIDQRQOLQHDULW\SUHVHQWVRUQRW
>@$GYDQFHGWHFKQLTXHVLQFOXGLQJFRQVWUXFWLRQRIEDFNERQHFXUYHVZKLFKGHPRQVWUDWHWKH
DPSOLWXGH QDWXUDO IUHTXHQF\ YDULDWLRQV DQG WLPHIUHTXHQF\ DQDO\VLV XVLQJ VKRUWWLPH )RXULHU
WUDQVIRUP 67)7 DQGLQSDUWLFXODUZDYHOHWWUDQVIRUPWRFDSWXUHQRQVWDWLRQDU\HIIHFWVDUHDOVRXVHG
WRFKDUDFWHUL]HDQGTXDQWLI\WKHQRQOLQHDULWLHV>@1RQOLQHDUEHKDYLRURIWKHPRFNZKHHOLV


VWXGLHGEULHIO\LQWKLVVHFWLRQWKURXJKGHWHFWLRQDQGFKDUDFWHUL]DWLRQRIQRQOLQHDULWLHVDIWHUEULHIO\
H[SODLQLQJWKHLQWHUFRQQHFWLRQEHWZHHQSDUDPHWULFRVFLOODWLRQDQGLQWHUQDOUHVRQDQFHSKHQRPHQRQ
ZKLFK DUH LQYROYHG LQ WKH PRFNZKHHO¶V G\QDPLFV 4XDQWLILFDWLRQ RI WKH QRQOLQHDULWLHV LH
XQGHUVWDQGLQJ WKH RQVHW RI MXPS DQG FRQVWUXFWLRQ RI EDFNERQH FXUYHV  LQ WKH PRFNZKHHO LV
SRVWSRQHGIRUIXWXUHVWXGLHV
$ V\VWHP LV VDLG WR EH SDUDPHWULFDOO\ H[FLWHG ZKHQ DQ LQWHUQDO SDUDPHWHU RI D V\VWHP VXFK DV
VWLIIQHVVLVDQH[SOLFLWIXQFWLRQRIWLPH3HQGXOXPZLWKPRYLQJVXSSRUWDQGEXFNOHGD[LDOO\ORDGHG
VWUXFWXUHVDUHFRPPRQH[DPSOHVRISDUDPHWULFRVFLOODWLRQ2QFHDV\VWHPLVSDUDPHWULFDOO\H[FLWHG
DWDFHUWDLQWKUHVKROGRIWKHDPSOLWXGHWKHHQVXLQJPRWLRQLVXQVWDEOHDQGJURZVH[SRQHQWLDOO\LI
DUDWLRQDOUHODWLRQVKLSH[LVWVEHWZHHQWKHIUHTXHQF\RISDUDPHWULFH[FLWDWLRQDQGQDWXUDOIUHTXHQF\
RIWKHV\VWHP3ULQFLSDOSDUDPHWULFUHVRQDQFHLVVDLGWRRFFXUDERYHDFHUWDLQH[FLWDWLRQDPSOLWXGH
LIWKHGRPLQDQWIUHTXHQF\RIWKHUHVSRQVHEHFRPHVRQHKDOIWKDWRIWKHH[FLWDWLRQIUHTXHQF\
3DUDPHWULF RVFLOODWLRQ FDQ RFFXU ERWK LQ OLQHDU DQG QRQOLQHDU V\VWHPV 0DWKLHX +LOO HTXDWLRQ
HTXDWLRQ LVDXQLYHUVDOH[DPSOHRISDUDPHWULFRVFLOODWLRQLQOLQHDUV\VWHPV$[LDOO\ORDGHG
EXFNOHGEHDPVGHPRQVWUDWHSDUDPHWULFRVFLOODWLRQLQQRQOLQHDUV\VWHPV0DQ\UHVHDUFKHUVVXFKDV
)ORTXHWKDYHH[SORUHGVWDELOLW\DQDO\VLVDQGFRQVWUXFWLRQRIVWDELOLW\FKDUWVIRUOLQHDUDQGQRQOLQHDU
V\VWHPVZLWKSHULRGLFSDUDPHWHUVZLWKLQWKHODVWGHFDGHV0RUHGHWDLOVDUHHOXFLGDWHGLQ>@

u  a  b FRV Zt u    
$VSRLQWHGRXWLQOLWHUDWXUHUHYLHZLQ&KDSWHUDXWRSDUDPHWULFRULQWHUQDOUHVRQDQFHVZKLFKLV
RQHW\SHRIPRGDOLQWHUDFWLRQLQQRQOLQHDUV\VWHPVLVVDLGWRH[LVWZKHQWZRRUPRUHRIDV\VWHP¶V
OLQHDUQDWXUDOIUHTXHQFLHVDUHFRPPHQVXUDWHRUQHDUO\FRPPHQVXUDWH,QFDVHRIKDYLQJLQWHUQDO
UHVRQDQFH IRULQVWDQFH Z   Z RU Z 

Z DQGLQWKHSUHVHQFHRIDSSURSULDWHQRQOLQHDUFRXSOLQJ

WHUPVLQFOXGLQJTXDGUDWLFQRQOLQHDULWLHVLQDV\VWHPVHFRQGPRGHRIWKHV\VWHPFDQSDUDPHWULFDOO\
H[FLWHWKHILUVWPRGHRUYLFHYHUVDOHDGLQJWRLQVWDELOLW\,WLVVKRZQODWHULQWKLVVHFWLRQWKDWZKHQ
PRFNZKHHOLVH[FLWHGYHUWLFDOO\LQWKHYLFLQLW\RIWKHILUVWYHUWLFDOPRGHZKLFKLVURXJKO\WZLFH
WKH ILUVW ODWHUDO PRGH WKHUH LV D WKUHVKROG DERYH ZKLFK ILUVW ODWHUDO EHQGLQJ PRGH JHWV H[FLWHG
SDUDPHWULFDOO\



7KHWLPHUHVSRQVHV DFFHOHUDWLRQRIWLSPDVV RIPRFNZKHHOLQYHUWLFDOGLUHFWLRQ =D[LV WRVZHSW
VLQHH[FLWDWLRQRIYDULRXVYROWDJHVZLWKWKHVDPHVZHHSUDWHDUHSORWWHGLQ)LJXUH$EVHQFHRI
SURSRUWLRQDOLW\LQWLPHUHVSRQVHVIURPPYWRPYRIH[FLWDWLRQVKLIWLQWKHUHVRQDQFHSHDN
WRKLJKHUIUHTXHQFLHVGXHWRLQFUHDVHLQWKHDPSOLWXGHRIH[FLWDWLRQYROWDJHV IUHTXHQF\DPSOLWXGH
GHSHQGHQFH EHKDYLRU  VXGGHQ UHGXFWLRQ LQ UHVSRQVH DURXQG  +] DQG DV\PPHWULF UHVSRQVH
DURXQGWKHHTXLOLEULXPD[LV LHYHUWLFDODFFHOHUDWLRQRI DWUHVRQDQFHSHDNSURYHWKHSUHVHQFH
RI QRQOLQHDULWLHV LQ WKH PRFNZKHHO 1RWH WKDW OLQHDU VLQHVZHHS VLJQDO LV XVHG WR H[FLWH WKH
V\VWHPKHQFHWLPHLVFRQYHUWHGWRVZHHSIUHTXHQF\DFFRUGLQJWRWKHVZHHSUDWH [42]
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)LJXUH 'HWHFWLRQRIK\VWHUHVLVLQPRFNZKHHO¶VYHUWLFDOPRWLRQE\FRPSDULQJWKH
IRUZDUGDQGEDFNZDUGVLQHVZHHSH[FLWDWLRQ +]WR+] ZLWKPYDPSOLWXGH
2EVHUYDWLRQ RI MXPS SKHQRPHQRQ LQ WKH UHVSRQVH DQG WUDQVLWLRQ IURP QRQOLQHDU UHVSRQVH WR WKH
OLQHDUUHVSRQVHE\YDU\LQJWKHH[FLWDWLRQIUHTXHQF\DWKLJKHUH[FLWDWLRQDPSOLWXGHVDUHLQGLFDWLRQV
RIVDGGOHQRGHELIXUFDWLRQ)LJXUHVKRZVK\VWHUHVLVHIIHFWDVDIXUWKHUSURRIRIWKHH[LVWHQFH
RIVDGGOHQRGHELIXUFDWLRQZKLFKFDQEHUHFRJQL]HGE\UHYHUVLQJWKHRUGHURIIUHTXHQFLHVLQWKH
VZHHSWHVW
6KLIW RI QDWXUDO IUHTXHQF\ WR WKH ULJKW E\ LQFUHDVLQJ WKH H[FLWDWLRQ YROWDJHV ZDV DOVR REVHUYHG
but it is not clear in Figure 2.4,WPDQLIHVWV WKH QRQOLQHDULW\ HQWDLOV KDUGHQLQJ QRQOLQHDULW\
DULVLQJ SRVVLEO\ IURP WKH ODUJH GHIOHFWLRQV LQ WKH PRFNZKHHO +RZHYHU KDUGHQLQJ
QRQOLQHDULW\ PD\ QRW EH WKH RQO\ W\SH RIQRQOLQHDULW\LQWKHPRFNZKHHO,WLVGLVFXVVHGLQWKLV
VHFWLRQ WKDW HYHQ RUGHU QRQOLQHDULWLHV DUH DOVR LQYROYHG LQ WKH PRFNZKHHO GXH WR WKH
REVHUYDWLRQ RI HYHQRUGHUKDUPRQLFVLQWKHIUHTXHQF\VSHFWUXPRIWKHPRFNZKHHO
2WKHU EHKDYLRU REVHUYHG LV SHULRGGRXEOLQJ ELIXUFDWLRQ ZKLFK LV NQRZQ WR EH RQH RI WKH URXWHV
WR FKDRVDERYHDFHUWDLQH[FLWDWLRQDPSOLWXGHWKUHVKROG)LJXUHLOOXVWUDWHVWKHDSSHDUDQFH RI
VXEKDUPRQLF UHVSRQVH DW KLJKHU H[FLWDWLRQ DPSOLWXGHV ZKHQ WKH H[FLWDWLRQ IUHTXHQF\LV
+] ZKLFK LV DSSUR[LPDWHO\ WZLFH WKH ILUVW ODWHUDO EHQGLQJ PRGH RI WKH PRFNZKHHO RU LQ WKH
YLFLQLW\ RI WKH ILUVW YHUWLFDO PRGH RI WKH PRFNZKHHO 7KH UHVSRQVHV ZHUH PHDVXUHG E\ WKHWUL
D[LDODFFHOHURPHWHUPRXQWHGRQWKHWLSPDVV
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)LJXUH   9HUWLFDO ILUVW URZ  DQG ODWHUDO VHFRQG URZ  DFFHOHUDWLRQ RI WKH PRFN
ZKHHO PHDVXUHG E\ WKH WULD[LDO DFFHOHURPHWHU PRXQWHG RQ WRS RI WKH PRFNZKHHO DW
GLIIHUHQW H[FLWDWLRQDPSOLWXGHVDW+]
,WFDQEHK\SRWKHVL]HGIURPDERYHILJXUHVWKDWYHUWLFDOPRWLRQFDXVHVVXEKDUPRQLFUHVSRQVHLQ
WKHODWHUDOGLUHFWLRQDWKLJKHUH[FLWDWLRQYROWDJHV7RPDNHVXUHWKDWSDUDPHWULFUHVRQDQFHRFFXUV
LQ WKH PRFNZKHHO LH ILUVW ODWHUDO EHQGLQJ PRGH EHFRPHV XQVWDEOH  WKH DPSOLWXGH
VZHHSV H[SHULPHQWSURSRVHGE\=DYRGQH\>@LVFRQGXFWHGDW+])LJXUHSUHVHQWVWKH
YDULDWLRQ RI 5PV YDOXHV RI WKH DFFHOHUDWLRQ PHDVXUHG E\ WKH WULD[LDO DFFHOHURPHWHU RQ WKH WLS
PDVVDVH[FLWDWLRQYROWDJHLVLQFUHDVHG
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Figure 2.8 : Using laser Vibrometer to capture the lateral displacement and velocity of the
mock-wheel. Excitation signal is a sinusoid of frequency 24 Hz and amplitude 800 mv; (a)
schematic of the experiment, (b) lateral displacement in time domain, (c) FFT of the lateral
displacement, (d) lateral velocity in time domain, (e) FFT of the lateral velocity
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Figure 2.12 : Stick - insert assembly clamped at the end
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Figure 2.15 : Schematic of the lab-scale setup designed to examine the dynamics
of stick- applicator assembly
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QRQOLQHDU UHVSRQVH DQG RFFXUUHQFH RI LQVWDELOLW\ LQ WKH FRXSOHG V\VWHP ,W LV ZRUWK PHQWLRQLQJ
WKDWOHVV WKDQ  PY RI H[FLWDWLRQ DPSOLWXGH DQG LQ WKH IUHTXHQF\ UDQJH OHVV WKDQ  +]
V\VWHP EHKDYHV OLQHDUO\ 3HULRGGRXEOLQJ ELIXUFDWLRQ ZDV REVHUYHG DV DQ LQVWDELOLW\ LQ WKH
UDQJH RI IUHTXHQFLHV DQG DPSOLWXGHV GHSLFWHG LQ WKH DERYH VWDELOLW\ SORW 7KH PD[LPXP
DFKLHYDEOH H[FLWDWLRQYROWDJHZDVYROWVGXHWRVKDNHURSHUDWLQJFRQGLWLRQV


/DVWLFN J

([FLWDWLRQ9ROWDJH PY



I



2QVHW RI SHULRGGRXEOLQJ ELIXUFDWLRQ LV LGHQWLILHG ERWK E\ VRQRJUDP 6KRUW 7LPH )RXULHU
7UDQVIRUPRU67)7 DQDO\VLVRIWKHUHVXOWVRIWKHVZHHSDPSOLWXGHH[FLWDWLRQVLJQDOZLWKH[FLWDWLRQ
IUHTXHQF\ RI  +] DQG REVHUYDWLRQ RI D MXPS LQ VWLFN¶V ODWHUDO 5PV YDOXHV FDXVHG E\ PRWLRQ
WUDQVIHUIURPWKHPRFNZKHHOWRWKHVWLFN )LJXUH 
D

$D6WLFN

$PSOLWXGH J




  
([FLWDWLRQYROWDJH PY

E



60





20



60 90

120 150

180

7LPH sec



7LPH VHF



7KUHVKROGIRU3'




$PSOLWXGH 9ROW

80



G



40







0XOWLSOHVRI Hz

100

)UHTXHQF\ +]



$D6WLFN

PSD G%+]

5PV J

/D6WLFN

/D6WLFN
/D:KHHO

30

9D6WLFN

9D:KHHO

$D:KHHO

0

0XOWLSOHVRI Hz



9D6WLFN





F

2QVHWRI,QVWDELOLW\ PY













7LPH VHF

 

)LJXUH9HULILFDWLRQRIWKHRQVHWRI3'DWH[FLWDWLRQIUHTXHQF\RI+]IRUWKHFRXSOHG
V\VWHP FRPSULVHG RI WZR VKRUW LQWHUORFNLQJ VWLFNV D  5PV YDOXHV DW GLIIHUHQW VHSDUDWH
H[FLWDWLRQ DPSOLWXGHV E  ODWHUDO DFFHOHUDWLRQ RI VWLFN DW  +] H[FLWDWLRQ IUHTXHQF\ DQG
VZHHS DPSOLWXGH VLJQDO F  VWLFN¶V DFFHOHUDWLRQ LQ WLPH GRPDLQ GXH WR VZHHS DPSOLWXGH
VLJQDO G VZHHSDPSOLWXGHVLJQDO



$V VKRZQ LQ ILJXUH  LQFUHDVH LQ WKH H[FLWDWLRQ DPSOLWXGH UHVXOWHG LQ WKH DSSHDUDQFH
RIQRQOLQHDUUHVRQDQFHVEHWZHHQWR+]ERWKLQYHUWLFDODQGODWHUDOGLUHFWLRQRIWKHFRXSOHG
V\VWHP,WLVDOVRHYLGHQWIURPWKHVWDELOLW\SORWVWKDWWKHWKUHVKROGRIWKHH[FLWDWLRQYROWDJHIRU
WKH IUHTXHQFLHV RI    +] DERYH ZKLFK YHUWLFDO PRWLRQ WUDQVIHUV WR ODWHUDO PRWLRQ
DFFRPSDQLHGE\MXPSDQG3'ELIXUFDWLRQLVORZHUWKDQWKHUHVWRIWKHIUHTXHQFLHV(VVHQWLDOO\LW
FDQ EH K\SRWKHVL]HG WKDW RQH WR RQH LQWHUQDO UHVRQDQFH EHWZHHQ YHUWLFDO GLUHFWLRQ DQG ODWHUDO
GLUHFWLRQH[LVWVLQWKHFRXSOHGV\VWHP7RFKHFNWKLVK\SRWKHVLVVFDQQLQJ9LEURPHWHU 369 
ZDVDOVRXVHGWRPHDVXUHWKHODWHUDOUHVSRQVH GLVSODFHPHQWDQGYHORFLW\ RQERWKWKHVWLFNDQGWKH
PRFNZKHHO RI WKH FRXSOHG V\VWHP GXULQJ 3' ELIXUFDWLRQ )LJXUH   6LQFH WKH VDPH WUHQG
ZDVREVHUYHGLQPRFNZKHHO¶VODWHUDOPRWLRQRQO\WKHIUHTXHQF\VSHFWUXPVRIGLVSODFHPHQWDQG
YHORFLW\PHDVXUHGRQWKHODWHUDOVLGHRIWKHVWLFNLVLOOXVWUDWHGLQ)LJXUH,WLVFOHDUWKDWZKHQ
WKHFRXSOHGV\VWHPLVH[FLWHGDW+]DQGYROWV3'RFFXUVDQG+]LVWKHGRPLQDQWSHDN
LQWKHUHVSRQVH7KDWPDQLIHVWVWKHSRVVLELOLW\RIKDYLQJD QRQOLQHDU PRGHLQWKHYLFLQLW\RI
+]LQWKHODWHUDOGLUHFWLRQZKLFKLVFRXSOHGWRDYHUWLFDO QRQOLQHDU PRGHDURXQG+]WKURXJK
QRQOLQHDULWLHV  :KHQ 3' RFFXUV WKDW QRQOLQHDU  ODWHUDO PRGH DW  +] EHFRPHV XQVWDEOH
2EVHUYDWLRQ RI RWKHU KDUPRQLFV LQ WKH UHVSRQVH LV DVVRFLDWHG ZLWK VHYHUDO RGG DQG HYHQ
QRQOLQHDULWLHV
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)LJXUH )UHTXHQF\VSHFWUXP RIWKHODWHUDOUHVSRQVHPHDVXUHGRQWKHVWLFNGXHWRWKHH[FLWDWLRQ
YROWDJHDQGIUHTXHQF\RIPYDQG+] D ODWHUDOGLVSODFHPHQW E ODWHUDOYHORFLW\

DVVXPLQJ WKDW WKH ODWHUDO QRQOLQHDU PRGH DURXQG  +] EHFRPHV XQVWDEOH IRU KLJKHU
H[FLWDWLRQ YROWDJHV LW LV UHDVRQDEOH WR UHFRJQL]H WKH ODWHUDO VWLIIQHVV DV RQH RI WKH VLJQLILFDQW
GHVLJQSDUDPHWHUVLQWKHFRXSOHGV\VWHPDQGLGHQWLI\WKHSUDFWLFDOZD\VVXFKDVPRGLI\LQJWKH
SDUWVXVHGLQVWLFNDSSOLFDWRUDVVHPEO\WRLQFUHDVHWKHODWHUDOVWLIIQHVVLQWKHFRXSOHGVWUXFWXUH
7RWKLVHQGLWZDVVKRZQWKDWLQWURGXFLQJH[WHUQDOODWHUDOVXSSRUWVZLWKIRDPDWWLSFRQQHFWHGWR
WKHSURWUXGHGVWLFN LV FDSDEOH RI HOLPLQDWLQJ LQVWDELOLW\ DQG GHFUHDVLQJ WKH YLEUDWLRQ OHYHO LQ
WKH VWUXFWXUHQRWLFHDEO\ )LJXUHDQG)LJXUH 
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)LJXUH &RPSDULVRQVEHWZHHQ5PVYDOXHVRI WKHFRXSOHGV\VWHP KDYLQJWZRVKRUW
VWLFNV ZLWKDQGZLWKRXWDGGLQJ H[WHUQDOODWHUDOVXSSRUWV
+DYLQJUHFRJQL]HGWKHSDUDPHWHUVFRQWUROOLQJLQVWDELOLW\LQWKHFRXSOHGV\VWHPVXFKDVH[FLWDWLRQ
YROWDJHDQGIUHTXHQF\WRSURGXFHFRQVLVWHQWLQVWDELOLW\LQWKHFRXSOHGV\VWHPWKHUHPDLQLQJ
LVVXHDERXWWKHODEVFDOHVHWXSLVKRZWRVXSSUHVVWKHYLEUDWLRQDQGHOLPLQDWHLQVWDELOLW\E\
PRGLI\LQJWKHSDUWVVXFKDVVWLFNVDQGLQVHUWXVHGLQVWLFNDSSOLFDWRUDVVHPEO\,WLVWULYLDOWKDW
FKDQJLQJWKHPRFNZKHHOV¶GHVLJQSDUDPHWHUVFDQDOVRVXSSUHVVWKHYLEUDWLRQEXWWKDWLVQRWZKDW
WKLVSURMHFWORRNVIRU,QUHDOLW\ZKHQVWLFNDSSOLFDWRULVLQFRQWDFWZLWKWKHUHDOWUDLQZKHHOWKH
SHUWLQHQWDQGDYDLODEOHSDUWVGHDOLQJZLWKYLEUDWLRQUHGXFWLRQDUHVWLFNVLQVHUWDSSOLFDWRU
DQGEUDFNHW'XHWRVDIHW\LVVXHVLWLVQRWSRVVLEOHWRDGGH[WHUQDOODWHUDOVXSSRUWVLQVSLUHGE\ WKH
H[SHULPHQWH[SODLQHGLQ)LJXUH1H[WVXEVHFWLRQVGLVFXVVWKHLQIOXHQFHRIVWLFNV DQG
LQVHUW RQ ORZHULQJ WKH YLEUDWLRQ LQ VWLFNDSSOLFDWRU DVVHPEO\ E\ LQFUHDVLQJ WKH ODWHUDO
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+RZHYHUVXVSHQVLRQ EUDFNHW PRWLRQRIWKHVWLFNDSSOLFDWRUDVVHPEO\LVLPSRUWDQWDVZHOOZKLFK
LVRXWRIWKHVFRSHRIWKLVZRUN7KHYLEUDWLRQOHYHO 5PV J RIWKHWXEHLQWKHVWLFNDSSOLFDWRU
DVVHPEO\LQFOXGLQJWZRVKRUWVWLFNVFRXSOHGZLWKWKHPRFNZKHHOH[FLWHGDW+]ZLWKGLIIHUHQW
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URYLQJ D PLFURSKRQH DURXQG WKH FRXSOHG V\VWHP ,W ZDV IRXQG WKDW WKH QRLVH FRPLQJ IURP
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)LJXUH  

9LEURLPSDFW SKHQRPHQRQ E\ URYLQJ WKH PLFURSKRQH DURXQG WKH

FRXSOHGV\VWHP D QRLVHVLJQDOGXULQJV\VWHP¶VRSHUDWLRQDWKLJKH[FLWDWLRQYROWDJHV
E PLFURSKRQH FORVH WR WKH VWLFNPRFN ZKHHO LQWHUIDFH F  PLFURSKRQH FORVH WR WKH
HQWUDQFHRIWKHDSSOLFDWRU



$V VXJJHVWHG HDUOLHU LQ )LJXUH  LQFUHDVLQJ ODWHUDO VWLIIQHVV LQ WKH FRXSOHG V\VWHP
ORZHUVYLEUDWLRQ,WZDVDOVRSRLQWHGRXWWKDWVWLFNVLQVHUWDSSOLFDWRU WXEH DQGWKHEUDFNHWDUH
WKH PRVW DFFHVVLEOH SDUWV WR EH FRQVLGHUHG IRU GHFUHDVLQJ WKH YLEUDWLRQ OHYHO LQ WKH FRXSOHG
V\VWHP,QWKHIROORZLQJVXEVHFWLRQVWKHHIIHFWRIVWLFNVDQGLQVHUWDUHVWXGLHGDQGLWLVGHVFULEHG
KRZ VWLFNV GHVLJQ DQG LQVHUW¶V GHVLJQ FDQ FRQWULEXWH LQ HQKDQFLQJ WKH ODWHUDO VWLIIQHVV LQ WKH
FRXSOHGV\VWHP



6WLFN¶VLPSDFWVRQYLEUDWLRQVXSSUHVVLRQ

7KH VWDELOLW\ RI WKH FRXSOHG V\VWHP LQFOXGLQJ WZR VKRUW LQWHUORFNLQJ VWLFNV LQVLGH WKH
DSSOLFDWRU ZDV DOUHDG\ VWXGLHG ,W KDV EHHQ VKRZQ WKDW 3' ELIXUFDWLRQ RFFXUUHQFH GHSHQGV RQ
ERWK H[FLWDWLRQ IUHTXHQF\ DQG DPSOLWXGH 7ZR IXUWKHU FDVHV DUH JLYHQ DWWHQWLRQ LQ WKLV
VXEVHFWLRQ WR VHH KRZ WKH QRQOLQHDU PRWLRQ RI WKH FRXSOHG V\VWHP DOWHUV )URP WKH OLQHDU
WHVWV LW ZDV GHPRQVWUDWHG WKDW KDYLQJIRXUVKRUWLQWHUORFNLQJVWLFNVRURQHORQJVWLFNLQVLGHWKH
DSSOLFDWRU FRXOG QRW FKDQJH WKH ILUVW WZR OLQHDU PRGHV RI WKH FRXSOHG V\VWHP VLJQLILFDQWO\
7DEOH   1RQOLQHDU YLEUDWLRQ WHVWV LH KDYLQJ FRQVWDQW H[FLWDWLRQ IUHTXHQF\ DQG YDULRXV
H[FLWDWLRQ DPSOLWXGHV XS WR  YROWV  KHOS WR XQGHUVWDQG WKH UROH RI VWLFNV LQ VXSSUHVVLQJ WKH
YLEUDWLRQ ,Q WKLV UHJDUG UHVSRQVH RI WKH FRXSOHG V\VWHP LQFRUSRUDWLQJ WZR VKRUW LQWHUORFNLQJ
VWLFNV  VKRUW LQWHUORFNLQJ VWLFNV DQG  ORQJ VWLFN H[FLWHG DW  +] DQG GLIIHUHQW H[FLWDWLRQ
DPSOLWXGHV DUH SORWWHG LQ )LJXUH  ,W LV HYLGHQW WKDW WKHPRUHLQWHUORFNLQJVWLFNVLQVLGHWKH
DSSOLFDWRU WKH KLJKHU WKH OHYHO RI YLEUDWLRQ LV ,Q DGGLWLRQWKHUHTXLUHGWKUHVKROGRIH[FLWDWLRQ
YROWDJHIRU3'ELIXUFDWLRQKDVGURSSHGIURPPY IRUWZRVKRUW VWLFNV  WR  PY IRU IRXU
VKRUW VWLFNV  7KH RWKHU LQWHUHVWLQJ WKLQJ LV LQWHUPLWWHQF\ LQ3' ELIXUFDWLRQIRUIRXUVKRUWVWLFNV
DV FDQ EH VHHQ LQ )LJXUH  E  7KDW QHHGV WR EH VWXGLHG LQ IXWXUH VWXGLHV WR JHW FOHDUHU
XQGHUVWDQGLQJ RI WKH VWLFNDSSOLFDWRU LQWHUDFWLRQ ,W LV DOVR FOHDU WKDW XVLQJ RQH ORQJ VWLFN
FDXVHVOHVVYLEUDWLRQOHYHODQGHOLPLQDWLRQRI3'ELIXUFDWLRQ:KHQORQJVWLFNZDVLQVLGHWKH
WXEHRWKHUIUHTXHQFLHVOHVVWKDQ+]ZHUHDOVRFKHFNHGDQG3'ELIXUFDWLRQZDVQRWREVHUYHG
E\ LQFUHDVLQJ WKH H[FLWDWLRQ YROWDJH XS WR  YROWV (OLPLQDWLRQ RI 3' ELIXUFDWLRQ LQ WKH
FRXSOHG V\VWHP E\ XVLQJ  ORQJ VWLFN LQVWHDG RI WZRVKRUWLQWHUORFNLQJVWLFNVPD\KDYHWRGR
ZLWKWKHIDFWWKDWWKHSUHVHQFHRIORRVHQHVVEHWZHHQWZRLQWHUORFNLQJVWLFNVXQGHUPLQHWKHODWHUDO


VWLIIQHVV SURYLGHG E\ WKH VWLFNV 7KHUHIRUH SURSHU VWLFN¶V GHVLJQV DUH FUXFLDO IRU KDYLQJ OHVV
YLEUDWLRQLQWKHVWLFNDSSOLFDWRUDVVHPEO\
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VKRUWVWLFNV G VKRUWVWLFNV I ORQJVWLFNDW+]H[FLWDWLRQIUHTXHQF\DQGFRQWLQXRXVO\
YDU\LQJDPSOLWXGH



2.3.2

Insert’s impacts on vibration suppression

Insert also has contribution in providing lateral stiffness in the coupled system. As mentioned
earlier, clearances exist in stick-applicator assembly due to manufacturing process. The loose
connection between the sticks and insert prevents the insert to be efficient in providing lateral
stiffness in the coupled system. To overcome the aforementioned issue, insert’s designs are
important. It is noteworthy to mention that insert can be treated as a passive compensator for the
applicator (tube), so it is possible to reduce the tube’s vibration originating from stick motion by
compensating the insert. Two insert’s designs named regular insert and regular curved insert
(known as damped insert in industry) have been used earlier but they were not successful in
reducing the vibration and noise level emanated by stick-train wheel interaction. Note that the
measurements presented so far were for stick-applicator assembly with regular insert only. Having
identified the role of lateral stiffness in the present lab-scale setup at UBC, two more insert’s
designs called short-bend insert and top-bend insert were asked to be made to investigate the
efficacy of insert designs in decreasing the vibration level in the lab-scale setup. The schematic
of four different insert designs LV illustrated in Figure 2.27.
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The main idea behind new insert designs is to increase lateral stiffness in the coupled system by
reducing the gap between sticks and insert. Interaction between sticks and insert can be treated as
a nonlinear joint due to the presence of the free-play. As shown in Figure 2.28, by assuming sticks,
insert and applicator as a discrete mass, springs and rigid stops respectively, stiffness discontinuity
may exist due to the presence of the clearances in the stick-applicator assembly. The presence of
discontinuity in the system’s parameter can be the cause of nonlinear behaviors such as perioddoubling bifurcation and chaotic motion [29,37,44,45]. Therefore, eliminating the gaps in the
stick-applicator assembly could help eliminate the PD bifurcation and decrease the motion
transfer from the sticks to the applicator.
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GHIOHFWHGSDUWILOOVWKHJDSEHWZHHQWKHVWLFNDQGLQVHUWLQWKHHQWUDQFHRIWKHDSSOLFDWRU,QWRS
EHQGLQVHUWDYHUWLFDOVORWQHDUWKHHQGRIWKHLQVHUWLVILUVWFUHDWHGDQGDFHUWDLQGHIOHFWLRQLVJLYHQ
WRWKHVHFWLRQIURPWKHHQWUDQFHWRWKHVORW )LJXUH G PDNLQJWKHLQVHUWLQFRQWDFWZLWKVWLFN
VWKURXJKDOLQH,QVHUWVDUHPDGHRIWKHVDPHPDWHULDO
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It can be deduced from the above figures that filling the gaps between the sticks and insert can
result in having effective lateral stiffness provided by the insert in the coupled system and less
vibration of sticks/applicator. The efficacy of different insert designs in the full-wheel test rig
system is discussed in the next chapter.
2.3.3

Conclusion

This chapter was concerned with identifying the dynamics of the lab-scale setup and recognizing
the practical and accessible ways to suppress the vibration in stick-applicator assembly. To better
understand the dynamics of the coupled system, each subsystem dynamics wDV studied. It was
shown that both mock-wheel and stick-applicator assembly are nonlinear systems and when these
two subsystems were coupled to each other, interesting nonlinear behaviors such as internal
resonance and period doubling bifurcation might occur. Having produced a consistent instability
in the coupled system in certain excitation frequencies and amplitudes, the role of stick designs
and insert designs were given attention to suppress the vibration level and eliminate the instability.
It was shown that looseness between interlocking sticks and clearance between the sticks and the
insert are significant parameters for preventing instability and the fatigue-related problems in the
stick-applicator assembly. To that end, new inserts were designed to act as passive compensators
to suppress the stick motion and consequently tube’s vibration. The effectiveness of different insert
designs in the full-wheel test rig system is discussed in the next chapter.



Chapter 3: Full-wheel rig experiments

3.1

Introduction

It was explained in the last chapter that modifications in insert designs to fill the gap between the
stick and the applicator were effective in reducing vibration of stick-applicator assembly in the
lab-scale setup. Lab-scale setup was designed to produce consistent instability in a controllable
condition. Furthermore, lab-scale setup helped the study of stick-applicator assembly behavior
during instability. However, some limitations exist in the lab-scale setup which are not present in
the Full-wheel test rig (FWTR). First of all, the amount of input energy provided by the mockwheel is less than the one afforded by the wheel in FWTR. Therefore, nonlinearities in the stickapplicator assembly in FWTR can be more intensified. Intensification of nonlinearities may lead
to complex nonlinear behaviors. FWTR includes rotational motion of the wheel, which is the
dominant motion, and unsubstantial reciprocal motion due to slight misalignments in the wheel
and rotor connections. Whereas, lab-scale setup was targeted to provide reciprocal motion. Sticks
are in contact with the wheel flange in field experiments. Flange effects were neglected in the labscale setup. Due to higher relative motion present in the stick-wheel interaction of FWTR, sticks
get worn faster. Both the stick profile at the sliding interface and material of the tip mass used in
the lab-scale setup differ from the FWTR. Thereby, contact properties of FWTR is more
complicated than the lab-scale setup.
Considering the aforementioned restrictions on the lab-scale setup, FWTR experiments are carried
out to evaluate the effectiveness of the insert designs in suppressing the vibration level in stickapplicator assembly. Figure 3.1 presents the test rig designed to investigate applicator-train wheel
interaction using a freight wheel and without considering the rail-wheel interaction. Two tri-axial
accelerometers are used to measure the acceleration of the stick and the applicator (Figure 3.1 (b))
during the operational tests. Proximity sensor is also used to measure the wheel runout which was
found to be negligible. The maximum speed provided by the driving motor is 600 rpm. Four short
interlocking sticks were placed inside the applicator and four different inserts, which
were introduced in section 2.3.2, were tested accordingly at different wheel speedV.
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a)

b)
Freight wheel
Wheel
Stick

Wheel’s guide
Proximity
Sensor

Driving motor

Accelerometers

profile
Applicator

Applicator

Figure 3.1: Full-wheel test rig experiment using freight wheel; (a) general view of the setup, (b)
top view of the wheel’s flange and stick-applicator assembly

3.2

Experimental results

It was noticed that lower wheel speed (less than 10 rpm) produces instabilities and gradual growth
in the response of the stick-applicator assembly. However, most of the vibration in the FWTR
setup is a stable forced vibration. In reality, wheel operates higher than 10 rpm, therefore having
instabilities in lower speeds is not as important as the fatigue-related issues of forced vibration in
the higher speeds.
Studying the response of the stick-applicator assembly in lower speeds can be helpful to gain an
insight of the contributing factors in the dynamics of the coupled system. To achieve that, the
responses of the stick-applicator assembly with regular-insert and top-bend insert in contact with
the freight wheel are depicted in Figure 3.2 and Figure 3.3 respectively for wheel speed of 10 rpm.
Figure 3.2 and Figure 3.3 show representatives record of friction-induced vibration. As shown in
Figure 3.2 (a), instability occurs several times within 30 seconds. Figure 3.2 (b) demonstrates
portion of the response which includes the vibration initiation (rapid growth), bounded vibration
and gradual decay. Figure 3.2 (c) illustrates a dominant peak at 847.5 Hz. It can be a representative
of a mode of the structure around 850 Hz becoming unstable due to certain conditions provided by
the frictional contact. Furthermore, attachment and detachment status were observed between stick
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and wheel flange. Attachment status was in coincidence with the rapid growth in response and
annoying noise which are the indications of an unstable oscillation [7, 11,46]. Contact properties
at the stick-wheel interface and the mechanism of instability (i.e. mode coupling, stick-slip, etc.)
need to be carefully investigated by future studies.
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Figure 3.2: Stick acceleration at 10 rpm and regular insert in use; (a) total measurement,
E rapid growth in the response (occurreQFHof instability), (c) FFT of response in b
Using top-bend insert led to an unstable oscillation with the dominant frequency of 397 Hz
(Figure 3.3 (c)) in vertical direction. Figure 3.3 (a) depicts instabilities within 30 seconds. Figure
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3.3 (b) demonstrates portion of the response which includes the vibration initiation (rapid growth),
bounded vibration and gradual decay.
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Figure 3.3 : Stick acceleration at 10 rpm and WRSEHQGinsert in use; (a) total measurement,
(b) rapid growth in the response (occurrence of instability), (c) FFT of response LQ b
Two other inserts (i.e. short-bend insert and regular curved insert) were also tested in lower speeds.
The data pertaining to these tests are not shown in this section since repeatability was not observed
in the response.
Based on the above results, it can be understood that insert is an important part in stick-applicator
assembly. It can govern the stick motion and motion transfer from the stick to the applicator. It
was shown in chapter 2 that instability in the lab-scale setup can be eliminated by using top-bend
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insert. Whereas, using top-bend insert in the FWTR cannot prevent instability in the lower speeds
of the wheel. However, it can reduce the unstable frequency of oscillation from 847.5 Hz to 397.2
Hz under the same operational conditions. Furthermore, it can make more delay in the recurrence
of the instability. As it was shown in Figure 3.3 (a), instability occurs two times within 30 seconds
by using top-bend insert in the stick-applicator assembly. Whereas the recurrence of instability
was more than two when the regular insert was in use (Figure 3.2 (a)).
Increasing the wheel speed causes the stable forced vibration. Harmonics of the wheel speed (600
rpm or 10 Hz) in the stick response illustrated in Figure 3.4 may have to do with the nonlinear
friction force in the interface and intrinsic nonlinear behavior of the stick-applicator assembly. It
is worth mentioning that instability was not observed in higher speeds but high level of forced
vibration existed in the stick-applicator assembly due to motion transfer from the wheel to the stick
through friction coupling.
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Figure 3.4 : Stick’s acceleration at 600 rpm and UHJXODUinsert in use; (a) total measurement,
(b)detail of the signal in time domain, (c) FFT of response of b (Observation of wheel speed
harmonics)
As pointed out earlier, occurrence of instability in lower speeds (less than 10 rpm) is not of great
importance since the wheel rotates higher than 10 rpm most of the time and stable forced vibration
is the common type of motion in the applicator- wheel assembly. Therefore, comparison between
Rms values of stick-applicator assembly incorporating four different inserts at wheel speeds higher
than 10 rpm may illuminate the efficacy of the insert designs in suppressing the forced vibration
arising from applicator- wheel interaction. Figure 3.5 shows the variation of the Rms values of
stick and the applicator at different speeds by using different inserts. Each experiment at every
speed was repeated three times to make sure the trend is consistent. In the figure below, the average
Rms values of accelerations are reported.
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Figure 3.5 : (a) Stick’s Rms (g) of different inserts at different wheel speeds; (b) tube’s Rms (g) of
different inserts at different wheel speeds.
3.3

Discussion

As mentioned earlier, lab-scale setup has some limitations which do not exist in the FWTR. Lowlevel of input energy and lack of a flange, which may act as a lateral support in the FWTR, are the
main restrictions of the lab-scale setup. Therefore, evaluation of findings based on the lab-scale
setup needV to be done on the FWTR.
Experiments conducted on the lab-scale setup and FWTR demonstrated that portion of the stick
motion transfers to the applicator. According to the lab-scale setup, insert was shown to be an
effective part in eliminating the instability and suppressing the vibration. To check the efficacy of
the insert designs, FWTR was exploited. Instability occurred in the FWTR at the lower speeds. It
was shown that insert modification can reduce the frequency of the unstable oscillation and make
more delay in the recurrence of instability. However, insert modification could not eliminate the
instability. Furthermore, it was observed that increasing the wheel speed results in the forced
vibration. Therefore, fatigue-related problems due to forced vibration are the main concern in the
stick-applicator assembly. In that regard, four different inserts were tested to assess their efficacy
in suppressing the vibration. It can be understood from Figure 3.5 that when wheel speed is less
than 600 rpm, top-bend insert is more capable of suppressing the vibration in the stick-applicator
assembly and compensating itself for stick motion compared with the other insert designs. Shortbend insert seems not to be as effective as it was in the lab-scale setup in decreasing the vibration
in the stick-applicator assembly. Although FWTR and lab-scale setup experiments confirm the
inappropriate performance of the regular insert to lower the vibration, to understand accurately the
usefulness of the insert designs, fatigue tests should be conducted and S-N diagrams are required
to be found [47,48]. For instance, the tube’s Rms value (g) in vertical direction at 600 rpm for
regular insert, regular curved insert, top-bend insert and short –bend insert is 6.1, 1.88, 1.088 and
3.61 respectively. Fatigue tests answer how the differences between the Rms values influence on
the induced stress of the tube and eventually failure of the tube. Conducting the fatigue tests and
finding the S-N curves are proposed topics for future studies.
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Chapter 4: Conclusions and Future works

Chatter/Squeal was recognized as an inconsistent and random phenomenon in the field
experiments (i.e. when bogie, wheel and rail are in connection to each other). Experiments
conducted on the full-wheel rig in Chapter 4 confirmed the claim made by Sharma [22], saying
that most of the vibration in the stick-wheel interaction is forced vibration. Therefore, it is
reasonable to conclude that rotational motion of the wheel, as a source of energy in stick-wheel
interaction, may not be the main reason of producing instability in the field experiments. Wheel
suspension motion as another source of energy in the stick-wheel interaction could be responsible
of producing instability in the field experiments. In this regard, the lab scale setup, which uses
mock-wheel to simulate up and down and transverse motion was designed to produce consistent
instability. Lab-scale setup helps examine the behavior of the stick-applicator assembly during
instability. Furthermore, understanding the ways to lower vibration in stick-applicator assembly
by identifying the main contributing parts can be achieved through the lab-scale setup.
To better analyze the dynamics of the lab-scale setup:
x

First, the dynamics of each subsystem used in the lab-scale setup was studied and it was
shown by various experiments that both substructures are able to represent nonlinear
behavior when they are subject to certain level of input force.

x

Having known the characteristics of each substructure, the dynamics of the coupled system
was investigated. It was found that
o

Period doubling bifurcation occurs consistently in certain ranges of excitation
frequencies and above certain excitation voltages for the interlocking sticks inside
the applicator.

o

Lateral stiffness could be one of the controlling design parameters of the lab-scale
setup to decrease the vibration level.

o

More numbers of short interlocking sticks inside the applicator, the less the
required threshold for instability is in the coupled system. Moreover, vibration
reduction by using one long stick in the coupled system, experimentally proved the
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necessity of thinking about new interlocking stick designs for future studies to
minimize the impact of looseness between sticks on the lateral stiffness of the
sticks.
o The regular insert could have been the best insert design if no gap existed in the
stick-applicator assembly. Furthermore, comparison made between the vibration
level of stick-applicator assembly using four different inserts revealed the
significance of insert modifications in suppressing the vibration of the coupled
system.
Finding a mathematical model for the lab-scale setup to substantiate the observed nonlinear
behaviors needs to be done by future studies.
Low-level of input energy and lack of having a flange, which may act as a lateral support in the
FWTR, are the main restrictions of the lab-scale setup. Therefore, the efficacy of the new insert
designs was tested on the full wheel test rig. It was found that top-bend insert, which was requested
to be designed during the present project, is more capable of suppressing the vibration in stickapplicator assembly and compensating itself for stick motion compared with the other insert
designs. However, to clarify accurately the practicality of the insert designs, fatigue tests should
be conducted and S-N curves are required to be found for the stick-applicator assembly with
different inserts by the future studies.
Furthermore, the disparities between tube and stick acceleration levels among different insert
designs need to be carefully understood by investigating the transmissibility plots in future studies.
Applicator

Tri axial
accelerometers

Fixed body
Shaker’s
table
Shaker (up and down motion)

Figure 4.1 : Proposed lab-scale setup to study the effect of suspension motion of
the stick-applicator assembly

50

As mentioned earlier, the other source of producing vibration in the stick-applicator assembly is
the suspension motion of the stick-applicator assembly which was neglected during this project.
The experiment depicted in Figure 4.1 can be carried out to gain more understanding of stickapplicator assembly and the significance of the suspension motion. As shown in the Figure 4.1,
the stick-applicator assembly is mounted on the shaker capable of providing up and down motion
and sticks are in contact with the fixed structure. Thereby, tube is prone to failure due to motion
transfer of the shaker, which acts as the suspension motion, and stick-applicator interaction.
Considering an appropriate suspension for the FWR experiments may also illuminate the impact
of suspension motion on the instability which was observed inconsistently in the field experiments.

The long term plan for this research is to have structurally robust solid stick friction control systems
by optimizing the required design changes. In that regard, the findings of this research could be
used to improve the stick-applicator assembly performance in the wheel-rail industry.
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Appendices
Appendix I
Coherence function in frequency domain is defined as
ܵ௫௬ ሺ߱ሻଶ
ߛሺ߱ሻ ൌ
ܵ௫௫ ሺ߱ሻܵ௬௬ ሺ߱ሻ
ଶ

ܵ௫௫ ሺ߱ሻ: autocorrelation of the input, ܵ௬௬ ሺ߱ሻ : autocorrelation of the output, ܵ௬௬ ሺ߱ሻ : cross
correlation of the input and the output .
The coherence magnitude at each frequency is between 0 and 1. A coherence of 1.0 indicates that
the output is purely and linearly explained by the input. Deviation from unity may be the indication
of noise in input or output, a non-linear behavior and/or any combination of them. Figure below
shows the lateral accelerance of the mock-wheel due to lateral impulse on the tip mass. Good

Lateral accelerance (g/N)

coherence exists at the resonance peak around 12.5 Hz.

Figure 1 : Impact hammer test with coherence
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Appendix II
Stiffness of the shaker can be found based on the experiment depicted below.
a)

b)

Tip mass

Proposed model

Short stinger
Up and down motion
Shaker

(Vertical motion)

Figure 2 : (a) Schematic of experimental setup to measure the stiffness of the shaker, (b) proposed model
-3
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Figure 3: Frequency spectrum of the tip mass in vertical direction

The vertical response of the tip mass was measured and it is illustrated in Figure 3. A vertical
mode exists at 22.04 Hz. Short stinger connected to the tip mass has flexible modes well above
100 Hz. Therefore, the mode at 22.04 is a rigid body mode in the system. The mass of the
moving element in the shaker is negligible compared with the total mass of tip mass and stinger
which is 165 grams. Therefore, stiffness of the shaker can be calculated as follows.

5

Z

2

k sha ker

o

k

0.165 u ( 22.04 * 2 * 3.14)

2

3161 N / m

m total
3161 N/m is very close to a number announced by shaker’s manual as suspension axial stiffness
for the shaker which is 3150 N/m. Therefore, 3150 was used in FEM of the mock-wheel. It is
worth mentioning that no significant change in the linear modes of the mock-wheel modelled in
ABAQUS occurs by changing 3150 to 3160 as shaker’s stiffness.
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