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1.0 INTRODUCTION

This report describes the desian and analyses performed to complete Task I,
{(Contract #NO0167-88-C-0024), the design of a Hydropneumatic Suspension
System for the AAV-7Al amphibian assault vehicle.

The Cadillac Gaga [lextron In-Arm Suspension Unit (ISU) is designed to pro-
vide a superior alternative to tha current torsion bar system by offering
improved ride quality, reduction in track tension variation, and negligible
vehicle interior volume necessary for suspension installation. These
improvements result in higher vehicle speeds through difficult terrain,
lower track wear due to more consistent track tensicn and road wheel/track
contact, and increasad interior vehicle volume.

1.1 Backgrotind and Scope

The award of Centract #N00167-88-C-0024 in January 1988 by the Marine Corps
Program Office of the David Taylor Naval Ship Research and Development Cen-
ter {DINSRDC) to Cadillac Gage Textron Inc. began Task I of a four-task
program, which in addition to the initial design phase, includes
fadrication and testing (Task II), vehicle installation, instrumentation
and field test support (Task III), and the firal report (Task IV), as is
specified in the Statement of Work (SOW) (see Appendix A). The suspension
system shall consist of 12 hydropneumatic suspension units and 2 spare
units.

1.2 ©Objective

The objective of Task I was to design a hydropneumatic ISU and system
meeting DTRC’s design criteria and fulfilling their requirements for a sys-
tem that improves ride performance and requires less interior volume than
the current torsion bar system at a reasonable cost. This objective has
been met with the design presented in the fcllowing pages.




2.0 SUSPENSION DESIGN SUMMARY

2.1 System and Unit Requirements

The final ISU configuration was arrived at based on allowable space claim,
load requirements, and contract design criteria, as well as results rrom
classical stress, finite element, weight, and heat transfer analysis of
critical components, and computer mobility modeling (VEHDYN) of the
vehicle. Table I lists the design parameters for the proposed and final
design of the suspension unit and system.

2.2 Vehicle lLoad Requirements

The road wheel loading requirements for the vehicle were calculated using
the gross vehicle weight (GVW) and dividing by ten road wheels (assuming 50

percent of the front and rear stations is taken up by track tension). This-

gives an average load per road wheel. Because the vehicle is known to be
front-heavy, more of the distributed load was placed at stations 1 and 2
for balance. The track tension was approximated at 10 percent of the GVY
per side, or 6,000 1bs. By summing the forces and moments to zero, the
desired load distribution was determined, with the average static road
wheel load being 6,000 1bs; at 15 percent growth, this load is 7,200 Tbs.
Subsequent calculations were based on these values. The ground loads at
the front and rear stations were found by subtracting the product of the
track tension and the sines of the entry and departure angles from the road
wheel loads at those stations, respectively. The road wheei locations were
established by taking into consideration the space claim of the mounting
bracket for each unit, possible interference between the unit and the road
wheel, and the placement of the support rollers. -Figure 1 shows the load
distribution and system dimensions.

2.3 Suspension Description

For discussion purposes, the unit can be separated into three basic func-
tional elements. These are: '
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TABLE 1

Design_Requirements Summary

Suspension CGTI Proposed CGTI Final Rert.
System Design Design Para.
Weight (1bs)
Unit 256.¢ 282.2 2.8
System 3330.0 37:8.4 3.1
Pitch Frequency (Hz.) 0.77 0.882 3.0
Bounce Frequency (Hz.) 1.10 £.009
Temperature Effects 1" vertical 3ame as preposed 2.4.1.1
(-65 °F to 125 °F) Change per 60°r
Vehicle Weight
wrowth {%) i5 15 2.3.1.1
Durability (hrs te
major rebuild) 1,0CC 1,000 -
Maintenance 100 Dynawic Hours Same as proposed 2.7
Corrosion Protection Report included Same as proposed 2.4.2

Bailistic Protection 7.62-mm AP @ muzzie  Same as propcsed 2.5
and 0° obliquity (2) )

Installation
Lateral Clearance (in.)
Track centerline to hull 12.€25 12.625
Track to huil 2.125 2.125
Ground Clearance (in.) 16 i8 3.0
Track Length cn Ground (in.; 155 155 -
Suspension Unit
Structural 2.3.3.2
Bearing loads (1bs)
Vertical 16¢.000 34,245
tateral 20,060 20,000
Corbined :
Vertical 45,500 21,606
Lateral 17,200 17,300




TABLE 1
Design Requirements Summary

. (Continued)
Suspension CGTI Proposed CGTI fFinal Ref.
System Design Design Para.
Spring System 2.3.1
Road Wheel Travel (in.) )
Jounce Stations 1 & 2 10.0 12.5
Jounce Stations 3-6 12.9 12.5
Rebound, a1l stations 4.0 5.0
Spring Rate (g’s) max. 3.5 3.5 at 6K
3.0 at 7.
Damper System
Damper Rate (1bs) max. 3,000 6,000 2.3.2




s Spring - The spring system provides the necessary resistive
force by compressing a nitrogen charge to oppose road wheel
forces input by static vehicle load and terrain disturbances
over which the vehicle is traveling.

s Damper - The damper system provides necessary forces to mini-
mize vehicle pitch and heave and is activatad in response to
the velocity and position of the road wheel. The damper is
comprised of a hydromechanicai, wet multiple-friction disc
mechanism located within the center section of the roadarm
spindie.

s Structure - The ISU structure contains the damper spring and
bearing systems ard is designed to meet or exceed the load
criteria as required by the vehicle application and/or the
customer specification.

The analytical determination of specific vaiues cited in these sections
appears in Appendix B.

2.3.1 Spring System.
2.3.1.1 System description.

The hydropneumatic in-arm suspension unit spring is a siider-crank mecha-
nism, as depicted in Figure 2. Rotation of the roadarm in the jounce
direction causes an increase in the compression of the entrapped nitrogen
volume. This compression results in an increase in gas temperature and
pressure as described by the nitrogen real gas equations. An increase in
pressure is transiated by the slider-crank 1linkage and results in
increasing torque on the roadarm. Thus interaction of geometry and gas
compression forms the gcas spring system.

Several key elements comprise the spring system. Variations of these
parameters within specified design constraints result in changes to the
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gverail gas spring performance. These changes are manifested by the road
wheel position versus force (spring) curve. These elements are:

@ Slider-crank geometry
s Entrapped gas volume/oil volume
a Gas precharge pressure

The following design constraints were dictated by the vehicle interface
requirements and customer desires:

Minimum static wheel load 6,000 1bs

15 percent growth static load

Roadarm length 16 inches

Lateral clearance 0.38 inches (side wall to wheel}

Maximum static pressure 3,500 psig

Gas spring leakage rate - less than one inch ride height
change in six months, 1,500 miles, or 150 operating hours.

2.3.1.2 System spring rate.

The spring system produces a spring rate which varies as a function of
wheel position. The rate at the static wheel position is relatively low,
providing improved ride quality. However, as the wheel approaches the
jounce position, the spring rate increases dramaticaily, to prevent
"bottoming out® on rugged terrain. The characteristics of this variable
rate spring ara shown in Figure 3.

The lower initial spring rate of the Cadillac Gage unit retains a signifi-
cant proportion of- the static wheal force into the rebound position. This
Toad maintains good contact between the track and road wheels which reduces
the variation in track tension and decreases the prsbability of misguides
and track throwing. In addition., the lower initial spring rate permits
operating with reduced irack tension which lowers the vehicle’s rolling
resistance, thus decreasing fuel consumpticn, reducing wear on the runaing
gear, and minimizing dynamic forces resulting from high speed crossings of
Targe obstacles.
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2.3.1.3 Spring gecmetry.

The gas sciing cra-k geometry was established by incorporating many of the
design parameters specified in paragraph 2.3.1.1; i.e., roadarm length,
lateral clearances, maximum static pressure, and road wheel stroke.

The lateral space claim was the first to be evaluated to determine the max-
imum cas piston diameters which could be installed in the roadarm. To
determine the roadarm width, nominal clearances of 0.38 inches from wheel
to roadarm and 0.38 inches from roadarm to hull were subtracted from the
lateral space claim. A view of this space claim is shown in Figure 4.
Mounting bracket and wheel spindle thicknesses were also taken into
consideration. Next, because the roadarm is also a structural member, a
maximum gas pressure and input road wheel load evaluation was made to
determine the minimum wall required. Preliminary stress calculations and
past expcrience with a similarly sized mode! dictated this to be 0.5
inches.

The conclusion of this analysis is that the optimum piston diameter which
provides an acceptable structural safety margin and fits the envelope is
3.50 inches.

To optimize the design, a 16-inch roadarm length was chosen. The effective
roadarm length dictates the spring reaction torque required to balance the
input road wheel forcas at the static position, as well as the angular
travel required to achieve the desired rebound and jounce distances. With
6,006 pounds road wheel load at the static road wheel pos{fion, the torque
is 77,780 in-1bs. With a vehicle growth of 15 percent and a static road
wheel load of 7,200 pounds, the required torque is 93,300 in-lbs.

The connecting bar pin location was established to minimize the piston side

load at the static road wheel position and also determined the minimum
inside roadarm bearing diameter, which was found to be 8.3125 inches.

10
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2ring curve program.

To CGetarmine entrappsd gas volumes and pressures, key parameters of the
soring gecmetry wers input into a spring curve program developed by
Cadillac Gzge. Thess parameters were: roadarm and connecting bar length,
piston diameter, crank pin location, the vertical dimension of the road
wheel spindiz in tha static position, and the inches of rebound and jounce
travel, and static and jounce wheel loads. This program resoives the kine-
matics of the unit. shown in Figure 5, and uses this information to calcu-

-t

ate the siatic and jounce pressures at room temperature. It then employs
the real gas lzws to find the gas density. Assuming 2diabatic compression,
the densiiy and tempzrature at jounce pressure are determined. Once the
information for the static and jounce positions is complete, the required
voliume and piston siroke for each position can be calculated. Also, the
number of moles of gas rsquired is found. This value is a constant and can
bs divided by the voiume to find the gas density at each position, and then
the specific volurz. Using entropy chart information stored in the pro-
gram, the approximate temperature is established for each position, again
assuming adiabatic corpression. Pressures are calculated, once again by
g the re2al gas laws, and from these the road wheel loads are deter-

[~
[72]
-
ber ]

minad. The program alsc finds the piston side 1cad, the conmecting bar
force and the torqus 2zt each position. The output for stations 1-6 is

given in Appendix C.

2.3.1.4.1 Entrzpped Ggas volume.

The znirapsed Gzs volume is determined by establishing the jounce road
wns2] iead znd using the spring geometry to determine the resuliint pres-
re then used with the real nitrogen gas laws to estab-

o
(14
w
n

3 - L S R As Sy s mam
isa 2z rezsived gas volume.

sad w3s specified by Cadillac Gage to be 3.5 g’s at all sta-
tions for the ZX unit, and 3.0 g’s for the upweighted 7.2K unit. The maxi-
~um prassurs was Zztermined to be 12,500 psi at jounce. The raquired

sist

wis

¢ 3as volums i3 33.30 cubic inches.
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2.3.1.5 Soring sealing system.

A piston seal was sized for the ISU design based on the velocity of tie
unit and the force seen by the spring system.

This seal consists of a wedge loaded sealing surface acted on by an expar-
sion ring with multiple coil springs to provide an initial preload on the
sealing surface. The wedge seal is fabricated from polyimide, which is a
very high modulus, high strength plastic. The wedge seal material resists
extrusion under high pressure while conforming to irregularities in the
mating steel surface, thus forming an effective high pressure seal.

Two Cadiilac Gage designed spring loaded seals are used in series on the
piston. This configuration forms a buffer zone betweer the two seals; the
first seal is exposed to the full pressure variation while the seccad is
exposed to an almost constant static pressure of 3460 psig. In addition,
the first seal acts as a check valve by venting any increase in buffer zone
pressure back to the oil chamber when the spring returns to static pressure
conditions. This provides minimum leakage and wear of the second seal, and
hence, improves gas spring system reliability/durability.

The piston diameter and space claim between pistoh and cylinder diciated
the seal size. Nominal spring preload was calculated to be 1,057 pounds,
assuming a 500 psi equivalent spring force to seat the seal at low pres-
sures, plus the additional force needed to size the seal to the bore.
Radial load on the seal surfaces due to 3,460 psi pressure was determined
to be 5,626 1bs, giving a total load of 6,683 1bs. The total p::ssure on
the dynamic surface is then 5,523 psi. The average velocity of the piston
was calculated to be 37.1 feet per minute (fpm). The product of the pres-
sure and velocity is a design constant, the P-V value, used to determine
the seal material required. For this ISU design, the P-V value is 204,900
psi-fpm; Vespel, a seal material which has been proven successful up tc
250,000 psi-fpm, was chosen for the seal.

14




2.3.1.6 Sprina_summary.

Thne spring system chesen for the 6K ISU has been selected based on the
successfully -deveioped and tested designs of the i0K and 4K ISU’s. A
similarly configured 4K design successfully completed performance testing,
vepeated 316 hours of durability testing, proof load testing, and a
repetition of performance testing during ISU development. Aiso limited
durability and perfermance t- ts were conducted at various high and low
temperatures in an er. onmental chamber. Results of this testing have
shown the spring system to be consistently cperating within design
specifications with negligible leakage.

2.3.2 Damper System.

2.3.2.1 System description.

The components of the damper mechanism consist of a hydromechanical open
Toop control system and a wet, multiple-friction disc pack installed within
the roadarm spindie and activated by the rotating roadarm. The cross-sec-
tion of the damper is shown in Figure 6. The damper system functions when
the roadarm assembly rotates, which forces a cam mounted to the roadarm to
drive a piston pump, thereby developing pressure. This pressure, which by
v.. tue of pump cam cut and relief valve is a function of wheel velocity and
position, acts on the damper piston, which then develops an axial clamping
force on the friction disc pack. The disc pack’s function is to provide a
constant slip torque proportional to the applied clamp load, which when
rigidiy connected to the roadarm, translates into a wheel damping force
6pgosing roadarm rotation. Maximum pressure and pressure rise rate are
controiled by the relief valve. When the roadarm returns, the spring-
loaded pump and check valve resupply the hydraulic fluid in the control
system, and damper springs provide a nominal load -on the disc pack for
rebound damping. The damper subcomponents are discussed in detail in the
following sections, and are shown schematicaliy in Figure 7.
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2.3.2.2 Y¥ahicle Dvnamics Module

To simuiate vehicle ride and shock capability, the Vehicle Dynamics Module
(VEHDYN) was employed. VEHDYN preaicts the gross motions of a vehicle
chassis when negotiating rough terrain or discrete obstacles, and calcu-
lates the resulting absorbed power or largest peak accelerations from the
vertical accelerations at a specified lecation in the vehicle. Input

includes:

distances from the sprung mass center of gravity {CG) to the
front- and rear-most points on the vehicle, inches

- distance from the CG to the drier’s seat, inches

- GVW, pounds

- vehicie pitch moment of inertia, !b-secz-in

- longitudinal distances of each wheei center from the CG, inches
- track geometry

- track tension

- suspension spgring force - deflection values

damping rates

Utilizing the static whael 1o02ds and sppropriate spring curves from Figure
1, three damping ratz combinations were inputted: 1) A1l stations damped
at 0.7 g (4,207 1lbs), 2) stations 1, 2 and 6 damped at 0.7 g and stations
3-5 undampsd, and 3) stations 1, 2 and 7 variably damped from 0.7 to 1 g
and stations 3-5 at 0.7 g. The first and second combinations proved to
give the most satisfactory ride quality (see Figure 8). Sinc. the
resulting curves were so close, damping on ail stations was deemed unneces-
sary, and the second damping combination was seiected for the design. Both
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combinations wili be evaluated during field testing to validate these
results.

2.3.2.3 Friction disc pack.

The friction dicc pack is comprised of seven (7) stator discs alternately
placed among six (6} roter discs. Both are made from medium carbon steel,
with the stator discs having paper-based friction material bonded to either
side. The stator discs are held stationary through an external involute
spline connection to the stator, which is held through dowel pins to the
roadarm spindle. The rotor discs are secured to the roadarm through an
internal involute spline connection to the torque cover, which is in turn
bolted and doweled to the roadarm.

The number of stator and rotor discs required was determined by caiculating
the number of active surfaces needed to dissipate the energy produced by
the amount of torque in the damper, while keeping the energy density per
surface at 2 design limit of 2.0 horsepower per square inch (HP/inZ). This
criterion was established through previous ISU testing by Cadillac Gage as
the critical value for assured clutch pack performance and life. Twelve
active surfaces are required for this design, which gives an average energy
density of 1.84 HP/in2 per surface.

2.3.2.4 Pump assembly.

The pump assembly is one of the key elements in the hydraulic circuit which
controls the damper. The function of the pump assembly is to generate
pressure which is used to apply a load on the friction disc pack through
the damper piston, as well as to provide a flow of oil to the damper system
to act as a coolant. The amount of pressure required is dictated by the
friction disc load needed to provide a torque output of 80,000 in-1bs,
minus the load provided by the damper springs. This pressure was cal-
culated to be 2,865 psi. The oil flow required to the damper system was
determined to be 17.20 in3/sec.
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2.3.2.5 Relief value.

The function of the relief valve is to control pressure within the
hydraulic control system. The value components consist of a poppet,
spring, sprirj retainer, shims, and retaining ring. An annuiar clearance
around the poppet stem serves as a control system orifice which contrcls
the pressure rise rate within the hydraulic circuit and helps to modulate
and stabilize the relief valve. The preloaded coil spring and differential
area manufactured into the valve sets the cracking pressure; an 80-1b
spring was selected to hold tne valve closed up to 2,865 psi of pump pres-
sure. Additional sleeve material has been allotted to allow for a flow-
compensated valve shouid the need arise during testing. Figure 9 shows a
cross-section of the valve.

2.3.2.6 Damper springs.

Damper springs, located in the roadarm spindle between the pump assembly
and the damper pistor, are used to preload the piston, and hence the fric-
tion disc pack, for improved damper response and to provide rebound
dasping. The required preload was determined based on previous ISU appli-
cations, where it was observed that a target value of ten percent of the
static wheel load was a good maximum value for the whe=1 load provided by
the damper as & result of the springs. For this design, the damper wheel
toad, then, is 720 ?os; the torque required is 9,330 in-lbs. The spring
force needed tc provide :his torque is 2,680 1bs, which is «. tributed
among nine (9) springs.

2.3.2.7 Check valve.

The check valve’s function is to replenish the piston pump hydraulic cavity
during returr rotation of the roadarm. A spring-loaded poppet design was
chosen for this application with the vaive seat inserted into the rcadarm
spindle. A spring load of 0.165 1b is required to accommodate the cracking
pressure of 1.5 psi.
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2.3.2.8 Crankcase seals.

Two sealing elements are employed to respectively seal in the correct level
of damper fluid and pressure and seal out environmental contaminants, thus
assuring proper damper system operation. The first, the crankcase oil
seal, is a double-lip, spring-energized design. The seal Jacket is a
Hytrel polymer chosen for its low frictional properties, strength, and wear
resistance. The spring energizer material is a stainless steel spring per
MIL-S-5059. The crankcase dusi seal is a single-iip wiper ring design
meeting the requirements of MS28776 and MS33675. This sealing combination
has successfully completed rigorous component, unit durability, and field
testing on similar ISU designs.

2.3.2.9 Crankcase Diaphragm

The damper compcmzats must be bathed in hydraulic fluid to remain operable;
however. a certaia amount of air must also be maintained so that crankcase
pressure doesn’t become excessive when volume decrsases due to piston move-
ment into the rebound position. A solution to this is a movable diaphragam
between the damper retainer and cover. The diaphragm material is a layer
of specially-woven fabric impregnated with an elastomei. As the crankcase
volume is decreased due to piston movement, the diaphragm is pushed out
toward the damper cover, permitting the air volume and crankcase pressures
to remain at the required levels.

2.3.2.10 Damper summary.

The complete ISU dampar system and its subassemblies are a proven, iow risk
design that has been thoroughly performance- and durability- tested in both
component form ané in fully assembled unit configurations. The results of
this testing have shown conclusively that the dzmper system has met the
design requirements and is qualified for use in the 6K ISU.
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2.3.3 Structure.

The final functional element of the ISU is the structural element. Stress
information gained from previous ISU design experience contributed to the
design of the major components of this medium ISY. Both classical and
finite element techniques wera then used to assure the structural integrity
of the unit.

2.3.3.1 Load criteria.

A1l suspension unit components shall have adequate structural iategrity to
withstand the various load conditions defined below without permanent
deformation, 1long-term durability failures, or extreme rupture, as

applicabie.

2.3.3.1.1 Maximum load conditions.

Wheel Load, 1bs {g)

Load Condition Vertical Lateral
Static 7,200 (1 g) 0
Jounce 21,600 (3 g) 0
Combinad 21,600 17,300
Max. Lateral £20,000
Max. Vertical 34,245 (proof)

2.3.3.2 Stress analysis.

A classical strass analysis was performed for all major components that
might be affected by the forces exerted on the ISU assembly during its
operation, including a determination of minimum and maximum stresses and
fatigue characteristics where deemed necessary. A finite element analysis
was completed for the initial roadarm design, roadarm spindie, torque
cover, and end cap. These ;esults are cgiven in the following paragraphs
and sumnarized in Table II.
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Roadarm. P/N AS700000

The roadarm is forged out of high alloy (4340) steel, heat-
treated to 40-43 Rockwell (R.) hardress. This structure houses
the gas/oil spring components. Preliminary hoop stress calcula-
tions showed that a 0.38-inch minimum wall thickness was required
to withstand a proof pressure of 19,000 psi without exceeding a
stress value of 120,000 psi (75 percent of the material yield
strength, or a safety factor of 1.3). Finite eiement amnalysis
was then performed on this desigs, and the wall thickness was
found to be inadequate in certain areas (see Appendix D for the
results of this analysis). Using a ratio of the maximum stress
found by the finite element analysis to the desired stress iimit,
a wall thickness of 0.5 inches was determined to be the minimum
needed. Classical analysis proved this to be correct; a plot of
the calculai.d fatig:e strength falls just below the infinite
(106 cycle) lifeline on a constant life fatigue diagram.

Roadarm Spindle. P/N AS700001

The cast roadarm spindle, an 8632 steel witr a 40-43 R. hardness,
houses the damper components and provides the mounting structure
fur the roadarm. Stress analysis of tue spindle was completed
using finite element techniques or.y. The results obtained
showed the stress levels to be acceptable, with the exception of
hich stre:s concentrations is the connecting pin bore area.
However, it 1is believed that this is due to the model’s
assumption of an infinitely rigid connecting pin and a linear
load distribution. In actuality, this distribution is nonlinear,
but to accurately simulate this would be complex, time-consuming,
and beyond the scope of this project. Distributing the load
across the width of the pin bore, rather than incorrectly having
it concentrated on the bore edge, would reduce the stress to
acceptable Javels. Also, the model does rot take into account
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the bushing that is press-fit into the bore, which adds stiffness
to t12 area. See Appendix D for the results of this analysis.

Connacting Bar, P/N AS700044

The connecting bar, 4340 steel at 40-44 R, hardness, transmits
forces resulting from the pressures deveioped by the gas spring
via the connecting bar pin on which it pivots. The maximum com-
pressive stress that the bar experiences was calculated to be
130,000 psi, which results in a safety factor of 1.2. The maxi-
mum contact stress, seen where the connecting bar and ball meet,
was determined to be 190,000 psi, also giving a 1.2 factor of
safety.

Connecting Bar Pin, P/N AS700021

This pin functions by transmitting forces from the rod or piston
asseably back to the spindle assembly. The pin is manufactured
from 52100 steel, hardened to a 58-63 R.. At proof pressure, the
stress on the pin surface due to fully reversed bending was
determined to be 180,584 psi, which gives a safety factor of
1.25. The maximum shear stress at the pin’s center was calcu-
lated to be 73,414 psi, resulting in a 1.75 safety factor. For
endurance in fully-reversed bending, the strasss at the maximum
operating pressure was found to be 118,792 psi, with a 1.18
safety factor. Shear stress was calculated at 48,293 psi, giving
a safety factor of 1.65.

Connecting Bar Bearing, P/N AS700042

The two connecting bar bearings are self-lubricating, fabric-
lined bearings that transmit loads seen by the connecting bar pin
to the spindle and provide ease of pin movement by reducing fric-
tion. Maximum lcad at proof on each bearing is 91,400 1bs.
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Main Bearing. P/N AS7000406

The roadarm is supported on the roadarm spindie by two 52100
steel, full-compliment tapered roller tearings. These bearings
provide the load-carrying capacity for forces produced by the
damper, spring, and induced road wheel ioads, as well as
minimizing the friction produced by angular movement of the road-
arm. A load analysis shows a maximum radial load of 145,750 1bs
on each bearing; they were sized by the manufacturer (Kaydon
Corporation) to withstand the leads incurred and to fit within
the allowable space bastween roadarm bore and spindle.

Actuator Cylinder Sleeve, P/N AS700037

The translating motion of the piston through the actuator
cylinder is a result of the angular motion of the roadarm. The
cylinder sleeve through which the piston travels is mainiy sub-
ject to hoop stress resulting from pressures in the gas spring.
The allowable thickness of the sleeve resuits in a stress of
147,000 psi. The chosen materia. is 52190 stsel, hardened to 55-
60 R.., which has a yield strength of 224,000 psi. This gives a
safety factor of 1.52 for the sleeve.

Accumulator_and Roadarm End Cap, P/N AS700005 snd P/H AS700004

The accumulator and roadarm end caps are secured to the ends of
the gas and actuator cylinders, respectively, with the use of
buttress threads. Both experience bending stresses resuiting
from cylinder- pressures. The maximum deflection seen by the
accumulator end cap is 0.0017 inches; the maximum bending stress
seen, at proof pressure, is 111,606 psi, giving a 1.22 safety
factor. The roadarm end cap has a maximum deflection at the
neutral axis of 6.0236 inches and a maximum bending stress of
111,667 psi giving a 1.2 factor of safety. The fatigue limits
for both end caps fell below the infinite 1ifzline on a coastant
life fatigue diagram for the material, which is 4340 steel at 34-
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38 R, hardness. Also, a finite element analysis was performed on
the initial design; results appear in Appendix D.

Torque Cover. P/N AS700002

The torque cover conducts a damping force developed by the rotors
through a spline, machined on an integral shaft, which tapers
into a flat cover that mounts tc the front of the roadarm assem-
bly. The material is forged 4340 steel, hardened to 36-40 R..
The maximum applied load is in torsion and is equal to 80,000 in-
1bs. This produces a maximum shear stress of 42,300 psi on the
shaft. The allowable endurance strength in shear is 54,720 psi,
resulting in a 1.29 safety factor.

Torque Cover Pin. P/N AS700315

The cover pin reacts to the force developed by the friction
damper and cover which is transmitted to the roadarm. There are
three pins at the cover/roadarm interface which operate in a
shear mode. The developed load per pin is 5,079 1bs. The rated
single shear strength for each pin is 9,710 1bs, giving a 1.9}
safety factor. )

Damper Stator. P/N AS700023

The damper stator transmits friction damper-developed force
through the stater damper splines to the roadarm spindle. The
maximum load applied to the 0.D. is 23,600 1bs, which results in
a tooth shear stress of 112,400 psi. Tha stator material is 4340
steel with a hardness range of 38-42 Re. for a 1.21 safety fac-
tor.

Damper Stator Pin. P/MH MS16555-41

The damper stator pin restrains motion between the stator damper
and the roadarm spindle assembly. The shear stress for each of
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three pins is 33,680 psi, which results in a safety factor of
1.86. The tensile stress for each pin is 20,390 psi; using a
material fatigue strength of 80,000 psi, the resulting safety
factor is 2.63.

Damper Retainer, P/N AS7060022

The damper retainer locates and constrains the friction damper
package when the piston damper applies a load. The maximum load
applied to the retainer was determined to be 22,000 1bs, which
results in a bending stress of 41,000 psi and a deflection of
0.011 inches. The material is 4340 steel, heat-treated to 32-36
R. hardness, which has a yield strength of 128,000 psi. This
gives a safety factor of 3.1.

Damper Piston., P/N AS700C19

The damper piston applies an axial load to the friction damper.
The piston develeops a maximum stress of 45,300 psi and a deflec-
tion of 0.0026 inches. The resulting safety factor is 2.8.

Stator Disc., P/N AS700217

The stator disc is externally splined with friction material
bonded to either side. These discs transmit frictional force
from the rotor discs to the stator damper pinned to the spindie.
The minimum recommended plate thickness is 0.030 inches, which
results in a spline tooth shear of 12,835 psi. The material is
steel alloy, 1035-1980, hardened to a minimum of 20 R.. The
safety factor was calculatad to be 2.0.

Rotor Disc. P/N AS7000i3

The rotor discs are internally-splined discs that are located
alternately between the stator discs and fabricated from the same
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low-carbon steel. The tooth shear developed is 23,285 psi, which
results in a safety factor of i 1.

Damper Accumulator Cover, P/N AS700304

The accumulator cover, manufactured out of 7075-T7351 aluminum,
encloses the damper diaphragm and components. Due to the proof
pressure of 200 psi seen by the crankcase. it experiences a
maximum bending stress at the outer diameter of 34,656 psi. The
safety factor is 1.54.

Damper Check Vaive Assembly

The check valve assembly permits one way flow for the system
hydraulic fluid and then seals completely to allow pressure
buildup in the hydrauiic control system. Maximum loads applied
to this system result in impact and torsional- stresses.

Check Valve Spring, P/N AS700039

The check valve spring is used to position thz poppet against the
check valve seat. The torsional stress at the solid height posi-
tion is 14,820 psi which results in a safety factor of 10.39.

2.4 Environmental Effects

This hydropneumatic suspension design has been daveloped to minimize the
environmental impact cn the integrity of the ISU system.

2.4.1 Thermal.
A gas spring’s operational characteristics are affected by both ambient

temperatures while ot in operation and by an increase in the system tem-
perature from the damper during dynamic operatien of the vehicle.
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2.4.1.1 Ambient.

In accordance with the laws of thermodynamics, temperature has a signifi-
cant impact on the nitrogen gas pressurc in the spring system. The gas
pressure will increase or decrease as temperature increases or decreases,
which wili vary the force opposing the road wheel load. The result will be
a variation in the vehicle height due to changes in temperature.
Cptimizing the spring system geometry will minimize this effect, but not
eliminate it. The results of a temperature sensitivity analysis performed
for this design shows that a * 60 °F change will alter the vehicle height
by + 1 inch. This analysis appears in Appendix E.

2.4.1.2 OQOperational.

Dynamic operation of the vehicle also impacts the nitrogen gas spring due
to the temperature increases developed in the damper section. Experience
has shown these effects to be minimal. Due to the large size of- the fric-
tional damper and efficient heat transfer into the vehicle hull, tempera-
ture effects due to dynamic operation of the unit have been minimized.

2.4.2 Corrosion.

A1l necessary precautions will be followed to insure the protection of the
ISU from corrosion. These precautions include the appropriate material
selection, surface treatment, corrosion protection, priming and painting as
defined in standards:

MIL-HDBK-132A Protective Finishes for Metal and Wood Surfaces
MIL-STD-171D Finishing of Metal and Wood Surfaces
MIL-STD-193K Painting Procedures and Marking for Vehicles

Further, components of the ISU exposed to saltwater are finished to mini-
mize galvanic corrosion based on the guidance provided in Table I of HIL-
STD-171 to ensure the compatibility of mating compcnents made of dissimilar
metals. '
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Corrosion protection techniques are detailed in a Corrosion Prevention and
Material Daterioration Report presented in Appendix F.

2.5 Ballistic Protection

Jo establish the armor thickness required for protection from a 7.62-ma
armor-piercing snell at 0° obliquity, a computer program was used that was
written by Cadillac Gage based on published information from Johns Hopkins
University and other sources, including the Army materials and Mechanics
Research Ceater. It was determined that a 0.5-inch armor thickaess was
neeced. Appendix G shows the cemputer resuits and gives the source for
each set of calculatied values.

2.6 Suspensicn Interface

The GFE AAV-7A! will first be modified to provide an appropriatie mounting
surface for the ISU’s. This includes covering and seaiing the previous
mounting surfaces for the tforsion bar suspension system. An adaptive
mounting plate will be welded to the huli to accommodate each of the ISU‘s
on the vehicle hull. Medifications to the huli wiil aiso include the addi-
tion of two (2) support rollers per side to separate the track frem the
ISU's.

The suspension units will be installed on the GFE AiV-7Al with the use of a
large. 11.50-in. pilot diameter, an anti-rotation dowel pin, and secured
through the adapter plate and into the hull with nine (S) hex head
fasteners. The large pilot diameter and dowel pin allow .or quick and sim-
ple instaliation and alignment of the unit. Rppropriately-protectead
fasteners secure the unit to the assumed aluminum hull with the use of
Rosan inserts.

2.7 Maintenance

The ISU is designed to be easy to maintain by virtue of positioning the
damper charge valve, gas spring charge valve, and crankcase oil filler
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plugs in locations that are accessible with the road wheel installed onr the

unit.

A level measuring device is incorporated on the torque cover to allow for
examinatior of the fluid level inside the2 crankcase which also acts 3s the
damper o0il reservoir. The damper fluid need not be changed over the jife
of the ISU, and will rarely, if ever, require additional oil except iu the
case of unit damage. The crankcase pressure can be checked using a tire
pressure gage on the damper charge valve located on the top of the
crankcase. A relief valve, incorporaied as a precaution agaiast
overpressure in the crankcase, is self-cleaning and should not require ser-

vicing.

The gas spring is easily maintained and is designed for simple service at a
six-month interval. Inspection or adjustment of the spring pre-charge is
easily accomplished through the charaing valve located on the top of the
roadarm near the end cap. Any need to adjust the gas spring may te deter-
mined by changes in the vehicle height and attitude.

2.8 Unit Weight

As a result of design considerations to minimize weight while assuring
structural integrity, the total weight value for the unit, inciuding fluid,
road wheel spindle, and hub assembly, 1is estimated to be 281.3 pcunds, #4
percent. This estimation takes into consideration tolerances required for
forgings, castings, and machining; during fabrication and testing, every
effort will be made to reduce weight wherever possible. A summary of ISU
component weights is given in Table III.

3.0 SYSTEM CHARACTERISTICS
The hydropneumatic suspension system design presented herein incorporatss a

vehicle ground clearance of 18 inches, which excesds the Reguest for Pro-
posal requirement, and a road-wheel diameter of 24 inches, as requireq.
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Table III
Unit Weight Summary

Description Part No. Weight, Lbs
Spirdle, Roadarm AS700001 53.4
Spindle, Wheel. Vehicle AS700015 7.56
Pin, Soinule, Torque AS700314 0.39
2isten, Actuator AS700009 3.68
Cap, Piston, Actuator AS700036 0.57
Bearing, Conn Bar AS700042 0.27
Ring, Retainer, Conn Bar AS700038 0.08
Ball, Conn Bar AS700045 0.98
Rod, Conn Bar AS700044 3.71
Rirg, Glyd AS7G0013 0.04
Seal, Piston, Actuator AS700012 0.02
Ring, Expansion, Actuator Picton AS70902¢ 0.30
Spring, Comp. Seal AS760069 0.05
Ring, Spacer AS732035 0.17
Spacer, Seal AS700033 0.43
Valve, 0il Fili P42503 1.89
Diaphragm, Accumulator AS700318 .20
Cover, Accumulator AS7¢D304 3.12
End Cap, Accumulator AS700005 3.67
tnd Cap, Roadarm AS700004 5.32
Screw, Vaive DP41181 0.07
Stem, Valve DP41182 0.02
2lug M549005-8 0.02
Screw, Can, Hex Head MS6C728-¢ 0.02
Screw, Cap, Hex Head MSS0728-5 0.00
Screw, Flat Head, Hex Socket 35835 0.08
Cam, Pump AS7060943 1.39
Screw, Cap, Hex Head MSS80728-9 0.01
Roadarm AS7000006 ag.1
Cover, Torque AS700002 i9.22
Plug and Blesder AN-814-4 0.02
Plug, Hollow HFex, O-Ring 4HP50N G.02
Pin, Drive AS700315 €.35
Retainer, Bearing AS700014 2.24
Shim, Bearing Retainer AS700048 0.25
Piston, Damper AS700019 3.01
Ball, Check Valve MS19039-4328 6.10
Spring Guide, Check Valve AS700026 6.05
Seat, Check Vaive AS700025 0.08
Spring, Check Valys AS700039 6.02
Seal, Crankcase 8il DP4i198-2 0.01
Seal, Crankcase Dust DP4119S 0.01
Pin, Connecting Bar AS70C021 1.38
Disc, Stator Assembly AS700017 1.59
Disc, Rator AS700018 5.51
Race, Inner AS700311 0.05




Table III
Unit Weight Summary

(Continued)

Description Part No. Weight, Lbs
Race, Quter AS700312 0.05
Piston, Pump AS700027 0.24
Bearing, Needle AS7R0047 0.10
Bearing, Main AS700046 12.7C
Spring, Pump AS700041 0.02
Retainer, Damper AS700022 7.21
Stator, Damper AS700023 2.44
Spool, Relief Valve AS700029 0.07
Sleeve, Relief Valve AS700031 0.36
Spring, Relief Valve AS700040 0.02
Spring Guide, Relief Valve AS700033 0.01
Screw, Cap, Hex Head MS90727-32 0.05
Sleeve, Actuator Cylinder AS700037 4.98
Spacer, Actuator Cylinder AS700034 0.99
Cover, Charge Valve AS700309 0.43
Screw, Socket Head MS16997-47 0.01
Spring, Damper AS700316 6.35
Plug, Drain 4S7006097 0.02
Pin, Stator MS16555-41 0.05
Hub Assembly, Road Wheal 24.84
Fiyid 7.G0
Total Unit Weignt 28i.3
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A calculation of the vehicle natural frequencies resulted in a bounce fre-

quency of 1.009 Hertz and a pitch frequency of 0.882 Hertz. This calcu-
lation appears in Appendix H.

The ISU is designed to operate as a 3.5 g road wheel load spring, providing
12.5 inches of vertical road wheel travel in jounce and 5 inches of travel
in rebound. The unit will withstand a vertical load at the track of 34,245
pounds, a side load on the track of 20,000 pounds, and a simultaneous load
of 17,300 pounds to the side with 21,500 pounds vertically.

3.1 System Weight

The hydropneumatic suspension system weight includes the support rollers,
adaptive mounting plates, jounce stops, torsion bar hole plugs, and the 12
ISUs. The total estimated system weight is 3,717.8 pounds. A system
weight summary is tabulated in Table IV.

Table 1V
System Weight Summary

Description Quantity Weight, 1bs
ISU (w/bolts) 12 3389.7
Support Roilers 4 128.0
Hounting Brackets 12 144.0
Jounce Stops 4 32.0
Tersion Bar Hele Plugs 12 24.1
Totsl System Weight 3717.8
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