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ABSTRACT OF THESIS
DEVELOPMENT AND VALIDATION OF A PHYSICAL MODEL
FOR A MODERN TWIN TUBE DAMPER

Dampers, commonly referred to as shock absorbersjesty important to racecar
development and performance. Combined with sprithgs;, control the body motions of
the vehicle. A spring mass damper model was deeeltp examine the effect of the
damper characteristics on the response of a sivgbliele suspension.

A mathematical model of a modern twin tube dampas developed to accurately
predict the force output as a function of velocitiie flow restrictions in the damper are
determined from the physical properties of the dangmd its fluid. Then the pressure
differential across the damper piston and the apunseat force outputted by the damper
was calculated. The accuracy of the model was atd@tiwith experimental testing of a
Cane Creek Double Barrel damper.

The fluid inertia and viscous effects in the twilhé damper were studied using
the model. The effects of the fluid inertia werarid to be negligible. The viscous effects
were found to contribute significantly to the damfoece. The model was also used to
compare other differences between a monotube ad@madwin tube damper. It was
found that the gas pressure in a twin tube dampédde set significantly lower than in
a comparable monotube damper without the riskuidl ftavitation. Parameter studies
were performed to evaluate the effect of differajustments and properties of the
valves and orifices on the performance of the dampe
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1. INTRODUCTION

Dampers, commonly referred to as shock absorbersesty important to racecar
development and performance. Combined with sprithgs;, control the body motions of
the vehicle. This is very important because mosieno racecars are very dependent on
aerodynamics. Being able to precisely control ttie height, pitch, and roll of the
vehicle is crucial to maximizing the aerodynamicfpenance. Dampers also affect the
vertical load on the tire during transient condisoMinimizing the variation of the tire
vertical load is very important because it allowws tires to produce maximum lateral and
longitudinal force [1]. A spring mass damper moa#l be used to examine the effect of
the damper characteristics on the response of gleswehicle suspension.

Dampers are generally characterized through exatial testing that generates a
characteristic diagram, expressing the dampingefasca function of the damper
velocity. While these tests allow the effect of damper on the vehicle response to be
determined, they give little insight to how and wénthe actual forces in the damper are
generated. Also many dampers are externally adjlestand revalvable to give a wide
range of characteristics. This allows the dampdretanade suitable for different cars,
tracks, and ambient conditions. Therefore to fularacterize a damper with multiple
adjustments extensive experimental testing is ped. If the damper is rebuilt or

revalved this testing must be repeated to seeftbet®



A damper model could be used to limit the needefdensive testing to determine
the range and resolution of the damper adjustniteciuld also be used to predict what
valving is needed to produce a desired charadgtedgtgram, without actually revalving
and testing the damper. This could significantiyuee the testing and revalving time
required for the damper.

This research focuses on developing and experattgnalidating a parametric
model of a modern twin tube damper. There has heather research published on the
modeling of a modern twin tube damper. The modeélbped will generate
characteristic diagrams from the physical paramseaiéa damper. These parameters
include the dimensions of the damper internalsjribgia of the damper, properties of
the damper oil, and the initial gas pressure inddn@per. The model will also calculate
the internal pressures in the damper and flow itatesigh the different flow paths in the
damper. This will give insight to how and why theypical parameters of the damper
affect the force outputted by the damper.

A model of a monotube damper will first be develdpghis has been done before
and has been experimentally validated by both Talbd Starkey [1] and Rhoades [2].
This model will be developed because many aspéetsrmnotube damper model can be
applied to the twin tube damper model. Also witthbmodels the difference in the
operation and performance characteristics of thgses of dampers will be compared.

One of the significant differences in the operatiéthe twin tube and monotube
dampers is the movement and subsequent acceleddtibe damper fluid through an

external circumferential passage. Twin tube damperge a significantly greater volume



of fluid. Therefore the effect of the inertial andcous attributes of this fluid movement

on the damper performance will be examined.



2. FUNDAMENTALS OF DAMPING

Despite being commonly referred to as shock absgrbdeampers do not absorb
shocks. The shocks are actually absorbed by thectieh of the tire and suspension
springs. Basic vibration theory explains that argpmass system once excited will
oscillate continuously at a specific amplitude &edjuency. This is commonly referred
to as harmonic motion. This is achieved by theesystxchanging potential and kinetic
energy without any net energy loss. Therefore tgrobthis movement energy must be
dissipated from the system. The damper dissiphte®nhergy in a controlled manner by
converting the kinetic energy of the mass intortierenergy.

Dampers are commonly treated as being solely itgldependent. However, this
is not true. Most dampers are also position andlacation dependent to some extent.
Coulumb friction is also present in dampers, machlg to the seals around the rod and
piston that prevent leakage and contamination egf¢ine damper. These forces are
normally treated as constant and do not depentepdsition, velocity, or acceleration
of the damper. Reducing the friction and positiod acceleration dependencies is one of
the main goals of damper design.

Before the development of the damper model is destithe effect of the damper
force on a vehicle suspension will be examinedpng mass damper model of a

vehicle suspension will be used for this. Thenieflatescription and explanation of the



operation and characteristics of both a monotuldenaodern twin tube damper will
follow. Also the typical testing procedure of thendaper is explained, as well as the

generation of characteristic and work diagrams.

2.1 Spring Mass Damper M odel

In racecar suspensions the damper operates atimuminn parallel with the
suspension springs and in series with the tire.tifes both displacement and velocity
sensitive therefore it acts as another spring amopeér acting in parallel. However the
damping component of the tire is generally smadl smoften neglected [3]. Racecar
suspensions often include other sources of regtodiamping, and friction force but
those are beyond the scope of this research.

The effects of different damper and spring rateslzadetermined by writing the
equations of motion for a typical vehicle suspensgstem. Figure 2.1, on the next page,
shows the physical representation of the systeimtitisbe described. It represents one
corner of a vehicle with a simple suspension. Mm@plex suspension systems or a
more complete, two or four wheel, vehicle suspensistems can be modeled in a
similar manner.

In the figurems is the sprung mass of the vehicle that acts anabiner of the
suspension. For a vehicle that is laterally angjitmalinally symmetric it would be one
guarter of the total sprung mass. The unsprung masgpresented by, This includes
any mass that moves with the wheel and tire. Fondependent suspension a portion of
the suspension links and half shafts should beided. This can be measured or

determined analytically but assuming half of theghieof the links is unsprung mass is



generally accurate enough [8)s andCs are the spring rate and damper coefficient of the
suspension, ang; andC; are of the tire. The displacement of the sprunguargprung

masses and the road agez,, andzqag, respectively.

T

-
K

% e

Figure 2.1: Spring Mass Damper System

The equations of motion for the sprung and unsproagses can be determined
by summation of the spring, damper, and inertiedds. Equation (2.1) is the equation of

motion of the sprung mass, and Equation (2.2)rishfe unsprung mass.

mg Zs + C(Zg — Zys) + Ki(zs — zy) =0 (2.1)

Mys Zus + Ct(zus - Zroad) + Kt(zus - Zroad) - Cs(Zs - Zus) - Ks(Zs - Zus) =0

2.2)



It is not necessary to include the effect of gnaintthese equations because the
static equilibrium of the system is taken as thiaihpositions. The static equilibrium
accounts for the deflection of the spring anddise to gravity [4].

This system was modeled in Matlab Simulink. Simkilivas used because it
allows many types of disturbances to be introductathe system including
displacements from the road surface and forces foawh transfer or aerodynamic
effects. The primary outputs monitored were the&isgmass displacement and
acceleration, the damper force, and the tire IGadtion. These outputs can be plotted
by Simulink, but for more detailed analysis theg automatically outputted to the
Matlab workspace. From there the data can be amdlgnd plotted in Matlab or easily
outputted to Excel. The flexibility of Simulink allvs virtually any parameter of the
system to be plotted or outputted for further asialy

The Simulink model is displayed in Figure 2.2. Tiecks on the left are the
inputs for the masses, spring rates, tire dampoadficient, and road disturbances.
Additional blocks allow force to be applied sepahato the sprung and unsprung
masses. This is important because load transfer fmteral and longitudinal acceleration
is proportioned into geometric and elastic comptsmdepending on the height of the
center of gravity and the roll or pitch center. @etric load transfer is transferred
through the suspension links to the unsprung masite the elastic load transfer is
transferred through the sprung mass and the spamgislampers. The two large circles
sum the forces on the sprung and unsprung massedoiice is then divided by the mass
to determine its acceleration. These acceleragomshen integrated to determine the

velocities and displacements of the masses. Thek Ibdothe far right outputs the data to



the Matlab workspace. Multiple scopes can be sedmei model. These allow the user to

look at different aspects of the system and evaltra effect of the changes made to the

inputs.
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Figure 2.2: Simulink Model

A look up table was used to import data from theape@r model into the spring

mass damper model. The velocity of the damperesrthut for the look up table. The



data from the damper model is interpolated andl#meper force is outputted. This model
neglects the effect of the hysteresis in the charastic diagram of the damper. Thus the
damper force is assumed to be the same regardldss direction of the acceleration of
the damper.

In order to better evaluate the outputs given Iy itiodel the characteristics of
typical second order system shall be reviewed.d@meping of a second order system is
usually defined by the damping ratio. It is the gémg coefficient of the system divided

by the critical damping coefficient.

(== (2.3)

Cerit

The critical damping coefficient is a function betmass and the spring rate as
shown in equation (2.4, is the undamped natural frequency of the systethel
system had no damping and was disturbed it woutdla® at that frequency. Physically
the critical damping is the damping required sa tha system responds as quickly as

possible without any oscillation or overshoot af Hteady state value.

K

Corit =2 |—5 =2VKm (2.5)

The damped natural frequency is the frequencyybem will actually oscillate
at. It is a function of the undamped natural fregpyeand the damping ratio. As can be
seen from equation (2.6) as the damping ratio asge the damped natural frequency of
the system decreases. If the damping ratio is ogeeater the system will not oscillate

and therefore will not have a damped natural fraque



Wy = Wp1— (2 (2.6)

The effect of the damping ratio on the response sfcond order system to a unit
step is shown below in Figure 2.3. As can be sktre idamping ratio is less than one the
system is under damped and will overshoot andlaszidbout the steady state value
before reaching it. If the value is greater thaa tire system is over damped and the
response will not overshoot the steady state alievill have a larger settling time. The
settling time is the time for the response to remwth stay within a percentage of the final
value. This value is difficult to determine anatglly but can easily be determined from
the plotted response [5]. As can be seen fromitued below the 5% settling time for
the .7 damping ratio is approximately .4 secondasugeapproximately 1 second for the

damping ratio of 1.5.
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Figure 2.3: Effect of the Damping Ratio on a SecOnder System
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The data in the figures below was outputted froenSimulink model. The figures
show the response of the system to an applied @260 N to the sprung mass. This is
representative of elastic load transfer to therowtesel during lateral acceleration. The
model uses a tire stiffness of 120,000 N/m, a gpstiffness of 20,000 N/m, and sprung
and unsprung masses of 60 and 12 kg, respectivalyar damping coefficients of 660,
1530, and 2630 N/(m/s) were used. These valueslatgrto damping ratios of the
sprung mass of .3, .7, and 1.2, respectively. Ei@u is the sprung mass displacement,

2.5 is the sprung mass acceleration, 2.6 is thgpdaforce, and 2.7 is the tire load

variation.
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Figure 2.4: Sprung Mass Displacement
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Sprung Mass Acceleration
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Figure 2.5: Sprung Mass Acceleration
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Figure 2.6: Damper Force
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Tire Load Variation

)\
-50 ~

100 _\\ Damping
\\ Ratio
150

A~ o,
o _\X 7 ~— —07

Load (N)

1.2
-300 "

-350

0 0.2 0.4 0.6 0.8 1

Time (s)

Figure 2.7: Tire Load Variation

It can be seen in all four figures that the stestdye values do not depend on the
damping ratio. Thus the dampers have no effechersystem once it reaches steady
state. They affect the transient state before yheem settle. The damping ratios can
extend or shorten this transient period becausedfiect the time delay of the system
until it reaches steady state.

The damping ratios of .3, .7, and 1.2 were chdsespecific reasons. A
damping ratio of between .2 and .4 is often usethodern passenger cars because it
provides good ride comfort [6]. However, a dampiatip between .65 and .7 is a typical
baseline used for optimum handling [7]. For races tlaat are very dependent on
aerodynamic downforce for maximum performance dagpatios of 1.0 and much
greater are often used [8]. However, these damaitigs are only for heave of the

vehicle. The damping ratios for the roll and pitfhlthe vehicle will be different and must
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be calculated separately because they depend anaiments of inertia of the sprung
mass not the mass itself.

The displacement of the sprung mass can be sdégure 2.4. It varies
significantly depending on the damping ratio. Exoes displacement can be very
detrimental to the performance of a race car. kesdhe car very slow to respond and
requires large ground clearance raising the cerfitgravity. If the car relies heavily on
aerodynamics it will be very unpredictable andidifft to drive because the front and
rear ride heights and subsequently the pitch obtdy will vary significantly with the
body displacement. This will cause large changakardownforce, pitching moment,
center of gravity height of the vehicle affectiig tmaximum lateral acceleration and the
handling balance. A damping ratio greater thanllLmake these changes happen slower
giving the driver more time to account for them.

Figure 2.5 shows the acceleration of the sprungniMmimizing this is one of
the main criteria for developing suspension systiEmgood ride properties [1].
However in the figure it can be seen that the systéth a damping ratio of .3 has the
highest accelerations. This is primarily a restithe large force from spring deflections
caused by the large displacement of the body motaitte of the damper. With inputs of
higher velocity and smaller displacement, like tgbiroad roughness a damping ratio of
around .3 would minimize the acceleration of theisg mass.

The damper force is shown in Figure 2.6. For themag ratios of .7 and 1.2 the
damper force quickly peaks and then returns tadgtetate. This is because the large
damping force quickly dissipates the kinetic eneagg causes the vehicle to return to

steady state. This damping force is directly prapoal to the difference in velocity of
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the sprung and unsprung masses. The system wampidg ratio of .3 has much lower
damping force and takes much longer to returngadst state. With small, high velocity
road inputs this lower damper force combined witfal spring displacements would
limit the transferred to the sprung mass and retluesprung mass acceleration.

The tire load variation shown in Figure 2.7 is vemportant for race cars,
especially those not extremely dependant on aesodigs. Reducing the load variation
of the tires will increase the maximum grip thagtitan provide. It can be seen that a
damping ratio of .7 gives a good compromise betwbBemagnitude and rate of change
of the load variation. A higher damping ratio mayé less overall variation because it
reaches steady state quicker but the rate of chafrnjpe load can be quite significant.
Tire load variation is not a significant factor wheptimizing the ride properties of a
vehicle.

Many modern dampers try to compromise between théghping ratios at low
damper speeds and lower damping ratios at highdspeEypically low damper speeds
are considered between approximately 0 and .03 #h/$his corresponds to the
movements of the sprung mass from lateral and todigial acceleration. High damper
speeds above approximately .05m/s correspond teeip@nse of the vehicle due to road
inputs. A compromise between these speeds canivad in the damper by preloading
the valve springs. The dampers will be very shiffying a high damping ratio at low
velocities. Once the damper velocity required teroeme the preload on the valve is
reached the dampers will become much softer, haviogver damping ratio. The

characteristic diagram of a damper like this issghdelow in Figure 2.8.
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Characteristic Diagram
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Figure 2.8: Segments of the Characteristic Diagram

In the characteristic diagram above the slope ettirve is the damping
coefficient. It can be seen at lower velocitied the damping coefficient and
subsequently the damping ratio is much greater fspproximately O to .05 m/s. Above
.05 m/s the coefficient is significantly less. Tdextion of the curve at approximately .05
m/s where an inflection in the slope occurs is camiyreferred to as the knee. The knee
is not necessarily an abrupt change of slope hisva in this figure. Often it is much
more gradual and in that case the knee would beetkbver a range of velocities. The
section of the curve between zero velocity andktiee is referred to as the nose and the

section at higher velocity than the knee is reteteeas the slope.
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2.2 Monotube Damper

Monotube dampers are very common in motorsporiguré 2.9 below shows the
major components of a monotube damper. The dare@tached to the sprung and
unsprung mass of the vehicle by the spherical bgaat each end. Generally the body of
the damper is connected to the chassis of the keefiibe rod side of the damper is
connected to the suspension members to minimizerteerung mass of the vehicle. The
compression and rebound chambers are filled witteral or synthetic oil. Extension or
compression of the damper causes fluid to flowuglovalves and orifices in the piston.

The gas chamber is separated from the oil by aiffig@iston and is pressurized with

nitrogen.
Compression Rebound
bl # Chamber 2
Spherical | DR / # chamber
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@ ‘ / ‘%.I
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Gas Piston’ 7
Plston- Compression Rebound
Direction Direction

Figure 2.9: Monotube Damper Components [2]

The compressibility of the gas allows for chanigegolume, caused primarily by
the insertion of the rod, but also by expansionastraction of the damper and fluid

under different temperatures and pressures. Thelgasber is pressurized to prevent
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cavitation of the oil. Cavitation is vaporizatiohtbe damper fluid, caused by the
pressure of the fluid dropping below its vapor ptes [9]. The gas chamber also creates
a gas spring effect because the areas on eacbfdtike piston are not equal. That is why
a damper will rebound without any force.

The gas chamber in a monotube damper is alwaygyam the compression
chamber. Therefore, the pressure has to be negulyadent in these two chambers. In
order to generate a damping force a pressure eliffial across the piston must be
created. In compression the pressure in the reboliachber will have to be lower than
that in the compression chamber. Therefore, a géghpressure is necessary to keep the
rebound chamber pressure above the vapor pressiie ftuid.

Compression of the damper causes fluid to flowugh the piston from the
compression chamber to the rebound chamber. Thetlflmugh the piston is restricted
by valves and orifices. This is the primary meckanof generating damping force.
These flow restrictions create a pressure diffeaeatross the piston. Energy is
dissipated through the hydraulic shearing of tb&lflIThe energy is dissipated thermally
increasing the temperature of the fluid and danfipler

Figure 2.10, on the next page, shows a cutawaydahgper body and piston. The
damper is undergoing compression. The figure sheowery common valve and orifice
configuration. It combines a small bleed orificehe rod and larger orifices covered by
shims in the piston. The shims act as a springcancbe preloaded to prevent flow at low
velocities. Since fluid is flowing from the compson to the rebound chamber, the
pressure in the compression chamber must be gteatethe pressure in the rebound

chamber. This pressure differential acting on tistop generates damping force.
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Figure 2.10: Flow through Piston during Compres$idj

Only a small amount of fluid is allowed to flow ttugh the bleed orifice, path 3.
The flow through the piston orifices is restrictadthe shim stack in path 2. As the
velocity of the damper increases the shim stackeaenore allowing more flow
through path 2. No fluid flows through path 1 eigricompression. The shim stack on the
rebound side of the piston acts as a check valpeeeent this flow. A very small amount
of fluid will also leak around the piston througtetpiston seal from the compression to
the rebound chamber. Since the rod is being indénte the damper, the gas chamber
will be compressed and the pressure of both thewgdslamper fluid will increase.

Figure 2.11, on the next page, shows the same aald@rifice configuration
except that the damper is extending. The flow thhothe bleed orifice, path 3, has

reversed. The flow through the piston orificerasv path 1. Similarly to path 1 in
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compression no fluid flows through path 2 duringaiend. The shim stack on the
compression chamber side of the piston acts as@kafalve to prevent this flow.
Leakage around the piston will act in the oppaditection. The gas chamber will

expand and the pressure will decrease.

=

-

Figure 2.11: Flow through Piston during Extensid@][

The multiple flow paths in the dampers are usegite different characteristics
depending on the velocity and direction of the damphe bleed orifices primarily
control the damping at low velocities, while thetpn orifices and shim stack control the
damping at high velocities. The damper is also &bkgve different characteristics for
rebound or compression.

External adjustment of these characteristics idawa in many dampers

designed for motorsports applications. Becausheftftfferent flow paths the
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adjustments can independently control certain abariatics of the damper. For example
a 4-way adjustable damper will have separate lovhagh speed compression and
rebound adjusters. Normally low speed adjustmeiltghanges the size of the bleed
orifice. This is often achieved by a cone shapestileein the orifice that can be adjusted
in and out. High speed adjustment will normally i the preload on the shim stack.
The piston that the shim stack sits on must beedistut to accommodate the deflection
of the shim stack from the preload

There are many different varieties of monotube s but they all operate
under the same principles. Some of these differanéties are shown below in Figure

2.12.

Shock (f*

absorber = k\

piston L=,
1

Figure 2.12: Monotube Damper Varieties [11]

The first two dampers have external reservoirsolask the floating gas piston.

The primary reason for this is to make the damparencompact. The third damper is

identical to the one described above. The fourthgkx incorporates a foot valve into the

21



rebound chamber. This is a fixed valve that minemipressure changes in the
chamber and increases the pressure in the communessi rebound chambers dur
compression to prevent cavitati Often a foot valve is incorporated into the top &

external reservoird he foot valvi allows for a convenienglace for external adjustme.

2.2 Twin Tube Damper
Modern twin tube dampers produced motorsports applications are not-
same as tratlonal twin tube dampers. Traditional twin tubengzers are similar to
monotube damper with a foot valve as shown aboke.difference is that the g
chamber and the chamber between the floating gésrnpand the foot valve are loca

circumferentiallyaround the damper bo [9]. This is shown below iFigure 2.13.
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Figure2.13: Twin Tube and Monotube Damp¢9]
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Damper (c) is a regular monotube damper and dabpés a traditional twin
tube damper. Damper (a) is a through rod monotabeper. Through rod dampers can
be either of the twin tube or monotube variety. Tien benefit of them is that the gas
chamber is not necessary to compensate for theneotlhange caused by rod insertion.
However, they generally still have a small gas db@mnto compensate for the volume
changes caused by temperature variations and daropgriance. Also the area of the
compression and rebound side of the piston arel.€fjuia eliminates the static force
produced by the pressure of the gas chamber amtingequal areas.

A modern twin tube damper uses the circumferentiag as an external passage
for the damper fluid. This passage connects theurdh and compression chambers. The
majority of these dampers have solid pistons witlamy orifices or valves. These pistons
instead of move through the fluid, force the flthdough the external passage. This is
shown below in Figure 2.14. The orifices and shiatlss on the damper piston in the
figure are to control extremely high velocity inpatnd are not commonly used in
motorsports applications.

As can be seen in the figure the orifices and \sare located in the external
passages to provide the flow restrictions. ThedgiEes and valves are similar to those
located on a monotube damper piston. For contrti@fow speed damping a small
bleed orifice with an adjustable needle is gengtadled. For control of high speed
damping a shim stack, coil spring, or combinatioeréof along with a larger orifice is

often used.
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Figure 2.14: Modern Twin Tube Damper [12]

Figure 2.15, on the next page, shows the dampepmassing at low speed. Fluid
is flowing through the bleed orifice and needlereabnly because of the preload on the
high speed valve. Once the damper velocity is bigtugh the preload force will be
overcome and fluid will flow through both orificeBhe gas chamber is acting on the
rebound chamber under these conditions. Theredogernerate damping force the
pressure in the compression chamber must incréaseeliminates the risk of rebound
chamber cavitation that is found in a monotube danmigowever, local cavitation in

areas of low pressure is still possible.
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Figure 2.15: Modern Twin Tube Damper in Low SpeednBression [12]

In rebound the direction of flow is reversed. Theck valve on the left will close
and the fluid will flow through the valves on tredtl Then it will exit through the check
valve on the right. Therefore the gas chamber vg acting on the compression chamber
like in a monotube damper. A small amount of fluidl also leak between the piston
seals and the damper body.

Many aspects of the monotube damper and the maweriube damper are
similar. The damping force is generated by restctiuid flow through orifices and

valves. A gas chamber is used to compensate famethanges and prevent cavitation.
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There are three main flow paths of the fluid; fldwough the low speed bleed orifice,
flow through the high speed orifice and valve, dgakage around the piston.

There are also major differences in the operaiidhese types of damper. The
gas chamber pressure in the monotube damper aleéy®n the compression chamber.
In the twin tube damper the gas chamber acts derelift sides of the piston. This allows
twin tube dampers to run much lower gas pressutfeowi the risk of rebound chamber
cavitation. The lower gas pressure decreasesrésssin the damper and rod seal and
reduces the gas spring effect of the damper [13. dther major difference is that in the
twin tube damper there is much more fluid flow aswnentioned previously.

Relationships defining the flow through the damplee, deflection of the valve
springs, and the pressures will be developed fir btyles of dampers. These
relationships are the basis for the models develapel will also give further insight to

the operation of the damper.

2.3 Damper Characterization
Characterization of dampers is generally doneutjincexperimental testing. A
damper dynamometer is used to perform this teskigyire 2.16 shows a Roehrig
Engineering 5VS damper dynamometer. This is a cawially available dynamometer
that is used in many types of motorsports [14]. Gamper is help securely at both ends
and forced to compress and extend in a sinusoidabmby a motor in the base of the

dynamometer. The force outputted by the damperesured throughout the testing.
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Figure 2.16: Roehrig Engineering 5VS Damper Dynatem|[14]

The equations below give the resulting displacemegibcity, and acceleration of
the damper during testing. The velocity and aceélen are the first and second
derivatives of the displacement. As can be sed¢nase equations the motion profile is
defined by the amplitude and frequency. Figure 28HaWws the motion profile for a

typical damper test with amplitude of .013 metard a frequency of 1.6 hertz.

x(t) = Amp * sin(2rf't) (2.7)
x(t) = Ruf)Amp = cos(2mft) (2.8)
x(t) = @nf)Amp = sin(2uft + w/2) (2.9)
X(t) = —(2rf)2Amp * sin(2nft) (2.10)
¥(t) = 2rf)?Amp * sin(2rft + ) (2.11)
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Figure 2.17: Damper Test Motion Profile

In the above equatiosmpis the amplitude which is half of the strokiejs the
frequency, andis the time. As can be seen in equations (2.8Y2:%] the velocity is/2
radians out of phase with the displacement. Thesdfte maximum velocity will occur
one quarter of a revolution before the damper dsgahent reaches its maximum. In
equations (2.10) and (2.11) the acceleration ofldraper caused by the dynamometer
increases as a function of the frequency squareerefore at a frequency of 1.6 Hz the
max acceleration will be approximately 1.3 m/s canegd to 5.2 m/s at 3.2 Hz.
Therefore, significantly more hysteresis can bese¢he characteristic and work
diagrams as the frequency is increased sincesitasgly dependent on the acceleration

of the damperThe maximum acceleration lags the displacement fagiansTherefore
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the peak acceleration will occur at one half ofeotution after the damper displacement
reaches its maximunThe displacement, velocity, and acceleration drdiactly
proportional to the amplitude of the motion.

Throughout this motion the force exerted by the panonto the dynamometer is
recorded. From this the characteristic and worlgrdiens can be generated. A
characteristic diagram is a plot of the damperdas a function of the velocity. A work
diagram is a plot of the damper force as a funabioine displacement. A characteristic
diagram is the primargnethod for expressing the force of a damper, bubik diagram
is used occasionally.

Two different styles of characteristic diagrams sttewn in Figures 2.18 and
2.19. The velocity for the compression stroke isifiee, while for the rebound stroke it
is negative. Velocity is often expressed as anlabsw@alue so that both ends of the plot
are right of the y-axis. Forces produced under cesygioon are considered positive while
forces produced during rebound are considered wegdtis sign convention is

consistent throughout this work, but may be difféna other literature.
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Characteristic Diagram
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Figure 2.18: Continuous Velocity Characteristic gvam

The plot in Figure 2.18 is a continuous velocitgtdICVP). Velocity and force
are recorded throughout one whole cycle, and thexf the data is plotted. This plot is
useful because it gives more detailed informatiooua the damper force. At 1 in the
figure the damper is at the beginning of the siagevand is fully extended. Therefore it
has zero velocity and the maximum positive accetarat will achieve. In the figure
from 1 to 2 the compression velocity of the danmipencreasing and the acceleration is
positive. At 2 the damper displacement is zeroesites at the middle of the stroke. T

this point the maximum compression velocity ocaumndie the acceleration is zero. After
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this point the damper begins to decelerate. Framm®the compression velocity is
decreasing to zero velocity at point 3. At thismiahe damper is fully compressed and
the maximum negative deceleration occurs. Aftenpdithe rebound stroke begins and
from 3 to 4 the damper is decelerating until theimam negative velocity is reached at
4. At this point the damper displacement is backaim and the acceleration is also zero.
Then the damper accelerates to full extension iat gao finish the cycle. The difference

between the force generated when the damper iteaatieg and decelerating is the

hysteresis.
Characteristic Diagram

500 +

z

8 T T 0 T T

E -025 -0.15 -0.05 0.05 0.15 0.25
-500
Velocity (m/s)

Figure 2.19: Peak Velocity Characteristic Diagram

The plot in Figure 2.19 is a peak velocity ploVf. When many different

dampers or adjustments are being compared agaicistother a CVP becomes very
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difficult to read. Therefore a PVP plot is ofteredsA PVP plot is generated by running
tests at different frequencies or amplitudes tadgférent peak velocities. Then the force
only at the peak velocities is used. The maximurodwalues from the multiple tests are
plotted against their velocity. Then these poimésannected to form the characteristic
diagram. Therefore there will only be one line #mel hysteresis will not be displayed.

The markers in the figure represent the pointshathivthe data was collected.
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Figure 2.20: Work Diagram

Figure 2.20, above, displays a work diagram. Tge sonvention used for the

force is positive in compression and negative botand. This style of plot is not as
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useful as a characteristic diagram because the @dioqee is much more dependent on
velocity than displacement. However, it is stiledsoccasionally because it was the
original style of displaying data when testing da&nsp This originated when damper
testing was performed with only mechanical equipimen

The numbers in the figure represent the same sategre described for the
characteristic diagram in Figure 2.18. At poinh& tlamper is fully extended and has
zero velocity. The damper accelerates to point @reviit reaches zero displacement and
its maximum compression velocity. It then deceksdb point 3. At this point the
damper is fully compressed and at zero velocitgoittinues to decelerate to point 4
where it again reaches zero displacement butiis ataximum rebound velocity. It then
accelerates to point 4 to complete the cycle. @bk bf symmetry about the vertical axis

is a result of the hysteresis in the damper.
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3. LITERATURE REVIEW

The improvement of ride and handling has alwayhlmne of the main focuses in
automotive engineering. The development of autoreadampers began in the early
1900’s and still continues today. In 1901 Horoclswze first to patent an automotive
damper. It was a telescopic hydraulic damper. Hanawntil about 1925 most vehicles
were either not equipped with dampers or came erigtriction dampers that used only
coulomb friction to dissipate energy [9].

Since 1925 the telescopic, hydraulic damper asidged in the section 2.2 has
become almost universally used throughout the anotivmindustry. Also at this time the
first papers addressing dampers were publishedseTipeblications focused on the
different types of dampers available at the time ased work diagrams to characterize
the dampers [9]. In 1958 Hoffmann published somheffirst analytical work on
dampers. He predicted that for the damper he wakimgoon that the force was solely
dependent on the piston velocity. He contributeddifference between the predicted and
experimental values to hysteresis due to rubbemtsothe pressure required to open the
check valves, the delay for the check valves tegland the cavitation of the fluid [9,
15].

The earliest and still one of the most comprehengapers on damper modeling

was that of Segel and Lang published in 1981 [Ibis work was based on Lang’'s Ph.D.
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dissertation from 1977 [16]. In this dissertation82 parameter analogue computer
model of a conventional twin tube damper was dgeio The main goals of the model
were to characterize the damper forces in the &negurange of 1 to 10 Hz and explain
the frequency dependence of these forces [15, 16].

The model examined the physical effects of thielfand valves interaction to
determine the forces produced by the damper. Tambhbr pressures and the fluid flow
based on pressure differentials were modeled acallyt The forces on the valves were
determined experimentally. It also included thenpeessibility of the damper fluid and
the compliance of the damper body to examine theltiag hysteresis from these effects
[15, 16].

In this model an attempt was made to relate thehdige coefficient to the
velocity and acceleration of the fluid. Therefdtes steady state discharge coefficient,
which is a function of the Reynolds number anddiaeneter to length ratio, was replaced
with a dynamic discharge coefficient for flow thgtuan orifice. This coefficient is a
function of the acceleration number, Reynolds numBauchy number, and diameter to
length ratio. The dynamic discharge coefficientsersetermined experimentally to
improve the analytical model of the fluid flgie].

The model was validated with experimental testihthe damper. After the
validation, parameter studies exploring the effe¢tuid compressibility, fluid vapor
pressure, input frequency, and temperature weferpged. However, since the model
was executed on an analog computer and the averadgene was seven hours the

usefulness of the model was limited [16].
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Understanding the shortcomings of the particulanpier being testing, Lang
suggested separation of the gas and fluid as wgltessurization of the gas chamber to
minimize cavitation. These principles are now uiseall modern high performance
dampers. Lang also suggested a through rod damgentpletely eliminate the need for
a gas chamber.

Reybrouck developed a parametric model of a momotiaimper [17]. However,
empirical relations were used to model flow resiits and determine the total damping
force. These empirical relations were based onipalysharacteristics of the damper but
still had to be determined experimentally. Therefionplementation of this model would
be very difficult. This model compared very accahato experimental testing over a
wide frequency range.

Later this model was developed further for a cotiremal twin tube damper and
included fluid compressibility and compressibildiygas entrained in the fluid [18]. This
resulted in a model showing significant hysteresis.

Audendino and Belingardi developed a model foraveational twin tube
motorcycle damper [19]. The effect of various dangreperties on the accuracy of the
model was investigated. It was determined that hogléuid compressibility and
entrained air in the fluid was very important whewestigating hysteresis. Fluid and
valve inertia were found to be negligible to theules of the model. Also friction was
found to be a secondary effect and could be neglesithout significant error. However
if it was to be included a more complex model thare coulomb friction would be
required to improve the results. This is especiatigortant at low velocity and force

output.
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Mollica and Youcef-Tuomi presented a very compreshanmonotube damper
model [20]. This was based on Mollica’s M.S. thg&H. It looked in detail into the
causes of hysteresis in characteristic diagramgadtfound that fluid compressibility,
gas chamber compressibility, and resistive fluichdeg through piston orifices
contributed to hysteresis in the characteristigidien. Minimizing air entrained in the
damper fluid can also have a significant effectl@hysteresis, because it contributes to
the compressibility of the fluid.

Also the friction of the floating piston and thengpliance due to the piston valve
preloads contributed to hysteresis near zero wglothe compliance due to the piston
valve preloads was caused because the specificetanguleled did not have bleed
orifices. So at low speed before the pressure stopivalve overcame the preload force
the only flow path for the fluid is leakage arouhd piston.

It was also found that fluid inertia and gas pistogrtia were both negligible. As
mentioned previously the gas piston friction wasimmore significant. The fluid inertia
was negligible because the amount of fluid beirgekerated at any given time is equal to
the volume of the piston orifices. This volume engrally very small and thus has little
mass. It was also determined that laminar flowubgtoorifices only occurs at very low
velocities. Assuming turbulent flow and constaisttarge coefficients when modeling
orifice flow gave accurate results.

Talbot and Starkey an experimentally validated penmodel for a high
performance Ohlin’'s NASCAR damper [1]. This pagmrblished by the Society of

Automotive Engineers (SAE), was based on Talbot'S.Mhesis. One of the main goals
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of this model was to develop a physical model #pglied to all dampers of similar style.
Therefore the use of empirical or experimentaldechad to be minimized.

Similarly to Lang flow resistance through the pistwifice, bleed orifice, and
piston valve were calculated from the pressure dapss the orifices. The pressure in
the gas chamber and compression chamber weresdddéed. The result was a parametric
physical model similar to that done by Lang, bytlegal to a high performance monotube
damper. However the fluid was assumed to be incessjisle, thus the model did not
accurately predict hysteresis.

One of the most significant parts of this work thbwvas the modeling of the
shim stack. An analytical model was developed agljot the stiffness of the shim stack.
It used equations for bending of uniform thickneissular plates and superposition. The
stiffness could be determined for stacks of 3 teHitns of different thicknesses and
diameters.

The dynamic discharge coefficients and the danmpetidn were determined
through testing of the damper on a standard dachypemometer. The model showed
good correlation to experimental testing especilizigh velocities where hysteresis
was less significant.

Parametric studies on the shim stack stiffnesspmpisrifice area, bleed orifice
area, and shim stack preload were also performeesd studies provided insight to how
the damper worked. They also provide guidelinedifoing the damper to achieve
desired characteristics.

Rhoades developed a model similar to Talbot’s fdbaaner damper [2]. This

damper is the same type as that modeled by Tailios Isignificantly smaller. The other
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significant difference between these models is Rfatades used Finite Element Analysis
(FEA) to determine the shim stack stiffness. Theswecessitated by the fact that the
shims had holes in them to allow fluid flow throutie piston. It was determined that
these holes only had a small effect on the stifines

This model also accurately predicted the performaari¢che damper, since the
hysteresis of the damper was relatively small. Addal parameter studies were also
performed to examine the affects of the bleedagibr low speed adjustment, the fluid
density, and the number of piston orifices. Theafbf the damper body compliance was
also found to be negligible in comparison to thedficompressibility.

The Shock Absorber Handbolok Dixon is the only book devoted to dampers in
the English language [9]. While it does not provaddirect damper model, it does
contain information regarding fluid dynamics, valmedeling, and flow paths in the
damper that are very valid and could be applieal damper model. It also covers many
aspects in the design, testing, and specificatiaampers.

The fundamental principles and findings from theegech presented will be
applied to develop a mathematical model of a modeimtube damper. Specifically the
fluid dynamic relationships developed in Lang’'s[Phdissertation and Talbot and
Starkey’s SAE paper will be used in the developnoéhe monotube damper model.
These relationships will then be adapted to repitetbe physical operation of a modern
twin tube damper. Dixon'$he Shock Absorber Handboalko provides fluid dynamic
principles and other relationships necessary tordesthe moonotube and twin tube

damper.
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The findings in some of the other research wilbdle used. In Audendino and
Belingardi’s paper and Mollica’s thesis it was fduhat effect of fluid inertia was
negligible for a monotube damper [19, 21]. Thieefiwill be adapted to and reexamined
with the twin tube damper model. The damper bodym@ance and valve inertia will be
assumed to be negligible for both models baseti@rfindings of Rhoades and Mollica,
respectively [2, 21]. Constant discharge coeffitsenill be used since this was found to
be accurate in the research of Talbot and StaRkegades, and Lang [1, 2, 16].

A similar methodology and solution method to theg¢di by Talbot and Starkey
will be used to develop and solve the twin tube panmodel. Through this previous
research it is possible to accurately model antuat@the performance of a modern twin
tube damper. The characteristic of monotube and tmoe dampers will be compared

and the effect of fluid inertia and viscous efferil be examined.

40



4. MODEL DEVELOPMENT

An explanation of the static forces present in @pler is first presented to
improve the understanding of the operation of dasmp#lext, development of the model
for a monotube damper is explained in detail. Thisllowed by the adaptation of this
model to represent a modern twin tube damper. Tineeffects of fluid inertia are
modeled in this section. A detailed descriptionhaf solution method and execution of
the model follows. Finally the spring mass dampedeh used to analyze the affects of

the damper characteristics on the vehicle is desdri

4.1 Static Damper Properties

Figure 4.1 below shows the layout for a very bdsimper. However this damper
has a major problem. Since the damper fluid istpralty incompressible the rod and
piston cannot move into or out of the damper bddy insertion or extraction of the rod
is impossible because it would cause the volunfiif required in the damper to
change. Therefore a compressible gas is used tpawate for this change of volume.
Emulsification of the gas and damper fluid muspbevented to get consistent
performance and avoid cavitation. Therefore theag@sdamper fluid are normally

separated by a floating piston.
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Figure 4.1: Damper at Static State

Figure 4.2, below, shows a similar damper but agyas chamber filled with
pressurized nitrogen is included. The floatinggnisteparates the damper fluid and
nitrogen. Now when the rod is inserted or extraétech the damper the compressible

gas chamber will accommodate the volume change.
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Figure 4.2: Damper with Gas Chamber at Static State
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At static conditions a damper as shown in FiguPewdll output a force, even
though dampers are primarily velocity sensitiWg.the compression chamber pressure,
will be the same aBy, the gas chamber pressure because they are cedrca floating
piston. Since the damper is static there is no fluwugh the orifices. TherefoRg, the
rebound chamber pressure is equal to the compressamber pressure. Howevgr
the area on the compression chamber side of thengslarger thar, the area on
rebound chamber side. Equation (4.1) shows thétrefsthis. It sums the forces on the

piston and rod under static conditions.
Fs = F-F = RA.- BA, = B+ (Ac- 4y) (4.1)
Also sinceAq, the area of the rod is equalAgminusA equation (4.1) becomes:
Fy = PyAroa (4.2)
This force is often referred to as the static facegas spring force. It acts the
same as a static spring preload force. It will@ase with an increase in gas chamber
pressure or rod diameter. This force will also @ase as the rod is inserted into the
damper and the gas chamber is compressed [22]wilhi&ct like a stiffness and will be

position dependent. This will be looked at in mdetail in the damper model.

4.2 Monotube Damper M odel
The force generated by the damper is caused byréssure and area difference
across the piston. This pressure difference isrgéee by forcing the damper fluid to
flow through the orifices and valves. A physiogpresentation of a typical damper is
shown in Figure 4.3. In this figure the damperasg compressed. Thus, fluid is flowing

from the rebound chamber to the compression chariihercompression valve is open
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allowing fluid flow through the piston orifice. Riis also flowing through the bleed
orifice and there is a small amount of leakage rddhe piston. Assuming that the
damper fluid is incompressible the displacemenheffloating gas pistore)is
proportional to the rod displacemenr}.( When the damper is in rebound the flows and
the displacement of the gas piston will reverseeré&fore, the compression valve will

close and the rebound valve will open.

Gas Chamber

Lg Pg z

"gp

Compression Chamber

o]
c

Rebound
Chamber

Figure 4.3: Damper during Compression [1]
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The free body diagram in Figure 4.4 is used tordates the force on the piston.
As can be seen the main forces on the piston arpréssure differences between the
compression and rebound chambers and the friotiae foetween the piston and the

damper wall and between the rod and seal.

| v

I

PrArl
I

I PA

Figure 4.4: Piston and Rod Free Body Diagram

Equation (4.3) sums the forces on the damper pistansolve this equation for
F, the damper force, the pressures in the reboudd@@mpression chambers must first be
determined. This equation is similar to equatiodY4ut it also includes the friction of

the piston and rod seal and the inertial forcénefrbd and piston.

F+PA.- A, — F = m,& (4.3)
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Models of the fluid flow and flow resistance wik lalerived to determine the
pressure in the rebound and compression chambeedrittion force can either be

estimated or determined through experimental tgstin

4.2.1 Total Flow Rate

Conservation of mass requires that the fluid tloav$ out of the compression
chamber is equal to the fluid that flows into tebaund chamber. Assuming the damper
fluid is incompressible, the conservation of mams lse expressed by the flow rates.
Thus, the total flow rate is the combination of theee separate flow channels through

the piston. This can be seen in Figure 4.5.

Qp = Qy+ Qp + le (4.4)
Pistor Friction Gas Pisto
< / | g’/
—
Roc Rebound Chamber Q I Gas
Compression Chamber
\ / Chamber |
_’ ' ‘_
P, / Poo Pg
A A ) P
|—> * .
Z

Qp — Bleed Flow

A

Qy - Vvalve Flow

Qpp - Leakage

Figure 4.5: Compression Flow Diagram
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Since the volume of the rod is entering the dantipeigas piston is displaced. The
boundary represented by the dotted line is tharaigosition of the gas piston. Thus the
flow rate,Q;, across the boundary can be calculated.

Qr = ApoaX (4.5)

Therefore the flow rate through the piston can &temnined. It is the area of the
rebound side of the piston times the velocity ef piiston.

Qp = Apx (4.6)

Combining equations (4.4) and (4.6) gives a retetiip between the velocity of
the piston and the separate flow paths througllaneper.

Arx =0y, + Qp + Qpp (4.7)

Equation (4.7) is the first of the system of equiadi that must solved to determine

the damper force. Now equations for the separate ifhtes need to be determined.

4.2.2 Constant Area Orifice Flow

The volumetric flow rate of fluid through an odé is given by equation (4.8).
Q = C Av, (4.8)

WhereCy is the steady state discharge coefficient apd the theoretical fluid
velocity. This coefficient is a function of the Rejds number and the diameter to length
ratio of the orifice [16]. It is the product ofdfarea coefficient and the velocity
coefficient.

As fluid flows through an orifice the flow streamlMnitially contract for
approximately half of the diameter of the orifiaelahen expand again to the full area of

the orifice. The point when the flow contractiorgreatest is called the vena contracta.
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The area coefficient is the cross sectional areheo¥ena contracta divided by the area of
the orifice [9]. Theoretical and experimental résilave shown that this coefficient is
approximately .611 for sharp edged orifices at liRglynolds numbers [21]. For most
damper orifices this value is slightly larger, beem .7 and .8 [9]. The primary reason for
this is that the orifice edges are usually chandfererounded to increase the area of the
vena contracta. At smaller Reynolds numbers tteadsp a slight increase in the area of
the vena contracta and subsequently the area@eetfi This is caused by the viscosity
reducing the velocity of the fluid entering thefize along the walls. This reduces the
inward momentum of the fluid allowing a larger acédluid flow.

vy IS the theoretical fluid exit velocity. The actspleed is slightly less because of
the viscous friction from the orifice walls andlutence [9]. This is compensated for by
the velocity coefficient which is the actual velyaillivided by the theoretical velocity.
This coefficient is usually assumed to be abouf{238. Thus, the area coefficient is the
dominating factor in determining the discharge tioeint and the velocity coefficient is
often treated as negligible.

The theoretical speed can be determined from Bdliisoequation. It is assumed

that the initial velocityp,, is equal to zero.
1.2 1 .2
P1 + 5,0171 = Pz + Epvz (49)

vy = @ (4.10)

Combining equations (4.7) and (4.9) gives an eqadbr the flow rate through

an orifice as a function of the pressure differ@rtietween the entrance and exit.

Q =C,A \/KTP (4.11)
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Lang modified this term by replacing the steadyesthischarge coefficient with a
dynamic discharge coefficier@p [16]. This coefficient is a function of the fluid
acceleration, Reynolds number, Cauchy number, lamdrifice diameter to length ratio.

This can then be applied to equation (4.11).

Q =C(pA \/% (4.12)

It was found that the discharge coefficient wasntyaa function of the Reynolds
number and was slightly affected by the fluid aecation [16]. However, Lang
concluded that the “most significant departure frassuming a constant value@f
occurs during flow at a low Reynolds number, ansl tiondition occurs only during a
small fraction of a cycle.” He experimentally debémed the value of this coefficient.

Equation (4.12) is applicable for orifices witfeagth to diameter ratio up to at
least 10, which makes it suitable for typical dampessages. It is also valid for turbulent
or laminar fluid flow [9]. Therefore, it is can hsed to determine the flow rate through

both the piston and bleed orifices.

4.2.3 Bleed Orifice Flow

From equation (4.12) the flow through the bleedic#iis determined. This is the

second equation needed to determine the dampe. forc

2(Pc— Py
Qs = Cophy |27 (4.13)

Ay, the area of the bleed orifice, is often extegnatljustable on dampers. Thus
this can be changed in the model to see how diftexéjustments would affect the

dampers performance. The value @y the dynamic discharge coefficient of the bleed
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orifice,was initially set to .7 according to experimentatings of Lang [16]. Talbot and
Starkey experimentally found a larger coefficiehté® for the rebound stroke than the
coefficient of .61 for the compression stroke [Iis was due to the fluid flowing in

different directions through the bleed orifice awjustable needle.

4.2.4 Piston Orifice Flow

The flow through the piston valves is more compédabecause it combines flow
through an orifice as defined before and throughvillve. These flow resistances act in
series, thus they both have the same flow rate&ch cause a pressure drBpis the
pressure as the result of the pressure drop ogeortfice. This can be seen in Figure 4.6.

Therefore this flow rate is determined in equatri4) from equation (4.12).

AN T
D, — «— l

Py

|

Piston Orifice

<

Piston

Figure 4.6: Piston Orifice and Valve

Z(PC_PU)

Qv = CDvo p

(4.14)
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Unlike the bleed orifice the area of these orifisesot normally adjustable. Also
Cbo, the dynamic discharge coefficient of the bledtioay, is initially set to .7 according
to Lang [16]. Talbot [1] and Rhoades [2] confirntadt this value correlated well with
experimental data. This coefficient is generallyrenaccurate than the one used for the
bleed orifice because the geometry of the pistditers normally closer to the constant
area assumed in equation (4.12).

In some dampers the piston orifice and bleed erifict in series instead of in
parallel. Therefore the flow rate through the pistoifice would be equal to the flow
through both the valve and bleed orifice. Thisxpressed in equation (4.15). Depending
on the layout of the damper either equation (4at4%.15) is the third equation included

in the system of equations.

2(Pc — Py
Qv+ Q = Coohy [E2 (4.15)

4.2.5 Piston Valve Flow

For the flow through the valve the flow ra€@, is the same but the pressure drop
will now beP, - P.. Thus the total pressure drop over the pistoncerénd valve will be
P, — P.. However, this cannot be used as it was in tmpler orifice cases, because the
flow contacts the valve and exits perpendiculgh®initial flow. The area of the flow
path also varies with the valve deflectigi (vhich is an unknown.
Ay = anD, y (4.16)
The circumference of the valvezB, anda is the area flow correction factor.

Therefore equation (4.12) and (4.16) are combinatktermine the pressure differential
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through the piston valve. Equation (4.17) is therflo equation used to solve for the

damper force.

2(Py — Pr)

, (4.17)

Qv = CDvaT[Dv y

The area flow correction factor is used to adjosthlves where the whole shim
stack does not deflect. Talbot used a value oécabse the damper piston that he
modeled had three equally spaced piston orificebdith the compression and rebound
flow [1]. Damper pistons with differently sized onequally spaced piston orifices might
benefit from different area flow correction factdos the rebound and compression flow.
Dampers with small shims that deflect all the weguad their circumference would use
a value of 1.

A free body diagram of the valve in Figure 4.7 shdhe forces acting on the

valve. The mass of the valve is assumed to begiblgi

P\/AV F m

Figure 4.7: Valve Free Body Diagram

52



From summation of the forces in Figure 4.7 theatgibn of the valve can be
defined. Howevelrlk, the spring rate of the valve, must be determeititer analytically
or experimentally.

ky = (py — )4y + B — E, (4.18)

A, is the area on which the valve pressure actsdiffsrent fromA,s that was
defined earlierF, is the force of the valve as a result of the momnenof the fluid
having to change directiof, is the preload force on the valve. This forcgrésent,
keeps the valve closed preventing flow throughpiiseon until a certain pressure
differential is reached. This preload is oftenuatible externally on the damper.

The momentum forcésn, is derived from conservation of momentum inxhe
direction. This assumes that all the flow exitgyeadicular to the entrance flow.

Fn = PV inQv = PVx0utQout = PVx,inQy (4.19)

The velocity of the fluid entering the valve isatdd to the flow and the piston

orifice area.

Qv
VUyx,in= A_o (4.20)

Combining equations (4.19) and (4.20) gives theddrom the change in fluid

momentum.

Qv
Fn= po-C (4.21)

C: is the momentum force coefficient. This coeffities used because the
assumption that the flow exits perpendicular frowa ¢éntrance is inaccurate. Lang
determined this coefficient experimentally basedre@npredicted momentum force. A

value of .3 for the coefficient correlated wellthe experimental results [16]. Combining
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equations (4.18) and (4.21) gives the total fomrethe valve. This equation is also

needed to solve for the damper force.

2
ky=GL—RMv+p%#}—% (4.22)

4.2.6 Leakage around the Piston

Leakage around the piston is a small contributdah¢ooverall flow of the model.
However, this is one of the few parameters thatafieéct the damper performance as a
result of wear on the damper [16]. Therefore il W8 modeled so that this affect can be
explored with the model. The leakage is modeleddsuming laminar flow through
parallel plates. This assumption can be used bedhasclearance between the cylinder
wall and the piston should be very small (< .1 naomnpared to the length of the cylinder
[23]. Also since this leakage is only a small pmntof the total flow this assumption will
not significantly affect the final results. The kege flow can be derived from the Navier-

Stokes equations which results in equation (4.23). [

APD3
Q2 - (4.23)
L¢ 12ul
AP =P, — P, (4.24)

As can be seen in Figure 4.8, the clearance battirecylinder and the piston is
b and the length of the pistonlid.. is approximated as the circumference of the leakag
nDp. Combining equations (4.23) and (4.24) and substgubr L. gives the flow caused

by the pressure differential across the piston.

_ (Pc—=Pp)b?
T 12u p

Q (4)25
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The velocity of the piston also causes additioeakage flow.
¢h
Q= —nD, (4.26)

Summing equations (4.25) and (4.26) gives the ketkage flow rateQy,,

between the piston and the cylinder wall.

(P.—P)b3  %b
Qp = (—ml n 7) D, (4.27)
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Figure 4.8: Piston Leakage [1]

4.2.7 Gas Chamber Model

The gas chamber accounts for the volume changeddnysthe insertion of the
rod. It also accounts for changes in volume offline caused by the compressibility of
the fluid, the compliance of the damper, and chamgéemperature. However these
effects are neglected in this model. Similar danmpedels have proven to still be
accurate with these assumptions [1, 2]. This m#kegas piston displacement a function

of the piston displacement.
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Since it is assumed that the damper fluid and gasmaintained at a constant
temperature the change in pressure of the gas @raminversely proportional to the

change in volume.

R_n (4.28)
P 1
The initial volume of the gas chamber is the afda® gas chamber times the

length of the chamber. The final volume is thatsghe change in volume.
Vi = AgyLy (4.29)
Vo=Vi+ AV = Ag, Ly + (—Arpa)x (4.30)
UsingPg; as the initial gas pressure and plugging equa(@29) and (4.30) into
(4.28) an expression for the gas pressure as #idaraf the rod displacement can be

determined.

_p _ Agrlg
Py = Py Y (4.31)

The forces on the gas piston are then summed fierfrée body diagram in
Figure 4.9 in equation (4.32). The gas pistonibitis neglected because it will be

included in the total damper friction. This valudl e experimentally measured.

Myp IZ

PcAgp

Figure 4.9: Gas Piston Free Body Diagram
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(P — B)Agp = mypZ (4.32)
The acceleration of the gas piston is also dirgathyportional to the acceleration

of the rod.

7= 4rody (4.33)

Agp
When equations (4.31), (4.32), and (4.33) are coatbthe compression chamber
pressure can be determined. This is the final éguaf the system of equations for the

monotube damper model.

ArodMgp .. AgplL
P. = ”’_ngx + Pgi —gp7g (4.34)
Agp AgpLg—AroaX

It shows that the compression chamber pressumdysadunction of the piston
position and acceleration. Therefore all of theoeiy dependent forces produced by the
damper must be generated by the pressure in tbemdichamber. Also the term in
equation (4.34) that is dependent on accelerasiomimally much smaller than the term
dependent on the position, because the mass ghthpiston and the area of the rod are

both small.

4.3 Twin Tube Damper M odel
A modern twin tube damper is modeled using the gamneiples used for the
monotube damper. The main physical difference batvemodern twin tube damper and
monotube damper is where the damping forces arergesd. Damping forces are

generated by fluid flow through the main pistoraimonotube damper. In a modern twin

57



tube damper they are primarily generated by flowulgh the valving located externally
of the main damper body.

Check valves are also used in conjunction withvéidees so that the rebound and
compression flow circuits are independent. Thigvedl independent adjustment of both
rebound and compression damping. Also, in a momotiamper the compression
chamber pressure is nearly constant so the conipnefesce has to be generated by a
decrease in the pressure on the rebound side pigten. This increases the chances of
cavitation if the initial gas pressure is not sti#fintly high. In a twin tube damper the
check valves and independent circuits allow theog@asnber to act on the rebound or
compression chamber depending on which directierddmper is moving. This causes
the pressure to increase in the compression chadnioeilg compression while the
rebound chamber pressure is equal to the gas chamdssure. In rebound the opposite
is true. The rebound chamber pressure increasés thieicompression chamber pressure
is equivalent to the gas chamber pressure. Thalgneduces the need for high gas
pressure to avoid cavitation [13]. However, cawtain local areas of low pressure is
still possible.

A diagram of the flow of fluid through the dampsrshown below in Figure 4.10.
This diagram represents the damper undergoing assian. This damper has a solid
main piston and a separate fixed valve in the aatdtow path to provide flow
restrictions and allow adjustability. This exterflalv path is located concentrically
around the damper body hence the name twin tubereldre all of the damper fluid

except the very small amount that leaks past tha piston flows through the reservoir
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chamber and the fixed valve. This enables the adprss to be as effective as possible

since they restrict the flow of practically allthie damper fluid.

Qb — Bleed Flovf

A

Floating Piston
Qv — Valve Flow

.
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|__> A

X < A 4
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Figure 4.10: Modern Twin Tube Damper CompressiawHDiagram

Another diagram of the fluid flow through the damgeshown below in Figure
4.11. This diagram represents the damper reboundsgan be seen from the figure the
flow and force directions are reversed from FigH). Also the gas chamber is now
acting on the compression chamber. This is achibyatie check valves and

independent circuits in the damper.
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Figure 4.11: Modern Twin Tube Damper Rebound Flaagbam

The model for this damper is surprising similattie one for the monotube

damper. The main difference is that the compressiamber pressure is only equal to

the gas chamber pressure during rebound. In cosiprethe rebound chamber pressure

is equal to the gas pressure. These changes maigaeg(4.34), restated below, only

valid for the rebound stroke. Equation (4.35) mrtivalid for the compression stroke.

ArodMgp
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Unlike the monotube damper model the rebound pressikknown during
compression of the damper. The system of equati@isre solved to determine the
damper pressures will have to be altered to sawéhe compression chamber pressure
instead of the rebound chamber pressure during esion.

Since the damper valves operate under the samapeis the other primary
equations are not changed. However, since the fllmdthrough the valve and bleed
orifice go through the external valving and thekbege flow goes around the main piston
care must be taken that the restrictions are mddedeordingly. Basically leakage is the
same since it still occurs across the main pistdrthe flow through the bleed orifices

and valves goes through the external valving.

4.4 Fluid Inertia and Viscous Effects

Damper fluid is accelerated through orifices ansispges in a damper at high
rates. The inertial force due to the acceleratioihe fluid also contributes to a pressure
drop. It has been shown by Audendino and Belingardi Mollica that the inertial forces
of the fluid are negligible for a monotube damped for a traditional twin tube damper
[19, 21]. This is logical because even though bhiel imnay experience very large
accelerations the volume of fluid in the orificesrery small. Subsequently the mass will
also be very small. However, in a modern twin tdamper the mass of fluid being
accelerated is significantly greater. Thereforedtfiect of the fluid inertia will be

modeled.
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Figure 4.12: Fluid Inertia

A simple pipe with fluid accelerating through itsBown in Figure 4.12. The
inertial force of the fluid is the product of itsass and acceleration. For the fluid the
mass is equal to the product of the dengityhe cross sectional area of the pieand
thelength of the pipé,.. The volumetric flow acceleration), is the rate of change of the
volumetric flow rateQ. The fluid acceleration is equal to the volumethoo

acceleration divided by the are®, This is shown in equation (4.36).

— — 29 _ )10
F=ma= pLA A pLQ (4.36)

F is the force required to accelerate the fluid tiglothe pipe. As can be seen the
area of the pipe does not affect the force requmextcelerate the fluid. Dividing
equation (4.36) by the cross sectional area opipe the change in pressure required for
the acceleration of the fluid can be determined.

=p-P =29 (4.37)

This shows that when determining the change insprrescaused by the inertial

force the effective “mass” of the fluid is equal%fo[24]. Therefore if fluid in a pipe with
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a small area has the same volumetric flow accéterass fluid in a pipe with a large area,
the fluid in the small pipe will have more of arfieet on the pressure drop in the system.
Applying this effect to the damper model requiraseful treatment of the
pressures and flow rates. Accurate modeling regkinewledge of the layout and
direction of operation of the damper. A model ¢f ttamper under compression with the
flow path immediately after the external valveslwé described. For this caBgis
equal to the rebound chamber pressbBreandP; is equal to the pressure of the fluid
immediately after it exits the valves. This will keferred to a®..
Q is the sum of the flow rates through the bleeticariand the piston valv€,
andQ. Since the damper model only solves for the voluméow rates, an
approximation must be used to determine the voluo#bw acceleration. This is shown

below in equation (4.38).

Q’ _ @ —tQi—1 (4.38)

The solution method which will be discussed in maetail in section 4.6
determines all of the unknown pressures and fldasrat multiple time steps. The
duration of each time steptixQ; is the flow rate at the current time step anddfwee is
the sum ofQ, andQ, which are both unknowns solved by the mo@gl. is equal to the
sum of the flow rate€Q, andQ, of the previous time step and is therefore knd®ince
the time steps are typically very small this appr@tion is accurate. Combining this
information with equations (4.37) and (4.38) anaopn can be derived that expresses
the current, unknown flow rates as a function efphessure differential and the flow
rates of the previous time step. This equationbmnsed in the damper model to

examine the effects of the fluid inertia.
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At
Qv + Qb = (Pt - Pr)p_L + Qv(i—l) + Qb(i—l) (439)

The viscous effects of the fluid flowing throutiie external damper passages can
also be examined. These effects are caused by¢ae force developed between the
moving fluid and stationary wall. Fox, McDonald daRritchard give the equation for the
flow rate as a function of the pressure differdribaa circular pipe [23]. It is derived
from the Hagen-Poiseuille equation. This equatsarily valid for laminar flow, which
is defined as having a Reynolds number less th@f EZB]. The Reynolds number can

be calculated from equation (4.41).

mAPD*
Q= "Tom (4.40)
Re = % (4.41)

In equation (4.40) and (4.4D)is the diameter of the pipe. However, in most
dampers the passages are not circular. Thereforausedefine the hydraulic diameter,

Dy [9]. This acts as an effective diameter to be usedjuations (4.40) and (4.41).

4A

D, =
H Cuw

(4.42)

A'is the cross sectional area of the fluid &ds the wetted circumference. For a
modern twin tube damper with a circumferentiallgdted passage the hydraulic diameter
can be calculated as shown below in equation (4143he following equatio, is the
outer diameter of the passa@ejs the inner diameter, arlis the width of the gap

between the two.

=D, —D; = 2b, (4.43)
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Now the diameter in equation (4.41) can be repldethe hydraulic diameter to

determine the flow rate.

_ mAPb*
Q=" (4.44)
_ 4
0, + 0, = n(Pe—Pr)be” (4.45)

8uL
In equation (4.45) the flow rates and pressuresapressed as they were when
the effects of fluid inertia were examined. Thisistable because both of these effects
occur over the same section of the damper. Equédidib) can be individually added to
the system of equations being solved or it candmebined with equation (4.39) and they
can be solved simultaneously. Combining these emnsafirst requires solving each
equation for the pressure differential. Then theagigns can be combined by adding the
terms as shown in equation (4.46). Equation (4igldgrived from this equation and put

in the same format as the other equations usdwimbdel.

(Pt _ Pr) _ (Qv‘Qv(i—l))"‘(QZt_Qb(i—l)) + (Q”: gb) (446)
(Pt—Pr)ﬁ =
8uL
4 4
(Pt_PT)[?_tL *A—Z + (Qv(i—1)+Qb(i_1)) [Zb_tl.
Qv 4 Qb _ gL p —_ = (4.47)
BuL ' pL

4.5 Model Execution
First equations (4.6) and (4.34) are solved inddpetly to determine the total
flow rate and the compression chamber pressuren ffieesystem of equations (4.7),
(4.13), (4.14) or (4.15), (4.17), (4.22) and (4.2dh be solved. Newton’s method for

solving nonlinear equations was used to solve yatem iteratively. This method will be
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covered in more detail in the next section. Sixnowns are solved for from the six
equations mentioned previously:

1. Flow rate through the piston valv@,j

2. Flow rate through the bleed orific@4)

3. Leakage past the pisto@f)

4. Valve deflectiony)

5. Rebound chamber pressuRg)(

6. Pressure in the valv®y).

Solving this system of equations requires initiaégses of the unknown values so
that initial calculation can be made. Then theseaggns are solved iteratively in one of
two loops until the convergence criteria are sigisfThe first loop is for when the valve
deflection is zero because of the preload on thes\spring or shim stack. Thus
equations (4.14) or (4.15), (4.17), and (4.22)eayeal to zero. However once the spring
deflection becomes greater than zero an alternafewith all six of the equations is used
to solve for the unknowns. This process is theeaggl for the rebound stroke of the
damper. The force of the damper is solved for hyaéiqn (4.3).

If fluid inertia and viscous effects are to be udzd then equation (4.47) can be
added to the system of equations along with thergawunknownp;. Alternatively the
effects of fluid inertia or viscous flow can be exaed independently by adding equation
(4.39) or (4.45), respectively, to the system afatpns.P, would still be the additional
unknown but the pressure differential betw®gandP. would only represent the

pressure drop caused by the fluid inertia or tiseous effects.
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This system of equations was solved over a complatewave of motion so that
the rebound and compression stroke would be indkgrely calculated. The sine wave is
split into a user defined number of time steps.h&ane step is solved individually and
then the results are combined to show the charsitsrof the damper over the whole

cycle.

4.6 Solution Method
Newton’s iterative method of solving nonlinear etipras was used to solve this
system of equations because it always convergiemgss the initial guess is close to the
solution and it converges quadratically [25]. Témsures that the model will be reliable
and will come to a solution quickly.

A

(%)

™g(x)

v

a Xi+1 Xi X

Figure 4.13: Newton’s Method
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This method, represented in figure 4.13, approxa@s#te actual nonlinear
function, f(x), with the linear functiong(x), which is tangent té(x). Firstg(x) = 0is
computed wherg is the initial guess. The solution to thig,, is then used to solve the
system of equations. Thex) is recalculated fox.1. This is repeated through multiple
iterations untilg(x) = 0 becomes close enough to the solution that theesgewce
criteria are satisfied. Equation (4.48), giverHnffman [25], expresses this

mathematically.

£(x;)) = Slope of f(x) = L&D (4.48)

Xi+1 —Xi
Equation (4.49) is then determined by solvingX¥or. f(e) is set to zero since the

equations to be solved will also be set equal to.ze

- f(x;)

Xiy1 = X; +
t Lo

(4.49)

This equation iterates until either one of the @gence criteria in equations
(4.50) or (4.51) are satisfied. In these equatierads are the user defined convergence
criterion.
X1 — x| < € 38)
If (xip1) = fOx) < 6 (4.51)
For a system of equations this method is the sawepe forx; is a matrix of the
initial values for the six or seven unknown varegbéndf(x;) is a matrix of the solutions
to the system of equationg(x) is the Jacobian matrix of the system of equatidhs.
Jacobian matrix consists of the partial derivat¥éhe equations being solved with
respect to the unknown variable. Therefore is a vector representing the new values

for the original unknown variables. When the cogeaice criteria are met the
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corresponding elements of,; are saved as the solutions for that time step.dJsiese
solutions as initial guesses for the next steptbhgram begins to solve for the next set of

unknowns.

69



5. EXPERIMENTAL PROCEDURE

Experimental testing of the damper modeled wasopeed to verify the model.
A damper dynamometer was used to collect forcedssmlacement data on the damper
modeled. The physical parameters of the damper eaedully measured. Specific tests
were used to isolate certain parameters of the dastpthat the accuracy of the model

could be evaluated.

5.1 Experimental Apparatus

The dynamometer used was an Instron 8501 servablydidynamic testing
machine. This is shown below in Figure 5.1. AnrdostFastTrack 8800 controls the
dynamometer. This is connected to a Labview interfa a computer so that the
amplitude and frequency of the sine wave can beifspe by the user. Other motion
profiles can be executed by the dynamometer, bogussine wave is the standard for
damper testing.

The force produced by the damper is measured bgchdell and the
displacement of the dynamometer by a linear vagidifferential transformer (LVDT).
The computer collects this force and displacematd dnd then it is inputted into Excel
for analysis. The velocity is calculated from thgptacement and time data. Then

characteristic and work diagrams can be created.
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INSTRON

Figure 5.1: Instron 8501 Damper Dynamom

As discussed in section 2 he displacement dhe dynamometer can |
calculated from the amplitude and freque Then the velocity and acceleration car
determined by taking the first and second deriestiof the displaceme These

equations are restated on the next g
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x(t) = Amp = sin (21 ft) (5.1)
x(t) = 2rf)Amp * cos (2nft) (5.2)
¥(t) = —(2rf)?Amp * sin (2nft) (5.3)
Typical test values are .013 or .026 m for the &b and .8, 1.6, or 3.2 Hz for
the frequency. These frequencies are often usealibe¢hey convert to round radian
frequencies of 5, 10, or 20 radians/s. Also somegithe damper is tested at the sprung
and unsprung frequencies of the vehicle it wilused on. Then the amplitude is
determined from the maximum speed that the danspequired to be tested atypical
maximum speeds that motorsports dampers are tasted .13 and .26 m/s.
Plots of the displacement and velocity from thertms dynamometer are shown
below in Figures 5.2 and 5.3. This shows the darbperg tested at frequencies of .8,

1.6, and 3.2 Hz with an amplitude of .013 m. Theadeas logged at 500 Hz.

Damper Displacement
0.015

Q
0.01
0.005 —— 8 Hz
0 — 1.6 Hz
-0.005 3.2 Hz
-0.01
N

-0.015

Displacement (m)

0 0.2 0.4 0.6 0.8 1 1.2

Time (s)

Figure 5.2: Damper Displacement
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Damper Velocity
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Figure 5.3: Damper Velocity

The energy and power dissipated by the damper ghiait these tests can be
calculated. The energy dissipated per cycle isrgbadow in equation (5.4) and the mean
power dissipation is given in equation (5.5) [9heTdamping coefficient is represented as
¢ and the maximum damper velocityxig ,. -

E = 2n%(Amp)? = cf (b.4

P = 2m2(Amp)? * cf? = 2 * (max)’ (5.5)

5.2 Damper Parameters
The damper that has been modeled and tested Gatie Creek Double Barrel
damper. This damper was originally designed asycld damper, but was revalved to
meet the needs of a Formula SAE car. This dampsrchvasen because is it uses the

Ohlins Twin Tube technology. This technology isoalsed in Ohlins top of the line
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dampers, including the TTX40 which has been sutaigsised in the Indy Racing
League and the Champ Car World Series.

In Figure 5.4 the Cane Creek Double Barrel damperie seen. This is a very
compact damper. The outer diameter of the maimdgli is approximately 30 mm and
the rod diameter is 8 mm. The fully extended lerajtthe damper is 200 mm and it has a
total stroke of 57 mm. The main piston is 25 mndienmeter and has no orifices or
valves. It is solely used to force damper fluicbtigh the external valves so that the

adjustments have as much effect as possible [26].

Figure 5.4: Cane Creek Double Barrel Damper

The valves and adjusters are located where “CANEERR is printed on the
damper. The main cylinder houses the damper patdran internal cylinder to create a

flow path from the rebound and compression chartbre external valving. The
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cylinder at the top houses the gas chamber antirftppiston. It also includes the valving
and adjusters.

A close up of the adjusters is shown in Figure Bl adjusters on the left
control the compression force and those on the dghtrol the rebound force. Turning
the adjusters clockwise restricts makes the dastifésr. The smaller slotted adjusters
are to control the force at low speeds. They chéingesize of the bleed orifice by
moving a small angled needle into or out of théiawias they are turned. They each have
24 clicks of adjustment. Each click is one-sixtrag&volution. The larger hexagonal
adjusters affect the force of the damper at higledp by preloading the valve spring.
Increasing this moves the transition in the slojpe characteristic diagrams from low
to high speed damping force to higher velocitiesrdfpressure and subsequently higher
velocities are required to overcome the preloathénspring and deflect the valve. Both

the compression and rebound adjusters have Zdefudlutions of adjustment.

Figure 5.5: Cane Creek Double Barrel Adjusters
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The adjusters, springs, and valves are shown i mhetail in Figure 5.6. As can
be seen the spring is a typical coil spring wittiaaneter of 9.8 mm. The bleed orifice
and needle are contained in the adjuster on theTleé orifice is only 1.5 mm in
diameter and this area is partially reduced byneedle at all times. The valve and bleed
orifice operate in series in this damper. The simali in the center of valve on the far
right allows fluid to flow to the bleed orifice. €diameter of the valve is approximately

10 mm.

Figure 5.6: Cane Creek Double Barrel Internal Valve

5.3 Validation Procedure

Correlation of the damper model with experimergatihg is very important. A
test procedure was developed to collect accurdgetdat could be compared to the
damper model. Five different tests were performdickests were performed with an
amplitude of .013 m. Before each test the damparwamed up so that when each test

was performed the damper temperature wa€ 222°C. This temperature was chosen
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because it was easily repeatable and the propeftibe damper fluid used in the model
were taken at 2.

First the damper pressure was checked by meadhersgatic damper force. The
recommended gas pressure for the Cane Creek dammfebsyr. It was measured by
calibrating the load cell of the damper dynamomtterero without the damper installed.
Then once the damper was installed the static foooéd be determined. The gas
pressure in the damper can now be determined ligivthe static force by the rod area
as can be seen below. This gas pressure was usedfion the value directly measured

and check to make sure the dampers were still adelguressurized.

Fs
Pg B Arod (5 . 6)

For the rest of the tests the static force wasraate#d from both the experimental
data and the model. Since this force is positiggeddent and not a function of the
damper velocity it should be removed [13]. The &ddal stiffness caused by the
compression of the gas chamber is still includetthédata but it is extremely small.

Then the friction in the damper was determineddsyimg the damper at
extremely low velocities. It was tested at a frageyeof .016 Hz which resulted in a
maximum velocity of .0013 m/s. The force outputbgdhe damper at zero displacement
will be recorded and used as the friction forcéhendamper model.

Next data will be collected to correlate the bleefices to the damper model.

For this test the damper was run at frequencie8 ahd 1.6 Hz since the low speed
region is of the most significance. The low freguyensed also isolated the effects of the
bleed orifice. Testing at lower frequencies wasratited but the damper hysteresis and

friction effects rendered the results inconclusivests were performed with the bleed
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orifices at different adjustments to allow diffetdinid flow and force output to be
compared. The high speed adjusters were set tetifilto maximize flow through the
bleed orifices. However with the bleed adjustmentstiff settings, the preload on the
valve spring was overcome allowing flow through Ha¢ve. This limited the usefulness
of these results to very low speeds.

The next test was to correlate the location ofkitnee to that observed in the
damper model. This test was run at 1.6 Hz to ersuffecient pressure would overcome
the valve spring preload to produce the knee. #sswas run with the bleed orifices set
to their medium setting. This setting was chosezabse at soft settings the slope
transition was not very well defined because theesiwere of similar slope. At stiff
settings significant hysteresis caused difficuttyletermining the location of the
transition. The high speed adjusters were adjustéiferent settings throughout the test.

Then correlation of the valve and orifice were perfed. The damper was run at
a frequency of 3.2 Hz since the high speed regigheodamper curve is of importance.
The bleed orifices were set also set to a mediutingeo prevent excessive hysteresis
and provide a clear slope transition. The high d@eusters were set to various settings
to compare against the data produced by the mdtid.test was to correlate the slope
and curvature of the high speed portion of the attaristic diagram with the damper
model.

The best correlation was determined by calculatiegsum of the square and the
mean squares within samples of the data. This waliseprimarily used to compare the
quality of correlation for different settings inetimodel. The mean was used since a

different number of data points were collecteddifierent tests. The number of points
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collected depended on the test frequency and Igdgeguency. The number of time
steps in the model was then adjusted so that the samber of data was calculated at
the same time intervals. Ott and Longnecker giventdas for the within sample sum of
the squares and the within sample mean squareseHne given below in equations (5.7)

and (5.8), respectively [27].

SSW = Zi(yli - )’21') = Zi(Fexp(i) - Fmodel(i)) (5-7)
s = nSTSf’l (5.8)

In the above equatiorfs,,,4.; IS the data collected from the computer model,
F,,, is the data from the experimental testing, apds the number of samples

collected The variance is the difference between theseegallhis was plotted against
velocity so that it could be clearly seen at whelbuities the most significant error

between the experimental and predicted data oaturre
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6. RESULTS

The results of the model validation will be giverst The effects of fluid inertia
and its impact on the damper characteristics Wwidhtbe examined. Then using the twin
tube and monotube damper models a comparison & thw types of dampers will be
presented. This will focus primarily on the forgesierated by the dampers and the
pressures in the rebound and compression chan®aaneter studies will be performed
to compare the effects of external adjustmentschiatiging the physical parameters of
the damper. The twin tube damper model will be dsethis analysis. Finally the effect

of a linear, asymmetric damper on the spring masspeér model will be examined.

6.1 Model Validation
The results of the separate tests to validate dngper model are in the following
sections. The determination of the friction andist@rces, and the correlation of the
bleed orifice, knee, and valve are included. Thal gbthe validation was not to
accurately predict exact forces produced by thepdanThe presence of hysteresis and
the compressibility of the actual damper fluid @ewthis. The goal of the validation was

to predict general trends in the force with charigghe damper adjustments.
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6.1.1 Static and Friction Forces

The static force was measured directly with thelloall on the dynamometer. It
was then compared to the predicted value deterntigedeasuring the gas chamber
pressure. These values differed slightly becausstgtic force was measured with the
damper at midstroke, where the gas chamber pregssreneasured with the damper at
full extension.

The measured static force was 23.4 N. Dividing Vaisie by the area of the rod
gives a gas chamber pressure of 4.6 bar at thanolkdsof the damper. The measured gas
pressure was approximately 4.3 bar. The differeficbese values is partly due to the
compression of the gas chamber due to rod inseatidrthe limited accuracy of
measuring the gas chamber pressure. Since the fetate is subtracted from the data this
small pressure difference will have negligible tesan the results. Most importantly
these tests confirm that the damper is properlgquiezed. Therefore an initial gas
pressure of 4.6 bar at midstroke will be inputtetd the damper model.

Next the friction forces generated by the dampeaewdetermined. For this test
the damper dynamometer was run at .016 Hz givimguamum velocity of less than
.0013 m/s at midstroke. Figure 6.1 below showgltita collected from this test. This is a
work diagram with the compression stroke abovexthgis and the rebound stroke below
the x-axis. The friction force in both rebound aaenpression at zero displacement will
be inputted into the damper model because thisdsvehere the static force was
measured. Therefore a compression friction forc&dN and a rebound force of 30 N

were inputted into the model.
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Figure 6.1: Damper Friction

The asymmetry of the friction is most likely duetihe rod or piston seals. A
similar effect was also observed by Talbot andKstafl]. The slight upwards slope
towards positive displacement indicates the ste$naf the damper provided by the

compression of the gas chamber.

6.1.2 Bleed Orifice Correlation

The accuracy of the bleed orifice flow is very onant since they are always
open and are the primary mechanisms generatinigtoe of the damper at low speeds.
The piston leakage only has a small effect at Ipaesgls because of the relatively small

pressure differential and low velocity.
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Figures 6.2 and 6.3 below are characteristic diragrcomparing the experimental
data and the model data. These results are framdes3 Hz and 1.6 Hz, respectively,
with the low speed rebound and compression adgistdrto full soft. The blue line is the
data from the model and the pink line is the experitally collected data. For these tests
the high speed valves did not open at all. Thagparent since there is no abrupt change

in the slope of the lines of the experimental data.
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Figure 6.2: Bleed Correlation at Soft Low Speedustinent and .8 Hz
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Figure 6.3: Bleed Correlation at Soft Low Speedustinent and 1.6 Hz

For this setting the dynamic discharge coefficigas initially set to .70. However
the best correlation between the experimental aladethe model data occurred with a
coefficient of .68 for the compression orifice ai@ for the rebound orifice. Typically,
the desired knee location is at velocities lesn thham/s. Therefore the correlation
focused on the low speed region of the curve. Bheefat velocities above the knee is
primarily dependent on the valve properties notileed orifice. At high velocities it can
be seen that the error increases. This is modyldexause the discharge coefficient in
the model is constant but in actuality it is deparicbn velocity and acceleration of the
fluid. Greater accuracy could probably be achigfedvariable discharge coefficient was
implemented into the model. However, since the jgged region is not of primary

importance this would be unnecessary for this model
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The values of the mean square for this correlai@?200 for the test at .8 Hz and
584 for the test at 1.6 Hz. These values may sesagnhigh but they are mainly from the
error at very low velocities from friction and psese lag. The pressure lag is caused by
the compressibility of the fluid and compliancetlod damper. These factors cause the
pressure buildup in the damper to happen overitg fimount of time and consequently
delay the force buildup of the damper. The hysterefsthe damper also causes the mean
squares to be large because the model does nattdrezlsignificant hysteresis in the
damper. The effect of both of these factors wontitease as the test frequency and

damper velocity are increased.
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Figure 6.4: Variance at Soft Low Speed Adjustmemnt 8 Hz
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The location and magnitude of the error betweemtbdel and experimental data
can be seen above in Figure 6.4. This is a pltiefariance between the two data sets
as a function of the damper velocity. The rangthefvelocity plotted is between -.1 and
.1 m/s because this is the range the correlationsied on. As can be seen the most
significant variance is at low velocities. Abové 1@/s the variance is less than 20 N for
the test at .8 Hz and less than 40 N for the tekigaHz. Again the trend of increasing
variance could most likely be improved throughdise of a variable discharge
coefficient. It can be seen that in compressionrabdund the model is initially under
predicting the force but above .075 m/s is ovedjuteng the force.

For the next test the low speed compression aralrebadjusters were set to
medium. The characteristic diagrams comparing Xpeemental and the model data
from these tests are shown below in Figures 6.56afidT hese results are from tests at .8
Hz and 1.6 Hz, respectively. For the test at 1.6H#zhigh speed valves began to open at
about .09 m/s in compression and .11 m/s in rebolinig is apparent in Figure 6.6.
Therefore data above .09 m/s was omitted from ttestical analysis.

The best correlation between the experimental aiadsthe model data occurred
with a discharge coefficient of .66 for the comgien orifice and .68 for the rebound
orifice. These coefficients are smaller than tHosed for the previous test. This is
potentially a result of the increased velocitylwd fluid. The greater inward momentum
of the fluid could cause a slightly smaller venatcacta reducing this coefficient and

increasing the force produced by the damper.
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Characteristic Diagram
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Figure 6.5: Bleed Correlation at Medium Low Speetjustment and .8 Hz
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Figure 6.6: Bleed Correlation at Medium Low Speeaijustment and 1.6 Hz
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The values of the mean square for this correlaren297 for the test at .8 Hz and
424 for the data collected at velocities belown®)8 for the test at 1.6 Hz. As can be seen
in Figure 6.7 these values are due mainly to thar et very low velocities from friction
and pressure lag. Since the damper is producing fooce than the previous test the
fluid pressure will also be greater. This causesdifiects from the fluid compressibility
and hysteresis to be more significant. As can ba #ee plots of variance show very
similar trends for the two tests. Above .01 m/swthgance is less than 20 N for the test at
.8 Hz and less than 40 N for the test at 1.6 Hit tivg high speed valve opens at
approximately .09 m/s. Also the model is initiallgder predicting the force and then at

above .075 m/s it over predicts the force.
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Figure 6.7: Variance at Medium Low Speed Adjustnasmd .8 Hz
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Figure 6.8 below shows the effect of various disgbaoefficients on the force
predicted by the model. The coefficients displaiyethe figure represent the typical
range for damper orifices [9]. For simplicity iretitnodel coefficients of .66 for the
compression orifice and .68 for the rebound oritioald be used regardless of the
adjustment setting. With these settings good caticel could still be achieved across the
whole adjustment range. This is especially trueeddppg on the knee location. If the
knee occurs at low velocities the inaccuracy framdoefficient is very small. This
coefficient has negligible effect on the high spesglon of the curve because the

majority of fluid flows through the valve and nbttbleed orifice.
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Figure 6.8: Model Sensitivity to the Discharge Gioefnt
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6.1.3 Knee Location Correlation

The correlation of the knee consisted of thre@asap tests with different settings
for the high speed adjusters. All tests were ruh@&iHz with the low speed adjusters set
to medium. The goal of these tests was to deterthm@itial preload force on the
valves. The valve spring stiffness of both the tefwband compression valve is known to
be 20 N/mm [26]. Therefore the damper will be tdstedifferent settings and compared
to the model. From this the initial preload foreade determined.

The results of the tests are shown below in Fig6t8, 6.9 and 6.10. The first
figure shows the results with the high speed adjgstet to soft. This setting would
provide an additional 15 N of force to the initiEload. For the next test the adjusters
were set one turn stiffer, resulting in an addiilcts N of preload force. This was

repeated for the final test.
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Figure 6.9: Knee Correlation at Soft High Speeduatipent
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Figure 6.11: Knee Correlation at Stiff High Speatjustment
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It was determined that the best correlation betwbe model and experimental
data occurred with an initial preload force of 1®MNthe compression valve and 10 N on
the rebound valve. For the soft setting shown gufé 6.8 this results in total preload
forces of 33 N on the compression valve and 25 herrebound valve. For the medium
setting in Figure 6.9 the total forces were 48 Ntwcompression valve and 40 N on the
rebound valve. For the stiff setting in Figure 6th® total forces were 63 N on the
compression valve and 55 N on the rebound valve.

The difference in the initial valve preload is mlisely an effect of small
differences in the springs or the adjusters. Therdince of 8 N between the preload of
the compression and rebound valve is representatisightly more than half of a turn
on the adjusters. The thread pitch of the adjustei& mm [26]. Therefore to achieve 8
N more preload force the compression spring woelddmpressed only .4 mm more

than the rebound spring.

6.1.4 Valve Correlation

The valve correlation is very important to thewrecy of the high speed
region of the characteristic diagram. The slope@mdature of this region of the plot is
primarily controlled by the valve and orifice sizad the valve spring stiffness. These
values can be measured easily. In order to adjestibdel to achieve the optimum
correlation the dynamic discharge coefficientshef piston orifices will be adjusted. The
discharge coefficient was initially set to .70. Hoxer, a value of .68 was found to give

the best overall correlation for the tests.
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All of the tests were run at 3.2 Hz with the lowesd adjusters set to medium. At
3.2 Hz significant hysteresis and pressure lagitsefiom the compressibility of the fluid
and compliance of the damper. This contributes&gguracy in the data, but the trends
of the data are still very apparent.

The first test was run with the high speed adjss$et to soft. Figure 6.11 below
is the characteristic diagram comparing the expamiad and model data for this test. It
can be seen that the main areas of error areranesty low and high speeds. The error
at low speeds is caused by the damper frictionpaesisure lag while the force at high

speeds is affected by the discharge coefficientthadluid compressibility. The mean

square value for this test is 959.
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Figure 6.12: Valve Correlation at Soft High Speatjustment

93



Figure 6.12 shows the variance between the modkéaperimental data. The
large difference in variance at velocities gre#éttan .01 m/s is caused by the hysteresis
of the damper. Large error also occurred near tlee kocation. The more gradual slope
transition of the damper is most likely causeddgkbhge around the valve at high damper

velocities and pressures.
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Figure 6.13: Variance at Soft High Speed Adjustnast 3.2 Hz

The next test was run with the high speed adjusetrto medium. Figure 6.13
below is the characteristic diagram comparing tteamental and model data for this
test and Figure 6.14 shows the variance betweemdiel and experimental data. This
data is very similar to the previous test. Thergigsificant variance caused by the

friction at low speeds and the hysteresis at hjpgeds.
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The variance at the knee locations is significagtBater than in the previous test.
Since the valve spring has more preload at thisngagreater pressure is required to open
the valve. Therefore this larger pressure diffeadmicross the valve probably contributes
to more leakage around the valve. This would mhkeransition from the low to high

speed regions of the curve more gradual. The ngaers value for this test is 941.
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Figure 6.14: Valve Correlation at Medium High Spéefjustment
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Figure 6.15: Variance at Medium High Speed Adjusitaad 3.2 Hz

The next test was run with the high speed adjusegrto stiff. Figure 6.15 below
is the characteristic diagram comparing the expamiad and model data for this test.
Figure 6.16 shows the variance between the modeéaperimental data. This data
follows the same trends as the previous testsnidgan square value for this test is 1053.

Slightly better accuracy could have been achiewvethis correlation by
determining different discharge coefficients focleadjustment setting like was done in
the bleed orifice correlation. However the physioalaning of this is not clear since the
fluid velocity through the orifice and valve shouldt change significantly with this

adjustment as it does in with the low speed adjastm
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Figure 6.16: Valve Correlation at Stiff High Spekdjustment
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Figure 6.17: Variance at Stiff High Speed Adjustiremd 3.2 Hz
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In the previous tests it was shown that the modelpredict the trends of the
experimental data. This would be very useful fadicting the behavior of the damper if
it is revalved or the adjustments are changeds Wais the goal of the model because
without accounting for the fluid compressibilitydadamper compliance exact correlation

of the model data to the experimental data is nesible.

6.2 Fluid Inertia Effects

The effect of fluid inertia and viscous effectglie external flow passages of the
twin tube damper will now be examined. This will d@ne by comparing the results from
the twin tube with and without the effects includedhe calculations. The significance
of both of these effects combined will first be kensied. Then each one will be examined
separately to reveal their specific characteristics

The combined fluid inertia and viscous effectssirewn in Figure 6.18 below.
As can be seen these effects have a significdoeimée on the damper performance. The
maximum additional force from these effects is 88.Which is a 20.5% increase over
the model which omits these effects. When compgatie high speed region of the curve
it can be seen that this effect has more influemcthe performance of the Cane Creek
Double Barrel Damper than the restriction provitlgdhe main orifice and valve. In the
figure it can be seen that the additional forgeresent throughout the damper stroke and

increases with the damper speed.
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Figure 6.18: Characteristic Diagram with Combineertia and Viscous Effects

Figure 6.19 below displays the pressures at diftdiecations in the damper. The
blue and red lines represent the pressures iretimind and compression chambers,
respectively. The difference in these lines isghessure differential across the piston
which is the primary factor influencing the damfmace. The green line is the pressure
immediately after the damper valves and beforeitoeimferential fluid passage.
Therefore the difference between this and the netb@hamber pressure, the blue line, is
the pressure drop that occurs from the fluid flapihrough the circumferential passage.
The maximum pressure drop is 1.28 bar at the maxiwelocity. This corresponds to

the location of the maximum difference in force.
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Figure 6.19: Damper Pressure with Combined Inari Viscous Effects

It was shown in section 4.4 that the force fronidflmertia is a function of fluid
acceleration and the force from viscous effectsfisnction of fluid velocity. In section
2.4 it was shown that the maximum velocity ofrausbidal wave occurs at zero
displacement and the maximum acceleration occuteanaximum amplitude when the
velocity is zero. Since the maximum force differemmccurs at maximum velocity it is
from the viscous effects.

Figures 6.20 and 6.21 show similar plots as abonehe effect of the fluid
inertia is not included. Only the viscous effedtshe fluid are included. The maximum

force and pressure differences are the same &g pprévious example because they
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occur at the maximum velocity. At this velocity ttheéid acceleration would be at a
minimum negating the fluid inertia effects. It tdlobvious that the viscous effect is the

main contributor to the additional force and is negligible in modern twin tube

dampers.
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Figure 6.20: Characteristic Diagram with ViscoufeEfs
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Twin Tube Damper Pressure
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Figure 6.21: Damper Pressure with Viscous Effects

Figures 6.22 and 6.23 show plots with only thedflmertia effects included. Not
visible in the figures is the maximum force diffece of .21 N at zero velocity. This
force is significantly less than the friction foscihat are dominant at low velocities. The
maximum pressure drop caused by the fluid inesti@042 bar. This effect is very small
and many other factors have a much larger affethemnlamper performance. Therefore

for this style of damper the effect of fluid in@rtan be considered negligible in standard

sinusoidal testing.
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Figure 6.23: Damper Pressure with Fluid InertiaeEt$
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6.3 Twin Tube and Monotube Damper Comparison

As mentioned previously one of the primary diffezes in the operation of a twin
tube and monotube damper is the side of the pibtatrthe gas chamber is connected to
during compression. The effect of these differevedibe explored using the twin tube
damper model of the Cane Creek Double Barrel dantpeill be compared to a
monotube damper model that has same input paranBasically it represents the Cane
Creek Twin Tube damper as a monotube damper. 8iectuid inertia and viscous
effects were explored in the previous section thhybe omitted here.

Figure 6.24 shows the characteristic diagrams ftertwin tube and monotube
models. As can be seen the force generated byatheeats in rebound is the same. This
is logical because the operation of the dampersbound is the practically the same
since the gas chamber is acting on the compresk@mmber in both cases. However it
can clearly be seen that there is a significafiédihce in the force generated in

compression.
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Figure 6.24: Characteristic Diagram of Twin Tubd &onotube Damper

The force of the twin tube damper in compressiogréater throughout the full
stroke and the maximum difference is at 33.3 Matmhaximum velocity. The cause of
this is that in the twin tube damper the pressathé compression chamber increases
during rebound. In a monotube damper the gas chaisibévays connected to the
compression chamber. Therefore to generate forcempression the pressure in the
rebound chamber must decrease. Since the presffererdial in each damper is the
same this by itself is not the cause of the foitfer@nce. The force difference is caused
by the different areas on the rebound and commmessile of the piston because of the
rod and the different pressure distribution.

A simplified example will be used to explain thiteet. The maximum pressures

on the compression side of the piston for the twive and monotube damper are 10 bar
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and 5 bar. The product of these pressures andthpression side piston area of 490
mn? results in forces of 490 N for the twin tube damged 245 N for the monotube
damper. The maximum pressures on the rebound &itle piston for the twin tube and
monotube damper are 5 bar and 0 bar. The produbeeé pressures and the rebound
side piston area of 440 nimesults in forces of 220 N for the twin tube damged O N
for the monotube damper. Subtracting the compredsiae from the rebound force
gives the damper force from the pressure diffea¢nfine force for the twin tube damper
is 270 N while the monotube damper is only 245T\us even though the pressure
differential across the piston is 5 bar for botimgars the force output is different.

Figure 6.25 below shows the compression and rebobachber pressures for the
twin tube damper. As can be seen the compressamladr in rebound has little
variation. Since this chamber is connected to #eeapamber the variation is caused by
the insertion of the rod and the subsequent commjme®f the gas chamber. The increase
of pressure in the rebound chamber generates tbe. im compression the opposite
occurs. The rebound chamber pressure stays rd{atioestant and the force is generated
by the increase in compression chamber pressuegefiine the pressure in the
compression and rebound chamber is always equalgeeater than the gas chamber
pressure. Therefore cavitation will not occur agjlas the initial gas pressure is greater

than the fluid vaporization pressure.

106



Twin Tube Damper Pressure
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Figure 6.25: Twin Tube Damper Chamber Pressurgdat

Figure 6.26 below shows the compression and reboliachber pressures for the
monotube damper. As can be seen the compressiambehg@ressure has little variation
compared to the rebound chamber. In rebound trespre increase in the rebound
chamber generates force and in compression theyseedecrease generates force. In this
specific plot the rebound chamber pressure hagépelow zero. This would cause
cavitation in the rebound chamber significantlyeafing the performance of the damper.

Therefore a higher initial gas pressure is requioggorevent cavitation in this chamber.
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Figure 6.26: Monotube Damper Chamber Pressurebat 5

A higher initial gas pressure of 10 bar has beentted into the model to prevent
cavitation in the rebound chamber. Figure 6.27 Wwedbows the chamber pressures for

this test. They are significantly higher than thevious example and the variation of the

gas and rebound chamber caused by the rod ins&stioach greater. The variation of

pressure is 1.7 bar at zero velocity for this ¢eshpared to .85 bar for the previous

examples.
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Figure 6.27: Monotube Damper Chamber Pressure3 laarl

The characteristic diagram is not significantlyeated by this increase in
pressure. The most apparent effect that this pressarease has is it increases the static
gas force. This is subtracted from the data sarhot be seen in the characteristic
diagrams but can easily be determined from equé&tid) which is restated below.

E = PgArod (4.2)

The other main effect is that the increased vaniaith the gas chamber pressure
as a result of rod insertion contributes to adddidhysteresis in the characteristic
diagram. This is shown below in Figure 6.28. Tigsife is only shows the high speed

region of the curve so that the increased hysteresilearly visible. Larger, high
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performance monotube dampers have initial gas pres®f 20 bar or higher tloe

hysteresis produced by this can become very sagmifi[28].
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Figure 6.28: Characteristic Diagram of Twin Tube &fonotube Damper with Different

Initial Gas Pressures

The higher pressures necessary in the monotubpetdmprevent cavitation also

puts more stress on the damper and seals. Thigadio more hysteresis from the fluid

compressibility and damper compliance. Since tetopiand rod seals are required to

withstand higher internal pressures they often magee friction [13].
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6.4 Parameter Studies
With a validated model it is possible to evaluatekly and easily the effect of
many different parameters on the model. The valubase parameters will be varied and
the resulting effects will be compared. This will & the understanding of the physics of
the damper and could also be useful for dampegde$he parameters to be varied are
the bleed orifice area, the valve orifice areaMélge spring stiffness, the piston leakage

gap, and the width of the circumferential fluid page.

6.4.1 Bleed Orifice Area

In the Cane Creek Double Barrel damper the loved@eljustment changes the
area of the bleed orifice by using a needle th&tticts the orifice. The magnitude of this
area is very important to the damper performaridas.the primary factor influencing the
characteristic diagram in the low speed regiorhefdurve. Figure 6.29 shows the affect
changing the bleed orifice area has on the charsitediagram.

The bleed orifice areas tested represent the raihgdjustment of the Cane Creek
Damper. The intervals of the areas are equivateahe full turn of the low speed
adjustments and are therefore not linear. Thesesadgnts have a very large affect on
the low speed performance of the damper. Theyadfsct the location of the knee
because they cause faster build up of the pressguéred to overcome the valve preload.
The force generated from the bleed orifice is alsblinear since it is a function of the

flow rate squared. The high speed region of theecis barely affected by these changes
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because the valve and valve orifice are the prirfatprs generating force at higher

velocities.
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Figure 6.29: Characteristic Diagram of Bleed Oedf&srea Parameter Study
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Figure 6.30: Pressure from Bleed Orifice Area PatemStudy
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Figure 6.30 shows the compression chamber pressthie damper with the
various bleed orifice areas. Some of the areasdesére omitted from this figure for
clarity. The black line represents the rebound dierpressure. It is not affected by the
bleed orifice area. This was included because tbgspre differential between the
rebound and compression chamber is directly rel@télde damper force. It can be seen

that at higher velocities the pressure is highesfoaller bleed orifice areas.

6.4.2 Valve Orifice Area

The valve orifice area is one of the primary fastofluencing the slope and
curvature of the high speed region of the charestiediagram. The effect of this
parameter is shown below in Figure 6.31. Only thhapression of the damper is shown
so that the resulting force can be seen more gletke trends in rebound are identical to
those shown here in compression.

It can be seen that as the area is reduced the afabcurvature of the plot
increase. The orifice areas used represent odfam@eters of 2.0, 2.5, 3.0, 3.5, and 4.0
mm. It can be seen that this affect like the bleefice is also nonlinear. However the
force of the damper is not as sensitive to thesa@ds as changes in the bleed orifice.
This is a result of the orifice being significanlyger and not being the singular primary
source of flow restriction. As the orifice areagemaller the knee location increases
slightly.

Figure 6.32 shows the valve deflection as a funatibvelocity for the different

areas tested. It can be seen that less valve tleflexccurs when the valve orifice area is
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smaller. This is a result of the valve orifice resing flow and reducing the pressure on

the valve.
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Figure 6.31: Characteristic Diagram of Valve Ogfigrea Parameter Study
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Figure 6.32: Valve Deflection from Valve Orifice @da Parameter Study

6.4.3 Valve Spring Stiffness

Next the affect of the stiffness of the valve sgrom the damper was examined.
This parameter would also be expected to primarflyence the high speed region of the
curve. The affect of this on the characteristigthan can be seen below in Figure 6.33.
Again only the compression of the damper is shoavthat the resulting force can be
seen more clearly.

Unlike the valve orifice the increase in dampecéocaused by an increase in
valve stiffness is linear. The maximum damper fonoeeased by approximately 10 N
per 20 N/mm of additional valve spring stiffneskislrelationship is also linear with
respect to the damper velocity. Therefore the duresof the high speed region of the
plot does not change with increases in the valffaeass. The valve stiffness also has no

affect on the knee location of the damper as lantpe preload force is the same.
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However in many dampers shim stacks or other neafisprings are used. A
nonlinear stiffness would introduce curvature itite high speed region. This curvature
would be proportional to the instantaneous spratg and could be easily tailored to
specific requirements. Different springs could Bedito achieve progressive, linear, or
even digressive build up of force in the high spesggion.

Figure 6.34 shows the deflection of the valveal be seen that the difference in
deflections are linearly related. This can be campao the nonlinear relationship of the
deflections from changing the valve orifice are&igure 6.32. Since the valve deflection
is caused by the pressure of the damper fluidaparent that a linear change in valve

stiffness will have a linear affect on the dampecé.
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Figure 6.33: Characteristic Diagram of Valve S&$s Parameter Study
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Figure 6.34: Valve Deflection from Valve StiffneBarameter Study

6.4.4 Piston Leakage Gap

If a damper is in good condition the leakage geipvben the piston seal and
damper chamber should not have a large affect@damper performance. However
since this parameter can change as the wear atathper is increased it will be
examined. The leakage gap around the piston sh@netry small. For the Cane Creek
Damper it is approximately .04 mm. This was usethasstarting value and then other

gap sizes were tested. Figure 6.35 shows the sasulhese tests on the damper

performance.
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Figure 6.35: Characteristic Diagram of Piston Legk&ap Parameter Study

It can be seen that for a properly operating dardpereasing the piston leakage
gap will not have a large affect on the damperqgrarnce. The affect of it would most
likely be insignificant compared to the changeriotion of the damper. However as the
leakage gap increases the damper force dropsanfiatically. The force difference at the
maximum velocity between the test of the .04 mm .&@dnm gap is 16.3 N and the
maximum difference between the .04 mm and .08 mpwges 43.5 N. Obviously these
affects are very significant. This is one of thasens why regular maintenance and seal
replacement is often recommended for high perfoceatampers. The location of the
knee is also severely affected. With a .10 mm fapvalve preload is never even

overcome in compression.
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Figure 6.36 shows the flow rate of the dampedfthrough the piston leakage
gap. The orange line is the total flow rate ofodifluid in the damper. It increases
linearly as a function of the damper velocity.cdn be seen that with a .10 mm gap over
half of the fluid is flowing around the piston iead of through the valve and orifices. In
addition to greatly reducing the damper force tigild also significantly limit the
effectiveness of the adjusters since they woultebgicting significantly less fluid. With
a .04 mm gap this flow is much less than one tefhthe overall flow and from the

characteristic diagram it can be seen that it hamall effect on the damper performance.
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Figure 6.36: Flow Rate of Piston Leakage Gap
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6.4.5 Fluid Passage Width

In section 6.2 it was discovered that the visceftescts of the fluid flow through
the circumferential passage of a modern twin tudamer was very significant to the
performance of the damper. The effect of the waltthis flow path will be investigated
here. The width of the flow path in the Cane Crdakper is 2.20 mm. Multiple widths
were tested to evaluate the effect of this paramétes results are shown below in Figure
6.37.

The damper force increases significantly as trdthwis decreased. The force
increase was significant over both the low and Isigdsed regions of the curve. At
maximum velocity the example with a width of 1.4éhmproduced an additional 322.3 N
compared to the example with a width of 2.20 mmsThan increase of over 85%. The
location of the knee is not affected by this par@mbeecause it acts independently of the

valve and does not affect the flow rate to the @alv
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Figure 6.37: Characteristic Diagram of Fluid Pass@afidth Parameter Study
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Figure 6.38 shows the increase in pressure cdnsts effect. The rebound
chamber pressure is represented by the blackTiimepressure difference between the
rebound chamber and the other lines is the additicompression chamber pressure
caused by this effect. Therefore it is directlygmdional to the additional force the

damper produces.

Pressure Differential over Passage
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Figure 6.38: Pressure Differential over Fluid Pgssa

Understanding how and why different parameterfiefdamper affect its
performance is very important. A good grasp of kmewledge can enable more accurate
and quicker tuning of the damping to fit desiredatiions and a more scientific approach

to damper design
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6.5 Spring M ass Damper M odel

The spring mass damper model that was developgeciion 2.1 will now be
used to evaluate a quarter car suspension witmkénear, asymmetric damper force. The
damper force used will be inputted from the modigis will allow us to look at the
effects of the damper characteristics on the digprent and acceleration of the sprung
mass, and the tire load variation. The importariceese parameters was covered in
section 2.1.

The system properties are the same as those tadinssection 2.1 except the
damper force is determined from the damper modéad of the linear coefficient. The
model uses a tire stiffness of 120,000 N/m, a gpstiffness of 20,000 N/m, and sprung
and unsprung masses of 60 and 12 kg. The tire dempneglected. The response to a
300 N force applied to the sprung mass will be @atad.

Three different settings of the Cane Creek dampléébesevaluated. The
characteristic diagrams from these settings aressho@low in Figure 6.39. The “Under
Damped” plot represents the softest possible gstfior the low speed adjusters on the
Cane Creek Double Barrel. The “Critically Dampetiitps near the middle of the
adjustment range for the damper. It is not the esi@ditical damping for the system but
the response reveals that it is very close tovalige. The “Over Damped” plot represents

a significantly stiffer setting of the damper.
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Characteristic Diagram
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Figure 6.39: Characteristic Diagram for the Spiitess Damper Model

Figure 6.40 below shows the response of the spmasgs to the force. As
expected the over damped case takes much longeath steady state, the under
damped case returns much more quickly with somélatgan, and the critically damped
case reaches steady state with very little ovetsiAamin this is only an approximate of
critical damping because there are small amounts@fshoot and oscillation. The slight
changes in slope that can be seen for the overehogse are were the sprung mass
velocity became lower than the velocity of the knBee same effect occurs for the under
damped case but since the slope transition iniaeacteristic diagram is much more
gradual than the other settings it is more diftitalsee. The over damped case does not

appear to ever go above the velocity of the knee.
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Sprung Mass Displacement
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Figure 6.40: Sprung Mass Displacement with Damped® Input

Figure 6.41 shows the acceleration of the spruagsmrlhe over damped case has
the lowest sprung mass acceleration. For the nipjofrithe response time it is operating
in the low speed region of the characteristic dgiagrThus the damping coefficient is
very high. There are dramatic changes in the spnags acceleration for the under
damped and critically damped cases. This is dtlegtglope transition of the knee.
Between about .025 and .125 seconds these systerapexating in the high speed
region of the characteristic diagram. This prevéatge forces from being transferred

between the sprung and unsprung masses.
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Sprung Mass Acceleration
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Figure 6.41: Sprung Mass Acceleration with Damped# Inpu

Figure 6.42 shows the force outputted by the dantprem this it is very clee
when the under damped and critically damped casaseded then dropped below
velocity at the knee. The transition and reductioslope for both of these cases «
clealy be seen. As expected it does not appear tleadvtbr damped case ever exce
the velocity at the kne

Figure 6.43 is the tire load variation. The trapsitat the knee causes a very h
rate of load variation change. This is not goodviehiclehandling because it disturbs 1

tire contact patch.
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Figure 6.42: Damper Force from Damper Model Input
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Figure 6.43: Tire Load Variation from Damper Motigbut
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For this specific input and depending on the ddsiesponse the over damped
case might be the best compromise. The large fopeé and sharp slope transition at the
knee cause the sprung mass acceleration anddule/ariation to not be favorable.
Another solution would be to increase the high dpjusters so that the knee velocity is
never exceeded. Further investigation with diffeferce and displacement inputs and
damper characteristics would be necessary to gré@igdeal configuration.

Comparing these figures to those in section 2ustilates the significance of the
damper nonlinearity and asymmetry. The effect¢his have on the response of the
vehicle is very significant as well as the effetfriction and hysteresis. Therefore
vehicle testing instead of calculations or computedels is often used to determine the

optimal damper rates.
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7. CONCLUSION AND RECOMMENDATIONS

A physical modebf a modern twin tube damper was successfully eceand
validated with experimental testing. The model slagwn to accurately predict the
nonlinear, asymmetric trends of the damper forea avarge range of adjustment
settings. The model also determines many otherigdlysarameters of the damper such
as flow rates, fluid pressures, and valve deflestio

The effect of fluid inertia and viscous effects evexamined. The effect of the
fluid inertia was negligible in comparison to thesaall force output of the model for
standard sinusoidal testing. However the viscofexctsf were revealed to be very
significant. They were responsible for approximatel % of the force generated by the
damper at high velocities.

It was shown that the primary mechanism for prodgdorce is the increase in
pressure in the chamber that is being compresses idin contrast to a monotube
damper that produces force from changes in pressihepositive and negative of the
rebound chamber while the compression chamberyeestays relatively constant. This
eliminates the possibility of cavitation from thebound chamber pressure dropping
below the vapor pressure of the fluid. This allomsdern twin tube dampers to run much
lower gas pressures and subsequently have much &tates gas force. The pressure
increase in the compression chamber during compreatso leads to an increase in

damper force compared to a similar monotube damper.
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Parameter studies were used to improve the unddistaof the effect of the
damper properties and adjustments. As expecteoleld orifice area was the primary
factor in determining the low speed force as losighe& piston leakage was not
significant. The high speed force was influencedh®yvalve orifice and spring stiffness.
The viscous effects of the fluid contributed sigrahtly to both the high and low speed
regions of the curve.

A spring mass damper model was also created toi@ealhe effects of the
damper characteristics on the vehicle responss.mbdel represents one corner of a
vehicle. It uses the output of the damper modebtoulate the damper force. It also
includes the tire stiffness and damping.

Further work could be performed on many differa@spects of this model to
improve its accuracy. The most significant improeatwould most likely be including
the effect of the fluid compressibility and dampempliance. This would allow the
accurate prediction of hysteresis.

More detailed modeling of the fluid flow using couatational fluid dynamics
would increase the accuracy of the orifice and@ahodels. This could also include the
effect of temperature on the fluid and resultingh@dar characteristics. Using variable
discharge coefficients that are functions of thgrieéds number and the fluid
acceleration could also improve the accuracy ohtbdel.

A more complex model of the damper friction sepagpstatic and dynamic
friction and a separate gas piston friction foroald be incorporated into the model.

Evaluation of the effect of parameters like gaspuee, piston leakage gap, damper fluid,
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and seal design on the damper friction could bd tseliminate unnecessary friction in
the damper.

Further testing and validation of other dampersldialso be beneficial. This
would further validate the accuracy of the model aould allow comparison between
design differences between dampers. Comparisothef parameters besides the damper
force could also be useful. For example chambesspires could be measured while the

damper is tested and compared to those calculgtétebmodel data.
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