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SUMMARY

The paper presents results o? a study that has been made to investigate
the effect of demping characteristics on the performance of an oleo strut.
Conventional oleo struts enploy orifice danpers in the interests of providing
hi gh energy absorption for the design vertical velocity of descent case. It is
shown that an equivalent strut i.e. one having the same maximm stroke,
utilizing a damping mechani smproviding a force proportional to the stroking
velocity, instead of the square of this velocity, wll benefit bya 10 per cent
reduction in stress in the design case.  Conparison of the performance of these
two types of danper in the taxi phase of operation over a real profile shows
that a |inear' damper has better characteristics then an "orifice' danper having
the same damping constant in campression and recoil.

*Repl aces R.i.E. Tech. Report No.66312 - ,.,R,C, 28905,
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1 INTRODUCT ION

Over the past few years there has been an increase in undercarriage
failures which has enphasi sed the need to design future undercarriages with
longer fatigue lives. As a result, interest in fundanental design principles
has been renewed.  The present paper examines Some of the consequences that
stem from one of the significant parameters in undercarriage design, nanely
that of oleo danping. It presents the results of some calculations made to
campare the performance of an undercarriage when the ol eo danping characteristics
are the conventional square law and when they are linear with stroking velocity.

The adoption of square |aw danping devices seens to have came about
because of the fact that the pressure difference associated with the
flow through an orifice produces a high resistance and consequently a powerful
danping ferce that can easily be utilized to provide a practical design. By
virtue of the fact that the orifice is small the Jet velocities and Reynold!s
Nurbers are high and fully turbulent flow is devel oped so that the danping
faree is proportional to the square of stroking velocity. In practical orifice
design the peak flow velocity in the orifice may, on occasions, be so high that
the possibility of transanic flow and 'choking' must be considered+ As nany
undercarriages are designed to satisfy the energy absorption required at design
| andi ng wveloeity, danping is a maxinumat the corresponding relatively high
stroking velocities. A strut designed by these considerations will have |ow
danpi ng capacity at the |ow stroking velocities that occur in the taxi phase
of operation.

An alternative method of providing damping can be conceived. A tlincar’
damper in which the danping force is directly proportionalto stroking velocitys.
Using this nethod adequate danping capacity may be provided in both the
landing and taxi phase of operation. There shoul d not be the rapid fall-off in
efficiency o such a danper at |ow stroke velocities that occurs with the
orifice danper. The realization of such a danper in practice will lead to
design problems and these are considered in the text.

Possi bl e methods of constructing a |inear danper are discussed in
Section 4 In Sections 3.1and 3.2 limted comparisons are nmade between the
performance of a strut having linear and orifice danping characteristics in
both the landing and taxying phase of the aircraft operation.



2 CALCULATICNS

The strut having |inear danping characteristics was designed to a heavy
landing case. The appropriate touch-down velocity being 8.861%t/sec.

The mat hematical nodel on which the cal cul ations vere based i S shown in
Fig.1. The shock strut axis was considered to be in the vertical plane
t hroughout . I't consisted of an upper mass representing the aircraft connected
through an air spring and damper in parallel with the lowver mass representing
the wheel assenbly, which was supported on the tyre spring. For all the
| andi ng cases ccnsidered there was assumed to be a lift force present which
was equal to the dropping weight. During the taxi runs considered in this
paper the |ift was assumed to be zero. The effect of strut friction was not
considered in any of the calculations made.

In the first of the landing calculations i.e. at 8.86 ft/sec the nost
accurate rcoresentation of the strut propertics that was avail able was
utilized. This neant for both struts polytropic air springing and exponentia
tyre charactcristics were considered. The characteristics of the air spring
were represented by -

/ VO N
Fa - pa Aakv-As
0 o a
and the tyres by -
Z T
F = n' ‘/~d—_2-\"
v, \a/

where iIs the pneumatic force
P, the air pressure in the upper chamber for the fully extended strut

A the pneumatic area

v the air volume for the fully extended strut

s the stroke

n the effective polytropic exponent

T the vertical force applied to the tycc at the ground

g
Z, the vertical displacement of the |ower mass fram the position at
the initial contact
a  the overall diameter of the tyre

and ' and r constants with different values for the variousregimes of the
tyre deflection process.



I's some 10 per cent greater than that for the linear damper. The peak is
reached sooner in the stroke in the linear case.

It should be mentioned that in the American Paper' NO infarmation i S
given on the danping constant that is appropriate to the recoil stroke. In
Ref.1 the concernwas with the peak |oad generated and this occurs as we have
seen in Fig.3 prior to the maxinum stroke being achieved. In the first place
therefore the recoi|l danping constant was taken to be equal to that on
campression. (her calculations were made to investigate variations in this
parameter and al though such variations were arbitrary, the results indicate
what may occur wth a practical strut design.

Figs.4 and 5show the strut force obtained in three cases, which may be
considered to represent a nornal, noderately heavy and severe |anding case
respectively. For the purpose of these and subsequent cal cul ations, the tyre
forces were taken to vary linearly wth displacenent. It has been nentioned
above that this approximation introduced little error at g particular touch-down
velocity. In viewof this it was considered that efforts to obtain true tyre
characteristics appropriate to other velocities was unwarranted, The figures
show that -

()  For the normal landing the orifice danper devel ops smaller peak
load than the linear, but at the expense of a [onger stroke.

(b) For the noderately heavy landing there is little to choose between
the two danpers in ternms of either peak |oad or stroke.

(a) For the severe landing the |inear damper gives |ower peak force,
the maximum stroke heing the same inboth cases, and the curve of strut force

agai nst stroke ismuch nearer to the ideal step form

The effect of increasing danping ontherecoil stroke far the orifice danper

IS shown in Fig.4. It is to give a sharper out-off to the strut force, once

the peak strut deflection has been reached. Table 1 gives details of the
velocities and kinetic energies at the instant of touch-down, recoil and
rebound.  In the Table 21 and 22 are the velocities of the upper (sprung) and
lower (unsprung) rmasses respectively. Recoi| is defined as the instant at
whioh the strut action changes from ccanpression to extension. Rebound t hat

at which the tyre | eaves the ground, and the kinetic energy that due to motion
of the upper and lower masses. |t can be seen that in general the orifice
danper will dissipate nore energy over the interval = touch-down to rebound,



cspecially if a strut with a high recoil danping coefficient is considered
For the severe |anding case morc energy i S absorbed in the compression Stroke
for the linear danmper, but conversely nore is given back in the rebound stroke
than for the orifice danper with high recoil danmping. At |ower descent

vel ocities |ess energy is absorbed by the linear danper in the conpression
stroke but the relative anount of energy fed back in the extension stroke is

a function of both damper type and velocity. An interesting point energes
from these results, that for orifice danpers the c¢ffect of increased recoi

damping is a progressively decreasing one, neasured in terns of kinetic
energy still present at rebound, as the touch-down velocity increases.

3.2 Taxying operation

3.2.1 Discrete (l-cosine) bunps

The results are shown in Figs.6 to 8 and are all concerned with the strut
force developed on passage over various bunps. Fig.6 shows the effect of
taxying at a particular speed over three bunps, 0.3in, 4% in and 3 in high
These results show that generally the maximumforce is produced slightly after
the bump peak has been reached. The |inear danper produces a small reduction
in peak load for the highest bunp case and slightly higher peak |oads for the
smaller bunps.  The peak to trough swings exhibit the same tendencies as the
peak | oads produced by the two danpers. A feature of thuse results i S the
flattening in the orifice danper curves as the wheel noves off the bunp.

Fige7a and 7b show the effect of increasing the |ength of the highest
bunp to 50ft at the sane taxi speed. This produces a sharp reduction in the
peak strut |oad conpared with the corresponding 25 ft bump. The linear danper
still gives a slightly lower peak. Simlarly the force anplitude is slightly
iess for the linear danper than the orifice, which has |ow danping constant on
ths recoil stroke.  There is bounce for both the linear danper and the orifice
danpers having recoil danping castants hi gher than conpression. The bounce
time is less for the linear danper. A conparison of results at 100 ft/scc
shows that the effect of inc.easing bunp length is to [ower the nean force
| evel about which the oscillation occurs and to reduce slightly the anplitude
of tne swing. PFigs.8a, b, c and d are concerned with the effect of changing
speed on the strut response when passing over a bunp of 3in height and 2% ft
length.  The maxi mumreaction is devel oped at an internediate velocity for both
danpers, Figs.8a and b, this velocity is slightly higher for the orifice danper.
There is little difference between the performance Of the two dampers except



In the equation defining pneumatic force the effective polytropic
exponent depends on the rate of campression and the rate of heat transfer fram
the air to the surrounding environnent. A value of 1.12 was eventually chosen
which was an average of the effective value for several landing gears'. Fer .
current designs in which the gas and oil tend to be separated by a diaphragm
or alternatively the oil jet fromthe orifice is deflected frem direct
i npi ngement on the gas, the value of 1.12 will be inappropriate. An exponent
nearer to the adiabatic value is obtained and 1.3 maybe considered a typica
figare: m' and r in the equation defining the vertical force were chosen on
the basis of drop tests to give the appropriate hysteresis loop to account for
the neasured energy dissipation. The val ues appropriate to the 8.86 ft/sec
touch-down speed are =

Region 1: m' = 78.6 x 103 1b

r =134 for 0 <2

Region 2: mt
r

2 < 0.352 £t

2.0 x 10° | b
0.89 for 0.352 < Z,< 0.364 It

]

Zz
Region 3; m' = 157.1 x 10" |Ib
I = 1«73for 0.364 > 22 > 0.267 ft

Regi on 4:m' = 65.5 X 103 I b
r =134 for 0.267 » 22 >0 ft

Subsequent cal cul ations were based on lincar tyrs characteristics with
no hysteresis, F_ = 18500 Z, I'b, as results of calculations of strut performance

g
at 8.86 ft/secon this basis by Milwitzky and Cook' showed Very rcasonable
agreenent with measured characteristics and those of the nore refinedcal cul ations
using the non-linear tyre characteristics.

Further landing cases were considered, in which the undercarriage touched
down at velocities of 3, 7 and 11 £t/sec respectively and in which for the
orifice danper the danping constant on the return stroke was vari ed.

The taxi aspect of undercarriage operation was considered in two ways.

(1) By operating at varying speeds over (P-cosine) bunps of varying
hei ghts and | engths, and

(ii) over an actual runway profile.



The latter part of the investigation is to-datc linited in scope. The
assumption was made in all these calculations thatthe cirecraft had |anded a
sufficient length of tine prior to the encounter Wth the bump for steady
conditions to have been established, i.e. there was novertical motion o a
strut when the bunp was reached. A further assunption made in the cal culations
was that the tyre force devel oped as +the wheel passed over an obstacle was
directly proportional to the height of the bump (nodified by the displacement
cf the wheel itself) beneath the wheel axle. Unless ctherwise indicated,
danpi ng cosfficients | Ncompression and recoil for the orifice danpers will

be the same.

Data arc available* of profile @isplacements neasured at 2 £t intervals
on 3000 ft of Runway 12 at Langley Field and this was used as inout data. The
variation in profile between the tabul ated val ues was assumed to be |inear
The aircraft speed over the profile was tcien t0 be constant at 100 ft/sec.
The profile is shown in Fig.2.

Several nethods for integrating the differential equations of motion
were tried by Milwitzky and Cook1, One of time, the X-called quadratic
procedure, was adopted here. The variation of displacement OVer two succcssive
intervals of time is assumed to be quadratic. This allows the velocity and
accel eration at the mid-point of trc couple intervals to be czpressed in ternms
of its displacement and those of the points inmediately rrior and after in
the fora -

5 _ an+1 - Zp—!
n 2e
Lo, ~ 24 + 4
b 7t N n-14
L = —
n 2

where e the intagration interval was taken to be 0,002 sec. This had been
found t0 bc satisfactory in <he original parer and check calculations in this
case with the interval reduced to 0.00% secproduced No detectabl e difference
in results.

3 RESULTS

3.7  Landing operation

The calculated strut force is plotted against stroks for the two dampers
in Big. 3. It can be seen that the peak force development by the orifice danper



perhaps for the high taxi speeds, where the beneficial effect of the Iinear
damper is beginning to show. Figs& and d show the effect of inoreased
damping on the recoil stroke in the case of the orifice damper. Anplitude of
reaotion increases and the mean | evel reduces with increased recoil danping,
the effect being most pronounoed at the lower taxi speeds. It is possible
therefore that current designs of undercarriage having recoil danping constants
that are higher than on campression may be inadvertently aggravating a

potential fatigue problem

Current designs of undercarriages have recoil danping constents which
are greater than those on the canpression gtroke. Typical values range
between 4 and 2.5 times greater. We may therefore expect fromthe basis of
the above results that a linear danper will exhibit better characteristics in
terms of peak force and force anplitude, than an orifice danper designed to
have the same stroke for a heavy Ianding. These effects are not very marked,
however, and in view of the fact that the input for the cal cul ations was not
a particularly real one it was decided that a nore rational basis for assessing
the relative nmerits of the two danper systens woul d be to make cal cul ations
in which the input was provided by an actual runway profile.

3.2.2 Runway profile

The results are shown in Figs.%a and b, where strut force developed as
the runway is traversed is plotted against tine. The initial encounter with
the runway is equivalent to meeting a step 0.214 ft in height. The performance
of the linear danper on this surface is markedly superior to that of the
orifice danper with which it is campared. Salient features of interest
regarding the figure are |isted bel ow -

(1) The danping of the oscillation resulting fromthe initial step
disturbance and of subsequent high peaks provided by the linear danper is much
more powerful than that of the orifice.

(ii) A dominant | ow frequency response is revealed for both danpers.
The aircraft oscillating as a rigid body in vertical translation on the tyre
spring has a frequency approxinately equal to that obtained with the linear
demper; the frequency of oscillation for a linear danper case is about 2.0 to
2.4 cps amd for the orifice danper 1.7cps.

(i) Over the smoother portions of the runway L& to 10 sec and 15 to
22 sec there is little to choose between the two dampers, but over the
remai nder of the runway |ength the linear danper scores heavily. Pecak forces
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are consistently less wusually by significant amounts and anplitudes of oscilla-
tion are on average half those for the orifice danper.

(iv) Various other high frequencies arc apparent in the response
curves. 411 of these would be inportant in regard to the structural dynanic

reponse. Therc is a particularly high frequency associated with this orifice
danper, i.e. that having constant danping cocfficicnt On campression and recoil

(v)  The particularly high response at around 23 scconds are associ ated.
with a portion of the runway that is notoriously rough.

4 DESIGN OF THE LINEAR DAMPER

In theary danping that is [inear with velocity of notion is obtained
either by flowin a capillary or in an annulus. Both these methods were
considered in the design of a strut on which the conparative calculations were
based. It was eventually decided that the |inear danper should be designed
to have the same maxinmum stroke for a high velocity landing as the orifice
danper with which it nmust Se conpared. The design gave, as we have seen, a
reduction in peak strut force far this condition of the order of 10 per cent.
If the strut had been designed on the equival ence of peai: reaction in the
heavy landing case, then a reduction in stroke would have been achieved of the
order of 5per cent. On balance, the reduction in stress seened preferable to
the reduction in stroke and consequent slight saving in weight.

Using the well| established results, (1) and (2) below, froam fluid flow
theory, it can be shown that the danping farce provided by annular flow is
of the order of 40 tines greater than that for capillary flow through a single

pi pe having the same cross sectional area and length. For capillary flow the
retarding force is =

128vaAié

7= (1
il D&
9
for annular flow the retarding force is -
2 .
12 pv L s
F = éh (2)
~ db

where p is the density of the hydraulic fluid
v is the kinematic viscosity
L is the length of +he channe
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DC is the capillary diameter
d is the internal diameter of the annulus
b is the thickness of the annulus

and A IS the hydraulic area.

In view of the potentially more powerful danping action provided by the
annular flow it was decided to adopt this method.

Certain conditions nust be satisfied to ensure that a true |inear danping
action is obtained. These are listed bel ow -

(i) The demping nedi um should be a perfect fluid - oils with
viscosities less than 200 centistokes may be considered periect in this
respect. Any inperfections in the fluid will distort the response particularly
at low speeds.

Tenperature effects will obviously be inportant for the amulus type of
damper proposed.  Changes in tenperature would result invariations in
viscosity and consequently, their danping force. It is suggested that such
variations may be overcome by carcful design, e.g. the use of materials having
different coefficients of expansion for the piston and cylinder.

(i) Oearance between piston and cylinder is small relative to the
pi ston diameter.

(i) The piston shouldbe | ong enough to avoid sharp edge orifice
offects, |If for sane reason this is not practicable it may still be possible
t¢ achieve the appropriate danmping action by careful attention to inlet and
outl et shapes to minimise | 0sses.

(iv) Free area above the piston should be large so that oil velocity
in this region approaches zero. Providing that the piston rod is small wvery
little oil is displaced as the piston moves into the cylinder and oil velocity
above and below the piston approaches zero. Ratios of piston to rod dianeter
greater than 3:1reduce the oil velocity past the rod to a suitably small val ue.

(v) The piston shoul d be maintained concentric with the cylinder.

(vi) At high speeds and danping factors, forces maybe high enough to
drop the pressure on the piston belowthe vapour pressure of the fluid.
Cavitation and aeration result and the danping farce iS nolonger proportional
to speed on the recoil stroke. V& may note that orifice dampers arc possibly
worse in this respect as peak | oads maybe greater under ultimte conditions
and danping forces larger.
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All these points are covered by the design that is proposed, Fig.10.
The maxi num stroking velocity reached by the linear danper is 6ft/sec in the
heavy 11 ft/sec |anding. The correspondi ng Reynold's Number of the flow in
the annulus IS 1100 for anbient tenperature conditions, accordingly, the
appropriate laminar flow i S obtained for all operations considered. The
original strut design, with which the performance of the linear danper is
compared in the calculations is shown in Fig.ll

5 CONCLUSI ONS

Fromthe theoretical work that has been done so far we are led to the
conclusion that there appears to be some justification for a fresh approach to
the design of undercarriage danping characteristics. A possibility investigated
herein involves the use of a danper, whose reaction characteristics are
proportional to stroking velocity rather than the velocity square characteristics
of the conventional orifice danmper. The results that are available to date
show that reductions in strut force of the order of 10 per cant for heavy
| andings are possible, using a linear danper. Such reductions are achieved
atthe expense of an increase in strut force at |ower descent velocities. It
should be noted however, that these forces are less than those due to the
static load and less than the peak forces developed in normal taxying. There
I's an increase in rebound kinetic energy far the |inear danper (having equa
danpi ng coefficients on canpression and recoil) compared wWith that for the
orifice with high recoil danping at 211 vertical velocities of descent. The
latter effect is mostmarked at |ow velocities where it mght not be
expected to be vitally inportant. Apart fromthe ultimte case (11 £t/sec drop)
there seens to be a rough equivalence measured in terms of rebound Kkinetic
energy beiween the performance in recoil of the linear danper and that of the
orifice danper having three times the danping in recoil that it has in
caupression. The performance of the linear danper in the utmate case i S
somewhat different in that recoil encrgy is higher than for all the orifice
dampers considered. This result may be associated with a secondary effect due
to the lower mass, possibly a resonance. It is noticeable that the shape of
the lincar curve, Fig.5, is a good deal different, (squarer) in this instance
than that of all other strut force curves.

In regard t0 perfarmance in the taxi phaseof operation, the |inear
danper appears to have markedly superior properties in that danping of |arge
di sturbances is nore effective, peak forces are smaller, ard the oscillating
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force anplitudes are significantly smaller. The carperison may not be so
favoureble When cases invol ving higher values of recoil danping are considered,
and this work remains to be done. Qther calculations that are in progress aim

to assess the effect of various values of steady lift, to study the response
with no step at the beginning of the runway and further when the taxi runis

started at a different point on the runway.

In theory, it seems possible to construct a |inear damper but further
work shoul d be done to prove that this is a practicable proposition, should
the calculations mentioned above prove to yield a favourable result.
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Tabl e i
The velocities and kinetic energies at touch-down, recoil and rebound

Tt

Touch- down Recoi | Rebound
Case Touch-down | Kinetic . » Ki netic | t 5 2 Kinetic t
velocity energy “ 2 ener gy sec 1 2 energy
ft/sec 1b ft ft/sec | ft/sec b ft ft/sec | ft/sec b ft sec

Oifice danper,

exp. tyre 8,86 3100 -1.8 -1.8 126 0.181 -3.4 -1.7 437 0.295
D =D

R c

Linear danper, 8.86 3100 -1.6 -1.6 110 0.186 -3.3 -1.95 415 0.292
exp. tyre
Oifice danper,
li near tyre 3.0 356 -0.2 -0.2 1.6 0.193% -1.7 -0.1 108 0.493
D - O.5D

R c
DR - Dc 3.0 356 -0.2 -0.2 1.6 0.193 1ol -0.1 73.5 0.417
Dy = 5D 3.0 356 -0.2 -0.2 1.6 0.193 -0.9 -0.3 34 0.333
DR = 50DC 3.0 356 -0.2 -0.2 1.6 0.193 -0.7 -0.5 19 0.291
Linear  danper, %0 356 0.9 -0.9 32 0.199 -1.1 -0.5 46 0.239
l'inear tyre -
Oifice danper, 7.6 1937 -1.5 -1.5 88 0.192

linear tyre
DR, - O.EDC
D, = D. 7.6 1937 -1.5 -1.5 88 1 0.192 -2.5 -0.8 | 236 0.286




Tabl e 1 (Contd.)

Touch- down Recoi | Rebound
Case Touch-down | Kinetic A 5 Ki netic " 2 2 Kinetic t
vel ocity energy 1 2 ener gy gea 1 2 ener gy gec
ft/sec b £t Pt/sec | ft/sec b ft ft/sec | ft/sec b £t
Dy = 2D, 7.0 1937 -1.5 -1.5 88 0.192 -2.2 -1.3 183 0.256
Dy = 5ODc 7.0 1937 -1.5 -1.5 88 0.192 -2.0 -1.7 156 0.242
Linear danper, 7-0 1937 ~1.75 -1.75 121 0.198 -2.3 -1.2 201 0.254
linear tyre
Oifice damper,
linear tyre 11.0 4790 -2.4 -2.4 245 0.165 -5¢7 -2.8 1232 0.255
DR = 0.%D
C
D, =D, 11.0 4790 -2.4 2.4 245 0.165 -5.5 _3.3 1150 0. 251
Dp =50, 11.0 ! 4790 | _2.4 -2.4 25 4 0.165 -5.3 4.1 1085 0.243
Dp = 50D, 1.0 4790 -2.4 -2.4 245 0.165 -5.1 -4.6 1030 0.237
Linear  danper, 11.0 5790 ' -0.85 | -0.85 29 { 0.153 | =5.7 3.8 | 1260 0. 257
linear tyre l
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m, =  UPPER MASS (THE AIRCRAFT )
m, = LOWER MASS (THE WHEEL UNIT)
z, = DISPLACEMENT OF UPPER MASS FROM

TOUCHDOWN POSITION

zZ, = DISPLACEMENT OF LOWER MASS FROM
TOUCHDOWN POSITION

kp = PNEUMATIC SPRING STIFFNESS

k'r = TYRE STIFFNESS

¢, = HYDRAULIC DAMPING CONSTANT

FIG.1 THE TWO DEGREE OF FREEDOM SYSTEM
USED IN THE CALCULATIONS
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ORIFICE DAMPER, F = 3465 [S |S
LINEAR DAMPER, Fy= 1095 S
EXPONENTIAL TYRE CHARACTERISTICS
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FULL LINE — LINEAR DAMPER
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RECOIL. EQUAL TO THAT ON COMPRESSION
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FIGO b THE VARIATION OF STRUT FORCE WITH TIME FOR THE LINEAR & ORIFICE DAMPER
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