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Combined experimental and flexible
multi-body dynamic investigation

of high-energy impact-induced
driveline vibration

R Turnbull, OR Miknas, M Mohammadpour and H Rahnejat

Abstract

Lightly damped non-linear dynamic driveline components are subjected to excitation with rapid application of clutch and/
or throttle. Modern thin-walled driveshaft tubes respond with a plethora of structural-acoustic modes under such
impulsive conditions, which are onomatopoeically referred to as clonk in the vehicle industry. The underlying mechan-
isms for the occurrence of this phenomenon are investigated, using combined experimentation and flexible multi-body
dynamics under impulsive impact conditions. The coincidence of high-frequency structural modes, coupled with acoustic
response is highlighted for the broad-band spectral response of the hollow driveshaft tubes. The cyclic relationship of
clonk with the shuffle response of the driveline system is also established for transient decay of the clonk phenomenon.
In particular, the multi-body model is used to ascertain the effect of vehicle laden state on the propensity of driveline

clonk, an approach not hitherto reported in literature.
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Introduction

Lightly damped vehicular powertrain system is sub-
jected to a broad spectrum of noise, vibration and
harshness. Modern thin-walled light driveshaft tubes
in rear wheel drive configuration have high modal
structural density, which are often excited by any
sharp variation in transmitted torque, particularly
under impulsive conditions.' Impulsive action occurs
with power flow reversal in throttle tip-in or back-
out.” The surge or fade in power transmitted to the
drive-train system often results in fore and aft motion
of the vehicle (vehicle shunt), which is coupled with
torsional oscillation of the driveline, a phenomenon
referred to as shuffle.>* With every cycle of shuffle,
impact can occur in the multitude of lash zones within
the drive-train system, such as in meshing gear teeth
pairs as shown by multi-body analysis of Arrundale
et al.’> The same series of events can also be induced
by sudden release of clutch.® With sufficient impact
energy, an elastic wave propagates from the impact
site onto the thin-walled hollow driveshaft tubes,
which have high modal density. Coincidence of the
elastic structural response with acoustic natural
modes of the hollow tubes can lead to noise propaga-
tion. This phenomenon is onomatopoetically referred
to as clonk or clunk.?’ High-frequency content of the

noise spectrum is quite disconcerting and remains a key
concern for automotive manufacturers. It is also
regarded as an indication of poor built quality and pro-
gressively a significant warranty concern. Therefore,
investigation of the clonk phenomenon is an imperative
issue in powertrain engineering.

This paper presents detailed combined numerical
and experimental investigation to study the underlying
mechanisms promoting the clonk phenomenon. In par-
ticular, a sensitivity analysis is carried out in respect of
a variety of vehicle loading conditions which affect the
propensity for driveline clonk. Such an approach has
not hitherto been reported in literature.

Experimental investigation

Figure 1 shows the experimental rig, comprising
driveline of a long wheel base, rear wheel drive
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Figure |. The experimental setup.

truck, with a 4-speed transmission system, driven by a
4-pole electric motor and a programmable inverter
control. The rear axle is rigidly mounted with axle
resistance imposed by a variable hydraulic system.
The applied hydraulic pressure can be varied to rep-
resent different laden states of the truck, from
unloaded (1850kg) to fully laden (circa 3500 kg).
As the rear axle is rigidly mounted onto the ground,
throttle tip-in or back-out clonk condition, emanating
from cycles of shuffle would not be representative of
vehicle conditions. Therefore, clutch-induced clonk is
studied through sudden recorded release of the pedal,
hence introducing impulsive torque transience into the
transmission system.

A series of experiments are carried out with the
transmission engaged in second gear (ratio of
2.038:1) with an input torque of 145Nm and input
shaft speed of 1500r/min. The inverter controller
also inputs even order harmonics of the speed
of 1500 r/min as would be the case for a 4-stroke
4-cylinder engine.! These conditions with sudden
clutch engagement (pedal release) of less than 0.3s
have been noted to lead to severe clonk conditions
in the vehicle’s field trials.

Two beam torsional Laser Doppler vibrometers
(LDV) are placed along the driveshaft pieces (Figure 1)
to record the passage of the propagating elastic wave
through their structures. The beams separate the tor-
sional oscillations of the tubes from their coupled
bending response. This is essential as the high-fre-
quency modal responses of the hollow driveshaft
tubes are as a result of flexural modes due to their
combined torsional-deflection responses. Free field
microphones are also  positioned on the
opposing side of the driveshaft tubes to those of the
vibrometers to capture the sound pressure level due to
acoustic wave propagation (Figure 1). In this manner,
simultaneous recording of vibration and noise
can be made in order to ascertain the elasto-acoustic
coupling responses of the structures.® The main differ-
ence between the current rig configuration and
that reported by Gnanakumarr et al.® is the use of
dual mass flywheel in the current study, which is
now commonly used in nearly all vehicles as a pallia-
tive measure against transmission rattle. The use of a
dual mass flywheel somewhat reduces the impulsive
nature of the transient torque due to sudden release
of the clutch pedal.
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LDVs are particularly suited to this type of investi-
gations because of the fast transit time of high-
frequency structural content of the signal. They measure
the velocity of the lateral oscillations of the driveshaft
tubes through a Doppler shift in the frequency of light,
scattered by a moving object.” The list of instrumenta-
tion used in the experimental study is provided in
Table 1.

Nyquist criterion dictates a sampling rate of at
least 10,000 in order to capture the higher clonk fre-
quencies, which have been reported to occur up to a
frequency of 5000 Hz. A conservative sampling rate of
32,000 sample/s is used. A repeatable experimental
procedure is used with abrupt clutch pedal release of

100-300 ms, monitored by an accelerometer attached
to the clutch pedal.

Numerical model
Flexible multi-body dynamics driveline model

A constrained flexible multi-body dynamics model is
made of the flexible driveline system, comprising (1)
impact dynamics of the transmission meshing gears
under an impulsive input, induced by the sudden
release of the clutch pedal; (2) flexible hollow drive-
shaft tubes and (3) the resistive (coasting) torque
transmitted to the pinion gear from typical vehicle
dynamic conditions. Figure 2 is a schematic represen-
tation of the driveline model, where the flexibility of
the driveshaft tubes is taken into account through the
use of finite element modal analysis and the inclusion

Table I. The employed instrumentation. of the modal responses into the overall multi-body
Transducer Amplifier setup mode.l using cpmponent mode synthe;is.lo. The parts
Apparatus sensitivity sensitivity used in the driveline model and their inertial proper-
ties are provided in Table 2. In this table, the type of
Third drive shaft 48.7mV/Pa 31.6mV/Pa element used to create the original flexible part, using
microphone finite element analysis is also noted. The flexible part
Clutch pedal 0.9690mV/ms ™2 31.6mV/ms > includes interface nodes, known as a multi-point
accelerometer constraint; MPC which is then used to constrain the
Rotational vibrometer 1000 mm/s/V 200 mm/s/V part to the multi-body assembly. The flexible part is
(lateral Velocity) 10Hz represented by selected modal characteristics as
(High Pass) described later by equation (4). Details of system
Driveshaft Tubel Driveshaft Tube 3
Driveshaft Tube 2 Gl
Engine Torque Differential

|
[

Engine Inertia

Input Transmission

@—E—E—?ﬁ

Driveline Torque

Vehicle Inertla

Middle Yoke 1

\

v

Cross Section
Joint 1

Front Yoke

Front Propeller Shaft

Middle Yoke 2

Middle
Propeller
Shaft

Cross Section
Joint 2 \ Female Spline
\

| !

Cover

\

Back Yoke 1

Figure 2. Multi-body dynamics model of the driveline.
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Table 2. Inertial properties of the driveline system.

Number of
boundary
Mass Inertia I, Inertia I, Inertia I,, Element Number of interface

Description (kg) (kg.mm?) (kg.mm?) (kg.mm?) Flexibility — type elements nodes
Input transmission 122 2406 x 10° 1.1l x 10" 8727 x10° Rigid N/A
Front tube 216  406x10° 238x 10" 197x10°  Flexible  Tetrahedral 86,877 2
Front propeller shaft 130 2.32x10° 171 x 107 1.48 x 107 Rigid N/A
Front yoke 1.06 187 x10° 144x107 126x10"  Rigid N/A
Middle yoke | 117 206x10°  1.65x 10" 144x 10"  Rigid N/A
Middle tube 251  425x10°  426x 10’ 3.84x 10"  Flexible  Tetrahedral 17,935 2
Middle propeller shaft ~ 1.33  2.15x 10*  268x 10° 247 x10°  Rigid N/A
Middle yoke 2 1.06 1.70x10° 220x 10 203x10°  Rigd N/A
Back yoke | 228  3.64x10°  498x 10" 461x10"  Rigid N/A
Cover 038 609x10° 837x10° 776x10° Rigd N/A
Female spline 0 0 0 0 Rigid N/A
Back tube 251  3.89x10° 6.66x10° 627x 10"  Flexible  Tetrahedral 12,323 2
Output differential 117 176 x 10°  356x 10 338x10°  Rigid N/A
Cross sectional joint | 0 0 0 0 Rigid N/A
Cross sectional joint2 0 0 0 0 Rigid N/A
Engine inertia 50 1.7 x 10* 1.7x10*  1.7x10*
Vehicle inertia 200  1.07x10®°  1.07x10® 1.07 x 108
constraints, as well as sources of compliances, restraints functions as
and external forces are provided in Tables 3 and 4.

The number of degrees of freedom (DOFs), using Ck
the Chebychev—Gruebler—Kutzbach expression is 5133_? =0, j=1—-6 or 1 >6+n, k=1—n

J
nDOF = flexible body modes + 6 (3)

X (number of rigid body parts — 1)
— X(constraints) = 300 + 6 x(15 — 1)
— 111 =273

(D

The governing equations of motion for the rigid
and flexible bodies are derived from the Lagrange’s
equation

d (oL oL dD n / aCy
d(OL) OL D mnop o N~ 0G
i (8 §j> % " o, ijl § Zk:l h O,

2

where the generalised co-ordinates are {E/}Jﬁps =
(x,y,2,9,0,0}7 for the rigid body DOFs and
{5,}j21ﬁ6+n ={x,y,2,9,0,0,q}7 for the flexible
bodies (¢ represents the modal coordinates and n
their total number), L =7 — V is the Lagrangian
and D =14"Z4.

The n constraint functions for the different joints

in the driveline model are represented by a combin-
ation of holonomic and non-holonomic algebraic

Equation (2) for all inertial components (the nomi-
nated parts in the system, listed in Table 2) and equa-
tion (3) for all the algebraic constraint functions,
listed in Table 3 form a set of differential-algebraic
equations which are solved together in suitably small
steps of time. The solution vector {§;, 23T is obtained
at any time using sparse matrix method, Newton iter-
ations and step-by-step integration.’

Representation of flexible bodies

Hollow thin-walled driveshaft tubes are represented by
their modal characteristics into the multi-body model.
This approach improves the representative nature of
the model with respect to the actual physical system
and also improves the accuracy of its predictions.

In this approach, finite element discretisation of the
flexible structures results in a very large number of
DOFs, u, which can be approximated by a linear com-
bination of a smaller number of shape vectors (or
mode shapes), ¢ as

u= Z D;q; 4)
i



Turnbull et al.

185

Table 3. Constraint types representing assembly joints.

Joint No. of imposed
Number Part | Part | Constraint type constraints
I Ground Input transmission Revolute 5
2 Input transmission Front Tube Fixed 6
3 Front tube Front propeller shaft Fixed 6
5 Front propeller shaft Ground Revolute (in the 5
flexible model only)
6 Front Propeller shaft Front yoke Fixed 6
7 Middle yoke | Middle tube Fixed 6
8 Middle tube Middle propeller shaft Fixed 6
9 Middle propeller shaft Ground Revolute 5
10 Middle propeller shaft Middle yoke 2 Fixed 6
12 Female spline Back yoke | Translational 5
14 Female spline Back tube Fixed 6
15 Back yoke | Cover Fixed 6
16 Back tube Output differential Fixed 6
17 Output differential Ground Revolute 5
18 Cross sectional joint | Middle yoke | Revolute 5
19 Cross sectional joint | Front yoke Revolute 5
20 Cross sectional joint 2 Middle yoke 2 Revolute 5
21 Cross sectional joint 2 Back yoke | Revolute 5
23 Front_lInertia Input transmission Fixed 6
24 Back_lInertia Output differential Fixed 6

Table 4. Driveline restraints and compliances.

Parts Characteristics

First driveshaft tube 100 modes

Second driveshaft tube 100 modes

Third driveshaft tube 100 modes

Total normal backlash, Experimental data,
four gear set 63 pm

Total normal backlash,
second gear set

Experimental data,
75 pum

where 7 is the number of mode shapes and ¢; are the
modal coordinates.

The main aim in modal superposition is to represent
the very large number of modal DOF, in a predeter-
mined frequency area, by a much reduced modal
DOFs. The vector of modal coordinates and the
modes ®; are included in a modal matrix ®. This
matrix is the transformation from the small set of
modal coordinates, ¢, to the larger set of physical
coordinates, u. The determination of modal matrix is
a common approach in flexible multi-body dynamics,
initially described by Craig,'” and forms the basis of
the approach used in this study. The Craig—Bampton
method is essentially a fixed interface method which
can be considered as a special case of the generic
Hetring method.!" According to Craig et al.,'® their
approach can be considered for substructures with
redundant constraints at the connecting boundaries.

Herting method'' is the most generic of the modal
synthesis techniques. It retains an arbitrary set of
component normal modes, inertial relief modes and
all the geometric coordinates at connecting boundaries.
The Craig-Bampton method is implemented in the
ADAMS software which is utilised in this study.
The application of this approach to drive-train engin-
eering problems is highlighted in some detail by
Gnanakumarr et al.'?

Applied forces

The applied forces Fy, are required for the completion
of equation (2). These comprise as follows: (1) the
applied impact torque at clutch actuation: F3*“" and
(2) the resistive torque transmitted through the driven
road wheels to the driven rear axle: F j;"’e. Therefore,
the net force is'?

> F=Rit+Ri+R, 5)

where R, is the gradient resistance, which is R, =0 on
a flat road,'* and R, is the aerodynamic drag reaction

1
Ry=3 CppaA* (6)

R,; is the vehicle longitudinal rolling resistance
given by

Ry = fuW (N
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Figure 3. The applied impact torque.

f. is the coefficient of rolling resistance'*

Sa=001(1+1) ®)

Hence, the resultant resistive axle torque is

T=F"=r> F 9)

where r,, is the tyre radius.

The input applied torque to the driveline system
is as the result of the impact post abrupt release of
the clutch pedal (the impulsive action), followed by
the steady state engine torque transferred through
the transmission system. The variation is shown in
Figure 3. In its simplest form, the impact force may
be represented by the classical Hertzian impact
theory, where the kinetic energy of an equivalent
mass, m impacting a solid surface with velocity v is
converted to stored strain energy of deformation. In
the case of an impacting meshing transmission teeth
pair, the equivalent mass is that of the transmission
input shaft with all the input pinion gears as well as
the crankshaft—flywheel assembly. The impact velocity
is the normal surface velocity of the pinion gear, gained
through traversing the teeth-pair backlash.

For the helical gear teeth pair, the instantancous
impact zone is an elliptical footprint. Using the
Hertzian impact theory with no hysteretic losses
leads to'?

1 2 s
S =< K8 (10)

where the contact stiffness non-linearity K is given as

4
K =3 RaRo, E (11)

The Hertzian theory represents the impact problem
as that of an ellipsoidal solid of revolution impacting
a semi-infinite elastic solid plane with an effective

(=) , (=9)

2
Young’s modulus of elasticity: - = E—:‘) + 5

The ellipsoidal solid has two principal radii of con-
tact as shown in Figure 4, depending on the radii of
the meshing gear teeth in the corresponding planes of
contact zx and zy.'® Note that the classical Hertzian
theory assumes localised small strain deformation of
impacting solids with no change in their global
geometry.

The impact load is then defined as

W = K8*? (12)

And, thus the torque on the driven transmission
gear becomes

FQh = WR (13)

With the hurried release of the clutch pedal in a
duration of 0.3s (Figure 3), the hard initial impact
torque magnitude is F§““", which occurs over a
short period of 1s

811 x
1~ 2947 (14)
v

where v = ¥R, v being the rotational gear speed.
Figure 5 shows the applied torque on the input side.

Results and discussion
Modal responses

It would be necessary to identify the transient dynam-
ics of the system and relate them to the modal
responses of the driveshaft tubes, determined a priori.
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Figure 5. Successive clonk signals.

This is a prelude for any palliative action which may
be undertaken to attenuate the effect of the clonk phe-
nomenon in practice, such as structural changes, fill-
ing of the hollow tubes and using cardboard inserts."”
Therefore, the structural modal responses are ascer-
tained through impact hammer testing of the hollow,
thin-walled flexible driveshaft tubes.'® This is carried
out in situ in the experimental rig in order to ensure
that correct boundary conditions are applied. A suit-
ably light-weight tri-axial accelerometer can be used
in order not to unduly affect the modal characteristics
of the structure or alternatively a Laser Doppler
Vibrometer (LDV) may be applied for this purpose.
Therefore, the modal frequencies of the structure with
appropriate in situ assembly constraints can be found.
Table 5 lists the modal responses of the three drive-
shaft tubes for the investigated long wheel-base light
truck, subject of this investigation. As an example, the
numerical and experimental results for the third

driveshaft tube are presented and compared quantita-
tively by determining the absolute percentage differ-
ence between them.

The first several relatively low-frequency modes of
the tubes are pure bending or torsion. These modes
couple at higher frequencies to create combined tor-
sion—deflection modes known as the flexure modes.
Some of these modes are the breathing modes, which
are efficient noise radiators, such as the 1746Hz
response of the third driveshaft tube described later.

Experimental measurements of clonk tests

A series of clutch-induced clonk tests are carried out
in line with the procedure highlighted in the
Experimental Investigation section. Figure 5 displays
the LDV measured experimental clonk signals. The
figure shows two successive transient clonk events,
measured by an LDV for a period of 10s. The severity
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Table 5. Modal frequencies of the driveshaft (Hz).

Numerical Modal Difference
Experimental Modal Frequencies Frequencies (%)
Third tube
First tube Second tube Third tube (numerical) Third tube
50 21.09 26.56 -
185.2 3383 50 -
3383 5953 97.66 -
596.9 954.7 118.8 -
851.6 1152 186.7 -
1102 1456 328.1 -
1638 1605 426.6 -
2284 2305 583.6 -
2339 2480 862.5 724.6 15.99
2408 2670 1169 1094.8 6.35
2459 2716 1472 1736.6 17.98
2476 2844 1782 1746.4 2.00
2663 3480 1816 1839.9 1.32
2713 2358 2395.1 1.57
3069 2491 2449.0 1.69
3124 2523 2560.5 1.49
3313 2679 2575.0 3.88
3339 2785 2818.9 1.22
3348 2821 2830.4 0.33
3218 33474 4.02
3252 33632 342
5000
4500
4000
3500
t::' 3000
%zsoo
& 2000
1500
1000
500
0
215 225 235 245
Time

Figure 6. Measured spectral vibration response of the third driveshaft tube.

of the clonk (amplitude) is varied according to the
clutch actuation rate.

A clonk event comprises a hard impact (impulsive
event), followed by transient decay as can be seen in
the Morlet wavelet spectrum of the measured struc-
tural surface velocity of Figure 6.

The hard impact leads to an accelerative type noise,
which for solid structures would decay almost instant-
aneously. However, in the case of elastic hollow tubes,
there is a period of decay marked by ringing-type
acoustic response. Both types of acoustic wave are
shown in the wavelet spectrum of sound pressure
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Figure 7. Measured spectral sound pressure spectrum of the third driveshaft tube.
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Figure 8. Measured time history of successive clonk events.

monitored by the free-field microphone in Figure 7.
This spectrum corresponds to the first clonk event of
the microphone signals for the two successive transient
events in Figure 8.

Figures 6 and 7 show broad-band responses during
the hard impact event. The frequency content progres-
sively reduces during the transient decay. In the case
of noise spectrum (Figure 7), the transient decay cor-
responds to the ringing response. Some of the spectral
content in the vibration and noise content coincide.
This phenomenon is referred to as elasto-acoustic
coupling. Some of these modal responses are efficient
noise radiators and have high intensities. These are
onomatopoeically referred to as clonk or clunk in
industry and correspond to the structural modes of
flexural nature, often referred to as the breathing
modes. There are a multitude of such modes in the
response of all the three hollow tubes of the driveline
system. The examples of the modal responses of the
third driveshaft tube in Figure 9 (~700 and 1700 Hz)

are obtained through finite element modal analysis,
which have high intensity in the noise spectra of
Figure 7, there are a multitude of such modes in the
range ~500-3500 Hz for the driveline system con-
sidered here.

Numerical results

There are many parameters such as structural mater-
ials, geometry of driveshaft tube and other flexible
components, assembly constraints, as well as oper-
ational parameters such as clutch actuation rate,
gear selection and the vehicle weight (which affects
the propensity to clonk). The multi-parameter
nature of the problem makes the search for a broad
palliative action quite difficult and calls for a very
costly experimentation process. Consequently, devel-
opment of a verified representative numerical model,
such as the one reported here, for scenario building
simulations is an essential requirement.
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Figure 9. Some breathing modes of the third driveshaft tube: (a) third tube breathing mode at 725 Hz and (b) third tube breathing

mode at 746 Hz.
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Figure 10. Predicted vibration spectrum of the third tube kinetic energy for rig conditions.

From a practical operational point of view, the
clonk response of a commercial vehicle such as a
light truck or a van depends on its laden state.
Therefore, the numerical analyses carried out here
are for three cases: (1) that of the experimental rig
conditions for the purpose of validation of the numer-
ical model, (2) for an unladen state of the vehicle and
(3) for a half-laden state of the vehicle.

As the LDV measures the lateral oscillations of a
structure, it is appropriate to determine the kinetic
energy of the driveshaft tubes in the simulation studies,
and use their spectral content as a form of numerical—
experimental comparative study. The multi-body
results can be compared with the measured results
from the LDV. All simulations are performed for
0.3s as for the monitored data in the experimentally
monitored clonk signal (inset to Figure 5) with integra-
tion time step of 1 us. The fine step size is required in
order to capture all the fast transient events.

Figure 10 shows the predicted spectrum of response
of the third driveshaft tube, corresponding to the
experimental rig response of Figure 6. Due to the aver-
aging nature of spectral analysis, a comparative study
is carried out on the frequency content of the spectra
rather than response amplitudes. Both the numerical
and experimental spectra show broad-band frequency
compositions in the range 500-4000 Hz with the initial
hard impact event, followed by a transient decay
response in the range ~500-750 Hz. The numerical
results also correspond to the modal response of the
third driveshaft tube shown in Figure 9(a) as is the case
for the LDV and microphone clonk responses as well.

Effect of vehicle load

In vehicle conditions, throttle or clutch-induced clonk
results in transient power flow in the drive-train
system, usually accompanied by fore and aft motion
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Table 6. Simulation vehicle conditions.

Laden Drive-train Driveline
Case weight (kg) inertia (kg.m?) torque (Nm)
| 1850 107.000 2.14
2 2500 257.822 3.13

Table 7. Additional input data.

Co 0.33

A 22m?

' 0.365m

R 30mm

Pa 1.22 kg/m?
v 5.92m/s

of the vehicle, referred to as shunt. This action is
coupled with torsional rigid body motion of the
drive-train system, known as shuffle. These are the
first fundamental rigid body modes of the drive-
train system, usually in the range 3—10 Hz, depending
on the vehicle inertia. Shunt of the vehicle is resisted
by the stiffness of suspension mounts and axles, as
well as by the rolling resistance at the tyre-road con-
tact patch. Higher frequency response of the flexible
parts in the driveline system, such as the hollow drive-
shaft tubes are superimposed upon the rigid body
shuffle response. For in situ vehicle conditions, clonk
can be more severe than that from the experimental
rig because it is affected by the whole vehicle inertia.
Therefore, the validated multi-body model is used to
investigate the effect of vehicle laden condition on the
propensity of the system to clonk.

To explore this effect, two simulation studies are
carried out with vehicle laden weights of 1850 and

Figure 11. Third tube spectrum of kinetic energy in vehicle unladen condition.

4500
4000
3500
§3000
22500
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Time

Figure 12. Third tube spectrum of kinetic energy in vehicle half-laden condition.
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2500 kg (Table 6). The former represents the unladen
state of the vehicle (i.e. without any carried load),
whilst the latter corresponds to the vehicle in its
half-laden state (partially laden). The other necessary
data for the calculation of resistive forces are provided
in Table 7.

Figures 11 and 12 show the predicted spectral
responses of the third driveshaft tube for the cases
of unladen and partially laden vehicle under impulsive
impact conditions. In both cases, as previously
described for rig-based conditions, a hard impact
occurs in the transmission zone of a broad-band
nature (500 —4000 Hz). This is followed by transient
decay of lower frequency content in regular intervals
of approximately 0.05-0.1s, corresponding to a car-
rier frequency. This period of oscillations corresponds
to cycles of shuffle and shunt at a frequency of
approximately 10-20 Hz. Therefore, as noted by
Arrundale et al., cycles of shuffle are accompanied
by a decaying clonk response, which is reduced in
severity and frequency content with time. It can be
seen that the initial hard impact clonk is broad-band
(500-4000 Hz), which reduces in severity to spectral
contents of mostly around 500-1500 Hz (in the case
of the unladen vehicle, Figure 11) and 500-1000 Hz
(in the case of partially laden vehicle, Figure 12).
These lower frequencies create a ringing structure-
borne response, because some of them are still of
breathing nature such as the 725Hz third tube
response shown in Figure 9(a), thus efficient noise
radiators. The cycles of shuffle are also reduced with
the laden state of the vehicle as it would be expected
of the higher inertial content. Therefore, the worst
case for clonk conditions occurs with an unladen vehi-
cle, as indeed noted in practice.

Conclusions

The experimental investigation of the clonk phenom-
enon using Laser Doppler Velocimetry (for measure-
ment of vibration) and free-field microphones (for
sound radiation) show broad-band response spectra
from hollow driveshaft tubes, when the driveline is
subjected to impulsive action through hurried release
of the clutch pedal (clutch actuation).

The initial clonk response contains high-frequency
breathing modes of short duration, which the human
aural response is particularly attuned to. These are
high-frequency breathing modes which are efficient
noise radiators. The coincidence of vibration and
acoustic modes are clearly shown.

A flexible multi-body dynamics model of the rig-
based conditions includes clutch release duration and
impact of meshing teeth pairs in the vehicle transmis-
sion. The predictions confirm the experimental find-
ings of the spectral system response. The transient
decay post the initial hard impact shows progressively
reducing spectral content with lower frequencies, but
still containing the lower breathing modes of the

tubes, induced by cycles of shuffle with a ringing
noise content.

The validated flexible multi-body dynamic model is
used to investigate the effect of the laden state of the
vehicle on its propensity to clonk. It is shown that the
clonk response is more severe under vehicle conditions
than that observed with the experimental rig, mainly
due to the inertial effects in the fore-aft shunt of the
vehicle. The predictions show that lower vehicle laden
state (unladen in this case) has a longer shuffle
response and increases the duration of the transient
decay, corresponding to the ringing noise output.

In practice increasing the vehicle unladen mass is
against the trend for fuel efficiency, therefore, this
cannot be regarded as a design option. Nor reducing
the longitudinal stiffness of the vehicle, mainly
governed by the contact patch stiffness (the lowest
stiffness axial component) would be a suitable
option as this would adversely affect the vehicle trac-
tive power due to slip. Hence, palliation is sought in
situ for the hollow driveshaft tubes as highlighted by
Gnanakumarr et al."”
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