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ABSTRACT \

\

A comprehensive study of track/track dvnamics was undertaken,
utilizing analyticetl, laboratory test, and fisld test techniques to
develop a better understanding of track dynamics and performance.
Analytical techniques were developed to predict track vibration modes,
chordal action effects, dynamic tension and path, energy dissipationm,
tension going over obstacles, tension distributionm, pin/bushing stresses
and deflections, temperature buildup, and end connector tightening
effectiveness. Double-pin track for heavy tanks was analyzed with these
techniques, and designs for improved track suitable for the XM~1 tank
were developed. A laboratory bushing research machine was designed,

"~

and a track-mounted telemetry system was built.
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FOREWORD

The continuing trend to greater mobility and maneuverability required
in today's ground combat enviroument leads to i:icreasing problems for the

designers and users of tracked vehicles, Higher speeds and high maneuverability
create much higher dynamic forces on the track system, which is already taxed in
its capabilities. For example, problems already exist due to excessive weight, ;
excessive noise and vibration, overhaating of rutber track elements and road ¥
wheels, chunking of the pads, pin and bushing failures, breaking or throwing of
a track, and so forth, Therefore, today's tracks are expensive items not 3

3!

oaly in terms of initial costs and replacement costs, but in cerms of men,
resources and capabilities lost because of failures in the field.

To develop improved track, it was realized that the basic area of
| track dynamics should be examined in detail. This led to the formulation of
| the Track Dynamics Program, which was proposed as a broad and innovative
technical approach to the precblem of track, and vas envisioned as the first
phase (1-1/2 years) of a total program covering three to four years and
including two or three phases,

The objectives of the Track Dynamics Program included the development
of analytical, laboratory, and field-usable tools to assess the dynamic performe

ance of exigting track and to guide the design of new and improved track. The

program was conducted as a CLIN C002 task under the Concept Formulation function

provided by Battelle's Columbus Division for TARADCOM under Contract DAAEQ7-76<-C-0165.

The program was authorized on November 15, 1976, and extended to September 30, 1978.

With the completion of this program, it became obvious that amother phase of !
é similar scope would indeed be valuable, enabling the analysis to be extended to |
other aspects of track dynamics.
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INTRODUCTION - 3

The Track Dynamics Program (TDP) was a research program whose objectives %
included the development of analytical, lnboratory,'and field-usable tools
to assess the dynamic performance of track so that new and i{mproved track
concapts could be designed and demonstrated. The TDP was ccnducted as a
CLIN 000Z task under the Concept Formulation function provided by Battelle's
Columbus Division for TARADCOM under Contract DAAE07-76-C-0165, The program
{l was authorized on November 15, 1976, and extended to September 30, 1978, f
i
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OBJECTIVES

i The objectives of the TDP were developed during the first part of the
program, as follows:

. e To develop a better understanding of vehicle track dynamics
i, . and track design

{ o To develop tools and methodology for the design of track,

: including analytical, laboratory, and field techniques

To apply the design tools and methodology to improve curreant , ]

track types, evolve new track concepts, and counstruct partial
sections of new track.,
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3 The scope of work was detincd as follows:
o Determine past efforts and atate of the art of track dynamics

5 and design

% o Conduct field test program to obtain realistic service

1 conditions ,
! e Conduct laboratory tests to ensure dupli:ation of field {
% % conditions

3 e Mathematically simulate vehicle track dynamics ~€
é— e Analyse the test data effects on the track system F
- o Apply results to development of improved hardware .

t ol

After the first part of the TDP, during which an assessment of the
state of the art and present track problems was made, it was concluded that the
, following order of priority should be followed in the analysis of track
; dynamics:

R i

o Linked track for iheavy armored vehicles

§ e Linked track for lighter vehicles

' e Other track types, such as band track.

i Therefore, while wany of the techniques developed were general and
could be applied to any tracked vehicle, in the majority of cases, specific '2
i solutions were obtained for the M-60 tank using T-97 (integral pad) or T-142

: (replaceable pad) track, which was also being considered in slightly modified
form for the Army's newest heavy tank, the XM-1l, This approach was considered

to be the most valuable to the Army, and allowed some results of the program o '7
to be considered by the designers of the XM-1 track.

SR PWY O AR T

The three stated objectives were met, particularly the development "
of a better understanding of track dynamics and the development of analytical

techniques 7o evaluate track design. In the future, there needs to be addi-

tional application of these analytical tools to all types of track, thereby
expanding the application from the few types of double pin linked track for
heavy armored vehicles which were chosen as first priority for use in devel-

oping and applying analytical techniques during this program.
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SUMMARY AND CONCLUSIONS

The firat three months of the TDP was an orientation period during
vhich many people in ths track community were contacted, and an extensive
literatura search and review was made,

Following this, a summary of track problems was preparad. Ome of the
most urgent problems appeared to be road pad thermal blowout at high speed |
on the Chrysler XM-1 modified T-97 design. A second XM=l problem involves
satisfying the user requirements for an aggressive steel grouser without
giving up the weight advant_ge of an integral pad design. On th§ T=142 track,
the primary problems appear to be pin breakage and road pad chunking., Track
guidance and registance td“throwing was felt to be an area where improvement
might be msde on all track designs. Om single pin tracks the prime areas of
continuing concern to the designer are bushing life and shoe structural fatigue,
However, no evidence of particular distress on current designs was found,

Based on these findings, a comprehensive analytical program was
undertaken, with complementary laboratory and field tests to support the
analytical work and a hardware conceptual design task to incorporate all the
results, Table 1 is a summary of the more important analyses conducted during
the Track Dynamics Program, and a summary of the important findings is given
below, listed according to the mair headings used ir the body of the report,

Track Natural Frequencies. Track natural frequencies and mode
shapes for T-~142 track on #z ¥=-60 tank were calculated by two methods.-using
tensioned string cquations and using TRACKVIBE, a finite element computer
code, The first 20 natural frequencies ranged from 0,94 Hz to 15,80 Hz using
TRACKVIBE: these frequencies were approximately 15 percent higher than those
given by the string equations ‘which do not take into account the bending
stiffrass). The multitude of track natural frequencies shows that there is a
high probability of a forcing function (in particular, track shoe passage
trequency) coinciding with a natural frequency at any speed, a condition
conductive to high vibration amplitudes unless the track is well damped.
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TABLE 1.
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TRACK DYNAMICS PROGRAM ANALYSES

|
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(1)
(2)

&)

(4)

&)

(6)

(N

(8)

9

(10)

(1)

Analysis
BUSHSTRESS

PINSTRESS II

TRACKOB Il

TRACKOB III

TRACKVIBE

CHORDACT

TRACKCENT

TRACKDYNE

WEDGEND

SHOETEMP II

SHOETEMP III

Type
Computer

Hand

Compuger
Computer
Computer
Computer
Hand

Computer
Hand

Computer

Computar

e e

Main Qutput

Rubber bushirng
stresses

Pin scresses and
deflections,
bushing deflec-
tions

Localized track
path and tension

Localized track
path and tension

Vibration frequen-
cies and ampli-
tudes

Localized tensions
and deflections

Overall track path
and tensicn

Localized tension,
path, energy loss,
force

End connector bolt

torque versus busn-

ing torque

Track shoe temperature

distribution

Track shoe temperature
digtribution

T ——

Condition -

Track assembled;
no tension (2D)

Sctatic condition~-
uniform or non-
uniform tension
across track width
(3D)

Uniform obstacle
across track
width (2D)

Nonuniform obsta-
¢le across
track width (3D)

Track sections
free vibration

Track moving over
sprocket or
front idler

Track moving
centrifugal
force effects)

Track moving over
front idler
and road wheel (2D)

Tightening wedge-
typ¢ end con~
nector

Vehicle moving on
smooth, hard
surface (2D)

Vehicle moving on
smooth, hard
surface (3D)
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Chordal Action. The variation in velocity as the track passes over
4 sprocket or roller (fromt idler or road wheal) is called chordal action.
Assuming a constant sprocket speed and tank spiod, these velocity variations
cyclically stretch and release the track, causing periodic variations in track
tension. These tension variations were calculated for the M~60 tank with
T-142 track by three methods--hand calculations, a small computer program
called CHORDACT, and the larger TRACKDYNE computer program. The peak-to~pesk ten-
sion excursions at the sprocket were found to be surprisingly low--on the order of
3000 pounds, which is an order of magnitude below other forces in the track,
Therefore, it wus concluded that the forces due to chordal action are not a
source of distress to the track, although the cyclic forces transmitted into
the hull may well be a serious source of noise and vibration.

Track Dynamic Tension and Path. The track dynamic tension and path
were analysed first by hand calculation (TRACKCENT) and then by use of the
TRACKDYNE program developed for this purpose., The TRACKDYNE program is a
real-time, two-dimensional computer simulation of double=pin track running
over the front idler and down the span to the front road wheel, Data output
includes time histories throughout a pitch-passage cycle of track tension as
seen by each individual link, shoe-to-idler force normel and tangential to the
wheel surface as seen by each shoe, and idler-to-hull force in horizontal
and vertical components. Positions and velocities of individual parts as a
function of time are also available, An energy balance is made by d;tormining
the energy dissipated in all the dampers during one cycle, the energy put into
the system mechanically, and the energy stored mechanically in the system.

Runs were made at speeds between 20 and 70 mph, and with apparent
tension between 1500 1b and 15,000 1b with geometry corresponding to the T=142
track on the M60 tank. Typical findings were as follows:

e Track tension excursions due to chordal action and other cyclic
dynamic effects on tha idler and at the road wheal entrance are
typically on the order of 1000 to 2000 1lb peak-to-peak, and do
not become more severe at increased speed as expected,

o Idler-to-hull force excursions are typically on the order of 3000
1b pesak~to-pesk. They are highly nonsinusoidal, with an important
content of higher-order harmonics evident.

e Impact when the shoes contact the idler and road wheel is
generally not severea.
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3 o The energy dissipated in this portion of the track circuit ias

o small at normal operating speeds, but it can become substantial

2 f at higher speeds, reaching 121 hp at 70 mph and 15,000 1b tensiom.

flf ° Relntivn(to a ¢ atinuous band with distributed stiffuess and rotary
%Ii inertia, the linked track with lumped parameters behaves as though
= it is stiffer and is less affected by its rdcary iner.ia than was

anticipeted. The standing wave mode of operation predicted by

?' TRACKCENT at high speed was verified. However, the transition to
4 this~n9dc was at a speed about 25 percent higher than expected.
. ® A mechanism was revealed whereby tractive force is developed between

the idler and the track due to the kinematics of track roll-om and
2 roll-off, Consequently, track tension on the idler was as much as

2000 1b more than ancicipated, and sliding of the rubber surfaces
could result.

PO P A e R g - AL 2

§ e At higher speeds, a greater percentage of rthe total anergy dissi-
; pated it the track went into the bushing.

u Pin and Bushing Loads and Deflections. A technique (PINSTRESS II) was ;
developed for calculating by hand the loads and deflections in some detail within

the track. As an illu: tration of the output of this program, pin stresses and

bushing effectivencis (ratio of minimum load to maximum lcad carried by two '
bushings on the same pin} were calculated for 5 types of crack as follows: ;

L g

ool tnirhos i i anma . AV o M 1900 Wi Lru L0 Zan e .

Tubular Pin XM-1 Concept \
48,600-1b load

Pin Bending Effectiveness of ; i
Stress, psi Center of Bushing :
T-97 Truck, 43,000-1b 112,000 0.36
Load %
T-14. Aluminum Shoe 116,000 0.49 R
Track, 43,000-1b load by
! XM-1 Track Similar to 96,000 0.50 3
X4-1 Aluminum Shce 98,000 0.71 L
Track, 48,600-1b load _!
7irst Version of Enlarged 74,000 0.82 'l

These stresses are those which occur away from the spocket where tension
is uniformly distributed across the width of the track. Pin stresses in the
vicinity of the sprocket are known to be around 200,000 psi.
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Reduced pin stresses sud incresses in bushing effectiveness occur
mainly as the result of increased stiffness of pins and binocular tubes. While
the XM~1 designs are better than the M-60 analogous designa, thase values can
be improved further, as evidenced by the results for the first version of the
advanced hardwvare concept developed during this project (discussed later).

Calculations wers also made for the case whers--rather than being
loaded uniformly acrees its width--tha tensile forces are concentrated at
the edges of the track, as is the case vhere the track is contacted by. the
lﬁtockit and all the tractive effort is carried by the end commectots. A
similar coudition can axist anywhere along the track if a center guidcvia
loose. Conversely, tensile load will be concentraticd in a centerguide if
an end counector is loose. For example, calzulations showed thac the load
distribution betwveen end connectors and ceutsr guids varied from 50-50
(end connectors and ceater guide tight) to 34-66 (end connectors and center
guide loose}, with the §6 percent carried by the center guide. A4ctual
losd distribution will vary statistically between these extremes, depending

ov the distribution of loose center guides and end connecturs throughout
the track.

Effacts of Obstacle Negotisction. A two-dimensional model (TRACKOB II)
was formulated to predict track tension whern the track was deflected uniformly
across its width by an obstacle, and a three-dimensional model (TRACKOB III)
for the case whera the cbatacle was under only one edge of the track. The
two-dimensional results were validated by compsaring them with tensions oeasured
in tests which vere made on an M~60 tank i the TARADCOM laboratories at
Warren, Michigan. The results showed that the tension incresses by 20,000
pounds when traversing a 9-inch high block, with the greatest tension
increase occurring vhen the block is halfway between two road wheels near
the center of the tank. Of saeveral track and vehicle parameters varied,
increases in track longitudinal stiffness and coefficiant of friction
between road pad and ground were found to have the greatest effect on the
tension. These increases in tension are significant beacause they are will above
the nominal track preload of 12,000 pounds. In practice, the preload appears to
be well below this, meaning tha localized tension increase dus to obstacles
may be two or three times the normal tension.
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For the same height obstacle loading the track at one edge only,
the overall track tension increases less, as would de expected, but the
end connector over the obstacle talkes such more load, while the other end
connector locses load (even going from tension to compression for obstacles
on the order of 8 inches high).

Theraal Analysis. A two~dimensional thermal model (SROETEMP II) and
a three-dimensional wmodel (SHOETEMP III) of the T-142 track shoe assembly wete
developed, using the computer code TRUMP. Transient thermal conditions were
predicted, and thc'nodcl was validated against temperatures measured in the
track shoes during M-60 field tests at TARADCOM in Januarv and Pebruary of 1978.
Parameter studies were then made on the T-142 type tracks used on the M=-60
and the XM~1 tanks. In both cases, the highest temperatures were obtained
in the center of the volume of rubber on the road wheel path side of the
track, with the center of the road pad building up to lower tamperatures.
These results should perhaps be evaluated from a qualitative than a quantitative
standpoint, due to the lack of accurate input data on thermal heat generation
and conduction properties of the rubber. At a constant running speed of
30 mphk, the predicted temperature in the road wheel path on the M-60 reached
300 F after an hour, and stabilized at approximstely 380 only after three
hours of running. Comparable temperatures in the road pad were 230 and 280 F,
respectively. Predicted temperatures in the XM-1l track were lower, but this
is still a potential problem area, particularly when 50 mph apeeds are used.
Parameter studies indicated that while changes in the thermal properties of the
rubber (and to a lesser extent, the metal components) affect temperatures
sodevhat, the single most effective way to reduce temperature buildup is to
reduce the volume of rubber which is compressed, thereby reducing the heat
geueration divectly. This translates to a reduction in depth of rubber in
the road wheel path and pad. Additional studies in this area are needed,
using these newly developed computer models.

Track Bushing Research. A finite element computer program (BUSHSTRESS)
was developed anc used to analyze strains in the bushings resulting from their
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initial assembly inta the binocular tubes. It was found that high straine
exist in the "corner" where pin and bushing meet, and it was theorized that
fatlures occurring in this area ‘and thought to be due to abrasion of the
unbounded bushing sliding on the pin) way actually be caused or at least
aggravated by the high asvsembly stresses. A limited series of laboratory
3 ' insertion tests verified that damage can occur during insertion, and indicated ;
the importance of uasing the proper lubricant during the assembly process. %
*A review of past work indicated that earlier research had led to the same :
conclusion, saud had even led to a new bushing cross-section designed to

provide much more uniform strain, thersby alleviating the high stress concen-
j tration factor. Apparently this design was never tested, but in view of its
3 . apparent validity, work in this areas should continue.

T ™
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j Considerable effort was also spent in developing requirements
Z : for a laboratory machine to facilitate Lushing research. The requirements

led to a machine having considerably more flexibility than the present
TARCOM QPL test machine, and a detailed machine design effort was conducted.
The design which was developed has separate servocontrolled hydraulic actuators

e

i to apply radial loads/deflections and torsionsl loads/deflections, enabling
| actual loading conditions tc be simulated quite accurately. More detailed
o information on the bushing laboratory reseavch machine is included in Appendix

B. Due to priorities established in the last phases of the Track Dynamics
program, the machine was not buillt.

Advanced Track Concept Development. Early in the program it vas
) decided to focus a modest portion of the effort on attempts to conceive and |
develop new track concepts. At the outset both revolutionary (long-term) i
and evolutionary (short-term) ideas were considered. Howaver, the revolutionary
concepts were not carried forward and the attention was primarily givea to
evolutionary ideas. The prime target for the conceptual efforts was linked
track for heavy armored vehicles, as opposed to linked track for lighter
vehicles or unusual track fuch as the band track.
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As the program prugressed, an advanced track concept wvas developed
which evolved around the use of larger, stiffer tubular pins, bushings and
S binocular tubes, and the use of a fabricated brazed steel shoe agsembly.

a An integral pad version of this concept was then designed, and compared to
present double-pin T-97 track, this design appeared to have lower weight,
improved resistance to track throwing, lower stresses in the pins and bushing,
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less heat buildup, less looseness of end connectors, comparable first-cost,
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and--as a result--improved life-cycle costs. Disadvantages included the fact
that it did not include an agressive grouser and, in order to take full

advantage of the enlarged pin/tube design, the pitch chosen was slightly \
greater than present track. Further anaiysis of the unique end conmector '
1 design showed that stresses were excessive, and this led to a detailed analy- ’
3 % tical and laboratory study of the basic wcdge-tyﬁo end connector which resulted :
; i in a greatly improved version of the standard wedge~type connector. As time
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E went on, it became apparent that the Army would require a replaceable pad, %
¥ aggressive grouser type track for the XM-l. Therefore, near the end of the g 1
; program, a new set of design constraints was evolved, based on the philosophy ! ;
; of moving toward an evoluationary rather than revolutionary spproach in order 5 ;
E to wmaximize the chances of a short-term hardware tryout. The constraints B ¢
3 were: i
1 o Both the shoe and end connector must use the same pitch as ;

the current IM-l. o

5 : o The track muat be interchangeable with the Liopard without

drive aprockec changes or suspension changes.

; o The shoe must have a replaceable pad.

: o When the pad is removed the shoe must present at least a short
aggressive grouser to the ground.

oAl it bt b kiR S
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F : o The track should be designed to minimize the changes required
on the M-60 to allow its later utilization thereon.

0 Wedge-type end connectors will be used with the wedge action
turned over to improve tightening and improve maintainability.

e b e bt o s el

o Simple, straightforward pad attachment schemes will be used
with emphasis on protection against thread corrosion.
The design effort in response to these constraints centered on a

cast steel approach and a stael forging and tube approach. The latter approach
was chosen as the moat likely to merit additional development and consideration

. Lt

for the XM~1. A design was then carried forward in which the shoe structure

consisted of a brazed assembly which employed one steel forging and three steel
tubes. However, due to weight problems, the approach was modified to utilize a

welded assembly of several forgings instead of a single forging. A set of 5

drawings which illugstrate this final design concapt are included in this report.

Features of this final design concept include:
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o It is directly interchangeable with the XM~1 both as track
gets or as individual pitches.

o It contains a replaceable pad with ground contact area equal
to the current XM-1, modified T-142, replaceable pad version.

o It utilizes wedges with turned over action for greater effective-

o b s b 5

e L

ness.

o e ¢ el

o It contains a hardened steel forged 1/2-inch integral grouser.

o It gpcludes a scheme for preventing corrosion of the threads on
the simple pad-attaching stud.

o It contains a tubular pin of 1-5/8 inch outside diameter, which
is 10 pe?%#ﬁt stiffer (in bending) than the current XM-] pin.

o It has a lafge center tube in the road wheel path area which
reduces the_rpbber hysteretic heating in that zone.

PRIV

o It has a stiffer and stronger center guide with greater wear

conta :t area with the roadwheels.

It is recommended that several individual pitches of this track be
built and installed in an existing XM-1 track for testing. It can he thought of
as a replaceable pad track with a competent steel grouser which is competitive
in weight and pot¢atially rcheapgr than the current XM-1 wodified T-142,
replaceable pac. alwainum forging version.

More compleie recommendations on all agspects of the Track Dynamics
Program are <ontained in thks: .action entitled '"Recommendations for Future
Work", which starts os page 206,
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TECHNICAI DISCUSSION

This section of the report covers the main technical activity and results
of the entjire Track Dynamics Program.

Orientation to Track Problems

The task order covering this program specifically required that an
effective liaison be established with Army, industry, and academic persounsl
to determine past efforts and state of the art of track dynamics and design.
This was to assure that this program was fully integrated with past and present
Army effort on track and was nonduplicative, Therefore, a literature search
and an extensive series of visits with members of the track community were
carried out during the first three months of the program.

Visits to the Track Community

It was considered essential that this effort include the TARADCOM
research groups, Army program offices, the primary vehicle builders, the track
suppliers, and Army testing and/or using groups. During the first 60 days of
the program, fifteen different organizations were visited, 40 people were
contacted, and 33 man-days of consultation resulted., During the next weeks, 3
more organizations were visited, and 40 more people contacted, some by phone,.

Table 2 shows the organizations contacted during this initial phase
of thm program, and Appendix A lists the people contacted,

Literatuir>~ Search

An impcitant contribution to establishing the present state of the art
was the review of previously published information on track and track dynamics
that had been developed by the technical community., This review, along with
interviews with knowledgeable personnel, outlined the problem areas and previous
attempted solutions. It also provided a better overall appreciatiom of the
difficulties already encountered by past researchers,
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TABLE 2. ORIENTATION PHASE CONTACTS

TARADCOM

m-? 1 Program Office

M=-60 Program Office

famis e R

M-113 Program Office
{ MICV Program Office

Aberdeen Proving Grounds

g oot aes TR S S et

SR |
: DARCOM

- | MERADCOM

¥
3 o
b o Waterways Experiment Station
p i
E Ft. Hood
G 1a

o Ft. Knox

LNDUSTRY
| ALCOA

Chrysler XM-1
Chrysler M-60

Detroit Diesel Allison

mc

¥ Firestone

E Goodyear

k.

Standard Products

Bolt, Beranek and Newman

i ACADEMTA
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San Jose State

University of Michigan
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" werds were defined to identify titles and sbetracts.of -.;-mtta,-_cuuptlgd by
' Upon receiving the ordered reports, other articles were identified in reference

single source of lpfor-:;on, interviews with, and telephone calls to, personnsl

"and other pieces of documentation relevant to the Track Dynamics Project

. suspansion and vehicle elements and structures. Substantial noise problems can

B Ty T R T T R A FAYR AT H\C‘\“"'-"M i

w
The first step was to conduct a computerised literature search. .'Ke_y )

DOD, WTIB, NASA, Engineer Index, and Dissertation Ahtuctl. Based c'm{'t':nc
content of the cbnuct', rmm were cmhred from thc appropriate amtu.

lists at the end of each report, and also ordared,
Although the computerized litarature search did produce the largest

st several Army commands, industrial plants, and universities provided wany of the
more pertinent reports. In most cases, it was the individuals of the track
ee-mity who called attention to work that had been dome. Thair cooperationm,
oot only in citing the literature but also in providing interesting dialm,
evhanced the knowledge accurulated substantially.

As a result of the literature search, a number of reports, books,

were accumulated, A listing of these is attached as Appendix B. Thrcughout the
course of the project, quest for the literature continued as an ongoing effort,

with new i{nformation being dissiminated to key individuals whensver it was
obtained,

‘o with Tra

Throughout the initial orientation to problems with track, inquiry
was particularly directed toward the area of high-speed (30-50 mph) dynsmic ; 1
problems. These were defined as those being vesonance oxr inertially darinated,
as opposed to other phencmenia occurring merely because the taunk is a woving, or RR
dynemic, system (such ss ruad pad blowout due to tnermal effects at high speeds
on pavement). Little concern over the high-speed dynamic problems was found, }
Some cuncern wgs expressed over resonance problems and excessive nvise and
vibration at i{ntermediste (15-30 mph) operating speeds. In addition, two instances
ware cited of teste in which rubber bushed track allowed a higher vehicle top
speed than did lubricated pin track. This suggested the possibility of important
power-consuming dynamic phenowsna in the lubricated pin track.

There was also substantial concern expressed about noise on certain
tracked vehicles--particularly noise to which the driver/crew are exposed. Noise
prodlems involve the complex interactions of track forcing functioms with
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occur without large energy losses or dsmaging wear or material fatigue necessarily
being involved, While nuise studies, per se, were not considered to fall within
i tha scope of the Track Dynamics Program, the results of the dynamic analysis and

e dynamic field tests were monitored for results that were pertinent to the noise/
vibration problem. ]

%
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The most salient problem identified was road pad thermal blowout o~

| the XM-1 modified T-97 track at high speed. This problem appeared to be ba: :-ally
unsolved at the tims.

[,

The second most salient problem area was the T- 142 track with its pin
: brelkage and road pad chunking. Progress appeared to hava besn made on the
chunking, but wore needed to be done. Some people expressed the view that the
Achuniiug wvas more of a cosmetic problem than a real problem, and that chunking
o, really does not influence useful wear life significantly. The pin problem
. evolved from the fact that the T-142 test and operating conditions were more
gevere than originally anticipated. The general concensus appeared to be that
o it was a mistake to retain the T-97 pin diameter for the T-142 track.

R vt SR e
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; On the single pin track designs, two sreas were of most concern-~bushing
iﬁ life and shoe structural fatigue. Both of these appeared to be under good
engineering control, and no unusual current problems were identified. A road pad
thermal problem at high speed has existed on a single pin track used on the Dutch
AIFV vehicle. The basic approach to handling this problem appeared tc be to
decrease road pad pressure by a slight increase in track width.

The basic contention that single pin track is only appropriate for
smaller Army vehicles was expressed by most people contacted except the principal
builders of single pin track, who believed that single pia designs could be
appropriate for M-60 size vehicles. Tha limitation in applying single pin
. designs to larger vehicles had been bushing load capacity,

, Figure 1 shows a general conclusion of current track problems which
wers identified during the initial review of the technology. Several items which
s o appear were 'product improvement” in nature rather than high-speed dynamic

E problems, per se. This reflected generally the opinions of that portion of the
track community who dealt with the day-to-day problems of current tracks,
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The information on the track problem and the state of the art of
track design obtalned during the first part of the program was sufficient to
enable the track (ynemics program to be planned in wore detail, A three-
fold approach was taken, that is, laboratory and field tests were used in
addition to the amalyticai studies which were made., The msjor areas of investi-
gation can be grouped as follows:

Dynamic effects .

Load/stress distribution

Eflect of obstacles

Thaxmal effects

Bushing studies

Advanced concepts for herdware

‘," ' o Field tests/instrumentation .,

Each of these research areas is discusswi in letail in the following sections
of this report.
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At the beginning of the program, anslyses of several dynamic effects
were made, using hand calculations or relatively simple computer program.
These studies included the calculation of ths natural resonant frequencies of
track, calculation of the effects of the kinematic response called chordal
action, and calculation of the effects of centrifugesl force and link dynamics.
Near the end of the program, 2 comprehensive computer program called TRACKDYNE
wag written, which takesinto account any and all dynamic effects, includintg
those mentioned above. The computer programs TRACKVIBE, CHORDACT, and TRACKDYNE

are cescribed below, together with the analysis of the track's dynamic path
ad tengion,

Irack Natural Frequencies

The primary purpose of the dynamic analysis was to obtain a more basic
jerstanding of the motions and the forces in the track. The most fundamental
.F 1n understanding the behavior of any dynamic system is to determine its

r  .ral modes of vibration--that is, if the system is perturbed, at what fre-
quencies and with what shapes will it vibrate. This can be done by formulating
the ¢ genproblem for the system and solving it with a computer program., The
eigerproblem for the pitch plane motion of one complete T-142 track on an M=60
tanl. .as coded and solved; the program was called TRACKVIEBE.

Eigenproblem. The solution of the eigenproblem for the track yields
two bagic outputs. First, the lowest natural frequencies of vibration (eigen-
values) are determined. In any solution, all the natural frequencies can be
determined, but it is usually the lowest that are of the greatest practical
interest because they define a fairly simple motion and require less energy to
axcite. The shape of the motion of the track associated with any one eigen-
value is called the eigenvector, or.mode shape., The first few eigenvectors
will usually indicate that a small section of the track is responding at that
section's nacural frequency, while the rest of the track has small displace-
ments, At higher natural frequencies, greater portions of the track respond,
and the eigenvector becomes more complicated. As expected, greatar energy input
is necessary to maintain the higher modes of motion,
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It is important to understand that an eigenvector is only an indication
of possible motions, and that the magnitude of the motion is determined by the
magnitude of the input excitation. In general, a linear system that is perturbed
from rest will vibrate with a linear combination of all its wode shapes.

However, it is possible to cause the system to vibrate such that only one wmode
is the dominant motion by exciting that section of track at the appropriate
natural frequency. This can be done by an intermal input to the system, such
ds the impact of sprocket teeth on the track, of externally by traversing a
periodic terrain,

The mode shape of an eigenvector is described in terms of normalized

displacemints~~that is, the meximum displacement is defined as a unit displace-
ment, and all other displacements are proportionally less, depending on the
mode shape.

Analytical Model of Track. Because the number of moving parts associated
with just one track represents several hundred degrees of freedom, a structural
finite element computer code, ADINA, was used to model the system, The finite ]
element code provides a systematic method of developing & mathematical model ‘
for complicated systems by automatically setting up the equationa of motion
of the systom using input information provided by the uger., In this case
the input information included such items as overall geometry, length of shoes, |
stiffness of bushings, and masses of road wheals, The total number of degrees
of freedom in the track finite element model was 546. This included 80 shoes %
and 80 end connectors with three degrees of freedom each, the road wheels, F

the front idler, together with its connecting linkage to the front road wheel, i
the road arme, and the centar of gravity o the hull,

&
The shoes were modeled as beams having a very high stiffness 46 x 106

1b/in. The end connectors were modeled as beams with torsional and longitudinal
stiffness characteristics >f the rubber bushings. The road arms were stiff

along their iongitudinal axis, but had torsional characteristics equivalent to
the torsion bar sugspension characturistics. Beawms were also used to model the
fremt {dlsr/front road wheel linkage. Finally, very rigid, massless beams
wvere used to connect th¢ road arms, the sprocket, the three support idlers,

and the front idler pcnduldm to the ¢, g. of the tank, Spring elements were
used to model the road wheels, the front idler, the support idlers, and the
uprocket. The complete model is shown in Figure 2, and a more detailed
reprecentation in Figure 3,
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Vibrating String Solution. The lengths of track which do not make
coutact with the ground can be approximately modeled as strings under tension

supported at two points--for example, between support idlers, There is, however,
ous important difference involved in modeling the track as a tensioned string.
In the classical solution of a vibrating tensioned string, it is assumed that the
string has zero bending stiffness, whereas the track has a large bending stiffness
due to the buahin;n. Nevertheless, as a general check on the finite element
program, & comparison with frequencies based on vibrating string equations
was congsidered worthwhile.

For a vibrating string of length, L, mass per unit length, p, and
tension, T, the rSE harmonic, fr’ is given by

£ =37 \[{.

For the T-142 track, the value of P was approximately .0278 lb-seczl
iuz. The nominal tension in the trackwas assumed to be 12,000 lb, so that the
value of the radical was: J%- = 657 in./sec. The value of string natural fre-
quancies for various lengths and harmonics is given in Table 3. The lengths
used in Table 5 are the lengths of unsupported track showm in Figure 2,

*
TABLE 3, NATURAL FREQUENCIES, Rz, OF A VIBRATING STRING

S g YOO S

Harmonic
Length (in,) 1 2 3
77.1 §4.261 8.522 12,783
63.0 5.214 16.428 15.642
51.5 6.379 12,758 19,137
3.9 7.483 14,966 22,449
40.9 8.032 16,064 24,096
kS 9.549 _ 19.0%9 28,647

S R e T A
(*) String tension « 12,000 1b

(*) String mass = ,0278 lb-seczlin.z.

Mt e D e bt
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Results. Following the calculation of frequencies based on vibrat-

3 ' ing string equations, the actual finite element model was exercisud., The

; primary results of the eigenproblem solution are shown in Figure 3, in vhich

: the first 20 eigenvectors are plotted as dotted lines superimposed on the

3 undeformed shape of the track (solid line). Only the track elements of the
model are ‘hown in those cases in which only the track is responding. When .
the road wheels respond, the complete finite element model is displayed ia

both the deformed and undeformed shape.

The first three eigenvectors are the longitudinal, pitch, and bounce
modes, respectively, of the tank as a rigid body. The eigenvectors illustrated
in Figure 3d, e, £, g, h, and k are analogous to the first modes of a tensioned
string and can be compared to the first column of frequencies in Table 3 In
general, all of the predicted natural frequencies for the first modes of the
track section are about 15 percent higher than the tensioned string predictiom.
The reason for higher frequencies is that the track has a bending stiffness due
| to the bushings, whereas the classical tensioned string solution is assumed to
have no bending stiffness. Mode h also shows the second mode of the 77.1-in.
4| length track excited partially, whereas mode i shows that second mode shape as
E the primary excitation. Again, the predicted frequency for mode i (9.825 He)

4 is 15 percent higher than the second mode of the tensioned string (8.522 Hz).

The tenth eigenvector in Figure 7j is actually a longitudinal mode of
the track between the sprocket and front idler, although there are sevaral
transverse track modes being partially excited,
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In Figure 31, the twelfth track mode shape is the second mode between

; the rear support idler and sprocket, and has a natural frequency approximately
15 percent greater than the second mode of a 63-in, tensioned string.

| The third mode of a 77.1l-in. tensioned string and the second mode of :

a 51.5-in, tensioned string are approximately 12.8 Hz, as seen in Table 1. \

l‘ Both of these mode shapes are excited in the track at 14.79 Hz, Figure 3n, and '

15.33 Hz, Figure 3r. There is alsoc a partial response in Figures 30, 3p, 3q, and

3. Other mode shapes corresponding to a tensicned string are at frequencies
higher than those calculated by the finite element code,
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‘ b. Second Mode, £ = 1,858 Hz
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d. Fourth Mode, £ = 4,873 Hsz

FIGURE 3. MODE SHAPES OF T-142 TRACK
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f. Sixth

Mode, £ = 7.393 Hz

g. Seventh Mode, £ = 8.806 Hz i

h. Righth Mode, £ = 9.320 Hz

FIG'RE 3.

(Continued) MODE SHAPES OF T-142 TRACK
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i, Ninth Mode, f = 9.825 Hz

j. Tenth Mode, £ = 10,05 Hz

k. Eleventh Mode, f = 11,04 Hz

l. Twelfth Mode, f = 12,16 Hz

FIGURE 3. (Continusd) MODE SHAPES OF T-142 TRACK
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m. Thirteanth Mode, f ~ 14.73 Hz

\
n. Fourteenth Mode, f = 14,73 Hs

pP. Sixteenth Mode, f = 14.90 Hz

FIGURE 3. (Continued) MODE SHAPES OF T-142 TRACK
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The eigenvectors shown in Figures SHQ ° P» §» 8, and t corras-
pond primarily to road wheel hop natural frequencies at about 1S Hz. It
i is interesting to compare Figure 3m to 3t, in which both the front and rear
‘ " ' road wheels are responding. In Figure 3m, the road wheel mwotion is in phase,
wh&reas.'in Figurg 3¢, the road wheels are out of phase. In both cases,
the second mode of the track between the froat idler and front road vhsel
~ is responding. Normally, this would not be expected umtil (1.15) x (19.099)
= 21.96 Hz, but the interaction between the track and rosd vheel has re-
duced the responding frequency.

In summary, the results tou date indicate the usefulness of finite
element computer techniques for modeling complex dynamic systems. Note that
in addition to predicting the frequencies at which the different lengths of
track vibrate, the wheel hop and rigid body natural frequencies are also
predicted. It can be observed that for the T-142 track, the track section

i et

ke

natural frequencies are only 15 percent higher than can be determined by a
tencioned string analysis. This percentage is, of coursa, dependent on the
torsional stiffness of the bushings, and would be different for cther track.

Chordal Action (CHORDACT)

N ST UR N O .

: As the track engages the sprocket, its effective moment arm varies
a bit as the teeth move past the point of apparent tangency. Consequently,
1f the sprocket turns at constant angular velocity, the adjacent spans of |
track move sometimes faster and sometimes slower than their mean velocity, A
their speed varying cyclically as each link passes. Similar effects are seen at
the road wheels and front idler, This variation of velocity has been widely
recognized as a source of vibracion in roller chain drives, and is known as
chordal action.

If the tank alzo woves at constant velocity with respect to chc/sround,
then the velocity varirtions must be absorbad by cyclically stretching and
| releasing the track in the span between the sprocket and che rear road whesl,
| and by shear én!oruntion of the road pads, Periodic forces thus generated are
transmitted to the hull through the sprocket shaft and the suspansion, causing
noise and vibration. In severe cases, the forces may also add significantly
to the stressing of the track parts.

s ot LI et e e st e aom s - T P

Ak kA Rt st S A dei T alTIE T



T RTE TR Y

VT T

e KT

e i

Gt

B ol Lt s ST

. e o s = ey

e

et et RO RS ot ) e A d W -t -

29

At highway speeds, somic velocity in the track i{s no longer high
enough to distribute the stretching throughout the available span of track
in the available time, The excitation at the ends of the track spans gener-
ates force and deformstion waves that travel along the track at sonic velocity.
The amplitude of a sonic force wave is independent of the hngth of the track
span or its initial tension. It is directly proportional to the velocity
variation and to the square roots of the mass per unit length and the spring
rate of the track., Sonic velocity in the T-142 track is only about 800 ft/sec,
or a little more than 10 times the velocity of the track itself at 50 sph.
Within the speed range of intarest, therefore, increased speed results inm
stronger excitation of chordal effects,

The kinemstics of the double-pin T-142 configuration on an ll-tooth
sprocket can be worked out in detail if {t is assumed that the span is straight,
so that the track flexes about only one pin at a time, The maximm longitudinal
displacemsent from mean position is 1+ .0062 fnch, and the velocity variation is
from ~1.08% to +0.40%. If the .0062-inch displacement is distributed throughov:
the track strand from the sprocket to the rear road wheel, the resulting force
is only 330 1b., At 50 mph, however, the sonic force wave resulting from

4 1,08 velocity variation would peak at 2500 1b., This would be a compression

wave at the sprocket entrance and a tension wave at the gprocker exit,

‘The peak=-to-peak tension variation would be 3450 1b. at both locaZons., These
forces would not be high enough to cause distress to the track. Applied to
the hull, however, they could be a significant source of noise.

By way of comparison, a single-pin track having the same 6,94~
inch pitch would run on an ll-tooth sprocket with a longitudinal displace-
want from mean position of  .018 inch and a maximum velocity variation of
«2,68%. 1In practice, of course, the pitch of the single-pin track would
probably be somewhat shorter than this.

The kinematics of the double-pin track as it rounds the rear road
wheel were more difficult to define hecause the shoes are in rolling contact
with the wheel, and their precise attitude at any time is not, in general,
knowm. Two positions of symmetry do exist, however, if dynamic effects are
ignored, These are when a shoe {s centered half way between the entrance
and exit points, and when an end connector is so centered, By assuming the
middle of the centered link to lie tangent to the road wheel, it was posgible
to derive the positions of all of the links in contact with the wheel, It
vas calculated that there is ,018 inch more track on the road wheel when the
end counector is centered thaa when the shoe is centered. Thus, the longitudinal

TR




: displacemsnt from mesn position is at least 50% higher at the rear road
\ whael than at the sprocket. The sonic forces developed may well be higher, also.
The front idler and the front road wheel way also be sources of higher sonic
forces than the sprocket. Attention was focused on the rear wheel becasue
the higher tension in the span from the sprocket down makes the system laecs
brgiving there,

In the sbove analysis, it is assumed that the track flexas about only
one pin at a tims. In reality, busking stiffness and link inertia cause rhe i
| span to arch or assume a wave shupe, so that several pins participate at once
in the flexing of the track. This tends to smooth out chordal excitatlou.
; Furthermore, the whole system s softer because longitudinal displacement can
be accomodated by pulling the span to a straighter profile instead of by stretch-
ing the track structure. Consequently, chordal forces approach the calculated

magnitude only if apparent track tension is very high, and the anticipated
increase of chordal force with speed may not be observed otherwise,

In order to determine whether resonance or superposition of waves
traveling in opposite direction: might generate high cyclical force in the
highly=te:nioned span between the sprocket and the rear road wheel, a simple
two-dimensional finite-element computer simulation of this span (CHORDACT)
vas written., The model is shown in Figure 4. The span was assumed to be
straight, with flexing about one pin at a time at each end, and no effects of
track velocity were included. Consequently, the results are more to be trusted !
under low speed, high tractive effort conditions than when speed {s high and ‘ ! i
engine power limits the tractive effort. . N

The finite-element model includes ten track pitches, the contacts !
with the sprocket, road wheel, and ground, aad the motion of the road wheel on ° -
its suspension arm. It is excited at esch end by imposing periodic motions
having the amplitude, wave form, and phase relationship determined by the
praviously-described kinematic analysis. The frequency of excitation is varied ‘

to simulate different vehicle speeds, Figure 5 shows the wave form used
for the excitation.

CHORDACT performs numerical integrations of the equations of wmotion
of the various masses to determine the time histories of their positions, and | ]
from these positions it computes time histories of the various forces of interest. E
Figure 6 {s typical of the progrsm's output. The cyclical component of
track tension at the sprocket entrance is plotted av a function of time,
with the first .02 second of the run deleted because it was dominated by unreal-
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istic transients, It can be seen that a steady-state periodic response {s
achieved very quickly, From this plot, the peak-to-peak tension variation can
be datermined for the pacrtir:. lar operating conditions of the rum,

The results of several CHORDACT runs at different speeds and
wvith varying damping are shown in Figure 7, At 50 mph, a peak-to-pesk
tension variation of 3100 1b, is predicted, agreeing well with the 3450 1b,
predicted by the simple sonic analysis described earlier. As the speed {s
decreassd, sonic theory predicts that the tension variation should fall
off rapidly, while CHORDACT detects resonances at 30 and 15 mph which cause the
tension variation to remain high, In no case, however, does it exceed 3600 1b.

~ Cowparing the results with ‘those of TRACKVIB , the resonance at 30 wph
(75 Hs) is thought to be the first longitudinal natural frequency of the track
span. The resonance at 15 mph is near the 34 Hz wheel=hop frequency.

All of the CHORDACT runs were made with a 20,000 lb, mean tension,
Critical clawmping for a rubber-bushing pin was taken to be 140 in-1b, sec/rad in
torsion and 380 lb, sec/in in the radial direction. The actual damping
characteristics of the bushings are not known.

As described in the next section, the TRACKDYNE computer simulation of
track running over the front idler includes the entire span from the idler to
the front road wheel, aud also a dummy span approaching the idler. It compre-
hends the cyclical tension generated in those spans from any phenomena operating
at the {dler or at the road wheel entrance, As shown in Figure 8, TRACKDYNE
results verify that the cyclical tension depends importantly on apparent track
tension, and that the magnitude is generally below that predicted by simplified
analyses, Contrary to the results of simplified analyses, TRACKDYNE indicates
that cyclical tension decreases as apeed is increased from 35 to 70 wmph, at
least in the vicinity of the idler,

Resonance is to be expected when the chordal excitation frequency
coincides with a natural frequency of the track as predicted by TRACKVIBE, At
present, TRACKDYM does not include enough of the track circuit to respond
meaningfully in this regard. A run at 20 wph and 5000 1b apparent tension did,
however, predict an unexpactedly large cyclical variaticnm in the inlet tension
of 2900 pounds, which was evidently the result of a resonance.
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In sumery, tensile forces due to chordal action have not been identified
a8 a gource of distress to tha track because the forces predicted are av order
of magnitude delow the design strength of the track. Cyclical forces transmitted
to the hull could, however, be a source of amnoying noise. The pesk-tc-pesk
tension excursion probably doas not exceed 3000 pounds unless it is swplified
bty & resomant vibration. The magnitude of such vibrations could be predicted

by an expanded version of the TRACKIY simulation that would include the
entire track circuit,
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Ixack Pach snd Dvnamic Tension

If a treck having no internal stiffness were stretched statically
over a peir of oprbckcu (or a sprocket and a wheel), it would form a
straight-line tangent to their surfsces, neglecting the effects of gravity.
In 2 real track, the spring torque of the rubber bushings provides interual
stiffness that causes the track to arch outward beyond the straight-lins tangent.
It then curves acound the sprockets sowmewhat before becoming tangent to them,
such that the arcs of contact are reduced, The amount ~f arching will be ;
reduced if the track tension is increasad by scparating the sprockets., This
E tendg to stretch the track path into a straighter line. Thus, the longitudinal
F ' spring rate of the track has components due to deformation of bushings and
pins and znother component dus to straightening of the track path, Conversely,
the track tension cannot be reduced to sero by any small decrease in the sprocket
center distance, The track will respond by arching further to maintain its
path length so that there is still some tension. In long horiszontal rumns,

Bk Tal ki Lk )
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such as that from the drive sprocket to the front idler, gravity may cause
the center of the arch to collapse, but the sections of track near the ends
of the run will still maintain their arch shape.

If now the rubber-bushed track is considered to be operating at high
speed, dynamic forces generated within the track influence its path in two
{mportant ways, First, a centrifugal tension is developed which, pachaps
contrary to intuition, is almost independent of sprocket diameter and inde-
pendent of angle of wrap. The centrifugal tension exiats at all points elong
the length of the track and its magnitude is given by
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vhere m is the wmass of the track per unit length, and V is its velocity relative
' N ¢to the sprocket centers. At 50 mph, a track having the mass of tha T-142
' . will develop a centrifugal tension of 22,000 1b.
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If the center of mass of the track were located on its pitch surface,
the centrifugal tension would be equal evarywhere i{n the track and completely
independent of sprocket dismeter. In fact, the center of mass of most tracks
is farther out because of the weight of the road pads. Consequently, the center
of mass travels at higher velocity on the sprockets than in the spans, and
the TRACKDYME results showed that centrifugal tension is a few hundred pounds
higher there. The effect of centrifugal tension is to stretch the track by
deformation of its bushings, pins, and other structural parts. The total
path length is thus increased and the rubber-bushed track accommodates this
by forming a wore highly-arched path between the sprockets. The changes in
track path and sprocket force are the same as those produced in the static
case by decreasing the center distance., Thus, the preload forces carried through
the hull are actually reduced i{f the center distance is fixed. The dynamic
tension of a span is thus composed of two components--an apparent component
that coatributes to power transmission and forces transmitced to the hull,
and a centrifugal component that is undetectable by force measuremsnt external
to the track except as its presence may be inferred by noting the result of a
change in speed.

The second way in which dynamic forces influence the track path
results from the rotary momentum of the track parts about their cwn centers
of gravity as they exi: from the sprockets. As the links tend to continue
tumbling at sprocket angular velocity, they tend to carry the track im an
arc paralleling the sprocket circumference, in a path that comes closer vo
the line between the sprocket centers than does the straight#line tangent.
The dynrmic effects o) angular momentum thus influence the rrack path in
the opposite direction from the arching produced by the rutber bushings.
Roller chains, which have no springs associated with the pivots, behave in
this way. As the cﬁain uwoves farther from the sprocket, iis tension eventu-
ally stops the rotation of the links and pulls them back toward the straight-
line tangent path. KRaving resched that path, thougl* they now have out-
ward velocity and continue past it. Oscillations continue about the
straight-line path uniil they are damped by friction, forming standing
waves. That is, the path form is sinusoidal and appears fixed in space
to an observer who is stationary with respect to the sprocket centers. The
phenomenon is familiar to anyone who has spun the free-hanging hand chain
of a hoist and observed the path followed by the chain as it starts upward.
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Solution for One Span. In order to quantify by hand calculations
these various effects that simultaneously influence the track peth, the track
was modeled a3 a homogeneous band having the same stiffness, mass per unit length,
and rotary inertia per unit length as the actual linked trsck. The band was
considered to be running om a smooth drum having :he pitch radius of the
sprocket, The center distance was considered to be infinite, so that the
band eventually became asymptotic to a straight line.
were formulated and & general solution was achieved.

Differential eymations

The slope of the tangent to the track path at sny distance, s,
from the point of tangency is of the expcnential form

b oL

P where T, = pitch radius of sprocket
| 82 = total tension ~ centrifugal tension
dynamic stiffness

The dynamic stiffness is defined as the difference between a bushing spring
rate term and an angular momentum term:
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wvhere 'a = torsion spring rate of bushings on one pin

.
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n = number of pins per unit length

e

[
[ ]

L moment of inertia of one link
; : N = number of links per unit length
V = pitch line velocity.

This equation applies equally to the entrance and exit of the sprocket. It

can be reduced to rectangular coordinates by taking the first few terme of the
series expansions of the sine and cosine functions:
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The height of the arched profile is approximatad by the offset of the asymptote
from the tsngent to the sprockst:

phe—1-[1.-—L -rp[l-con-——s:]. oA
82r, 1883r,2 P

The actusl path length is longer than the straight-line tangent by

A= 1 .

3.2
128 rp

The above solution applies to low and moderate speaeds, where the
dynaaic teasion is positive and the track follows an arched path. If the
speed is sufficiently increased, it can be segn that the angular msomeantum
term becomes larger than the bushing spring rate term. The dynamic tensiom
then becomes nggative and 8 becomes imaginary. The physical seaning of

this is that the track has gone into a standing wave mode of operation. FPor
a track with the characteristics of the T-142, this transition was predicted

at 46 mph,
In the above analysis, the effective moment of inertia of one link, I
wvas taken to be the moment of inertia of the two shoes about their center of

mass, plus the effect of a pin and half the mass of the associated connectors
acting a¢ point masses located at the pin centerlines.

L’

However, 1l :ter exper-
ience with the TRACKDYNE computer simulation, which predicts the path of an

actual linked track, indicated that the dynamic stiffness calculated this way

was actually too low., Consequently, the transition speed may be 10 or 15 mph

higher than indicatad by the continuous band analysis.

Transition to the standing wave mode does not mean that the track

tension suddenly becomes substantislly higher or that rough operation will

necessarily result. The transition speed is best understood, on the comtrary,

as the speed at which the tension required to make the track follow a straight-

line-tangent path becomes zero., At this one speed, the track has no tendency

to take up slack length by making arcs or waves, sc that a disorganized
fluctuation of the path shape would be expected. It is thought, however, that
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thers is substantially less ability to store and redeliver the rotary kinetic
ensrgy of the links as the standing wave mode is approached and entered. The
potential power loss, if this is true, is several hundreds of horsepower,

and one objective of the TRACKDYNE computer simulation was to further explore
the mechanisms of power loss at high speed.

Solution for Track Circuit. The actual operating tension of the track
under various conditions of speed, tractive effort, and initial prelced may
be found by simultansous application of the solutions for esch span to all of 3
the sprocket or wheel entrance or exit points in the track unit, The strand 3
on the ground is assumed to follow the straight-line tangent path, This leaves ?
the exit from the rear road wheel and the entrance to the drive sprocket

oycratﬁ%ﬁ Lt high tension, and four other points operating at low tension. E
The solutioy, proceeds as follows: 4

-

Assuming the initisl tension to be acting statically everywhere
in the track, the path length can be calculsted knowing the aumber of
pitches and the amount each will be stretched by the preload. B can be
evaluated ;aking V = 0, and the differance between the path length and the 1

straight-li{ine tangent length can be calculated. The straight-lins tangeat
length of the track circuit is then known.

bt el

If tractive effort and speed are now applied, about one-third of
the track length, from an effective poiat of ground contact up to the drive
sprocket, {s highly tensioned so that it is stretched and straightened. The
5‘ rast of the track contracts correspondingly, snd its tension may incroase
; or decrease depending on the relative values of speed and tractive effort.
In general, the total path length will be longer.

et
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Tight and slack side tensions are most casily found by iteratiom.
If a tight side tension is assumed, the slack side tension {s calculsated
knowing the tractive effort. The total length of the track path can be
calculated, knowing the portion of track expcsed to each tension. The
differance betweean path length and straight-line tangent length can also be
i calculated for each strand, ylelding a trial value tor the totsl straight-~
| line tangent length of the track circuit, This value should be the seme aw
that calculated for the static preload cese. If not, the tight side tension
is appropriately changed and another trial is made.
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Calculations have been made for the T-142 track, sseuming a static
presload of 12,000 1b, The results of the extreme cases veis as follows:

{

T

Tight Side Slack Side

1 Tension Teupios
Slow Speed, 40,000 1b
Tractive Effort 43,040 1b 3,050 1k

- 35 mph, 3500 1b
i ' Tractive Effort
- (sbout 750 hp) 15,670 1b 12,170 1b

The sprockst exit and entrance paths for 35 wph and 3500 1b tractive effort

are plotted in Figure 9. It can be seen that the slack side leaves the sprocket
23.3 degrees before the point of spparent tangsncy and arches to a point 1.01
£ inches beyond the straight-1line tangent, The tight side enters the sprockst

: 12.7 dsagrees beyond the point of apparent tangency and arches only 0.30 inch,
The centrifugal tension in this case {s 10,700 1b, Sinca centrifugal tension

is almost as high as the slack side tension, arching there is promounced,

T ST T T W

St State ¢ Track Stimulation (TRACKDYJE

During the last six mouths of the project, a computer programming
task was undertaken to simulate in detail the actual rumning of a double-pin
track sround its circuit by computing, over a pericd of time, the simultsneous ]
mocions of the component parts as they interact with their neighbors in the _.
track and with the wheels, sprocket, and ground. This effort was made becsuse ‘
of continued uncertainty as to the wmotions of track parts as they enter and
leave contact with the wheels and sprocket. It is necessary to know thefir
wotions to assess the energy lost in accelerating and decelerating the links,
to evaluate with confidence the severity of impact and vibration, sud to predict

the results of design changes which affect the weight, spring rate, or damping
of the parts.

[P TR

To adequately answer these questions, the simulation must be detailed
enough to accurately model the interaction of the track with its surroundings.
When a track shoe contacts a wheel, for instance, the center of contact may
be near the centar of the flat of the shoe, or it may be near the adge of the
flat, cr the corner of the shoe may be indenting the wheel. The spring rate
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and damping varies accordingly, and, in addition, the spring is nonlinear
because the rounded surfaces bi‘ing wmore area into contact under heavier

loads. The spring rates and damping in the tangential direction are different
than those in the normal direction, and there is also siiding, depending on
the normal force and the coefficient of friction. On the other hand, a three-
dimensional model is not needed because the operating conditions of interest
are steady-state ones that impose generally uniform conditions across the
width of the track. The PINSTRESS analysis provides spring rates by which

the radial sag of the track center on tha sprocket can be included.

Since the task was challenging, a logical first step was to write
a portion of the program dealing with track action over the front idler and
down onto tiie front road wheel. This also appeared to be a portion of the
task that could be completed soon enough to bring a useful return of informa-~
tion within the present report period. This IDLER portion of the TRACKDYNE
program is now completely operational and it has been used to study the
dynamic action of the T-142 Track both at conventional speeds and at higher
speeds that have not yet been reached by actual trackad vehicles. As far as
is known, this is the most advanced program that has been developed for
studying the precise dynamics of rubber-hushed, linked track.

The TRACKDYNE program ptovides a detailed history throughout a
pitch-passage cycle of che motions of the track parts and the forces affecting
them. It also sums the energy dissipated ir each damping element during a
cycle and performs an energy balance for the entire system. The IDLER section
provides a framework that can readily be expanded to include the entire track
circuit.

Description of Model. The present TRACKDYME mwodei includes a span
of track approsching the idler, the wrap-on, carry-around, and wrap-off areas
of the idler, the full span to the front road wvheel, and the wrap-on at the
front road vheel. As many as thirty track links can be simulated at any

given time, though only twenty-three are needed to reproduce the M-60 geomstry.
The circuit geometry is illustrated by Figures i0a and 10b, which are actual
Calcomp plots of the track geometry under two different conditions. Figure 10a
shows the track geometry when running at 35 mph with 1500 pounds apparent
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tension, while Figure 10b represents the 70 mph, 1500 pound apparent tension
condition. (These plots are discussed further on page 72.)

In the TRACKDYNE computer simulation, the track is allowed to
remain on the road wheel until it is carried around out of the area of
interest, wvhere successive links sre removed from the system as they arrive.
At the same time, new links are successively introduced at Position 1 so
that there are always 23 in the system and the available running time is
unlimited. The dimensions and number of shoes in the system are sasily
changeable, and the idler may have s different diameter than the road wheel.

Each link of the double-pin trick is modeled as two independent
rigid masses, one representing the two shoes, and the other representing a
combination of the two and connectors, the centerguide, and the two pins.
Only motions in the plane of the track circuit are considered. The center
of shoe mass may be offset from the line connecting the pin centers. The
masses are connected by linear springs and wviscous dampers representing the
combined tensile deflections of the bushings, pins, and binocular tubes in
two directions, and by torsional springs and viscous dampers representing
the torsional characteristics of the bushings.

The idler and road wheel are modeled as rigid masses (except for
their rubber surfaces) of appropriate moment of inertia turning on fric-
tionless bearings. Since only part of the track circuit is being simulated,
the centers of the wheels are fixed.

The shoe-to-wheel (or idler) contact is modeled as a combination
of a linear spring and a spring vhose force varies as the square of deflec-
tion. The system is pradominantly square-rate because of the increase in
contact area as the round vheel indents the flat of the shoe. A combina-
tion of viscous and dry friction dampers is used to reproduce the damping
characteristics of the shoe, which were determired by tests at Battelle
carlier in the program. Tangentiel deflections are modeled similarly, but
with different spring rates and damping constants. Sliding is allowed
when the ratio of tangential force to normal force exceeds a specified
coefficient of friction. Lower spring rates and damping constants are
used 1if the center of contact is off center on the flat of the shoe, or

if the corner of the shoe is in contact with the surface of the wheel.
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FIGURE 10a. TRACKDYNE PLOT SHOWING EFFECT OF SPEED ON TRACK PATH
(35 MPH, 1500 LB APPARENT TENSION)
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TRACKDYNE PLOT SHOWING EFFECT OF SPEED ON TRACK PATH
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Dimsnsions, wmsses, spring rates, and demping constants defining the
system are ea3ily changed by repunching only a few cards.

Operation of Program, Initial positions, velocities, and accelerations
of all the parti must be defined at time zero to give the simulation a point
from which to start. Initial conditions may be read from cards that were punched
with the final conditions of an earlier rum, or they may be calculated by the
program, given the speed and apparent tension at wvhich it is desired to rum.

To calculate the initial conditions, the program first approximates

the track path using the cxponential equations defining the shape of a coantinuous
band of similar stiffness and rotary inertia, The dynamic tension is estimated

at all points along the path as a function of path curvature and speed, and

contact forces with the wheels are estimated, The individusl links are then
positioned with their pins on the path, spaced so that the "bushing" springs ?j
provide the desired local track tension and the wheel contact pads provide the

desired contact force. Velocities are calculated for compatibility between

adjacent links. ,5
The incoming path shape (Links 1 through 8) is calculated as a '

span from a dummy wheel (not shown on Figure 10) having the same diameter

ag the idier and located horizontally to its left so that Link 1 is at mid-span.
Initial conditions having been established, the simulation begins. l

The time history of the movement of each part is determined by integrating its

velocities and accelerationg., The integration proceeds in finite steps of time,

At each step, the forces acting on all parts are calculated as functions of

' . ' ”
s [E——

their relative positions and velocities. The instantaneous accelerations of

all parts are then calculated as functions of these forces and their masses,

[P

and the average accelerations over the coming time interval are estimated as
functions of the instantaneous acceleration and the accelerations calculated 3

at the previous two time steps. Average velocities are simjilarly estimated

for the time interval, and from them new positions of the parts are calculated.
At 35 wph, 1000 integration steps per pitch-passage cycle have been found
appropriate.
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Lol Tension is coatrolled by pulling om the leading link (number 23)
- with & comstant force and momeat that are oaloulated by the iaitial
ocondition routine to give the desired average apparent temsion in the
streight at link number 1. Spesd is ocontrolled by comstraeining link number
1 to move horisontally with comstent wvelocity, ™
then the treck has moved through ome -pitoh distaznce, a new iink is

introduced at the treiling end and an extraneous one is removed at the
leading end. The identifying numbers arc indexed backward 3o that they
remain approximstely fixed in space. « - *
] Simulaticn is contimied for & suf!lciently long time to allow
1 transients to decay and the steady-st:te operation to be observed. Detailed
data is then recorded for the last sycle. Final conditions may be punched :
on cards, enabling the run to be continued for any number of additional ’
cycles at any later date. Full data way also be recorded for selected
“ cycles during the run, if desired.
; : The number of cycles required for adequate accuracy in the pars-
a8 meters of interest must be decided by the operator, based on past experi-
ence and study of the preliminary results of the particular run. A few
; sslectad items of data are printed at the end of each cycle so that the
T damping of transients may be cbserved. Since the running time required

i depends largely on the quality of the initial condition calculations, care
has been taken to make that part of the program sophHeticated. ‘
’ Among the data recordad at the end of each oycle are the ol fsets, *
relative to a straight-line-tangent path from wheel to wheel, of the '
: centers of gravity of links 6 and 15. If these offsets vary from cycle to
. cycle, vibrating-string type transverse vibrations of ths track spans are
§'{ indicated. Figure 11 shows the transverse motions of these two links Quring
i two fairly long runs at similar conditions. Link 15 is of greatest in-
terest, since it is near the center of the idler-to-road-wheql span, which
is completely comprehended by the model. In Run 22, the initial conditions
evidently did not specify enough arcing of this span, and therefore a trane-
verse vibration &t about 3.5 Hz was excited at turn-on. In Run 25, the
continuous-band model used by the initial condition routine was modified
toward a stiffer band, which produces more arcing. The correction was
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svidently too great, as a transverse vidbration of opposite phase resulted,
In subsequent runs, an intermediate correction to the initial condition has
deen made.

: These transverse vibrations of entire spans are 30 poorly damped
that it would be impractical to run long enough for theam to die out. S0

] long as their amplitude is moderate, however, it has deen found that they
do not significantly affect the cyclical (at pitch passage frequency)
pature of the track tension, wheel contact forces, and hull forces that are
1 the main output of the prograa.

Data Produced. During the last cycle, plus any other cycles where
full data are requested, data are recorded at 100 evenly-spaced time
stations throughout the pitch-passage oycle.

As presev:ly programmed, data are priated for every other
station, and include apparant tensiom at Link 1, offsets of shoes 6 ;
and 15 from straight-line-tangent, rectangular position and velocity
coordinstes for all shoes, total tension in each link, normal and tan-
gential components of ahoe-to-wheel force for each shoe, compression and
shear deflections of these contacts, and location of each center of contact
relative to the shoe pad center. For the idler and road wheel, angular
velocities are printed, plus horizontal and vertical components of the :
total force transmitted to the hull.

Other data such as accelerations or connector motions can be made
available if the need arises.

il ik

bbbl

Calcomp plots msy be made of selected data from any cycle
where full data is requested. The present program produces five plots. ‘
Figure 10 wvas a Calcomp plot which is a grephic presentation of i‘
the positions of the shoes at the beginning of a cycle, from which the
shape of the track path ocan be viewed. The large circles represent the
outer diameters of the idler and the road wheel. Figures 12a, b, and ¢ are
similar plots showing the effect of bushing torsional stiffness.
¥ Figures 13a, b, c, etc. are superimposed plots of total temsion
history for one cycle for selected links, Link 1 is at the inlet, and Link 19
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TRACKDYNE PLOT SHOWING EFFECT OF BUSHING
TORSIORAL STIFFNESS ON TRACK PATH

(50 MPH, 5000 LB APPARENT TENSION,TORSIONAL
SPFRING RATE NORMAL)

(See page 74 for further discussion.)
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FIGURE 12b.

TRACKDYNE PLOT SHOWING EFFECT OF BUSHING
TORSIONAL STIFFNESS OM TRACK PATH

(50 MPH, 5000 LB APPARENT TENSION,
TORSIONAL SPRING RATE 1/4 NORMAL)

(See Page 74 for further discussion.)
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FIGURE 12c. THACKDTME (LOT SHOWINC EFFECT OF BUSHING
TORSIONAL ITIFF ‘R3S ON TRACK PATH
(50 NPR, 3000 L3 APPARENT TENSION,
TORSIONAL SPRIYG RATR 1/16 WORMAL)

(Ses puge 74 for frrther discussica.)
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ié is oear the entrance of the road wheel.

If steady state has been achieved,
these curves should be the same for vhichever cycle is plotted. Thess curves

do not return to their initial values at the end of the cycle because the

point being observed has traveled dowa the track path by one pitch len
during the cycla.

T TR

ey

™y

gth

i ALl

Figures 14 a, b, c, etc. show the track tension history in a
connector as it rounds the idler.

U

The time scale extends through seven
cycles to inciude the total time during which adjacent shoes may contact
the idler.

i

Actually, these curves are produced by splicing together the

TP R

, tengion histories of seven consecutive connectors during a single cycle. The

quality of the splice points indicates the extent to which steady-state
operaticn has been attained.

aalld

Figures 15 a, b, ¢, etc, show the idler contact force history of F
a 3hoe as it rounds the idler.

G -l L

Again, seven c¢vcles are plotted by splicing
together results for seven adjacent shoes. Comnn-

2T and tangential to the idler surface are shown.
- positive; the tangential force curve defi~a
the zero force line.

ats of force normal

wne normal force is always

ks i

~.al axeas above and below
A smali awount ! gliding {¢ usually evident just

B before contact ends. The coefficient of friction between shoe and idler
B

i
was taken to be 0.8. :

Figures 16 a, b, ¢, etc. show the history through one cycle of the
forces trangmitted to the rest of the tank through the idler hub.
%i ' are periodic curves which return to their initial values.

These

b i AL, O

T
o

The components
plotted are oriented to the incoming strand of track, so that they are

actually 4 degrees away from vertical and horizontal fcr the M60 geometry.
The rapid force variation due to initial contact with an incoming shoe is
generally apparent in the verticsl force curve. The highly nonsinusoidal

nature of these curves suggests that noise *ouid be excited in the hull over
a wide frequency spectrum.

Enexay Bslance. At the end of the printout, the program itemizes
energy dissipoted in each bushing during the cycle wia tevrsional and via
radisl deflection, and the emergy Jissipated in each shoe comtact via normsl
demping, tsugentisl damping, snd sliding. By summing ths energr imputs to,
for instamce, all 23 lesding buwshings during the ome cycle, the heating seen
by a single leading bushing while traversing the 23-pitch track path
usy be determined. Since no experimental dats is available at present
on the actual demping properties of the rubber bushings, the program
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FIGURE 16a, TRACKDYNE PLOT OF IDLER-TU=-HULL FORCE HISTORY !

(35 MPH, 1500 LB APPARENT TENSION)
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is uncalibrated in this respect, end the numbers being gensrated are

more of interest for the trends they disclose then for their absolute
values. The demping proparties of the shoe—to-wheel contacts are based om a
limited amount of experimental work at Battelle that included only the rubber
of the shoe.

To complete the energy balance, the total energy dissipated by
demping is compared with the mechanical ensrgy put into drive the system
and the mechanical energy stored in the systea during the cycle. Table &
gives representative numbers from a run at 50 wph and 5000 1b spparent
tension, illustrating the energy balance for the system. Additional docu~
mentation of the TRACKDYME program is included as Appendix C.

Results. A number of rums were made with the T-14z gesometry to
determine the effects of speed and track tension. At 1500 lb apparent tension,
runs wvere made at 35 and 70 mph; at 5000 1b apparent tension,
runs were uade at 20, 35, 50 and 70 mph; and at 15,000 lb apparent tension,
runs vere made at 35 snd 70 mph. Thus, the lower speed runs can be correlatad

with f{eld experience with the M«60 tank, while the higher speed runs are indicative

of how the M-60 would run at speeds that have not yet been attainable in the
field., Detailed results are presented in Figures 13 through 16 for four runs
which bracket the range of speed and tension. In addition, the effects of
reducing the torsional spring rate of the bushings and the associated damping
have been examined at 50 wph, 5000 'b apparent tension., There has not been
time to generate data on other configurations such as the XM-1 track.

The TRACKCENT predictions of centrifugal tension and path of a con-
tinuous band have been borne out in principal by TRACKDYNE, though the linked
track does show some additional phenomena above the transition speed that were
not anticipated, Track path is best seen when the apparent tension is low,
as in Figures 10a and 10b, because the track span is stretched more nearly
straight at higher tensions, Figure 10a (35 mph) shows the arched span from
idler to road wheel that is characteristic of operation below the transition
speed, where path shape is dominated by the torsional spring rate of the
bushings., Figure 10b (70 mph) shows the standing wave path shape that is char-
acteristic of operation above the tranmsition speed, where rotary momentum of
the links dominates, Figure I0b also shows an unanticipated tendency of the
track to form local arches at the end of the spans., This is especially
evident at the entrance of the idler, where the links were caused to approach
along the straight-line-tangent path. These local arches apparently assist
in transferring kinetic energy to and from the links without excessive impact,
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TABLE 4. TYPICAL ENERCY BALANCE FOR ENTIRE (23~L18&)SYSTEH
DURIRG ONE CYCLE AT 50 PH, 5000 LB APPAREXT TENSION

L _________ ____________ ___________________ 3

1. ENERGY DISSIPATION

Trailing Bushings, radial damping
Trailing bushings, torsional damping
Leading bushings, radial damping
Leading bushings, torsional damping

Total heating of bushings
Wheel contacts, normal damping

Wheel contacts, tangential damping
Wheel contacts, sliding

Total heating of wheel contacts
Total energy loss

II. ENERGY INPUT

Work input to drive Link 23

Kinetic energy carried into system
via Link 1

Potential energy carried into system
via bushings of Link 1

Total energy in

Work delivered by Link 1 to drive
rest of track

Kinetic energy carried out of
system via Link 23

Potential energy carried out of
system via bushings and wheel
contact of Link 23

Total energy out

Net energy input

III. ENERCY STORED IN LINKS 1-22 AND WHEELS

Kinetic ehergy at start of cycle
Kinetic energy at end of cycle

Kinetic energy stored

Potential energy at start of cycle
Potential energy at end of cycle

Potential energy stored

Energy gain of system

IV. UNACCOUNTED ENERCY LOST

—— — —

196 {a 1b.
103
192
%

586 in 1b,
450

i
3

1170 (22.2 hp)

192,648 in 1b.
76,036

1,446

270,130 in 1b.

185,996

81,374

268,698
1431 (27.2 hp)

1,888,463 in 1b.,
1,888,685

222 in 1b,
29,784
29,795
Al
233 in 1b,
28 in 1b,
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Overall axperience with TRACKDYNE indicates that TRACKCENT exaggerates
somgwhat the effective angular nn-ncﬁ- of the links., Conseguently, the transition
spead for the T-142 track is now thought to be 10 to 15 mph higher than the
46 mph prodicted by TRACKCENT.

Figures lia, b, and ¢ show that the effect on track path of reducing
the bushing torsional spring rate is essentially as predicted by TRACKCENT.
Figure 12a shows the track following an arched path at 50 mph and 5090 1b
apparent tension, though the arch is not as pronounced as that of Figure 10a
] i because the tension i{s higher and the speed is closer tc the transition point.

7 Figure 12b gshows the effect of reducing the bushing torsional spring rate by
a factor of four, everything else remasining unchanged. TRACKCENT predicts that
this will reduce the transition speed by a factor of two, and, indeed, it
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can be seen that the track is now following a standing wave path., Though the

angular momentum effects have not increased, they are now able to dominate

G b i e e B a0 e

because the stiffness of the track has been decreased, Figure 12c, where the §
bushing torsional spring rate was again reduced by a factor of four, shows
é : that the standing wave amplitude has increased only slightly, indicating that
% é it is now limited more by the 5000-1b tension tlan by track stiffness.
] The horsepower dissipated in the 23-link system for the three
runs described above was 23,25, and 33, respectively. Thus, more power was

RS T UK o

.é lost when operating above the transition speed, but the loss was not excessive,
E Another run was made with the bushing torsional spring rate reduced by a factor
3 of four and the bushing torsional damping constant also reduced by a factor of

5 four. The power dissipated in the bushings was reduced by only 20 percent

and was still a bit larger than the dissipation in the wheel contacts, The

dissipation in the wheel contacts increased so that the total power loss was
still 23 hp. It was concluded that changing the torsional damping will affect
the direct losses due to bending the track around the wheels and straightening it
agein, but will not much affect the losses due to impact and vibration which
eventually show up in the dampers., The system simply increases its activity
gufficiently to turn this energy into heat with whatever dampers it has.

The tension excursions due to chordal action were not much atfected
by the changes in bushing torsional spring rate and damping, though they did
appear to be a little higher with the lower spring rate,
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The temsion curves of Figures 14b and 14d show that treck temsion is
substantially higher on the idler than i{n the spans. The greatar cemtrifugal
tension on the vheels comtributee to this effect, but by far the greater
coatribution comes from a mechanism related to the apparemt temsion., In
Figures L5a, b, c, and d it can be seen that the tangential force between the
shoes and the idler is, {n all cases, positive nsar the idler entrance and
pegative near the idler exit. That is, the track tends to drive the idler
near the entrance and the idler tends to drive the track near the exit, so
thact tension is locked into the track and compression into the idler surface. s
The net torque input to the idler should, of course, be zero, bacause the bearings
are assumed frictionless and angular acceleration must average to zero over a

gcle {f steady-state operation has been achieved,

One can visualize how the pad of the shoe might tend to scrub forward
on the idler surface as the shoe pivots into place about fts leading pin. This
would lock in a tangential force and an additionmal tension, as observed, and would
tend to cause the idler to creep forward s bit relative to the track, Due to this
crespage, the tangential force is relaxed and then becomes negative by the time
the shoe reaches the exit area. As the shoe pivots out of contact with the
idler, this time pivoting about its trailing pin, a2 similar kinematic action
occurs, again in such s direction as to push the idler forward. This relieves
the negative caugential force and generates a small positive tangential force,

; ; which is then relieved by sliding as the shoe comes out of contact with the

idler, Some sliding is also evident at the entrance point in all of these
curve: ,

s e kel i Akl b, St

Bouncing of the shoes or sliding at other times in the cycle has not
been observed. Clearly, though, i{f the spparent tension were much below 1500
1b, the normal force curves of Figures 15a and c would fall to zero at a
point about 60 percent of the way around the idler.

The chordal action amplitudes of Figure 8 werc generally taken from
tension plots near the idler entrance. The random appearance of the curves
allows cemsiderable lattitude for differing interpretations.

Figures 16 a, b, ¢, and d show the components of force transmitted
to the hull by the idler., These are obtained by summing all of the forces
applied to the idler by the individual track shoes, Since the suspension is
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not wodeled, the center of the idler is assumed fixed and the wass of the idler
contributes no additiomsi forces. The upper curves are the essentially horizontal
component of force which is actually inclined upward to the rear by 4 degrees
,because the coordimate systes= is oriented to the incoming track span. The lower
curves are the essentially vertical component of force which is actually directed
dowoward and inclined to the rear by 4 degrees. The overall shape of these

curves varies widely with operating condition and appeare random becsuse of

the many coatributing effects. The more important thing to observe is the

harmonic content, which appears to bs high, particularly in the vertical force E
curves, Vibrations within the hull could be excited over a wide range of '
frequencies. E

The power required to drive the 23-=link system at various speeds and ten-
sions is summarized by Figure 17. Since each data point represents a run ;
continued till stability is reached, the curves are necessarily drawvm with T
meager data. The shape of the 500C-1b curve {s adequately defined to show a
much greater sensitivity to incraased speed once the transition speed is passed, :
Since the simulited system is roughly one end of one track circuit, the loss for E
the total track on the vehicle would be spproximately four times that shown ' 3
plus the losses in shoes ccntacting the road. The data point at 70 wph and 15,000 3
1b apparent tsnsion is academic, because there would never be enough power and 3
preload to maintain such high tension at that speed, Nonetheless, a significant
portion of the engine power would be absorbed at speeds above 50 mph.

In summary, TRACKDYNE represents perhaps the most powerful analytical
tool developed to date for che study of the dynamics of linked track. Of
particular interest is the ability to determine power losses in the track, and
the fact that the power loss increatces as the bushing stiffness decreases—a

phencmenon somewhat contrary to intuition. The extreme case of reduced stiffness

is, of course, the use of anti-friction bearings rather than rubber bushings, a
solution one might otherwise have attempted to reduce power losses.
During the last month of the Track Dynamics Program, effort was

directed toward the expansion of TRACKDYNE to include a complete track loop.
The difficult problem here i3 ihe sprocket-track interaction. However, a
technique was conceived to model this portion of the track circuit, taking
advantage of certain equations develvped in the PINSTRESS II program. Imple-

: mentation of this technique will be one of the first priorities when and if
the Track Dynamics Program resumes.
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In double-pin track, the pins and binocular tubes are unsupported over
spans that are long in comparison to their diameters, They are loaded as
beams by tractive forces carried through the rubber bushings. The distribution
of this load is not readily apparent because the resulting beam deflections of
the pin and tube tend to unload the rubber near the center of the span and to
concentrate load near the ends of the span. Since reduction of bushing
loads is a major objectiva of the double-pin track design, the effectivenmess of
the double-pin design depends, in part, on the ability of the pins and tubes
to distribute load evenly along the length of the rubber bushing. An under-
standing of the load distribution is also desirable for an accurate calculatiom
of pin and tube stresses.

A preliminary analysis using a simplified model indicated that load
distribution on the bushings of the T-97 and T=142 tracks is poor. It also
indicated that tube deflections sre large enough to have an important influence
on load distribution. Consequently, a more elaborate analysis (PINSTRESS II)
vas made based on & wore detailed model of the pirmd tube. This analysis vas
used to predict stresses and bushing loads for some of the simpler track loading
s ituations vhere the positions of the end connectors and shoe bodies with
respect to the centerguides were known or could be derived.

Later in the program, PINSTRESS II was revised to provide an input

to the TRACKOB II computer simulation of a length of track subjected to localized

loading, In effect, PINSTRESS II reduces the pin-bushing-tube assambly to a
"black box" that applies forces and moments to the end connector and the shoe
body in response to displacements and rotations of these parts with respect
to the centerguide. TRACKOB II uses the characteristics of the 'black boxes"
to perform a simulitaneous solution for the positions of the end connectors,
centerguides, and shoe bodies of several track pitches. PINSTRESS II may
then be used to calculate the stress in any selected pin as a function of its

end connector and shoe body positiomns.
A similar modeling of the track structure in the vicinity of the

s procket contact would be of value, since the tooth forces applied to the
end connectors evidently cause some of the highest stiesses seen by the pins,
An analysis by hand method became rather complicated and was not completed,
A computer simulation similar to TRACKOB, using PINSTRESS as an input, would

probably be more practical.
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MISTRESS 11 Analysis. As shown echematically as Figure 18, the model
{ocludes one Malf of oas pin, with associated tube and rubbder buwiing.
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FIGURE 18, PINSTRESS II. MODEL OF PIN, BUSHING, AND TUBE.
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i pins are treated as three separate beams joined end-to-end, the center beam

of length r being elastically supported by the rubber bushing, and the two
shorter end beams being free of rubber.

et i, e
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The ends of the pin are considered to
J be joined to the centerguide and end counector at effective anchor planes

oy within these parts., Since the pin is neither completely immobilized from

bending at the point where its clamped length begins, nor free to bend within
the clamp, the location of the effective anchor planes requires judgement.
Planes 0.5 inches within the end connector and the centerguide were used,
-. Lack of rigidity in the clamping may be included, in a structural analysis of the
5 track, as an additional torsion spring between the connectors and the anchor
planes,

The tube is considered to have a parabolic deflection over the length
The deflection at its center in response to transmitted track temsion F

is estimated as a function of its own stiffness and that of the binocular side
plates,

Te
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The deflection in response to end moment M_and end force Fe are
then calculated to provide an energy conservative system,

In T-142 track, the tube 1is further supported along its length by

the shoe body through a thin layer of rubber, and in forged aluminum tracks E
there is a continuous supporting web.

The maximum possible effect of this
support has been found by considering the tube to be rigid.
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The rubber bushing is considered to act as a linear spring providing
force per unit length proportional to the offset between pin and tube center-
lines. The spring rate is taken to be the same everywhere along the gpan r.
Since direct data on the T-97 and T-142 bushings is not available, their
spring rate was inferred from that of the assembled track, using the PINSTRESS 11l
analysis. The value used was 56,000 lblinz.

The solution is outlined in Appendix D. The state of the system
way be defined by the four forces F., H., l“. and u‘, or by the four dig-

. placements §, e.. 4, and 9., or by any combination of four of these paramsters.
Euqations are given for finding the displacements in terms of the externally
applied forces, and for finding the forces returned to the track structure in
response to externally applied displacaments. For structural analysis, it is
frequently convenient to define the system in terms of the track half tension
F s and three of the displacements.

The bending moment at any point along the pin and the radial load
at any point along the bushi.g may be found whanever the state of the system
is defined, by suitable manipulation, Though the analysis has considered
primarily forces and displacements within the plana of the track, the equations
may also be applied in the transverse plane. Since the stiffening effect of
the binocular side plates will generally be less in this plane, the tube
should be considered less rigid.

Results. If there are no nearby disturbances such as sprocket tooth
forces or localized ground contact, and if the end connectors are completely
rigid, a symmetrical state of track loading is obtained that is the simplest
that may be considered. The track tension is divided one-fourth to eacl: end
connector and one-half to the centerguide. Then, by symmetry, es. ee, and A
are all zero, and the state of the PINSTRESS model can be defined by Fs alone,
Comparison of various track designs under this symmetrical loading situation
gives a meaningful indication of their relative merit, even though the stresses
calculated will not be the highest seen by the track.

3 Table 5 compares the symmetrical-load pin stresses and bushing loads

for five different track designs. The aluminum-shoe versions of the T-142 and

XM-1 tracks are assumed to have no tube deflection. The "TACL Design" uses a

1.750 dia. pin with a 1.400 dia. hole through. The spans and loads are those

of the XM-1, and the bushing O0.D. 1s scaled up in proportion to the pin diameter.
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| TABLE 5, PIN STRESSES AND BUSHING LOADS IN SYMMETRICALLY~-LOADLD TRACK

Pin Bending Bushing Load Effectiveness of
Stress, psi Concentration Factor Center of Bushing

T~-%7 track, : .
43,000 1b load 112,000 1.64 .36

T-142 aluminum
Shoe track,
43,000 1b load 116,000 1.42 .49

XM-1 track , H
similar to T-97, :
48,600 1b load 96,000 1.34 .59

T X1 Aluminum

! b Shoe track, 3
- 48,600 1b load 98,000 1.20 .71

ERE . | 4
¥ !H TACL Design 74,000 1.12 .82
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Computation of track tension is discussed in the section am Path
Dynamics. The 43,000 lb. tension assumed for the T-97 track corresponds to a
tractive effort of 40,000 1lb. ‘A higher tension was assumed for the XM-1 track
because of the greater weight of the venicle and the stlffer c;ack. -The
bushing load concentration factor is defined as the load per unit length at
the end of the bushing divided by the average lbad per u.it length over the
length of the busitiing. The effcctiveness of the center'df the bushing 1ir
defined as the load per unit length at the center, divided by the load per
unit length at the end.

In the XM-1 tracks, the pins and tubes are stiffer than those of the
T-97 and T-142, while the spring rate of the rubber bushings remains about the
same. This, taken together with the shorter beam spans, brings about a marked
improvement in the load distribution on the rubber. Bending stresses are also
reduced, thovgh not as much as one might suppose frow the larger pins and
shorter spans. This is because the shifting of the rubber load toward the
center of the span tends to increase the pin stress.
| The computations for the aluminum ahko: designs show that load distri-~
bution on the rubber can be significantly improved by immobilizing tube bending,
at the penalty of a relatively small increase in pin stress. The conventional
T-142 track, with its partially supported tube, would have stresses and loads
somevhere between the values shown. V

Tube deflections in the T-97 style denigns are more important than
would be suppesed by comparison of the moments of inertia of tubes and pins,
bacsuse the bincculsr zide plates are not rigid encugh to provide wmuch support
sgainst rotatiou of the tube ends, while tha pin ends are supported by
the end connectors.

The clamping ability of the end connectors may be inferred Irow
sxperinmeutal data by coasideration of a slightly more complex deformation
pattern., If the end of the »in is restrained acainst rotation hv a corine
such that 6‘ 1s proportional to Me’ and if sgain there ars nv local
disturbances, then the two pins iu a given end connector have equal and
opposite deflections, as do the two pins in a given shoe. Therefore, by
gymmetry, A and @s are still zero, and the state of the system may be
defined by F. plus the rate of the end constraint spring.

3 S S USRI S e . TS e TS S I S R LR T
J S N T T

‘ol AN SRR AT L s e L,

- Pfivnuetr 5 1A

e e S L e

"

eI L el 2




s, onemnss <o

| &

1! If the end constraint spring has infinite s:iffuess, the sym-

mwetrical stats previously considarad zesults, aud the ension carried

! by the end connector 1s F, = .5 F,. More realistically, the gnd connector
will deform in bending even though the clamps nay be rigid. The spring rate
of the end counector was esiimated from its physical dimensions and when

this rate was used in the PINSTRESS II equations, the result was Fe = 490 F’.
That is, a portion of the tension was shifted from the end connector to the

centerguide, but the amount shifted was very small. If, on the other hand,

the clamps are completely loose, the end constraint spring has zero rate and
PINSTRESS II ylelds Fe = ,341 Fg.

Experimental indications are that in real track, Fe i8 substantially
‘less than .5 Fs and often closer to .4 Fs. Comparison with the above theoret-
3,1 ical results suggests that there is significant lack of rigidity in the right-
angle constraint between the pin and the end connector, and that bending of
i the connector body is nagligible in comparison.

More complex deformation patterns generally require the simultaneous
solution of several pins to determine the positions of shoes and end connectors.
Solutions have been obtained for a couple of configurations where the track
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was laid out flat, so that all deformations werxe in one plane. Ome of these

) )

o

was a calibration configuration where a span of three shce sets and four connector
sets wag tensioned with the connector sets at the ends of the span loose. The
other was a hypotheticael configuraiion of a span of track axtending to

infinity in both directions And subjected to in-planc tooth loads by evenly-
spaced teath acting on five sets of ard connectors at :the center of the gpan. |
Solutions have not been carried through for three-dimensional configu::utions
L where the track is wrupped around a sprocket. Hecre the ping have components
of deflection both within and normal to the plane defined by the connector set

} , and its two pins, and thege deflections ure coupled by the motions of the adja-
‘ ceut ghoes.
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One of the primary objectives of the Track Dynamics Program was to
daevelop analytical techniques that can be used to study the track. Although
the final goal wvas to use these techniques to design track components, it was
first necessary to establish the conditions under which track tension will
g’ increase, From the beginning of the program, slow, steady-state negotiation

of an obstacle was identified as a probable cause of a significant increase
¢ in track tension.

To test this hypothesis, a twoe-dimensional model was formulated to 3f§
;’ predict track tension when the track rests on an obstacle which supports the ;
3 track through its cross section. The model does not ccousider other tension- L
E varying phenomens such as traction, centrifugal force, or other inertia effects, B

ik G

However, the increase in tension caused by any other mechanism can be added to
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the pretension, and then the affect of traversing the obstacle can be quantified
! at that modified pretensinm.

After the model was developed, tests were conducted at TARADCOM,

i B # o Aokl i1 e ool = %

Warren, Michigan, to measuve track tension when traversing well-defined obstacles.
, These tests validated the model and provided confidence in the analytical techni-
- que developed for this study.

% After this validation of the model and implementation of a number of T
.; rofinements, several of the track parameters were varied to determine the ) f

effect of varying various track parameters in terms of the effect on track
tension.

Description of Model. Since this study was concerned with the overall
effect on track tension when a tracked vehicle negotiated an obstacle, the

model was restricted to two dimensions. Accordingly, the simulation applied

to obstacles such as logs or large rocks which produced an equally distributed
1ifting across the complete width of the track. It was not, for example,
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applicable to a displacement input to the track occurring under a single end
connector, In this case (which was analyzed later), the total track tension
will be significantly less than that resulting from the symmetric displacement
of the track, and the one end connector near the obstacle would experience a
greater load than its partner on the other side of the same shoe,

A single track on the M60 tank consists of approximately 80 shoaes.
From a two-dimensional viewpoint, each shoe consists of a block element, an
end counector/centerguide element, and a bushing/pin/binocular tube element,
i . These shoes interact with road wheels, idlers, and the sprocket as well as with
. the ground, Assuming that there are three degrees of freedom for each end of
an element (vertical, longitudinal, and pitch) leads to approximately 1,000
degrees of freedom that must be comprehended by a two-dimensional wmodel of a
singie track, Therafore, to reduce the complexity of the model, only 16 3
track shoes and 4 road wheels were modeled in detail., The track between the
ceuter four road wheels was chosen because any increase in track tension would be
greatest when an obstacie was in the vicinity of the center road wheels, If

_ an costacle was near the front or rear road wheels, track tension would be less,
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especially at the rear road wheel where there is no compensating idler as in the
: front, The effect of the front and rear road wheels and the remainder of

ve the track was included, as will be discussed later.

Reducing the model from 80 track shoes to 16 track shoes resulted in
. a two-dimensional model with 218 degrees of freedom. Since this me .y degrees

13 of freedom was still considered unwieldly for normal analytical approaches,

L a finite-element technique was chosen to solve the problem,

ik i

e In general, finite~element techniques are specifically useful for
| systems which contain a large number of degrees of freedom. The unique
aspect of finite elemant methods is that it is not necessiry to develop any '
equations; only the geometry, element properties, and loading conditions must %
- be defined, The finite-element code, which can be simply defined as a trans- é
| formation betweea the loading conditions on the system and the displacements
o and internal forces of the system, establishes the equations of motiom.

; Because of its capabilities and flexibilities, a newly developed proprietary
finite-element code called SAVPEM (Structural Analysis Via Finite-Element Meth-
odology) was used after unsuccessful attempts to model this system using

E . readily available computer codes,
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Modeling the tank track negotiating an cbstacle presented five
somavhat unusual problems. First, it was necessary to consider each road pad

as an element that could react in compression hut be free to 1ift off in tension,

Second, each road pad had to withstand a maximum shear force equal to its
normal load times the cosfficient of friction between the rubber road pad and
the ground, When the longitudinal shear force was greater than this maximum
shear force, the road pads were allowed to slide until the forcas werae
equilibrated, Both of these nonlinear property phenomena were available as a
single friction/lift-off elament in SAVFEM,

The third unusual feature was that as the track was lifted up between
two road wheels, it tended to wrap around the adjacent road wheels. Since this
event was just the opposite of the road pads breaking contact with the ground,
part of the road wheel was modeled as a lift-off elemert which was not initially
in contact with the track, However, 1if the track did dsplace high enocugh
vertically to cause it to wrap around a road wheel, the frictional option of

the element was not incorporated, i.e., the track became elastically attached
to tlie road wheel,

The fourth peculiarity was that it was necessary to introduce a
pretansion into the track. This could not he done by simply pulling omn the
ends of cthe track as it rested on the ground under the appropriate wheel
loads, because the road pads and the road wheels would be subjected to a shear
load. Therefore, to eliminate any initial shear forces in the system, the
first loading condition assumed a weightless track with no wheel loads: and
no contact betweer the ground and road pads, or between the track and the
tank hull through the road wheel suspension. With these conditions, an
initial displacement was applied to both ends of the track to introduce the
pretension.

The last difficulty in modeling the track was that the track shoes
undervent large displacements relative to their dimensions. Usually a
finite-element technique is applied to smsll-displacement problems where it
can be agsumed that the overall system stiffness is not a function of the
system displacements ”linearity). But because the track displacements were
large, the system stiffness was not constant, and it was necessary to use a
nonlinear technique. The particular approach used in this study was to
vertically displace one gmall section of track a fraction of the obstacle
height and calculate the displacements of the total system. On the basis of
these displacements, the system stiffness was reformulated and equilibrium
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displacements were again calculated, This procedura was continued until a
presaet error criterion on the equilibrated forcees acting at each section of
track vas satisfied, Then the track was displaced to a greatar fraction of

the obstacle height, and an iteration on the system stiffness again brought the
track elements into equilidrium, The track was successively displaced in ten
increasingly larger increments to the maximum obstacle heignt. Each step
resulted ir a static track configuration and the internal forces in the track.

Finite Element Codinrg. In this analysis, three types of finite-
elements and two loading conditions were used to define the system. To
model the steel portion of two blocks per shoe, a linear eleastic beam element
was utilized, 1In general, a linear elastic beam can respond to tension, compres-
sion and bending loads, The second element in the model, also a linear elastic
beam, represented two end connectors and a center guide in parallel, The design
pitches of the block and end connector sections are 4,442 and 2.5 inches,
respectively. For convenience, pitches were assumed to be 4.5 and 2.5 inches.
Based on the practice of removing one or sometimes two complete shoes from the
track due to permanent set in the bushings after a short break-in period, the
value of 4.5 inches for the block length may be slightly short, but it was a
suitable value for this analysis,

A third set of linear elastic beams was used to model tha rigid
structure of the tank hull to which the gix road wheel suspension systems were
attached, These beams were not modeled to simulate the actual flaxibility of
the hull, but only to serve as a rigid member to which half of the tank's
sprung weight was applied as a load., Hence, their area and moment of inertias
values were assigned arbitrarily, such that their effective translatioral and
rotational stiffness were several orders of magnitude greater than thoqe of the
other elements in the system,

The second type of element used in the analysis was a spring element
which could undergo only a translational displacement in a specified direction,
but not a bending displacement. In addition, this element could simulate a
shear force perpendicular to its axis, and {f that shear force was greater
than a coefficient of friction times the normal load, the element would slip
until the forces were balanced., Lastly, the spring element had an active/
nonactive option that could be used to simulate an element which could take

compressive but not tensile loads,
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The seacond type of element used in the analysis was a spring i
element which ocould undergo only a translational displacement in a specified ﬁ
direotion,but not a bending displacement. In addition, this element could ’

_ a;nu;aee & sheur force perpendicular to its axis, and if that shear force
was greater than a Joefficieat of friotion times the normal load, the
element would slip until the forces were balanced. Lastly, the spring :
element had an active/nonactive option that could be used to simulate an ,,E
element which could take compressive but not tensile loads.

The spring element was used to its fullest ocapability when
modeling the road pads. Each set of two road pads on one shoe was modeled
a8 two springs - one conneoted to each end of the beam element modeling the
block cross section. The longitudinal separation between the two springs
representing the road pad was equal to 4.5 inches - the same as the beam
length representing the bdblock. Although the 4.5 inch separation was
slightly greater than actual (a worn pa. is typically closer to 4.0 inches
in effective length), this dimension should have negligible effect on track

| tension,

Spring elaments were also used to model the road wheels. It
was assumed that each of the four road wheels modeled was located
symnetrically over a track block. Although this assumption was not
quite true, it was a convenience used to simplify the model and should have |
a minimum effect on the accuracy of the solution. In addition to the two
| spring elements which supported the wheel load, the cwo center road wheals
| were modeled with two additional spring elements each. These springs became
active when the track tended to wrap around the road wheel due to a high
vertical displacement of the track between two road wheels.

A third use for the spring elements was to simulate the vertical

component of stiffness in the torsion bar suspension. These eiéments were ' i
initially assumed to be 13 inches in length before compression. Whan the

% sprung weight of the tank was applied, the torsion bar springs compressed 5
to 6 inches, leaving a jounce capability of 7 to 8 inches, before hard
stopa were encountered. The hard stops were also modeled as springs which
did not become active until the total jounce displscement of the road wheel L
was taken up.
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Although only 16 track shoes were modeled in the simulation, the
stiffueus affect of the remaining shoes was simulacted by spring elements at
each end of the track, The stiffness of these two apring elemants was
established by considering the total nuaber of effective pins in the track.
The nominal number of track pins was 150, The finite-element model included
32 pins, and 8 pins around the sprocket were "locked out"., This left 120
pins which contributed to the flexibility of the urmodeled segments of track.
Therefore, the stiffness of the unmodeled segments of track was determined by
dividing the radial stiffness of one pin bushing/binocular tube assembly by
120. To keep the model symmetric, the fact that there are fewer irack shoes
between the fifth road wheel and che sprocket than between the second road
whasl around the frunt idler to the sprocket was fgnored, The net result was
that twice the stiffness of the total unmodeled truck was specified at both
ends of the modeled track,

Lastly, spring elements were used to account for the stiffness of
tha torsion bar, road wheel, and road pads at the first and nixth road wheel
location. The value of these stiffresses was calculated as che above tlhree
springs in series.

In addition to beams and springs, a third element was utilized in
the model=~the general elastic element. The general elastic element reflects
a stiffness relation between any number of degrees of freedom within the
structural model, This elemant can be used to model components whose geometric
properties are difficult to define, but whose elastic-stiffness relaticnship
with respect to the structure is known either through experimental data or
analytical techniques. Because the general elastic element is mathematically
very simple, its use in the finite elemant code is ~ost effective,

The general elastic element was utilized to model the pin/bushing/
binocular tube stiffness in all three dagrees of freedom at the interface
batwsen the shoe block and end connector elements, It was also used at each
and of the track to account for the vertical and horizontal degrses of freedom.
The radial stiffness of the pin/bushing/binocular tube was assumed for both the
longitudinal and vertical pin/bushing/binocular tube stiffness. The torsion
stiffness of the pin/bushing/binocular tube with respect to the shoe blocks
was used for the rotational stiifness, The final form of the two-dimensional

model (TRACKOB II) is shown in Figures 19 and 20a, and the three-dimensional
model (TRACKOB III) is shown in Figure 20b,
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As stated above, two types of loading conditions were applied to
the track at specific nodes, i.e., foroea, and displacesments. The forces
included the wheel loads (one twelfth of the sprung weight of the tank) and
the weights of the track shoes. 3ix equal wheel loads were applied directly
above the road wheels to the beam elementn representing the tunk hull. The
T5 pounds per track shoes was distributed over those slements representing
the shoe block (47 pounds) cnd those representing the end connector/
centerguide (28 pounds).

The displacements imposed on the system were first, to establish a
pretenaion in the treck, &nd seocond, to simulate the track displaced ver-
tically when restingon an obstacle. Knowing the stiffness of the modeled
section of track (general elastic elements) and unmodeled 3zections of track
(springs), equal and opposite longitudinal displacements at tha two ends of
the modeled sections of track were specified to establish a pretension in
the track.

In the vertioal direction, the displacement was assumed to ocour
sysmetriocally. When the obstacle was between two road wheels, its length was as-
sumed to be 7", and the centers of two longitudinally adiicaat shoe blocks were
verticaly displaced equally. When the obstacle was baneath one road wheel,
both ends of the shoe block were vertically displaced equally. Two of these
four displacements (in addition to the pretensioning displacements were the
only ones assigned for a given case. All other displacements were ce-
termined by satisfying static equilibrium conditions through iteration
procedures in the finite-.element code,

Phygic () « Since the actual structural properties of a tank
track would vary with age and mileage, it was not possible nor was it desirable
to determine the exact values of the paramaters necessary to conduct this study,
However, the results were applicable to a generic group, i.e.,, a double-pin
track on a 50=to 50-ton tank. Specifically, the track properties used in this
study represented the T-142 track (replaceable pad), although the results could
adlso be applied to the T=-97 track (integral pad). The tank properties were those
of the M60, but XMl and M48 vehicles would exhibit similar results. In fact,

the simulation of many tracked vehicles would yield comparable qualitative results.

B T T e

o I S

T s

et laes

Sl
A Bre AETRRE " Mm.a-.i j

ot N2

L2 | gl

. 4




L
|

93

ke cewerranid

g

The values of the parameters used in the track model are given in
Table 6, and the parametric variations are listed in Table 7. The last four
parameters in Table 2 were held constant, not because they did not have 2
range of values, but because their variation was considered to have a
negligible effect on track tension,

Two of the parameters listed in Table 6 were not weli defined. The first
was stiffness of the suspension hard stop, On the M60 the hard stops for
the four center mad wheels are steel bosses welded to the tank hull. Their
stirfness was not known. 3ince the road wheel displacement relative to the

hull was always less than the available jourice for all simulation runs, its
value was academic.

%
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The second ill-defined parameter was the coefficient of friection
between the rubber pad and the ground. Typically, the coefficient of
friction between rubber and most hard dry surfaces exceeds unity, but
that value was not applicable in this study for the following reason. In
the analytical model the vehicle was assumed to be stationary in the

TATTN)

e sl

longitudinal direction, and the obstacle was introduced by displacing the
CL track in the verticaldirection. If this event did occur, large shear forces

A N would be developed in the rubber road pads, and a static coefficient of friction
] = near unity would be a reasonable assumption for hard dry surfaces. But,
when a tracked vehicle traverses an obstacle, the road pads which are
initially off the ground will adjust their longitudinal position as the
track is laid. On the other hand, the road pads in front of the obstacle
are restrained by the weight of the vehicle and will experience some
? - longitudinal shearing forces. The actual magnitude of the shearing forces
o on the road pads during this operation is difficult to determine, and was
not addressed in this study, However, it is known that the road pads

e A TR R L b
o b clsbal At s i

A 2 "walk" as tie road wheels move over them and this adjusts their longitudinal
l ' position,

In this study shearing forces were considered by assuming that the
road pads could generate a longitudinal force as great as the coefficient
of friction times the normal load on the pad. A greater force caused the
road pad to slip longitudinally until the shear force was reduced to the
maximum frictional force. To accomplish this phenomenon, an arbitrarily low
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TABLE 6. NOMINAL TRACK MODEL PARAMETERS

R

3 N ————

3 Tank sprung weight 8700 1b/road wheel

s Road pad/ground friction coefficient 0.25

i Track longitudinal stiffnesscl)* 800,000 1b/in./pin

£ Suspension o:iffnesa(z) 1600 1b/in./road wheel

é' Track rotational stiffness™* 25,000 1lb-in./rad/pin

4 Track pretenaion(z) 12,000 1b

i Track weight 75 1b/shoe

; Road pad vertical stiffness 23,000 1b/in./pad

3 Road wheel rubber stiffness 15,000 1b/in./block |
i Suspension hard stop stiffness 1,000,000 1b/in./road wheel ‘};

o oo p

*x Experimentally determined by Battelle's Columbus Laboratories.

* Numbers in parentheses refer to references given at bottom of page.

E i TABLE 7. VARIATIONS OF NOMINAL TRACK MODEL PARAMETERS AJ

_j i _ } 1
k % Tank sprung weight 7830; 9750 1b/road wheel )

E ? Road pad/ground friction coefficient 0.0; 0.50 }%
Track longitudinsl stiffness 600,000; 1,000,000 1b/in./pin |
3 2 Suspension stiffness 1200; 2000 1b/in./road wheel i%
i Track rotational stiffness 12,500; 37,500 1b-in./rad/pin %
E Track pretension 6000; 18,000; 24,000; 30,000;
% 36,000 1b

% R

|

|

(1) Gow, E. J., Jr., "Radial Pin Shift Investipation", Chrysler Defense
Division/USATACOM, T142 Track Task Force Report, Task 2-7, September 25,
1974,

(2) Wolken, .. P., Input Data tv Chrysler's Mathematical Model of M60 Tank. '3
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value nof 0.25 was chosen for the coefficient of friction. Variations in
this value did procduce significant changes in track tension as is discussed
later,

There were several other properties which had to be specified for
the track. In particular, the beam Lhat mcdeled th2 shoe blocks and end
connector/centerguide elaments was assumed to be steel (elastic modulus =
29 x 106 psi, Poisson's ratio = 0.29). Representative cross-sectional areas
and moments of inertia were calculated to provide realistic stiffness to
the elements. However, because the steel sections of track possessed
stiffnesses that were several orders of magnitude greater than those for
the rubber sections, an accurate determinmation of their properties was
unwarranted in this study.

Validation of Model. Since any mathematical model is only as good
as its ability to simulate the system it is modeling, tests were conducted
to establish the variation in track tension when the M60 traversed an
obstacle.” The track tension was determined by mounting four strain gages
on each of two pins at the end connectors and on either side of the
centerguide. The strain gages were mounted to measure pin shear in such a
manner that the sum of the four shear forces was the total track tension.

The two pins with strain gages were fitted into a T-142 track
shoe. A two-shoe assembly was calibrated on a tensile testing machine and
then installed in the T-142 track of an M60A1 tank.

The tests were carried out indoors on a concrete floor, and the
obstacles were rectangular blocks of wood, which were longer than the width

of the track. The track was initially tensioned to about 6,000 pounds (another pre-
tension load of approximately 12,000 1bs,, which is the ncminal M60 track tensionm,
was also used during the tests, and the MSCALl was driven over a 5" wooden block.

The measured track tension (several inches from the obstacle) was racorded
when the obstacle was under each road wheel and between each road wheel.
The results are illustrated in Figure 21.

Several conclusions were immediately evident. First, the
assumption that track tension would be greatest near the center road wheels
was verified. Of particular interest was the decrease in track tension
below the pretension value when the obstacle was under the sixth road

*Tests conducted by Battelle's Columbus Laboratories at TARADCOM, Warren,
Michigan.
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wheel. Also, it was apparent that there was a significantly higher track
tension when the obltacio was betveen road vheels than vhen it was under a
road whesl. These tests, along with the analytical model, identified tha
‘ negctiation of obstacles as a major influence on track tension.
fi Other validations were also carried out, Using.two pretension
- values and three cbstacle heights, track tensinn was recorded when the

obstacle was between road wheels 3 and 4, and under road wheel 3, For the

seme condition, the finite-element model was exercised to predict track temsion
§ ‘ as a function of obstacle height. A comparison of the asagsured and predicted |
- track tension is displayed in Figure 22 for obstacle heights up to 10 inches. ?

All the sxperimental data points plotted in Figure 22 were the results of a single -;J

: test case, i.e., the values were not statistical averages. At this time, the ]
% statistical significance of the measured data is not known.

The three comparisons between theoretical and experimental results
shown in Figure 22 have established the finite-element model as being ac-
curate except perhaps for one phenomenon. In the two cases for the obstucle

i between road wheels 3 and 4, the theoretical prediction indicated a

; i: slightly less steep increase in the track tension after the third and
fourth road wheels were lifted off the giround by the track (obstacle height
about 4 inches). On the other hand, the experimental data suggested a
nearly constint track tension above a 5-inch obstacle height. Although

P there was only one moasured datum puint above the S-inch obstacle, hiﬁilar

results were obtained for initial track tensions of both 6,000 and 12,000 3
pounds., ' j

S R T AT T

R

Because of this significant discrepancy between theory and :
experiment, the original finite-element model was modified to include: road %
pad/ground friection, track wrap around the road wheels, the total sprung !
weight of the hull, and the first and sixth road wheels. All of these j
mogifications had some effect on the shape of the predicted results, but
none produced the large change in track tension slope shortly after the
third and fourth road wheels were lif'ted. Therefore, if the phenomenon is
realistic, as indicated by a small sample of test data, the machanism ias
not understood at this time.
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Theoretical Results
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FIGURE 22 COMPARISON OF THEORETICAIL. AND EXPERIMENTAL RESULTS FOR M6O
TRACK TENSION WHEN TRAVERSING AN OBSTACLE
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Results of Parametric Study (Obstacle Between Road Wheels). The
nominal track parameter values weregiven in Table 6. Of these parameters,

six (see Table 7) were considered likely to have some effect on the track
tension as the vehicle traversed an obstacle. Accordingly, the six para-
meters were varied over a realistic range to determine their effect on track

e AL BN e poen I L

i tension. Because the track tension increase was greatest for the condition of
: the obstacle between the road wheels, that situation was simulated for all six
% L ' parameter variations. Two of the parameters were found to have 2 small effect
E % on track tension, and their variation was not considered when the obstacle was
E o under a road wheel, In the following results, the values of all the track model

' parameters are those given in Table 6, except as noted on the figures,
ézi . Effect of Sprung Weight. The first parameter that was varied was the
tank sprung weight. The M60 tank has a total weight of approximately 55 tons.
Subtracting out the weight of the road wheels and the track in contact with the
ground results in a sprung weight of about 8700 lb/road wheel. Variation in
fuel, ammunition, and other equipment could conceivably alter the weight by as
much as 5000 pounds. Therefore, a 10 percent change (+10,440 pounds) was
. considered the most extreme case possible. Figure 23 shows the predicted
£ %? increase in track tonsion with obstacle height when the obstacle was between
: . the third and fourth road wheels. Generally, the differences due to wheel load
3 ; werse small at all obstacle heights.

There were two noticeable changes in the slope of the curves for track
tension vhen the ok3stacle was between road wheels, The first occurred at
an obstacle height of abort ~n+ inch, while the second occurred at an obgtacle
height of about four inches. Both of these changes represented a decrease in the
stiffness of the system. A close exanination of the finite-element results
revealed that at obstacle heights of 1.1 inch or less, not all of the road
pads were in maximum shear (coefficient of friction times normal load). At
greater obstacle heights all of the road pads were under maximum shear
force, and were slipping as the obstacle height increased.

At about tha U-inch obstacle height, the system underwent another
o significant change when the two road wheels adjacent to the obstacle were
\ 1ifted off the ground by the track. As can be seen in Figure 23, the

‘< obstacle height at which this occurred did not depend on the road wheel
i load.
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TENSION WHEN TRAVERSING AN OBSTACLE S

The obstaclec was located between Road Wheels 3 and 4. é
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Effect of Road Pad/Ground Friction. As explained previously, the
actual magnitude of friction applicable to this simulation was difficult to
D ascertain becsuse of the natural longitudinal adjustment that the track
i shoes make when the vehicle traverses an obstacle. Nevertheless, Figure 24
does indicate that the effective friction between the rubber road pads and
the ground was significant for moderate-size obstacles. After the third and
& %f fourth road wheel had lifted, most of the road padswere no longer in con-

P taot with the ground. Above a Y4-inch obstacle, friction as less effective

and as can be z2en by the results in Figure 24, the track tension becanme
nearly identical for all friction values.,

Y T X A

The shapes of the curves for the smaller obstacle heights were
radically different. As already noted in Figure 23, the changa in slope above the
1.1=inch obstacle height for a coefficient of friction equal to 0.25 was
3 » due to all the road pads slipping under a maximum shear force. With no
h friction, the road pads slip immediately, and the system exhibits. a lower
overall stiffness (slope of curve). When the friction coefficient was 0.5,
the road pads under road wheels 3 and 4 did not slip until a 1.2-inch
obstacle height was reached. All the road pads out to road wheels 2 and §
were slipping at about 1.8 inches. Therefore, the change in slope of the
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0.5 friction coefficient curve was more gradual than that for the 0.25
friction coefficient curve,
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The second change in stiffness (slope oFf curve) at about a #-ineh
obstacle height was similar for all three friction coefficients, As
expected, a higher frictlion coefficient caused the road wheels adjacent to
the obstacle to lift off sooner than they did for the lower friction
coefficients. From physical considerations, if the road pad does not
support a shear load, the extra length of track needed to acccmmodate the ]
hqight of the obstacle can be obtained by stretching the track, However, if ;
friction is high, the .rack cannot stretch as readily because it is being held
by the shear forcces in the pads. Nevertheless, although the friction
coofficient had a significant effect on track tension for moderate
obstacle heights, it had a small effect on wheel 1lift.

o
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] Effect of Track Longitudinal Stiffness. From a modeling viewpoint, ?
‘ the tank track is a sequence of springs in series. Because the bushing/pin/binoc-
5{ ular tube stiffnass was several orders of magnitude less than the stiffnees of the
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FIGURE 24. EFFECT OF ROAD PAD/GROUND FRICTION COEFFICIENT ON M60 TRACK
TENSION WIEN TRAVERSING AN OBSTACLE

The obstacic was located between Road Wheels 3 and 4.
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end sonnectors, centerguides, and blocks, only the bushing/pin/binocular tube
stiffness was varied to chenge track longitudinal stiffness. The nowinal value
used for stiffness was determined experimsncally. The 25 percent variation
(shown in Figure 29 could be attributed to deterioration or heating of the rubber
bushings which would lower the etiffness, or to cold-weuther operations which
would increase the stiffness. This parameter had a significant effect which
increased with increasing obstacla neight. The tendency for wheel 1ift wes
to saintain ground contact longer with a sore flexible track because the track
stretched more to envelop the obstacle.
Bffect of Torsion Bar Suspension Stiffness. Although the torsion
bar suspension stiffness has a mujor role in the dynamiocs of the tauk, it
proved to have only a small effect on track tension when traversing an
obstacle, and then only after the road wheela lifted. The trend of de-
creasing track tension with deoreasing suspension atiffness was expected
because for the same obstacle height, the stiffer suspensiun on road wheels

3 and 4 surgorted a greater percentage of the tank's sprung weight. The
reduction in the slope of the curve after the road wheels lift off
suggested Lhat the experimental data in Figure 22 might be more closely
approximated by a less-stiff torsion bar suspension. But the small re-
duction illustrated in Figure 26 also suggested that it was not physically

realistic to decrease the stiffness sufficiently to have an appreciable
effect.

Jfect of Track Bending Stiffness. Like track longitudinal
stiffness, the bending stiffness of the track is dependent on the flexi-
bility of the bushings. But, as seen in Figure 27, track bending stiffness
had only a amall effect on track tension as compared with longitudinal
stiffness (see Figure 25). However, the effect was in a worsening direction
in the sensa that as the rubber ages it will become more flexible (lower
bending stiffness), and the track tension will increase. The small increase
due to bending stiffness would, however, be more than compensated for by
the reduction resulting from the decrease in longitudinal stiffness.
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Track Tension, 1b x 10
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FIGURE 25, EFFECT OF TRACK LONGITUDINAL STIFFNESS ON MGO TRACK TENSTON
WHEN TRAVERSING AN OBSTACLE.

The obstacle was located between Road Wheels 3 and 4
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FIGURE 26 EFFECT OF TORSION BAR SUSPENSION STIFFNESS ON M60 TRACK
TENSION WHEN TRAVERSING AN OBSTACLE
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Effect of Track Pretension. Probably the parameter with the
greatest variability in the track system is the pretension. Although the
nominal operating track pretension is specified at 12,000 pounds(z), the
actual value put in by the crew can be significantly higher. Also, if the
: tank is accelerating or under a heavy traction load, it is not unreasonable
it to expect the tension to be as high as 30,000 to 40,000 pounds on level
P ground, Given these high effective pretension loads in the track, nbstacle

negotiation can serve only to worsen the situatiom,

The pretension was varied by increments of 6,000 pounds (see
Figure 28) . One favorable result was that as the pretension increased, the
obstacle height had a reduced effect both in percentage and magnitude of
inereased tension. For example, if the track pretension was nominal (12,000
pounds), a '.~-inch high obstacle doubled the track tension to 2,000 pounds.
; '5 But if the pretension was 24,000 pounds, a S-inch high obstacle increased
I the tension by ornly 7,000 pounds.
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: Another expected prediction wasthe decrease in obs.acle height

= ;o necessary to lift road wheels 3 and U off the ground when the pretension

i . was increased. In fact, for high obstacles and high pretension, road wheels
Fooo 2 and 5 were lifted off the ground. Also, as the pretension increased, the
change in slope of the stiffness curvés ocecurring at wheel lift-off merged
with the change in slope due to road pad slippage.
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Results of Parametric Study (Obstacles Under a Road Wheel)» When

an obstacle was under a road wheel, rather than between two road wheels,

X the increase in track tension with obstacle height was only about half as
great. The reason for the reduced increase in tension can be attributed to
the greater length of track between the obstacle and the adjacent road
whecls so that less of the load in the track is taken out in the longitudinal
direction, With the greater length of track available, the adjacent road
wheels did not lose contact with the ground until an obstacle height of

about 7 inches was reached, Unlike the case when the obstacle was between
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road wheels, the stiffness of the track system did not noticeably change
when the adjacent road wheels were lifted up.
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‘Rffect of Sprung Weight. When the road wheel load was varied by
+10 percent, the change in track tension was small (Figure 29, . A similar
result was obtained when the obstacle was between road wheels (rigure 23).

b ! ——]
L —— :—--J

e

!frect. of Road Pad/Ground Friction. The noticeable increase in
track tension for larger friction coefficients (Figure 30) resembled the
trend for the obstacle between road wheels (Figure 24.

o

’  Bffect of Track Longitudinal Stiffness. As was the case when the
, obstacle was between road wheels (Figure 25, the track longitudinal
E b 4 " stiffness had a significant effect on track tension (Figure 31).

b ! Effect of Track Pretension. Finally, track pretension had a
F - similar effect on track tension when the obstacle was under a road wheel
i i (Pigure 32) as when it was between road wheels (Figure2®. Also, the
A obstacle height at which the two adjacent road wheels lifted up decreased
with pretension, but not as rapidly as when the obstacle was between road

.

3 o wheels,

o

e Three-Dimensional Computer Model of Track (TRACKOB III)

Following the success of the two-dimensional finite~element
g model in predicting track tensfon forces as the tank negotiates an
obstacle, the SAVFEM computer code was used to develop a three~dimensional

" finite-element. model of the T-142 track. The reason for developing a
three-dimensional model was to provide the capability for predicting

R IR IS T

| track tension and displacement distribution whea the vertical displace-
: ments of the track are unsymmetric--for example, when only one edge of
the track is in countact with an obstacle. Iz i3 this type of encounter
which puts high stresses on one end connector and one end of the pin,
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The obstacle was lccated under Road Wheel 3.
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The three-dimensional track model was similar to the two-dimensional
track model just described. Like the two~dimensional model, the three-
dimensional model simulated 16 track shoes which were subjected to an initial
specified track pretension. Due to the three-dimensional aspects of the model,
it was possible to apply any percentage of the pratension to two end connectors
and a centerguide--the total percentage being 100 percent, It was, tharefors,
possible to simulate unsymmetric tension distribution across the track,

Two test runs were made with the three-dimensional track model, one with
a zero traction coefficient between the road pad and ground, and the othe: with a
friction coefficient of 0,7. The obstacle was between the middle two road wheels,
and the track was raised symmetrically in the longitudinal/vertical plane similar
to the two~dimensional model. From Figure 33, the significance of road pad-to-
ground sliding friction is apparent, especially at the lower block heights.

The results of two computer runs are shown in Figures 34 and 35,
for the cases of (a) obstacle under outside end connector between Road Wheels 3
and 4, and (b) obstacle under outside end connector adjacent to Road Wheel 3.
Also plotted on these figures are the results of the comparable two-dimensional
case where the obstacle extends across the track width., The track parameters used
in the three~dimensional analyses are those given in Table 6, except for the
track longitudinal stiffness which was taken as 724,000 1b/in/pin instead of
800,000 1b/in/pin., A comparison between Figures 25 and 34 shows that the
three- ard two-dimensional models give the same results for total track tension
when the obstacle was under the total track width between Road Wheels 3 and 4.

A similar comparison can be made for the obstacle under the total track width
under Road Wheel 3,

The results in Pigures 34 and 35 show the extent to which the
tension load is incressed on the outside «nd connector and decreased on the
innide end connector, The centerguide load also increases somewhat under
the nonsymmetrical loading case., However, the increace in total track
tension is less than for the symmetrical obstacle case, as might be expected,
This loading condition was not used in the tests conducted on the M-60 tank at
TARADCOM's laboratories in Warren, Michigan. Such a test would be of interest
to fully validate the results predicted by TRACKOB III.
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Track Thermal Analyses

Because of the complexity of the track shoe assembly, the use of a
somewhat detailed model was considered necessary. A two~dimensional model was
first developed, but this was expanded to a thres-dimensional model in order to
evaluate detail changes in the shoe agsembly design.

Iwo-Dimensional Analysis of Shoe
Temperatures (SHOETEM? II)

The first thermal model was a two-dimensional model formulated for
T-142 track shoes for use with the TRUMP® computer program.

Model Formulation. For the first model, named SHOETEMP II, the cross-
section of the track shoe was divided into thermally interconnected finite-
volume regions, as shown in Figure 36. Temperatures were calculated at the
center of each volume via a finite-differencing scheme which was incorporated
within the TRUMP computer code. Since TRUMP was basically a transient computer
program, the temperature profiles could be calculated at various simulated times
up to & steady-state condition. The user had the option of selecting the time
increments at which to print the intermediate results. This option allowed the
analyst to closely match the output to any validation data that was available.
Of course, if steady-state solutions were of the only importance, no inter-

mediate outputs were specified.

The input data include (1) physical descriptions of each node or
finite volume region, (2) thermal connections between nodes, (3) thermal connec-
tions between the nodes and the boundary conditions, (4) boundary condicioms,
(5) heat input, and (6) thermophysical properties of each material in the model.
The internal thermal connection data (between nodes) may include the interface
resistances due to contact between parts, such as the contact between the pad
backing plate and the shoe body on T-142 tracks. The boundary conditions may
be a function of time or temperature. The boundary connecticns can be convec-
tive, radiative and/or of a contact resistance nature. This variability in
boundary counnections permitted the accurate modeling of the heat transfer
between the shoe and air, and the shoe and road‘furface.

* Edwards, A. L., TRUMP: A Computer Program for Transient and Steady-State
Temperature Distributions in Multidimensional Systems, University of
California/Livermore, September 1, 1972. Prepared for the U. S. Atomic
Energy Commission under Contract No. W=7405-eng-48.
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The required thermophysica. property data weres then assembled.
These data included dunsity, thermal conductivity, and specific heat. Rubber 1
properties were obtained from the Goodyear Tire and Rubber Company for their
compound that is designated as SMB493. These data are shown in Table 8.

e i Rt

— ow—

Thermophysical properties of steel were obtained from the open literature 3
and are shown in Table 11. ;i
§
TABLE 8. THERMOPHYSICAL PROPERTIES OF SM 8493 RUBBER t§
Temperature, F C» Btu/1b-F ‘ ;J
Specific Heat, Cp
116.6 «2545 f
134.6 .3226 ?
152.6 «3327
170.6 3484 b
188.6 .4308 P
é 206.6 .3808 |
' 224.6 .3574
242.6 +3676
260.5 . . 3609
278.6 . 3646 3
296.6 .3703 R
1

Thermal Conductivity E f

K = 0.1089 Btu/hr-ft-F

Density

= 75 1b/ft>

Source: The Goodyear Tire and Rubber Company, Akron,
Ohio.
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Contact resistances which occur at a steel/steel and a rubber/steel
t~nd were located., The contact resistance between the rubber and tha gmound
was not readily available, so it was approximated from data that relatas to
soft materials at high contact pressures.

Heat Input. The hysteretic heat inmput to the rubberAcoupouants was
experimentally determined in Battelle's fatigue laboratory for T-142 track
components., These tests were conducted up to’;oading frequencies of 100 Hg
and peak forccs of 10,000 pounds. The results ‘of these tests are shown in
Figures 37 and 38 for the road wheel path and road pad, respectively. A linear
regression technique was applied to the data to obtain a least squares curve fit,
The equations which resulted from these analyses are indicated on the figures.
Note that the experimental data indicated that the per-cycle hysteretic heat
inputs to the road wheel path and road pad were not a function of the loading
frecuency, but depended on the peak force of each load application, The effect
of load frequency (loadings per second) was to increase the total heat input
per unit of time via an increase in the number of load applications, Peak
loads would be affected by several varfables, including track tension, acceleration,
terrain roughness, etc.

A giwmple case for the T-142 track on an M=60 tank was first assumed--
that each road whéil on each side supported an equal share of the tank weight,
Since there are effectively 24 points on the tank track where the road wheels
touch the track (lé sets of paired road wheels), the force on each pad is
1/24th of the tank weight, This force will be applied six times to each pad

every time the track makes one complete revolution. The number ot load applications
to each road pad at any given speed (V, mph) is

1 - 6 Impacts
Numb::r of Load Applicacrions 560 Inches

17.6 V

= ,189 V impacts/second.
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Knowing the tank velocity and the hysteresis per impact or,lbgdAcyclc,
an effective heating rate in Btu/hr could be calculated. These calculations
wvere made using the data shown in Figures 37 and 38 for the road wheel path

the tank. The following equations resulted from these calculations, and were
used to deter. 'ne the heat input to the rubber components for any tank speed

or weight.

Road Wheel Path

-2 W

Heat Input (Btu/hr) = .189 V (1.434 x 10 26 = 33.36) = Qpath
Road Pad
Heat Input (Btu/hr) = .189 V (4.127 x 10-2 -210 - 73.53)

where

V= tank speed, mph
W = tank weight, lbs.

The heat input calculated with the above equations was distributed
uniformly throughout the volume of rubber in the track shoe.

For the preliminary thermal analyses, a 30 mph case was usad. Both
transient and steady state results were obtasined. The maximum rubber tempera-
ture occurred after nearly 4 hours of operation. As shown in Figure 39, the
interesting chservation is that the road-pad temperaturs is twice as high
as the roadwheel-patii temperature.

The two-dimensional model was then used to study the importance of :
other parameters. These parameters included (1) interface thermal resistance i}
between the pad backing plate and the shoe body, (2) heat generation diatri- '
bution in the roadwheel path, (3) rubber thermal conductivity, and (4) heat-
transfer coefficient between the track shoe and the air. The results of
these parametric analyses are discussed below.

Effects of Road Pad/Shoe Body Interface Thermal Resistancs. The
effects of thermal resistance variations in the road-pad backing plate to shoe
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body interface were investigated by doing 20 mph transient simulations of up

to 1 hour. The experimentally obtained heating values were used along with
the following conditions: _

Hysteratic heating was uniformly distributed in the rubber
Shoe-to-air heat transfer coefficient = 10 Btu/Hr-Ptz-P - h.
Road pad-to-ground contact conductance = 150 Btu/ﬂr-rtz-P" h,
Rubber thermal conductivity = .109 Btu/Hr~Ft-~F

50 P air temperature

"

60 P road temperature

R T

Two runs vere made wherein the interface resistance was varied from T
| zevo (perfect contact) to infinity (perfect insulation). The roadwheel-path 3
S temperatures and road-pad temperatures varied only a few degrees in these

simulations indicating that this parameter has very little influence on the !
thermal behavior of the track shoes. y

Effects of Heat Generation Distribucion in the Roadwheel Path. The
hysteretic heating data that were obtained praviouslf in laboratory tests vere

modified somewhat to account for “ne effects of the roadwheel rolling over the
roadvheel path. The laboratory tests were conducted by pressing a steel ram

into the roadwheel path and obtaining a load/unload versus displacement loop. I
The ram had a 15 fuch radius m-chined on it; therefore, it did not come into H
contact with the full widtk of the roadwheel path.

Rl e o Bs s de Lk plaall bt

i )

-ah

Since the roadv’ienl rolls acioss the rosdwi.eel path and does compress
all of the rubber in the path, it was felt that the measured heat input was too
low. The measured heating was modifled by multiplying the data by the ratio of
3 the rozdwheel path ares to effective rom contac area. Thus, the measured data
were increased by 2 factor of 1.84.

T R T T

Tn additicn tn {i.creasing the measured heating by 1.84, the distribu- ]
tion of the heat within the pad was modified to reflect the varied stiffness FE
of the rubber throughout the roadwheel path. The result of this exercise was
to generate more heat in the center portions of the rubber where the defiec-
tions are small. These modifications had a pronounced effect on the roadwheel-
path temperature. Before the modification, the temperatures of the roadvheel
path and road pad after one hour at 20 mph were 146 F and 267 F, respactively.
After incorporating the modifications into the model, these temperatures were

‘198 F and 269 F, respectively. The simulation incorporating the refined
heating distribution was run until steady state was reached. The resulting

temperatures in the center of the road wheel path and road pad were 245 F and
319 F, respectively.
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Bffects of Variations in Rubber Thermal Conductivity. The effects
ductivity from 0.05 to 0.15 Btu/Hr-Ft-F. The thermal conductivity of rubber

is typical, but certainly not exact. Therefore, the effect of variations in
this value are iuportant to know. Parametric ruus were made using the 2-D
model and the revised heating distribution until steady state was reached.
The results of these analyses are presenced in Table 9. As expected, the
effect of thermal conductivity was very pronounced. It is not unreascnabla
2? to expect the thermal conductivity to be in the range of 0.05 to 0.15 Btu/ !

Hr-Ft-F. A variation over this range results in a temperature chsnge by a
factor of 2.

TABLE 9, EFFECT OF RUBBER THERMAL CONDUCTIVITY ON ROAD~
PAD AND ROADWHEEL-PATH TEMPERATURES

(Temperatures are for 20 mph steady state)

. Thermal Conductivity Roed Pad Road Wheel Path
—_(Btu/Hr-Fe-F) (F) (F)
¥ 0.05 587 419
H 0.109 319 245
1 0.15 256 204

Effects of Shoe-to-Air Heat Transfer Coefficients.

The effects of
variations in the heat transfer coefficient were studied (again using the

2-D model and the revised. Leating distribution) by allowing the value to range

from 10 to 100 B:u/Hr-Fcz-F. The heat transfer coefficient affects the road-

vheel path temperaturs more strongly than it does the road~pad temperaturs.
The results of these analyses are presented in Table 10.

of variations in rubber thermal conductivity were studied by varying the con-

is highly influenced by the fillers in the compound. The value that was used
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TABLE 10. EFFECTS OF SHOE-TO-AIR HEAT TRANSFER COEFFICIENTS
ON RUBBER TEMPERATURES

(Rubber thermal conductivity = 0.109 Btu/Hr-Fc-F)

Heat Transfer

60¢££1ci¢!t ) Road Pad Roadwheel Path
(Btu/Hr=Ft“~F) (F) (F)
10 319 245

100 293 209

Thrgc-Diulnlional Thermal Mode] (SHOETEMP IIL}

Subsequent work on the thermal analysis task was directed toward
development of a three-dimensional thermal model of the T-142 track show. This
3-D ther- 1 model, as shown in Figure 40, was an expanded version of the two-
dimensional model used previously.

In its final form, the three-dimensional model was composed of 350
finite volume regions or nodes which were thermally interconnected. These
nodes vere spread out over six sections along the axis of the pins, resulting
in an average of 58 nodes per section where the temperature could be calculated.
With this distribution, temperature gradients, and hence heat flows, could be
calculated for .

This uwuel was extremely flexible in its application of thermally

three directions.

modeling a T-142 track shoe because all of the key parameters could be varied.
The two-dimensional thermal model used previously was not as accurate, since it
assumed infinite th, thereby omitting end c¢ffects. Some of the more
significant para. .ers that could be varied included:

o Heat loss from the end plates

e Heat loss to the road surface

e Heat loss to the air

¢ Axial heat conduction along the binocular tubes

o Complete spatial distribution of hysteretic heating within
the rubber components

e Possibility of including the bushing heat

e Possibility of studying the heat dissipation effects of the
pins.
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After the field tests were made at Warren in January of 1975, attempts
were made to duplicate the field results with the model. In the SHOETEMP III
model, a complete description of each of the 378 nodes representing the track
shoe had to be suppliad . This included not only thermal properties such as
heat generation, specific heat, conductivity, etc.), but the 6 geometric
descriptors which define the connection of each node to its surrounding material.
This problem was compounded by the fact that in start-and-stop ruunning such as
the field test which was simulated, these conditions must be specified again
after each start and stop.

Due to problems with simultaneous availability of tank, driver, and
technician, it had been possible to make only one sustained test rum. It
was necessary to stop to read track temperatures so that the shape of the
heating curve could be defined, and following a series of these readings, the
sustained run was made--sbout 30 minutes of continuous running at roughly 25
mph. Since ambient temperatures were just above freezing, high temperature
buildups in the track shoes were not obtained.

The validation of the SHOETEMP III model uncovered some problems
in the data input, brought about by the simulation of the stop-and-go running,
and also the variability of thermal properties of the two main materials——
"rubber” and "steel”. Both of these materials exhibit a wide range of thermal
properties, depending on the specific rubber compound or steel alloy. In the
absence of good data on these properties and the heat genesrated by the T-142
track, some variation of these properties had to be made to obtain good
correlation with the field tests. Even after these properties were varied,
it became obvious that there was one major discrepancy between the predicted
and measured results, and this was the fact that the model consistently
predicted lower temperstures in the road wheel path than were aeasured.

In order to obtain good validation, it was necessary to raise the heat input

in the rosd wheel path by a factor of 3 over that originally measured in the

laboratory hysteresis tests. Input data for the first 8 runs of SHOETEMP III

are shown in Table 11; note the increase of "Qnath" from 2258.7 (measured value) to
6776.0 (three times measured value). ‘
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TABLE 11. INPUT DATA USED IN SliOBTEHP MODEL TO PREDICT

= &

{} T-142 TRACK SEMPERATURES

1 S G

'/ Mo. __ Date Ksceal _ FRubber R Tst N BN Qpypy
1 3/7/78 33 0.109 0.35 0.2 S0 10 ( O mph) 0

10 (20 mph) 2258.7
: 10 (26 mph) 2936.3
2 3/9/78 25 0.109 0.35 0.12 SO 10 ( O mph) 0
| 10 (20 mph) 2258.7
~ 10 (26 nph) 2936.3
3/9/78 25 0.200 0.40 0.12 S0 10 ( O mph) 0
10 (20 mph) 4517.4
10 (26 wph) 5872.6 ;
| A 3/14/78 25 0.200 0.40 0.12 SO 10 ( O mph) 0 :
. ~ 10 (20 wph) 9034.8
| ‘ 10 (26 mph)  11745.2
s 3/16/78 25 0.200 0.40 0.12 S0 1 ( O mph) 0
| . S (20 mph) 6776.
i 5 (26 mph) 8808.9
6/14/78 25 0.100 0.40 0.12 50 5 ( O mph) 0

P TR T Y. T Ehkioii b ks daniniiod

1 6 .

: . 10 (20 mph)  6776. |

bl . 10 (26 mph)  8808.9 k
fo 1™ e/15/18 25 0.200  0.40 0.12 S0 10 (26 wph)  8808.9 i
' 7/14/78 25 0.200  0.40 0.12 50 10 (20 mph) 7964.2 H

8 10 (26 mph) 10353.9

Glub bl A

TABLE 12, PREDICTED AND MEASURED TEMPERATURES IN T-142 TRAK

. Warren

Thermocouple SHOETEMP Comwputer Run Number Held
Location 1 2 3 4 S [ 7 8 Tast

13 62 62 95 148 150 110 120 119 140 ,
. 11 115 114 152 250 196 215 180 215 220

| 10 100 104 128 188 153 169 150 170 148 ;
‘ 5 75 77 87 98 100 78 100 9% 121
: 6 160 164 138 146 143 156 128 148 132
; 7 209 209 170 173 163 195 148 175 -
: 8 8s 85 90 90 73 85 70 76 -
: 12 120 125 138 180 146 142 170 163 —
9 140 148 145 167 136 126 179 192 135
: 1 140 148 145 167 137 135 189 173 130

* For units, see Page 120, 124, and 126.
#* Run 7 was a 45-minute conti: wous heating run (=25 mph).
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Table 12 summarises the predicted temperatures at the locarions correspond-
ing to the thermocouple locations in the instrumented shoe used in the field
tests. The time-histories of predicted and measured temperatures for
computer Run No. 6 are shown in Figures 41, 42, and 43. While the correlation
is considered to be excellent, some differences remain--the main one being the
lower predicted temperature in the steel at the center of the shoe, and the
other being the faster cooling rate at the pin/bushing locatiom.

After the computer program had been validated to the extent indi-
cated by Run No. 6, a run simulating continuous running (no stops) for 180
ainutes at 30 mph wvas made, using the same parameter values. The results
are shown in Figure 44. Perhaps the most significant point indicated by
this figure is the continuous rise of the temperature in the center of the
road wheel path (Thermocouple #11) for the full three hours, at which time a
steady state temperature of 380° has been reached. This is 340° above the
assumed ambient temperature of 40°; on a hot summer day, with an ambient of
100°, maximum temperatures 60° highar could be expected. This would result
in a temparature of 260° after only 30 minutes of continuous running.

Following these runs, the T-142 type track being considered for
the X-Ml tank vas simulated. However, because of the questionable hysteresis
in the road wheel path rubber, the factor of 3 over the laboratory test data
(used for the M-60 runs) was omitted. With this change, the "hot spot"
svitched from the road wheel path to the road pad. However, at 30 uwph, the
saximum temperature in the road pad (Location #7) of the XM-1 was 172°,
compared to 276° for the M-60. At the 50 mph speed of the XM-1, the tempera-
ture again approaches the 280° mark.

Based on these results and the parameter studies made eariier, the
single dominant parameter in the track thermal system is the hysteresis in
the rubber, since the track does not dissipate heat effectively once it is
generated. The SHOETEMP III model should be used to analyze designs in
vhich the hysteresis is reduced by decreasing the thickness of the road pads
and/or road wheel path rubber, decreasing the bearing pressure of pads and
road wheel path, and using rubber of higher durometer.

A final point which might be made is that the pins and binccular
tubes appear to do an effective job of dissipating heat generated in the bush-
ings, 8o that bushing temperatures are lower than those in other locztioms.
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Track Bushing Rasearch

One of the key elements of track is the rxubber bushing which occupies
the volume between the pins and the tubular portion of the shoe. 'Bushings do
have some probiens, particularly in single-pin track where their torsional

Lt i (iR

b displacements are higher. It was noted that the bushings must deform

; grossly vhen the track is assembled. Therefore, it was decided to study
1 é ' : bushing assembly stresses and other aspects of the bushings to determine
; : ways in which bushing life could be improved. -

%é In a track assembly, the bushing is mounted on the track pin
A to provide sn adequate seating in the tube which links the track shoes.
In the unassembled state, the rubber bushings are in the form of a series

of "donuts" separated by a thin rubber layer. The manufacturer is re-
quired to size the donut such that the oversize between the bushing and the

Bl 1.

tube is just sufficient to cauge the bushing to deform into the shape of a

andtb

homogeneous cylinder.

: Tt is believed that this sﬂecificaéion is approximately met by
b the manufacturer by merely equacing/the volume of the oversize to the volume

-»,_,,,,
.

of the space between the donuts, assuming that rubber is {ncompressible and
that there i3 no deformation in the rubber at the end of the bushing. This "

latter lcsumptioh is very approximate, but there 1s. no indication of a more

T T e T [T TR R

formal analysis being undertaken, based on elasticity theory, to prove i

that the specification is satisfied. The necessity of a more sophisticated

T T

L analysis arises due to the two-dimensional, large-defcrmation behavior of F
- the rubber bushing when the pin bushing assembly 1is inseited into the track i
tube. The final shape in the {nitially straight sides of the donuts

wil! become curved in the deformed state. Also, the points at the base i
of two adjacent donuts cannot be expected to coalesce after deformation to
avoid infinite axisl strains in the rubber membrane layer which is bouded
to the pin. Thus, it appears a priori that the bushing offers discontinuvous
support for the pin and also that high scress concentration is likely to

occur in the bushings due to deformaticn of the bushings during asserbly. -]
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Apalysis of Assembly Stresses

A The finite element sethod of structural analysis was employed to
analyse the pin/bushing assembly stresses. The installation of the bushing
in the "binocular” tube was simulated by applying a radial interference to a
single rubber bushing finite element model. To confirm that a coauvergent solu-
tion was obtained, both a coarse and fine wodel were employed in the analysis.
The cosrse model is shown in Figure 47, The finite elements representing the
rubber bushing utilise the Mooney=-Rivlin formulation which requires that two
waterial paramsters be known, Unfortunately, the form of these parameters
bears little resemblance to the reported engineering properties of rubber.

In order to define these parsmeters in their proper form, a computer
program was vritten that would calculate the Mooney-Rivlin parameters for a
given stress-strain relationship, Informstion supplied to Battelle indicated
that the bushing wmaterisl i{s similar to ths U.S. Rubber Company's Number 6270
rubber, for which a stress elongation curve was available. It can be seen from
Figure 48 that the Mooney-Rivliin parameters estimate the response of Number 6270
rubber quite well up to an elongation of 150 percent.

The results of the analysis indicated that whils the i{nstallation of
the bushing in ths "binocular" tube does not produce significant stress in
the pin, extremely high strains were produced in the rubber bushing,
These strains were particularly large at the corner where the Dushing
and pin meet (near Node 34 in Figure 47)., In reality there is a small
fillet that could not be modeled at this corner that might slightly
reduce these deformations. Nevertheless, the location of high strain in
the model is precisely where many bushing failures occur. Figure 49 shows
the displaced geometry of the finer model superimposed upon the unloaded
geometry for a radial interference of 0.06 inch, which is 55 percent of the
total applied interferences.

In the past, these failures have been sttributed to abrasion of
the highly deformed rubber bushing by the pin. This abrasion occurs be-
caupce the rubber bushing is in contact with, but unbtonded to, the pin.
This analysis indicates that the failure may actually be initiated by the
installation of the bushing tube. It is still likely that abrasion con-
tributes to the fsilure even if this is the case.
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Bushing Ingertion Tests

The computer results indicated the areas in which high stresses

oceur,
and it wvas decided to perform

some laboratory insertion tests to see if the
results correlated with the snalysis. Therefore, ingertion ("shooting™)

experiments were performed ior nine T-130 bushings. The cbjectives of the
experiments were to determine:

Donut deformation shape during insertion
® Repose of the donuts after insertion and before and
l after recentering
e If and where strain damage occurs in the rubber.

All nine of the bushings were measured beforehand to.assure that
they conformed to the dimensional requirements of MIL-T-11891B. Three of the
nine bushings were "shot" into a Lucite'™ tube that is used to check bushing
"£111" and repose of the donuts. The tube had a long lead-in "funnel" at one
end to ease the insertion by funneling the dénntp into its ID. The first of
the three was shot dry (unlubricated) and even though the ID of the tube was
the largest allowable by MIL-T-11891B (1.194-inch diameter), an area that
appeared to coantain trapped air bubbles was visible tk-ough the tube on the
deformed OD of the inserted donuts. After extraction, this area turned out
to be surface damage (apparently due to friction) that was initiated at the
leading edge of the donuts that first contacted the wall of the tube during
insertion. (See Figure 50.) Strain danage was noted also around the circume
ference of two of the donuts in the unlubricated specimen, This damage, which

8 1s registered trademark.

, v
ot T i

. .

sl s 2, sk M

il




e g

L P

1 ims o1 At

L e -

o

appeared at the points indicated in Figure 9, looks like a "split" caused by
to;d-ov.: of the corners. The damage nearly circumscribed the two donuts;
however, it was the greatest wvhere the surface damage due to friction was

greatsst.
Direction of Insertion

t .

Strain
Damage

FIGURE 50, DAMAGE OF T-130 BUSHING DURING INSERTION

®

Por the dry shot in the Lucite™ tube, 5400 1b maximum force was
required. As indicated in Figure 5Q surface damage resulted in a serious loss
of material, particularly for the second donut. Unfortunately, there appeared
to be no correlation of damage with the dimensions of the decauts. After re-
centering, the parting lines between the three donuts were distinct even
though the donuts had been forced into solid contact in both directions.

The parting lines were not parallel, however. Apparently, nonuniform friction
caused some portions of the donuts to drag more than others.

The other two bushings that were shot into the Luciteqbtube were lubri-
cated®, and no serious surfuce damage or material loss occurred. However, the
direction of insertion can be verified by a slight scuffing (removal of gloss)
over a sasll area of the circumference at the leading edges of all three donuts
in the same regions as are shown in Figure 30, The insertion force was about

2000 1b. maximum and the parting lines were rather indistinct and parallel.
* The lubricant was described as a "vegetable oil or a paraffin-base
oil as is used in production”. Lubrication consisted of hand wiping a
generous quantity of lubricant on the donuts.

(® is registered trzdemark.
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$ix of the nine bushings were inserted into 4 metal split collet

that is used as the fixture for fatigue tests. In contrast with the larger 1D
of the Lucite® tube (stillwithin the specification), the test collet represeats
the lov end of the acceptadle OD prcscr%bod:by MIL-T-118918 (1.187 {a.
diameter). All bunhtzi; shot into the fuot collet were lubricated. In com-
trast with. the Lucite™ tube, the test ollet had only a slight chamfer om
the insertion end; therefore, a funnel (a block with a hole that necks dowm to
the collet diameter) is required to ease insertion (as in production assembly)
by "funneling™ the donuts into the tube. The followirg coaments summarise
the results of the insertions into the split collet:

(1) Each bushing showed varying degrees of lesd-edge

damage due to insertion. Most damage sppeared

to have been initiated when the donuts were forced

through the conjunction of the funnel and the tube,

as evidenced by the rubber shavings produced theras.
{2) Small axisl slits showed up in most bushings on

opposite sides of the donuts. These slits

cdrreapond.d to the split collet's parting plane.

Because the slits showed up nearer and sometimes

"around the corner" of the lead edge of the donuts,

they probably occurred during insertion, rather

than during removal from the collet, as has been suggested.
(3) The six specimens required waximum forces of 3,500, 4,400,

4,800, 4,400, 4,700 and 4,100 1bs to shoot the bushings.
(4) One bushing was marked at the trailing-edge corner of

the third donut. The mark was visible after insertion

as shown in Figure 51,

It appearad that even for undamaged donuts, the friction/deformation
during shooting caused leading-edge rollback or foldover.

One of the bushings that had remained relatively undamaged following
insertion into a Lucite™ tube was again shot (lubricuted) into a Lucite™ tube,
this time using AA USP Castor 0Oil as the lubricant. The use of castor oil
reduced the bushing insertion force by a factor of 4 (495 1b versus 2,000 1b)
when compared with shooting the bushing into the tube using fhe conventional

lubricant! The bushing has now been residing in the Luctt&k’gube for wmore
. L ]

R 1s registered trademark.
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a. Before Assembly
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b. After Assembly

FIGURE 51. SKETCH ILLUSTRATING LARGE BUSHING DEFORMATIONS

OCCURRING DURING ASSEMBLY OF RUBBER BUSHED PIN IN SHOE
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then four weeks, and it is significant that a portion of the lubricant remains
trapped between the deformed donuty at their parting lines.

It can be concluded tiift (at least for Lucite® tubes where the
surfaces are wuch smoother than are those of a binocular tube) the use of a
viscous lubricant having good boundary lubrication properties represents
a very effective way of reducing insertion forces--and, concomittantly,
surface demage-=by dramatically lowering the friction. However, if one desires
a bushing that does not slide relstive to the tudbe wvhen torqued during service,
the lubricant must fird its way out of the interface, or if it remains, it must
not be too effective ‘n lowering friction. The ideal, of course, would be
f:0 employ a lubricant: which is very effective during shooting in precluding sur- .
face damage azfvd folduver of donut corners and yet one which can migrate out of ' f
the tube, evajorate, or congeal-~to produce a relatively high friction con-
tact between the deformed donuts of the bushing and the ID of the tube. There
appears to b: a fine line between selecting precompression values that pre-
cluds bushing slippagr during torsion in service and their interaction with
1atmication during shooting. Xf on the other hand, lubrication is too
periistent and/or precompression is too low, the bushing will slip in the tube
#hen torqued in service and probsbly fail by wear. The selection of improved
lubricants for the shooting operation and optimization of the interaction
between lubrication, precompression and shooting techniques offer a fertile
area for research that might improve bushing life,
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VDesign of Bushing Research Machine : %E

Based on information obtained during the first 60 days of the program,
it was concluded that three distinct types of laboratory setups should be
considered for providing data for track dynamics and design criteria for new
track concepts. One of these setups was a laboratory machine for track
pin-bushing research.

Because of the significant investment in costs and time required to
build and fixture such a machine, the next step was to verify its appropriate-
ness and refine its design features. Therefore, an investigation was undertaken 3

Qn a registered tradewmark,
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of past and current experience in the development end testing nf the track
, pine and bushings. It was found that the history of.theae developments as
' disclosed by the literature and by tradition was imposing in sizé ard breadth.
In addition to the plethora of well-documented studies in this area, it
‘appeared that there exists a design/testing rationale which has eicher been
largely undocumented or is difficult to piece ﬁogether because of the dififi-

culty of finding the literature, or of deciphering the sequence of events for
that which 1is "documented".

Review of Previous Bushinz Regearch. To assess what had been dene in
the past on this subject, the report literature of TARADCOM-supported and
-conducted work was studied, and the track contractor community and TARADCOM

personnel were interviewed, Immediately, it became apparent that the report %
literature--which was responsibie for relating the deveiopment of (1) the design
of currently-used bushings and (2) the design and hardware for the currently-
used bushing test machines--was quite old ( 1948 and earlier).

")

In addition, it appeared that no company in the track commmity
is entirely satisfied with the designs and capabiiities of its own bushing machines.
Because most of them cannot reproduce the data for the 1946-developed
Armour Research Foundation (ARF) bushing machine (which now resides at TARCOM
and is performing QPL tests), TARADCOM personnel believe only in the data

from the ARF machine. . Because of the current ''channel black crisis", each

. S

[P et vwon e

of the track contractors needs in-house a more reliable bushing test machine,

and at least one of them has a new machine currently under construction by

et Wl il

an outside organization.

The channel black crisis has produced even another perturbation

TP
s

in bushing machine genesis; because the ARF machine is too slow in producing )
data required to qualify channel-black-substitute materials (and for other i
lesser reasons), TARADCOM is also in the process of designing and building i

fg-

e

. a new 'R&D' bushing tester., This machine is expected to reproduce the data of

[RET=Rbs

t"e ARF machine so that the baseline fatigue criteria are not lost and, in

o L

addition, the mechine will probably be duplicated for use by contractors and
by TARADCOM to yield statistically significant and valid data for new bushing
materials and designs-~including shapes and sizes other than the T-130 designs
to which the ARF machine and all of the others have been limited. As a result,

it became obvious that bushing test machine development which had been almost

i P L i

static and out of mind for 30 years suddenly is active and in a state of flux,
Armour Repcrts. As indicated above, ARF was responsible for the
development of the cuvrent TARCOM QPL bushing tester., Consequently, it was
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importanut to review their reports, even though the program on which the

sachine wes used to i{nvestigate the fatigue life of rubber donut bushings

was carried 2ut over the period 1946 to 1348. Analysis of these early

reports (22 of chem) provided an important background on the bushing machine

#s well as on the design, fatigue life, and properties of the bushings thes-
selves, Even though some of this series of rveports could not be locaced at
TARADCOM, (and even some existing copies appear to be wmissing important details
of the work) this compendium still represents the most {n-depth study of bushing
design parameters, and the test mschines described {n the program represent

the best method of simulating bushing stresses svailable thus far. Zach of

the reports was synopaized, and a short summry of the entire program was devel-
oped as deacribed below.

A bushing test machine wvas constructed that applied zadial and
torsional strasses to bushings as fcllows:

Redial Load, pei (pin ares) 0 to 3000

Radial Load Cycle, cpm 64

Torsional Strain (Fiex Angle, ©) + 7-1/2 or #+ 15 (+ 22.5 for later
experinments)

Torsional Load Cycle, cpa 255 (400 and 3500 for somes expariments)

Precompression of Bushings, % 20, 27.7, 33.8, 36.6, 49, and SO

for some experiments, bushings were watar-cooled by circulating water
through hollow pins. However, most experiments were run in air without
cooling. With this machine and ocher pleces of apparatus, including an
experiments) strain snalysis that wvap used to conclude how the bushing
deformed in the tube, axpariments were mide vhich resulted in the following
concluaions:
(1) To prevent abrasion/wear at the bushing ends, bushings
should at least complerely filil the sleeve, or prefarably
extend orly a small amount bevond it. (See Figure 31.)
(2) Fotigue lifa {s a linesr function of the testing (i adizl
compreesive) load when referved to semflogarithmic co-
ordinates (See Figure 52.)
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Precompression Load, psi x 10”3

277 4 &l
277 3 «|§®
338 3 &|8®
36.6 3 &|8°
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S0 00 200 500 1000 2000 8000

Cycles to Failure x 10°3

FIGURE 52. FATIGUE LIFE CURVE FOR RUBBER BUSHINGS
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(3) Design calculations can be tased upon average
unit load msasured in pcumnls per aquare inch of
_ projected area of chs pin
(4) Restraining caps or the ends of the bushings
“; improve facigus lifa
‘ (5) All bushings should be bondsd to the pins
r (6) Failure is initiated by abrasion of the dunucs
i against the pin
(7) A small decrasase in flex angle results in 3
large incresse in fazigue iife
(8) Buching donuts should be designed to have
(a) Larga fillecs at the hase, particularly
on the outboard end
(b) Radii xt the uppar cornars
(c) A slight taper toward the center of
the donut (see Figure 53b).
For conventional rectangular-shape bushings (ts are characteristic

TP TR T T T R R T e R

"

s of T-130 and T-142 bushings in use today), the fatigue-life curves shown in
E Tigure 52 were devaloped.
- Because of the dramatic improvement in fatigue life that results

from decreasing the flex angle (see Figure 32 and Conclusion 7, above) and
the conclusion that failure is initiated by abrasiom of the donuts against
the pins (see Couclusion 6), a new bushing shape was deveioped. Experimental
strain msssurements ca flat specimens showed that the conventionsl donut
(wvhich is bonded to the pin and is rectangular in cross-se.tion) deformed
under radial compreseion loads typical of the precompression loads used

in bushing assembly in such & manner that a significant area of the unbonded /
rubber contacts the pin and rubs against it when the torsionsl stress is
applied, 2s shovn in Figure S3a . Even a greater ares of rubber contacts the :_
pin as the radial compression loads found in service are superimposed on h’
the precomprassion load. Therefore, the samg¢ kind of experimental strain
measursmenta were made for shapes contoured to provide strain relief sc
that during deformation nc unbonded rubber would contact the pin. One of
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the best of the new bushing shapes resulting from thesa studies .s showmn
in Figure 53a. Figure 53¢ represents strain deflection pattern of the
conventional rectangular bushing, while Shape X-4 in Figure 330 illustrates
the strain pattern developed with the contoured bushing shape. Note the
difference betwesn areas of comtact of unbonded rubber with the pin, as
wall as the differences between the bond shear angles of the ares of rubber
booded to the pin. It was concluded, of course, that the deformation
pattern of Shape XI-4 would preclude comtact of unbonded rubber with the pia
as well as help preserve the integrity of the bond of rubber to the pin
by preserving a low shear angle at the bond.
This nev bushing shape, which is also described in Conclusion 8,
above, was developad at the end of the ARF program. As a conssquence, it
was never tested in that program, even though a mold was mede and some
bushings were ordered from a rubber company. Moreover, TARADCOM persomnel
have raceatly concurred that the exporimantal shapes were probsbly never
tested by anyone. This kind of bushing design work should be resumed and
it should become part of any fatigue studies that might be done with the
oew bushing tester.
1963 Stydjes by Bose. The 1963 work of Carol Rose at TARADCOM which
dealt with facigue l1life of rectangular donut bushings was also studied.
Rose used the same bushing test mschine (the currsmt TARCOM QPL machine)
that vas used in the ARF work, but he added some statistical credence to
some of the findings of the ARF studiss. In addition, he defined the
magnitude of the interaction betveen the stresses--radial~compressive and
torsional-—as wall as the cyclic-rate effects on the conventional rectangular
(T-130 type) donut bushing. A summary of Rose's data appesars in Tsble 13,
As shown by the data, Rose's conclusions were that:
(1) Compressive load and torsional flex angle each have
a major effect of fatigue life

(2) Cyclic rate has a relstively small effect (even though
fatigue life increased more than 50 percent (from 403.2
x 103 cycles to 611.8 x 103 cycles) when cyclic rate
vas decreased from 255 to 85 cpm at loads of 1,300 pei
and flex angles of + 15 degrees).
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TABLE 13. SUMMARY OF BUSHING FATIGUE-LIFE DATA FROM ROSE'S REPCRT\)

Comprassive Torsional Flex Cyclic Rate, Fatigue Life,
Load, psi Angle, + degrees cpm torsional cycles X10-3
750 135 255 3,000 .

2,250 15 255 16

1,500 7.5 255 > 3,000

1,500 22.5 235 4.5

1,500 15 255 403

1,500 15 8s 612

(*). Rose, C. D., "Laboratory Investigation on Fatigue Life of Kubber-Bushing
Track Pin Assemblies", Report No. 7908, Ordnance Tank Automtivc Command,
Detroit Arsenal, July 16, 1963..

Rose's work represents a well-planned and executed study that
scientifically sorted out and statistically confirmed the ARF work. In
addition, it was ussful in establishing a basis for a number of types of
studies that might facilitate reaching the objectives of improved bushings
for track pins. Awmong these are included:

e A finding that a simple torque messurement on the

track-pin specimen assembled for bushing testing
correlated well with fatigue life. Such a finding’
should be studied in more detail in all bushing

tests conducted by TARCOM, the track community of
contractors, and in any work dealing with bushing
tests that might become active. In addition, field
tests on track ought to include taking torque data
during assembly of the track to be tested. If the
correlation holds, a simple torque msasurimsnt might be
able to predict fatigue life of a bushing assembly.
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® Wear dats showed that grester than 50 percent of
bushing wear takes place during the last 10 percent
of the fatigue 1ife. This suggests that a fatigue-
life criterion could be set up on the basis of wear.
During experimental programs where bushing testing
is being carried out, wear debris should be collected.
If the wear rate could be determined early during the
process, one would have a failure-prediction criterion 7
that could be used to predict the fatigue life of ]
bushings being tested in laboratory bushing machines, :
as well as the possibility of generating a retire-
ment/replacement criterion for field use (provided
one could correlate wear in the bushing machine with
wear in the field). ‘

e The data were taken undar conditions that ware pur-
posely accalerated in the area of torsional stress
(high flex angles) to produce fatigue failure in a ;
reasonable asount of time, and yet certain of the %
stress levels were selected to be consistent with 5
vhat is nov a comparatively slow-woving lightweight
tank®*. It is recognized that flex angles in a track
operating over all but extremely large protuberances
are in the order of only + 7 to + 9 degrees. The
data ahog an extreme sensitivity to flex angle, com~-
firming that finding in the ARF work that decreasing
the flex angle from + 15 degrees to + 7-1/2 degrees
results in about a 1000 percemt improvement in
fatigue life. A bushing R&D machine that is axpected
to recognize the promise of bushing materials and
designs formulated to withstand the higher compressive

* M~47 tank track paraveters wvere used to specify test conditions:
At 10 wph (level ground) 150 psi load, 7-1/2° at 835 cpm
At 20 mph (level ground) 150 psi load, 7-1/20 atr 170 cpm
At 30 mph (level ground) 150 psi load, 7-1/2° at 255 cpm E
At any speed (maximum grade) = 1,500 psi load. E
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loads and the higher cyclic rates of today's heavier
and faster tanks should have a more refined capability
to impose more realistic torsional stresses. For this
reason, it would be appropriate that the bushing test-
ers being currehtly designed for assessing the m-rits
of nev bushing materials and designs, de capable of
varying the flex angle from 7 degrees to> angles repres-
sentative of running over protuberances and back
bending--but, in the order and magnitude of the way
the torsional stress is incurred in service. This
suggests a programmable, hydraulizally actuated torsional
input that would reproduce the flex angles for various
types of terrains in the magnitude, the order znd the
tine frame in which they are incurred. Data could be
taken from a real operating track, and taped inputs
P could be made to the bushing machine. Thus, a rubber
% or bushing design formulated to withstand high loads
; and high cyclic rates would not be discriminated
against, declared a failure, and lost in a bushing test.

Thie review led to the final conclusion that there is a need by the
Aray for an'Rin bushing machine that has capabilities that reside in no other
existing or planned bushing machine (except pcssibly a machine being built by
one of the track prime contractors). Bushing problems existing currently in
single~pin track, problems anticipated in bushings for the XM-1 track and the
need for new bushing materials/designs as a result of the world shortage of
EP channei black — all represent incentives for this course of action. Accord-
ingly, a bushing tester design effort was initiated, leading to a final design

of a laboratory machine for pin-bushing research. This design phase is discussed
below,
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Datailed Machins Desigp. The goal of the deeign effort om the tracke
pin busking laboratory resesrch machine was to develop a bushing fatigus-testing
apparatus that is well instrumeated, able to test & variety of bushing sises,
and able to administer any realistic loed-deflection test cycle. Inputs to the
test wachine could range from tapes of recorded field data to standard test
cycles such as the TARCOM QPL bushing test cycle. Output will be not only the
uumber of cycles swtained before failure, but also a short strip~chart plet
that records how any or sll of the instrumented variables (radial deflectiom,
radial load , angular deflection, applied torque, temperature) change throughout
the 1life of the test, or during any period of interest.

The performance criteria to which this machine was degigned were

% é deternined by considering the variety of capabilities that would be important
E in a research tool for track-pin bushing design.

Ll

The machine design criterias
considered the loads and deflections that would be imposed on a bushing in a

T-97 track operating over the M-60 geometry at a taunk speed egquivalent to

e iy T

50 aph, and thesa conditions were used to define angular velocities, frequencies,
and loading criteria. Study of previous bushing tests and projections of the
E requirements of possible new bushing designs provided additiomal input to
the performance specifications. It was determined that the machine shovld: B
o Accommodate any bushing pin size up to 2 inches im pin
diameter (sized to accommodate projected experimental
bushing snd pin designs). Axial dimensions of the bushing 3
specimens between 3 and 4 inches can be handled. e
o Impose controlled angular deflections of the bushing up to
4+ 22-1/2° at maximum rates of 72 rad/sec. (This rate !
corresponds to the angular velocity imposed on a track
pitch riding on the sprocket of an M-60 at 50 mph.)

ARUBEE ooy i el g
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o Control the radial loading cycle up t~ a maxir=a load of
+ 25,000 1b. (This corresponds to a maximum of 5,000 psi
load on a 4~-inch length of a T-97 bushing.) '
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o Use a collet (into which the bushing is compressed for
the tesz) that is temperature coantrolled (to simulate
aoy reasoasblc temperature envirocumeat), snd ome that
can be disassembled along an axial bushing plams to allow
removal of the bushing specimen from the collet for
inspection withou: incurring further damage to the busiing
as a reeult of removal.
o Operate 24 hours s day, generally unattended, and monitor
varisbles of interest.
A comparison of the “standard” QPL test cycle with angular deflec-
tions experienced by the bushings in an M-60 T-142 track is shown in Figure
She, and 3 comparison of radisl loads is shown in Figure 54b., The differences

" between the test and actual cycles in both cases is striking, and the objective
. of the bushing research mschine design effcrt was to design a machine which V

could more realistically duplicate the actual cycle.

These requirements define a mcchine with three independent control
systems: a radial load actuator that will follow a force level command;: a
torsicnal actuatnr that will cause bushing sngular deflection to follow a
displacement command; and a temperature controller that will track a temperature
sat-point.

A machanically actuated machine would be very efficient, but would
not have the ability te reproduce the sctual mix of the load-deflection cycles
that aight be seen in service. Pneumatic systems, for these loads and fre-
quencies, would be ungainly. 1Thus, an electrohydraulic, 3servocontrolled
approach was chosen.

The configuration of the machine which evolved is showm in Figure 55
and is one in which the track-pin is free to rotate, as it is wounted in
bearings ov each side of the collet. Radial loads are applied through the
collet, whick undergoes no angular displacement. Torsionsl loads are applied
to the pin, causing rotation of the pin with raspect to the collet. Machines
vhich fix the pin completely (allowing no pin rotation) and apply both torque
and radial deflections through the collat eliminate the need for the bearing
suppert of the pin and the associatcd wear and deflection problems.
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Zagtugl” Cvcle versys Stgadard Test

o= Agtual cycls defined by M-40 track gecmetry only
o= Standard test practice defined by Armour Research Foundation developed
machine that is currently running QPL tests

20
Standerd Test
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However, this approach was not used, for in applying torque to the collet

in this mapner, one would be forced by geometry to use a greater lever arm

than is desirable dynamically, difficulty in applying reversing radial loads
would be encountered, and torsional and radial loading would not be controllable
independently.

Bacacse pin dreakage has been a problem in previous test machines,
and because pin bending would cause non-uniform bushing compression, pin
deflection was minimized by the use of a set of preloaded tapered roller
bearings on each end of the pin to fix the pin horiszontally as rigidly as
possible. This reduces pin deflection to about 1/5 of that occurting in the
case of a simply supported end. The brarings selected have a fatigue life
(90 percent probability) of 123 x 106 cycles 2t maximum load, or one year of
continuous (24 hour-per-day) operation at the standard load cycle rates.

At the loac used in QPL tests, the bearing life would be increased by a factor
of 50.

Tests that may be run at bugshing temperatures to 300 F will cause
the pin to grow axially about 0.010 inch. This growth must be accommodated
to prevent higher stresses from overloading the pin-support bearings. Thus,
the left bearing block was supported by flexure plates. These are rigid in the
direction required to resist a possible 25,000-1b. radial load, and yet flexitle
enough axially to deflect axially to permit thermal pin growth.

The pin clamping device must have a positive grip to transmit the
required torques, allowing for easy pin insertion and removal, and be easily
adaptable to the various diameters of pins to be tested. A tapered collet
chucking device was designed for this purpose that is housed within the 2.95-
inch I.D. of the pin~support bearings. The pin is to bz loaded into the two
bearing blocks by sliding one block aside, inserting one end of the pin into
the stationary block, then returning the block to its original location over
the other end of the pin. The collet draw screws are then tightened to secure

the pin.

Bacause of the high angular velocities rejuired to reproduce bushing tor-
sion cycle rates that might be imposed in service, special attention was given to

minimizing the mowmant of inertia and selecting the hydraulic servovalve. There

is a combination of piston area and crank level ara length that will give the best
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speed of response to the system, balancing the effect of diseipating energy
in high flow through the servovalve (as will occur with a large cylinder
area) against the effect of the lower accelerations available with a smaller
cylinder area. A 1-1/8-inch-diameter hydraulic cylinder activated through
two Moog 76-233 servovalves : operating on a 1.16-inch crank arm will supply
the torsion requirements. Radial loads will be provided by a 4-inch-diameter
cylinder ectuated through a Mood 72-101 servovalve.

Instrumentation will include strain gages on the crank arm to
measure torque input, a rotary DCDT to measure angular displacement, a strain-
gage~type load cell to measure radial load, a DCDT td measure radial deflection,
and thermocouples for measurement of the bushing collet temperature. Because
the machine 18 to operate unattended for long periods, several safety monitors,
tu automatically shut che test down if necessary, must be employed. Pin
breakage, extreme hydraulic oil temperatures, loss of control signal, the pin
slipping in the collet, or other unsafe or abort conditions will be monitored
to terminate the test.

A split-collet block has been designed to house the bushing for its
test. Teﬁperature control fluid that flows through passages around the bushing
is introduced into each block half through double shut~off, quick-disconnect
couplers. This block 1s attached to the radial load cylirder through a mounting
plate.

More detailed information on the bushing laboratory research machine
is inciuded in Appendix E, including data on the control system and instrumenta-
tion. Due - l’mited funding and an establishment of priorities for tasks
remaining 1. list phases of the Track Dynamics Program, the bushing research
machine did not progress beyond the drawing board.
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Advanced Track Concopts

Early in the program it was decided to focus a modest portion
of the 2ffort on attempts to conceive and develop new track concepts. At
the outs~t both revolutionary (long-term) and evolutionary (short~term)
ideas vere considered. Howevar, the revolutionary concepts were not
carvied forward and the-attentioﬁ was primarily given to evolutionary
ideas. The prime target for the conceptual efforts was linked track for
heavy armored vehicles as opposed to linked track for lighter vehicles
or unusual track such as the band track.

An understanding of the problems of current track wes gained
early in this program by a series of visits with the major elements of
the track community. This understanding was enhanced and fevised during
the program. Figure 56 1is a tabular display of the latest version of
this understanding of track problems. The conceptual efforts were guided
by this understanding as it developed during the program.

The conceptual design was iterated a number of times as the

design constraints and problem understanding varied. Figure %7 4llustrates

the major design iterations and interactions with the track cummunity
during this process. The four versions of the concept will be discussed
separately. An investigation of end connectors will be treated separately
also, since it is germane to all cf the versions (as well as to current
XM-1 and M-60 designs). A brief discussion of revolutionary (longar term)

concepts is also included.
First Version

This version was an integral pad design wlth no aggressive
grouser other than that provided by the pad itself. It was iatended for
the XM-1 but required a sprocket change because of a greater end connector
pitch. It could have been desigaed for the M-60 as well.

Various pitch lengths were studied, and the design was based on
an 8.38-inch overall pitch. The pitch of the pins in the shoe was the same
as the current XM-1 tracks, 4.94 inch. The pitch of the pins in the end
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First Statewent of
Track Problems

Embryonic Revolutionary
and Evolutionary Concepts

1st Version,

Enlarged Tubular Pin, Integral
Pad, Fabricated Steel Binocular
.Concept (Intended for XM-1 but

required a sprocket change)

2nd Version, Enlarged Tubular

Pin, Replaceable Pad/Replaceable

Grouser

3rd Version,Enlarged Tubular
2in, Integral Pad

Revised Design Constraints

4th . Version, ~ Moderately

Enlarged Tubular Pin, Replace-

able Pad/Integral Grouser,

Directly Interchangeable with
XM-1

Review with
TARADCOM,

Army XM-1,
Chrysler XM-1,and
Chrysler M-6

Review with

TARADCOM
management

Review with
Arﬂy m‘l.
Chrysler M-60

Review with
TARADCOM manage-
ment, Army XM-1,
Chrysler M-60

Review with
Chrysler XM-1 and
Chrysler M-60

FIGURE 57. EVOLUTION OF TRACK DESIGN CONCEPTS
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comnector was J).44 inch, which was, of course, greater than the XM-1 The
opinion was that the dynamic characteristics of the XM-1l track would not
be adversely affected by increasing the lsngth of the shortar pitch (the
end comnector pitch). The overall pitch of 8.38 inch would allow a 10-
tooth sprocket to be used in place of the current ll-tooth YM-1 sprocket
without changing the sprocket diameter.

This same design approach could
have been applied to the M-60 track.

In that case, the overall pitch
would have beeu increased to 7.63 inches and the shorter (or end

connector) pitch would have been 3.19 inches.

This version is illustrated by Figures 58 and 59. It

employed larger diameter pins (1-3/4 in.) than current designs. The pins

were steel and were tubular. The bushings were larger in diameter, but

retained the same ratio of inner to outer diameter. The binocular was a

fabricated steel structure with larger diameter tubes and multiple closely

spaced connecting flanges. The end connector design departed quite radically

from the traditional wedges. The center guide was somewhat traditional,

‘but was a partial fabrication to save weight. The overall track structure

was stiffer axially and laterally because of stiffer pins and stiffer

binocular structure. The bushings were torsionaliy much stiffer but

radially were of similar stiffness to current bushings. The roadwheel path

was contoured to reduce forcing vibrations into the roadwheels. The road
pad contained the same amount of rubber as the current XM-1l integral pad

design, but the shape and thickness were altered to reduce hysteresis and
pad rocking.

In addition to reducing pin bending stresses the larger diameter
pins (and larger diameter binocular tubes) resulted in a more uniform

loading of the bushings along their length. Table 5, Page 81, compares the pin

bending stresses and bushing effectiveness of this councept to other designs
in current use or developmert.

This version primarily showed promise for reduced weight,
reduced pin breakage, improved bushing life, reduced thermal problems,

and reduced end connector maintenance. Referring to the earlier table of

track problems and areas for impr.vement, this concept specifically
attacked them as follows:
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:I‘a,/’/

STARTING POSITION (BEFORE
7° ROTATION AND CLAMPING)

END CONNECTOR
.SADDLE

TRACK PIN
TIGHTENING BOLT
WASHER

PIN END PLUG
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L] L]

FIGURE 59. CONCEPT FOR IMPROVED END CONNECTOR ASSEMBLY
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(2)

(3)

(4)
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Weight - This concept weighed 79 1b/ft versus 91 for the
current XM-1l integral pzsd, steel binocular, modified T-97
design. The modified T-142 aluminum replaceable pad design
for the XM-1 weighs 95 1b. The savings per vehicle for
thia concept would have been approximately 1200 1b and 1600
1b, respectively.

Life-Cycle Costs - Improvement in life-cycle costs may have
resulted from long bushing and pin lifa, improved resistance
tc road pad and roadwheel path thermal problems, and improved
integrity of the end connectors.

Track Throwing - Improved resistance to track throwing may
have resulted due to increased lateral stiffness.

Pin Breskege - The pins were designed to be 1.33.timez
stronger and 1.7 times stiffer than the current 1l.375-inch-
diameter XM-1 pins, and 1.62 times gtronger and 2.29 times
stiffer from the current 1.250-inch-diameter T-142 pins.

Pad and Path Thermal Blowout - The stiffness of the pad

and path were substantially increased, particularly in the
crucial zones in the center. In addition, the length of the
conduction pathr within the rubber itself were appreciably
shortened.

Bughipng Life - The larger diameter bushing would have sub-
stantially reduced projected area loads. The torsional

unit strains would have been the same as current bushings.

In additfon, the stiffer pins and binocular structure would
reduce the concentration of end bushing loads which have been
calculated and observed to exist in current designs. If, as
expected, the bushing hysteretic heating was small compared
to other heating effects, the bushing life should have been
much improved.

Maintainability and End Connector Problems - The saddle lcck

end connector was designed with the goal of eliminating loosen-
ing during running, the need for regeated cycles of tightening,
and easier removal. However, later design efforts determined
that stress levels in this saddle lock end connector were

probably not reasonable.
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(8) Aggressive Grousers - This concept did not attack
the widely debated quastion of need for aggressive grousers.
(9) Dynamic Predlems - The chordal action forces in present heavy
vehicle double-pin track have baen calculated to be small,
80 this track's greater axial stiffness should not have been
particularly objectionable. The increased length of the end
connector pitch was believed to be insignificant from a
dynamic standpoint. Parametric cowmparisons showad the greatest
relative dynamic effects were to be expected on lighter,
high-speed vehicles with the single-pin, long-pitch track.

Investigations in support of this 1lst version . included a bushing
hysteresis estimate, parametric scaling of bushing characteristics versus
size and proportions, and materials and materials processing reviews.

Materials Investigation. A brief materials investigation was
conducted with the primary purpose of qualifying aluminum for use in the
track shoe binocular. The hope was that some form of aluminum, cheaper
than forgings, would be found. If so, aluminum might then b« used with a
modest weight sevings aud not too great a cost penalty. This did not prove
to be the case.

An aluminum extrusion would locate the material in the correct
places. However, the zones of weakness in the extrusion (the zones where
the aluminum rewelds after passing around the bridges which support the
mandrels which form the holes) would be in critical locations. 1In
addition, the alloys which reweld the best are not the stronger alloys.
The cost of aluminum extrusions was estimated to be at least in the §1.25
per pound raage. On the basis of these considerations, aluminum extrusions
were rejected,

Aluminum die castings were also investigated. Recent high-
strength alloys and modern technology die casting techniques have been
considered. No alloy was found which combined both high streng:th and
good ductility. 1In addition, the cost of aluminum die castings was
estimated to be at least in the $1.50 per 1lb range. Therefore, aluminum

die castings were rejected.
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Alusiaum forgings were probably acceptable from a performance
standpoint. Nowever, no available commercial capability was found for
forging aluminum in two directions simultaneously. Such a capabilicy
would have allowed the holes which receive the pin/bushing to be forged
rvather than wastefully machined. The cost of aluminum forgings was
estimated to be in the $2.00 per 1b range.

A fabricated steel binocular was then conceived, as shown earliar
in Pigure 38- This steel binocular would utilize welded thin-wall tuding
and meltiple losad-carrying flanges. The flanges would have been forgings,
stampings, or powdered metal. If powdered metal, they would have been ho:
forged or hot coined after sintering. Whichever method of fabrication
for the flanges was chosan, they would have been hLeat tr.uated and have
comparable mechanical properties to the forgings currently‘used on brazed
steel binoculars. The conclugion wvas reached that a fabricated steel
binocular could be designed which would have aqual or better strength and
stiffness than the current XM-1 ..odified T-97 steel binocular and perhaps
be slightly lower in weight. It would have superior performance in
reducing hysteretic heating of the road pad and roadwheel path rubber.
Assuming a fabrication tooling investwent vas made it would probsably be
cheaper in first cost than a forged aluminum binocular.

A sample of a steel fabricated binocular was made and is pictured
in Figure 60. A substantial knowledge was gained during the fabrication
on questions of tolerances, assembly techniques, brazing techniques, etc.
The general conclusions reachad from the fabrication experiment were

® Comevhat greater attention to detail and precision would

be required for this fabrication compared to current brazed
steel binoculars.

e Proven commercial brazing techniques and materials are

satisfuctory.

® No long-term or expensive development of fabrication technigues

is anticipated to be necessary.

o The assembly appeared to be stiff and structurally sound.

The center tube may not be necessary, and its inclusion in
the design should be carefully evaluated.

e The weight estimate for the assembly was confirmed.

3
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Bughing Considerations. Preliminary analysis was conducted on
certain aspects of dushing performance in order to determine the accept-
ability of employing larger diameter bushings around the larger diametur
tubular pins. Barlier work on bushings by TARADCOM indicated a desirable
improvemsnt in bushing life if either the radial unit load or torsional
angle of deflection were reduced. The torsional angles of deflection are
fixed by the track geometry and are independent of bushing diameter. The
uait strains in the rubber are also independent of diameter as long as
similar transverse proportions are used for thé bushinga. A larger bushing
would, however, reduce the radial unit loads. This first version concept
would have reduced them by a ratio of 1.25/1.75 or to a value of 71 percex:
of the loads of the current T-142 bushing. However, consideration had to
be given to potentially damaging increases in hysteretic heating of the
larger bushings. Parametric estimates wvere made. Table 14 shows the
axpacted relstionships between spring rates, hysteretic heating and therra:
gradients versus wmean diameter of the bushing for bushings of varying
dismeter but similar transverse proportions. Of note on Table 14 ig the
fact that both the amount cf hysteretic heat and the thermal gradient in
the bushing duea to angular deflections can be expected to vary as the
dismeter squared. Whether or not this is an area of concern depends on t:e
relative values of the bushing's own internally produced hysteresis compa-el
to the hysteresis produced in the surrounding rubber of the road pad and
roadvheel path. Table 15 shows an estimate of these Felative values.
This table is based on experimental determinations of hysteresis which
wvere made on T-142 parts at Battelle during this program. The bushing
vas estiumated to produce only about 11 percent of the total hysteretic
heating. With the larger bushing of this first version of the enlarged tu>u-
lar pin concept the bushing is expected to produce about 18 percent of the
total heat,

It is not possible to analytically quantify the gain in bushing
life from reduced radial unit loads or the loss in bushing life from possidie
increases in operating femperatutaa within the bushing. It was concluded
that the potential overall advantages of the larger diameter tubular pins
(and the resulting larger busihings) were sufficient to justify their
consideration. Laboratory tests would be necded to determine the amount

of increase in bushing internal temperatures and the effects on bushing
life.
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TABLE 14. BUSHING CHARACTERISTICS VERSUS
MEAN DIAMETER (D)*

— am——
; Angular spring rate Proportional to D
Radial spring rate _Cou:ant
: Rysteresis heat produced by angular 2
: deflection Proportional to D
i At in rubber from angular deflection 2
2 hysteresis heat Proportional to D
% For bushings of dimensionally similar transverse
; proportions
- TABLE 15. HYSTERESIS COMPARISON OF BUSHING, i
¢ ROAD PAD, AND ROAD WHEEL PATH 5
[ — i
! *
E Value, Percent of g
fe-1b total
Bughing 78 11
Road pad ' 448 66
Road wheel path 157 23
Total - 683 100

, *For a T-142 per one full pitch per track reveolution
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1lst Version Summary. This version appeared to be a weight effective

! slternative to the integral pad modified T-97 version being pursued for the XM-1
with the expectation of less pin breakage, better bushing life and better

road pad and road wheel path thermal performance. It remains the beat concept

DAL A il st Al

of this program for an integral pad design.
However, the review of this concept raised serious questions about

TR SRt

the overall life cycle cost effectiveness of any integral pad approach.

In addition, concern was expressed over the lack of a wartime aggressive
grouser capability. These questions led the conceptual effort toward the 2nd

il

k-
q
E
3
E

version.

Second Version ) 3

-
.

The second version utilized a replaceable pad and a replaceable

: steel grouser plate. It retained the 1-3/4-inch-diameter tubular steel pin.

It was intended for the XM-1 but required a sprocket change since it retained

the longer end connector pitch (3.44 in.) of the lst Version. It differed
from the lst Version in that 5 load carrying links were chosen as a compromise
rather than 9. Figure 61 illustrates the approach. The features of this

concept were

(1) Essentially all the rubber in the replaceable pad was
placed so as to be available for wear. This minimized '
weight and reduced hysteretic heating.

(2) The steel grousers were designed to be storatle in the

same amount of space as the replaceable pads. (It was

expected that a 20 percent complement of grousers would
be sufficient.)
(3) Based on providing the above 20 percent complement of

grousers, it was estimated that the weight per foot of
track would be 89 1lb or about 10 1lb greater than the

s b . LR o v Mt e bt 1

integral pad version. Thiswas still less than any other
concept with comparable features currently being i
considered.

(4) A unique attachment scheme was evolved which allows
quick removal of pads or grousers with only a hammer

and bar.
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FIGURE 61.
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The review of this concept by TARADCOM management revealed concern

over the pad and grouser attachment means and over the basic idea of carrying
along replaceable grousers.

o i

13
3
3
£,
!
4
-

Because of the difficulty in achicving an accept-
able replaceable pad/replaceable grouser version, attention was redirected

Lo

o R L

concurrently toward a revised integral pad approach (3rd Version) and a

e i g st o it il e St e

replaceable pad/integral grouser approach (4th Version).

Third Version

This version was the final attempt to configure an integral pad,
enlarged tubular pin concept during this program. It is shown in Figure 62.

3 : While it retained most of the features shown on earlier versions, it differs
in two regards.

i
Four ribs were chosen as a compromise between the number ' T
on current track (2) and the large number (9) shown on the 1lst Version. 1In !

this concept the center tube was not fitted tightly (and not brazed) to the

center two ribs. This compromise considerably simplified the fabrication

of the brazed steel binccular assembly. i

i TR

This version retained the weight advantages of the lst Version, *
weighing 79 1b/ft of track. It required a sprocket change to the XM-1 -
because of the longer end connector pitch.

advantages of the large number of ribs.
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It surrendered some of the thermal 3
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Fourth Version

.

i

Design Constraints. A set of design constraints was evolved late

in the program to guide the final conceptual effort. The philosophy behind
these constraints was basically to move even more toward an evolutionary .t
rather than revolutionary approach in order to maximize the chances of a ’

short-term hardware tryout. The constraints were

® Both the shoe and end connector must use the same pitch as
the current XM-1.

A A oS £

e The track must be interchangeabie with the Leopard without
drive sprocket changes or suspension changes.
The shoe must have a replaceable pad. .
When the pad is removed the shoe must present at least a short If
aggressive grouser to the ground. e
o The track should be designed to minimize the changes required
on the M-60 to allow its later utilization thereon.
e Wedge-type end connectors will be used with the wedge action
turned over to improve tightening and improve maintainability.
e Simple, straightforward pad attachment schemes will be used ‘ o

with emphasis on protection against thread corrosion.

4th Version Concept. The effort in response to these constraints

included a cast steel approach and a steel forging and tube approach. Brief
consideration was also given to a welded fabrication of HSLA steel but time

did not allow a thorough investigation. (Future track efforts should include

an investigation of the use of welded HSLA steel in more detail.) The steel
forging and tube approacn was chosen as the most likely to merit additional
development and consideration for the XM-1. '

A design was carried forward in which the shoe structure consisted
of a brazed assembly which employed one steel forging and three steel tubes.
It was difficult to control the weight of a replaceable pad, grousered design
when a single forging was used. The weight/ft of track which resulted was
105 1b rather than the goal of 95 1b (a 95 1b/ft design would be competitive
with the modified T 142 replaceable pad, aluminum forging XM-1 version).
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The approach was then modified to utilize a welded assembly of
aéveralforgingsinsteaa of a single forging. Three forged lungitudinal
‘ links were welded to a bottom grouser/plate forging.
brazed into this forged assembly similar to current practice. This change
plus some other winor modifications to the design allowed the 95 1b/ft goal
to be met.

Appendix F includes a set of five drawings which illustrate this
final design concept. Some features of it are:

e It is directly interchangeable with the XM-1 botl as track
sets or as individual pitches.
e It contains a replaceable pad with ground contact area
equal to the current XM-1, modified T-142, replaceable pad
version.
It utilizes wedges with turned over action for greater effec-
tiveness. (Discussion in the following section.)
e It contains a hardened steel forged 1/2-inch integral grouser.
e It includes a scheme for preventing corrosion of the threads
on the simple p;d-attaching stud.
e It contains a tubular pin which is 10 percent stronger and
30 percent stiffer (in bending) than the current XM-1 pin.
Its OD i{s 1-5/8 inch., This pin does not require reinforcement
in the zone under the center guide.
e It has a large center tube in the road wheel path area which
reduces the rubber hysteretic heating in that zonme.
e It has a stiffer and stronger center guide with greater wear
contact area with the roadwheels,
This approach is recommended for tryout as individual pitches in
an existing XM-1 crack. It can be thought of as a replaceable pad track with
a competent steel grougser which is competitive in weight and potentially

cheaper than the curren®t XM-1 modified T-142, replaceable pad, aluminum forging
vergjon.
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End Connector Investigation

A new approach to end connectors was evolved in this program (See
earlier Figure %9) and was termed the saddle lock end connector. An attempt
to configure the saddle lock end connector for potential use on the T-142
track resulted in the version shown as Item B in Figure 63. It became clear

during the design of this version that it would be difficult to handle tha

TP N SR T SPORTEN SR

stresses under the severe requirement which had been set. This requirement

was that one end connestor should be capable of twirting two pins into the ¥
correct mean bushing angle position when the end connector was disposed on i
a straight portion of the track. Under this condition the cne end connector
must develop a maximum total torque (on two pins) of approximately 7500 in-l3>.
While admittedly a severe requirement, if it could be achievéd, it would

provide the maximum levcl of maintainability for the track. The washer lock

and wishbone lock shown as Items A and C on Figure 63were concepts which evelwad
in an attempt to reduce the stresses dictated by this severe requirement.
Analysis. Figure 64 summarizes the results of an analysis which wes
made to compare the tightening performance of the washer lock,'saddle lock zn:3
wishbone lock with the current wedge design. The end connector bolt force
required to develop a single bushing torque of 3750 in-1lb is plotted agains:
coefficient of friction of the end connector parts. Two curves are shown
for the current wedge. The unfavorable orientation is the condition in which
the wedge is compelled to rotzte the pin in a direction such that the tange:z-

tial movement of the pin is opposite to the direction of movement of the welza.

This condition occurs when the track is straight or any time the track is bezx: \
less than the amount corresponding to the mean bushing position. The favor- :

able orientation occurs any time the track is bent beyond the mean bushing

PRI

position, such as when the track is fully on the drive sprocket cr idler
wheel.
Several important observations can be made about Figure 64.
e For the unfevorable oricentation of the current wedge, the bolt
force becomes asymptotic at the coefficient of friction of
about 0.3. For friction coefficients higher than this, the

wedge will not tighten, cven though the required torque on

the bushing is modest. vi
. o X g .
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E ;i . e Both the saddle lock and the wishbone lock would be superior

E ; in tightening to the current wedge when it is unfavorably

3 | oriented. The stresses would, however, be difficult to handle

E during the severe requirement of tightening on a straight ‘

é o portion of the track. . :

‘ » e The current wedge performs well in tightening when in the ,

75 } favorable orientation. ;

?é Based on the above, a double wedge design was conceived, with the F

_‘g : hope that it would tighten well with the track bent to either more or less ?

1 | than the mean bushing position. However, it proved to work poorly in both .

3 conditions, and was not carried further. Figure 65 shows the effects 1

i | of varying the wedge angle on the tightening performance of the current )

E o wedge design connector. The effects are not large. |

i. _ It was stated earlier in this discussion that an end connector

;E ‘ which could fully rcotate the pins into the mean bushing position on a straight :

F‘ } " portion of the track would be the optimum from a maintainability standpoint. %
Such en end connector would allow the tightening to be done along the full !

length of the top run of the track with fewer and less precise moves of the

i i ot

tank required to position all of the end connectors for tightening. This

simplification would promote keeping the end connectors tight in service by i
simplifying the job of checking and tightening, and would increase the prob-

ability of getting all end connectors correctly tightened initially.

Figure 66 shows an end connector ir which the wedge action is
reversed. (The bolt still is oriented tcward the inside of the track away
from the ground.) This reversed design places the wedge action in the
favorable orientation when the track is straight and would provide the
desired high maintainability.

e e sh B

! End Connector Tests. A limited laboratory experiment was conducted 1

§ to investigate the trends indicated by the above end-connector analysis. The

. experiment confirmed the great difference betwcen end-connector tightening in the
{

"favorable" and "unfavorable" wedge conditions. The results suggest that if
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end connectors are tightened when in the favorable wedge condition, the
incidence of loose end connectors should be significantly reduced. This
conclusion applies both for maintenance on existing track, or for new
reversed-wedge-action end connectors that would be designed so that all
end-connector bolts could be checked for proper torque with fewer and
simpler tank moves.

A view of the end connector experimental setup is shown in Figure
67. The objective of the laboratory evaluation was to determine 1if actual
parts would demonstrate the characteristic trend predicted by analysis. The
experiment was conducted using one set of new parts, including a pin,
wedge, bolt, and end connector. The pin, which had been shot peened but did
not have rubber bushings, was cut in half so its two flats could be utilized.
Two long bars were welded to the pins and adjustable scale Qeights provided
to simulate moments up to the maximum bushing torque that can be encountered
when tightening end connectors. Relative rotation of the pins was measured
at the end connector using a dial indicator, and bolt looseness was noted by
observing angular position of the bolt head.

Favorable and unfavorable conditions were simule.ed by turning
the holding fixture over. Two lubrication conditions were evaluated; dry
(parts cleaned with acetone) and lubricated (friction surfaces coated with
grease). In all cases the bolt was lubricated with grease. Each condition
was evaluated by loosening the bolt, applying simulated bushing torque, and
then tightening the bolt and observing bolt rotation and relative pin rotation.
The experimental results, which are summarized in Table 16 confirmed the great
difference between the favorable and unfavorable conditions. These results
strongly suggest that the maintenance procedures for current track be changed
to insure that tightening occurs in the favorable onrientation. They also

suggest that consideration be given to a reversed end connector design.
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TABLE 16. RESULTS OF END CONNECTOR EVALUATION

Symbol Meaning

Ll Bl i

K Pins rotated to, or nearly
to, the tighten position

AT T,

N Pins did not rotate

O AR TR

Bushing Torque Favorable Unfavorable

Percent Lubricated Dry Lubricated Dry s
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100 R R
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Longer Term Concepts

-

A linmited number of mcre radical, longer term concepts evolved

during this program. These were not carried ferward to any appreciable

degree because of cost and time constraints. Some cf them arz, huwever,

H
enumerated herein with a brief explanation in the hope that rhey might |
provide a conceptual stimulus to future track investigators.

PR e
Z,

g0
e

)
|
4
This concept involves a spring-loaded

1 Spring-Loaded Grouser.
A aggressive steel grouser which would exert sufficient ground contact

loading to achieve the required off~road mobility. This spring-loaded gzouser‘

would utilize an elastomer as the spring member. It would retract to a posi~
¥

i
tion flusht with the bottom of the road pad when the tank was operated on hard i
roads. The unit loads of these spring-~ioaded steel grousers on the paved ,
i hard roads would be many times lower than the loads of the steel grousers ¢f ‘

current track types when they operate without pads on hard roads.

The advantage of such an approach over a replaceable pad design

T T R

such as the T-142 is that off-road mobility could be achieved without manually

removing the road pads. The advantage of this approach over an integral pad

design with no steel grouser such as the T-97 is that the road pad could be

? ; designed to be larger in area and therefore, have better wear life.

The problems with this approach are that it increases track weight
S and cost, and that it is very difficult to achieve a spring-loaded grouser

design which is mechanically rugged er.ough to tolerate the wide range of severe
operating conditions.

. Rolling Pivot Bushings. This concept replaces the bushings with
4

i a rolling element pivot action similar to that employed in moderm high

[ performance silent chain. Rubber 1is used as the rolling contact surface
E:

A rather than lubricated hardened steel.

AT e M At itech o= =25 T

The advantage of such an approach might be that the substantial

! strains due to rotation in current bushings could be reduced. 1In addition,

the structural requirements on the pins might be lower and result in lighter i
pin constructions.
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Road Pad Studs.

This concept involves the use of a multiplicity

of hafdened studs in the road pad for ihe purpose of improving traction on

ice. A secondary purpose would be to improve heat transfer away from hot

internal zones in the road pad rubber.

Double Bonded/External Sleeve Bushings.

This concept involves the
use of a bushing which is double bonded between the pin and a thin annular

outer sleeve. The outer sleeve would be slotted longitudinally to allow

sufficient flexibility for pressing into the binocular bore. The assembly

would be designed to not slip in the bore under normal loadings but slip
under back bending.

.

The presumption is that such a bushing might have

better life because of the elimination of slipping between the bushing rubber

and the bore. A problem with this concept would be the prevention of corrosion

between the outer slezve and the bore.

Bushing with Rigid Sleeve at its Radial Midpoint. This concept

involves the use of a bushing which has a circumfereatially rigid thin metallic

annular sleeve so arranged to be at about the radial midpoint of the bushing

after insertion in the shoe. Such a bushing wculd be constructed by having

the space between the sleeve and pin filled with rubber which was double-

bonded to both members. The space betwzen the sleeve and the binocular bore

would be essentially filled (after insertion) by rubber donuts which are

bonded only to the sleeve, The purpdse of this approach is to achieve high

radial stiffness without increasing torsional stiffness. Such a bushing might

have longer life and a track employing them might be resistant to track
throwing.

Monopin/Monoblock Shoe.

This concept involves the use of one large

tubular pin per shoe and a shoe which extends the full width of the irack. The
shoe structure is essentially a large diamcter thin walled tube. The bushing
lies between the pin and tube of the shoue and runs along the full width of

the shoe. The advantages of this approach might be in the reduction of center

connector problems, pin breakage at or necar the center, and lighter weight.
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Field Test Program

Field tests were considered to oe an important part of the track
dynamics program.

During the first quarter of the program, an assestsment was made of
field tests which would be most valuable to the study of track dynamics. It
was concluded that two basic types of field tests would be valuable as follows:

o Static or low speed tests on smooth tefrain; data from the

vehicie with an umbilical cord or othar hardwired system.

These tests were referred to as "preliminary tests",

Rough terrain tests or higher speed or high manueverability

tests, in which a telemetry-type system is needed to record

data. These tests were referred to as rough-terrain tests,
The primary objective of the field test program was to support the

Track Dynamics Program by planning and conducting field tests of tank

track and suspension systems as required, The requirements for data were

principally related to the analytical studies and, for the most part, the data

were used to validate the mathematical models of the track, suspension, and

shoe thermal models., The following subtasks made up the field test program:

1. Define the field data requirements for validating the
mathematical models developed in the Track Dynamics Pro-
gram

Define the functional, envizommental and physical requirements
for data acquisition systems

Establish the feasibility of employing state~of-the-art com-
ponents for wireless telemetry of data from the track
components during full scale rough terrain tests

Design, plan, and conduct preliminary tests to satisfy
interim data requirements

5. Design, plan, and conduct full scale rough terrain tests,

using wireless telemetry in the data acquisition system

The goals of all buiL one of these subtasks was accomplished.

Subtask 5 was completed except for final scheduling ard conducting rough

terrain tests. This portion of the program was deferred because of the delays

whi~h were initiated when the funding was temporarily curtailed. Details of
the field test program are given below.
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¢ Preliminary Field Tests

Data Requirements. Informaticn obtained from the staff of the analytical

i task showed that the following data would be required to validate the analytic
models: i
1., Shoe-component temperature rise during vehicle operation
2
3 L ]

Resonant, or wheel-hop, frequency of roadwheels

i it sl

3. Track-tensicn values during specific low-speed and static
1 maneuvers

4,

i

Track-pad vibration during specific low-~speed maneuvers

Pin bending stress and shoe forging stress were also considered as

cadidates for the study, however, these were assigned a lower priority because

*
of the existence of data from prior studies. It was also determined that i

some preliminary information on the track shoe environment would be¢ helpful in 5
4 designing the telemetry system.

Accordingly the fcllowing tests were planned
for a preliminary test program.

PR TV eyt

1 1. Response of track tension to obstacles |
3 2. Temperature time Sistory for rubber components of shoes !
3 5: 1Yrack vibration amplitude and frequency :
t 4., Road wheel hop frequency

{ 5. Durability of a commercial S-band transmitting antenna

] for the track-mounted telemetry system.

Working with Goodyear's St. Mary's, Ohio, plant, Battelle completed
fabrication of instrumented shoe assemblies for the temperature and tension
measurementa, It was also necessary to install modified shoe end connectors
to carry electrical connections for the transducers.

’
S

A vehicle and test site were requested from TARADCOM through the
Technical Support Division, and arrangements were negotiated through the
Director for engineering support. The test program, including final
preparations, was carried out at Warren, Michigan, during the months of
January and February, 1978, using a tank furuished by Chrysler,

E
* -4
Wilson, Nuttsll, Raimond, "Stress and Load Studies of the T-142 Track", ‘

Final Report under Contract No, DA 20-113-AMC-10559(W), and other WNR ?
Reports, ;
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Treck Tension Tests. A track shoe was instrumented for measurement

of track tension by installing; slectrical resistance strain gages on the outside

surfaces of both pins to measure shearing strain at the transition points where

the pins enter and leave the binocular tubes. The gages, four at each of the

eight locations, were placed and wired in the bridge circuits in such a way
as to respond only to shear produced by tension in the track. Other force
components, i.e,, those produced by bending, torsion, lateral force and
nominal load, are electrically cancelled by the gage arrangement and wiring.
Each of the eight strain gage sets was connected, by wires inside the pins, to
electrical connectors installed in an extension of the shoe end connector.
Following calibration of the instrumented track shoe in a tensile

testing machine, the shoe assewbly was installed in T-142 track on an M-60,

A-1 vehicle. The voltage analogue signal from the eight strain gage bridges

on the two instrumented pins was read out with a digital voltmeter fo' static
values, and recorded on magnetic tape for analysis of dymamic effects, of
track traversing obstacles of various heights.

It was necessary to carry out wost of the temsion test indoors

bacause of severe weather conditions. /s a result it was necessary to limit

the tests to avoid complications arising from the engine exhaust in the
building; however, a substautial amcunt of useful data was obtained.

Track Shoe Tempera..ce. One shoe asgembly was fitted with thermocouples
at the lccations shown in Figure 68,

were attached physlically to the metal parts, The thermocouples in the rubber

components were bonded to small copper bullets which were pressed into tight

fitting holes bored in the rubber., The wires leuding from the thermocouples

were brought out © a 24 pin connector located in the shoe pocket. The
thermocouples were read with a digital thermocouple monitor before and after
test runs in which the tank was driven at a controlled speed on dry pavement.
Temperature changes occurring as equilibrium was approached between runs

were accounted for by adhering to a rigid schedule nf reading both temperature
and time of reading for each thermocouple.

Some temperature data which appeared to be anomalous at the time
was subsequently explained when tie instrument shoe was disassembled,
fiber insulation on the thermocouple lead wires had
short circuits which produced erroneous readings.

Glass
chafed resulting in

R

R A T

The forging and pin temperature thermocouples
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Irack Pad Vibration. Ome of the aspects of dynamic behavior of tho

track is the interaction between the track and the drive sprocket as the track

enters and leaves the sprocket, Direct observation of the track and sprocket

reveals a disturbance vhen the track enters the top of the spracl:iat in maneuvers

which require raverse motion of the track. This disturbance is nor readily

apparent at the bottom of the sprocket regezrdless of the direction of track
motion,

In an attempt to obtain an understanding of this behavior, miniature
accelerometers were Iinstalled on a block of steel held in the track pocket
by the road pad anchor bolt, Electrical signals from the acceler vmeters
were recorded on an off.board tape recorder while low-speed maneuvers ware
carried out. 7YThe vehicle speed and the movement of the tank were limited by
the signal cables; however, some powered turns were executed for the test.
In the powered turns the instrumented shoe moved through the sprocket in both
directions while the track on the opposite side was braked,

Results of Preliminary Field Tests

The results of the track tensionetests and the shoe temperature tests
are discussed i{n the analytical task section of this report. The wheel
hop frequency study showed a resonance at 38 Hz, corresponding to a vehicle
speed of 15 mph,

Analysis of the shoue acceleration data shows relatively small
acceleration amplitudes (less than 2 g zero-to-peak) occurring in both the
line of travel and normal to the line of travel (perpendicular to the road
wheel path), The fact that the in-line vibration amplitude is the higher of the
two amplitudes, and the two signals sre reasonably well correlated, tends to
confirm the presence of stick-slip between the shoe end connector and the
sprocket as the connector mocves through the sprocket. (An audible indication
of gtick-glip is observed as the track moves backward through the sprocket
during low gspeed neutral turns and similar maneuvers.

No¢ vibration corresponding to chordal action was observed in the
data, This is to be expected since it has been calculated that the chordal
action at low speed would produce very small acceleration levels, i.,e., well
below the random vibration level observed at the shoe.

As mentioned earlier, the transmitting antenna held up well during the
short running time involved,
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Rough Terrain Tests

Feasibility of Wireless Telemetry., The track measurements described
akove were of a type which could be done either with Che tank atanding still
(static temperature), or with limited motion of the tank (track tension response
to obstacles). However, dynamic response to obstecles and rough terrain could
not be ontained without some form of wireleos link between the track and a
receiver mounted either on the tank, or at u separate lccationm.

A literature seurch was conducted to determine the current state of
the art in wireless telemetry, and to determine the identity of the practitioners
ic the art. The literature search led o work at Sandia and Aberdeen Provery
Ground. Direct contacts further narrowed the search to studies of artillery
projectiles--using on-toard radio telewmistry to relay ballistics data to a
ground station,

Interviews with investizators at Aberdeen helped establish contact
with twvo firms involved in the manufacture of miniature telemetry compouents
with clatmed adaquate resistance to shock and vibration. Subsequent discus-
sions with vepresentatives of these companics were helpful in choosing a
vendor tec supply cowmpoudents for the field test program.

The data acquisit on systim requirements were defined in terms of
functional demands &nd envairormental constraints. Functicnally, the system was
vrequized to tranemit data from the track «vf an operating vehicle to a data
recording systea locatel at some point not on the track., This requirement
was dictatud by the uravailability of any multiple channel dynamic recorder
which was both smail encugh and rveg:d enough to install on the track. At
a minimum it was decijed the gystcm should transmit a minimum of three channels
of data in the frequemcy range of 0-1000 He.

Environme .ral constraints on the system were found to be those
associated with the track, i.e., limited space, severe vibration, flying
rocks, high temperatures, and cortaminarts such as dust and water.

Tt was 1lso determined that a goal of 10 minutes minimum operation
of the eystem on a ser of batteries wouid be reasomable,
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After determining that a telemetry system meeting these requirements
was feasible, the design of this system proceeded,

3
consisti? of three distinct subsystems, namely:

1, The track mounted signal processing components and radio

2. 'The hull-mounted receiver and retransmitter
3. The veu-mounted receiver, demodulator, and tape recorder f

The components and functions of tlese subsystems are described
briefly in the following paragraphs.

Track Mounted Subsystems.

system ware
o
o

0O ¢ o o

Figure 69 shows a block diagram of this portion of the system, together
with the specific components which were chosen,

Hull-Mounted Subsystems. The hull-mounted components of the telemetry
systen were determinud to be as follows:

o

T 1o oea suadin st R R A §
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The telematry system

transmitter

The track-mounted components of the telemetry
determined to be as follows:

Transducers (strain gages, accelarometers, temperature sensor)
Signal Conditioners (provide power tc transducers and provide
amplification, zero suppression, etc.)

il et dtahall b

Subcarrier oscillators (generate a frequency analog of data)

Mixer (combines subcarriers to form a frequency dowain multiplex)
FM Transmitter, S~Band (generates a frequency modulated rf carrier)

Antenna, S-band, Transmitting (radiates the FM rf carrier as electro-
magnetic enargy)

b e

Battery Pack(s) (provides electrical power for the track-mounted
components listed above) ,

e o kol B el

Receiving Antenna, S-Band (receives rf signal from the S-Band

trancmitting antenna and converts it to an rf voltage signal)

S-Band Receiver--consists of severual subsystems including: ]

(8) Tuner (selects frequency band containing the rf signal from !
the track mounted transmittar)

(b) 1IF Amplifier and Filter (amplifies and further separates the
desired rf signal from undesired signals and noise)

FM Demodulator (recovers the subcarrier multiplex signal from

the intermediate frequency signal)

i

e b S

Demultiplexor and Demodulator (on-board). In this case, all steps
necessary to recover the data signal are carried out on board )
the vehicle, ard no van is required as it would be for the i;‘!
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f TRANSDUCER TRANSDUCER
(Ch 1) (Cch 2)
] p— )
- SIGNAL q SIGNAL
! AMPLIFIER AMPLIFIER
: ' A=V Model A=V Model
»’ MMA~20 MMA-20
; B
SUB-CARRIER SUB-CARRIER
OSCILLATOR OSCILLATOR
A-V Model A~V Modal
-* MMO-15 j MMO-15
3 . ——
E -
1 SUB-CARRIER MIXER
; A~V Modal MMA-12
is‘ %-ﬂ-—-—- Sub-Carrier Multiplex Here
g S=BAND
; FM TELEMETRY
TRANSMITTER
A-V Model 1-6008
S~BAND
TRANSMITTING
ANTENNA
0mn1-Slot®
FIGURE 69, TRACK MOUNTED SUBSYSTEM FOR TELEMETERING TRACK DATA
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retransmission of the subcarrier multiplex, as described next.
The data would be available directly and would be tape recorded

on a multichannel FM magnetic tape recorder carried on board the
vehicle. (This is Option 1,)

0 Retransmission of Subcarrier Multiples,

£
P

-

In this optiocn, the
subcarrier multiplex, as provided by the demodulator section of the

S=Band Receiver, would be retransmitted from the vehicle, using
TARADCOM's L-Band telewatry transmitter. (This is Option 2,)

Figure 70 shows a block diagram of this portion of the system, together ‘é
with the specific components chossan,

Van-Mountad Subsystem. A block diagram of this subsystem is shown in
The subcarrier multiplex, from the FM demodulator, obtained either

directly or indirectly through the medium of tape or retransmission, is first
- passed through a bank of band-pass filters

containing the subcarriers.

it e it Bl L i el

Figure 71,

to separate out the frequency bands
Each subcarrier is then passed through the appro=-
priate demodulator and filter to recover the original anzlog data. The data

o AT

L

s A s i
. .

can be either tape vecorded or written on an oscilloscope or strip chart !
recorder, or any combination of these, for study and analysis.

et e b 0o il s s Ao Lt

Preparation for Full-Scale Tests. To implement this design, some of the

RT3

telemetry system components were available at Battelle or at TARADCOM. However, i

a5 all of the telemetry components on the track shoe, the S-Band Receiver, and the
S-Band Ancenna had to be purchased.

An S-Band frequency assignment at 2222,5 MHz
[ was requested, and the request was still being processed at the Electromagnetic

Compatibility Assurance Grcup (ECAG) in Annapolis, Maryland, at the time this
report was written,

The shoe-mounted telemetry system was assembled and installed on a

3
E? ' group of shoes which included the shoe instrumented for measurement of track !

tension in previous tests., Mounting plates were designed and built for securing

the telcnnéry components and batteries to the shoes, Interconnection of com-

ponents was accomplished by means of an intershoe connection system which employs
short loops of ribbon connector and quick disconnect plugs and receptacles.

Provision was made for using the tension shoe in either a wireless telemetry
mode or in a cable connection mode.

Figures 72 and 73 show the trackemounted

portion of this system and Appendix G contains more detailed information on 3
its design. E
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F_ R
S=BAND

RECEIVING ANTENNA
Haigh-Farr Type LPS

S-BAND
FM TELEMETRY
RECEIVER

Microdyne Model 550

A Sub=Carrier Multiplex
Available at This Point

L-BAND
TRANSMITTER

L-BAND
TRANSMITT ING
ANTENNA

FIGURE 70. HULL MOUNTED SUBSYSTEM FOR TELEMETERING TRACK DATA

The Filter/Demodulator Subsystem Shown in Figure 71
Could be Connected Directly to Point A and Data
Tape Recorded on Board the Vehicle,

*To he furnished by TARADCOM.
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L-BAND
RECEIVING ANTENNA

L=BAND
RECEIVER

and

FIRST
DEMODULATOR

g if JEMULTIPLEXING FILTERS

b DEMODULATOR DEMODULATOR

;

b .

3 Ch1 Ch 2

g

;- FM MAGNETIC TAPE RECORDER

E

g FIGURE 71. VAN MOUNTEl, SUBSYSTEM FOR TELEMETERING TRACK DATA
; If This Subsystem Were to be Used on Board the

: Tank, the Output of the S-Band Receiver Would be
‘ Connected at Point (A) and the L-Band Equipment

Shown in This Figure and Figure 70 Would not be
Needed.
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FIGURE 72. OVERALL ASSEMBLY OF TRACK-MOUNTED PORTIONS OF

TELEMETRY-TYPE INSTRUMENTATION SYSTEM
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FIGURE 73. VIEW SHOWING COMPONENTS IN TRACK-MOUNTED PORTIONS OF
TELEMETRY-TYPE INSTRUMENTATION SYSTEM

T IR ST

USSR L S A CYPE W - ok A TR bemr 1 e o e AL A At e e dmrdanin il




Bt i g b2l

T T

T T

206

RECOMMENDATIONS FOR FUTURE WORK

The Track Dynamics Program has established a foundation for the
analysic of track dynamics and other aspects of track which has not existed
before. The thrust of the program has been the development of analytical

techniques and tools to analyze and evaluate track with the laboratory and field

analysis in supportive roles. Now that these tools have been developed or are well

under development, more application is needed. This includes not only further
parameter studies on the heavy double-linked track analyzed in this program,

but extension to heavy single-pin track, all types cf lighter track, and various
new track concepts, In addition to the analytical work, laboratory studies are
needed to provide input data (such as heat generation values) to the analyses,

and on their own merit to evaluate track components =~ particulariy rubber com-

ponents such as bushings. Field studies are needed to utilize the instrumentation

developed during this program and provide data to (1) validate analytically
predicted values, and (2) provide data for the many conditions which are too
complex to be economically treated by analytical techniques (complex maneuvers
over rough terrain, for example).

While these are general areas of future work, more specific areas are
listed below,

TRACKDYNE. The development of the TRACKDYNE II program, representing
a portion of the track loop, is considered to be one of the most significant
accomplishments of the program, as it “automatically" includes the vibration
modes, chordal action effects, and other dynamic phenomena, This program
should be expanded to include an entire track locp, and then the effects of
various parameters -~ weight, bushing stiffness and damping, etc, -~ examined
for various vehicles and types of track to optimize the track design, Although
considered to be outside the scope of the present program, the whole area of
track-generated noise and vibration can be handled with TRACKDYNE, since

it outputs the amplitude and magnitude of forces transmitted to the hull,

Thermal Analyses. The SHOETEMP III model should be exercised to give
additional guidance on ways of reducing track temperature buildup, Additional
small-scale laboratory studies are needed to provide better input on the thermal

properties of track metal and rubber components. Additional work on the
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T-142 and T-97 versions of track for the M-60 and XM-1 tanks appears particularly
timely.

Bushing Research. Analyses of stresses in bushings with different cross

sections should be continued, and this work should be complemented with research
studies on a lgboratory machine such as the machine designed during this program.
Additional studies to determine the relative significance vf assembly stresses,

tension~induced stresses, and torsion-induced stresses should be conducted.

PINSTRESS I1X. Many of the track parts are highly stressed by the
sprocket tooth loads, which are concentrated at the adge of the track. A thre~ -

dimensional analysis of structural distortions in the entire length of track
affected 18 needed to determine the loads on individual teech and track parts.
PINSTRESS II provides a powerful technique for handling the pin, bushing, and
tube assemblies as part of the structure, and the other track elements are
relatively easy to model. These models of individual parts should be combined i
into a simultaneous solution that would determine pin and shoe stresses on the '
sprocket. The effect of various parameters (such as pin bending stiffness or
support of the center of the track by the sprocket) should be determined to
guide future track development.

End Connector Design. Development of the reversed cud comnector

design developed during this project should be pursued to the point where several
pitchzs of track equipped with the new-type end connectors are inserted into
conventional T-142 type track, and tested in the field and/or the laboratory.

Field Tests. The track-mounted telemetry system designed and built

during this program should be incorporated into a test program to establish its
feasibility and determine the inevitable modifications needed. It should then
be used, if posaible, to obtain data on track temsion, acceleration, and tempera-

ture at higher speeds and/or over rough terrain.

Analytical Techniques. To date, the various analytical techniques L

are based on conditions existing when the tank is going straight ahead--that is, i
not turning. Attention now needs to be turned to the case where side loads are 3
present due to turns, side slopes, or other factors. Of particular interest is
the analysis of track misguiding and/or throwing, which has not yet been
attempted. Lateral loads may be equal or greater in importance to the longi-
tudinal tension-type lcads analyzed to date,
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Design Procedure, Effort needs to be continued on the development of a
means for combining the loads and stresses calculated for the various conditions
into a meaningful estimemte of track/track component life. Only when this is done
can the effect of design changes be evaluated in terms of life. The various
analytical techniques developed during this program provide the foundation for
this procedure, since they enable loads to be calculated for several conditioms.
Near the end of the program, effort was started on a method of calculating the
number of cycles of each type of load (for example, increased tenmsion while
negotiating an obstacle), and then converting the load cycle into an equivalent
stress cycle and subsequently inco life, based on given material properties.
However, the nature of the loading cycle and the distribution of load in the
track are sufficiently complex that additional work on this type of design
procedure is needed. Eventually, it should be possible to "screen" track
designs rather thoroughly before they are built by application of a design
procedure incorporating the fundamental "building blocks" developed in the
Track Dynamics Program.

i
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ORIENTATION PHASE CONTACTS

TARADCOM

XM=-1 Program Office
M-60 Program Office
M=113 Program Office
MICV Program Office
Abevdeen Proving Grounds

AMMRC
DARCOM
MERADCOM
Vicksburg
Ft. Hood

ALCOA

Chu= * XM~1

Chrys. - M=60

Detroi ‘iesel Allison
FMC

Firestone

Goodyear
Standerd ".oducts
Bolt, Be. ..ek & Newman

San Jose ST
University of Michigan
Wayne State

ARMY

Asokliis, Barnes, Carter, Comito, Decker,
Fix, Getz, Gorton, Gow, Grant, Hoffman,
Kozowck, Kvet, Lassila, Lee, Majkowski,

Newcomb, Otto, Palmer, Parks, Petrick
Puuri, ﬁoae. Wollam ' ’ e

Appieyard, Harju, Smith

Getz

Burcz

Turkiewicz

Kotras, Sobczyk, McKay, Gross, Mermagan,
Garinther *
Shea, Adachi, Fupiano, Parsons, Weiss
Soukup, Kline

Comminge

Nuttal

Meigell, Fuller, Rawles

INDUSTRY

Johngon, Long

Hirych, Hartwig, Wells

Wolken, Briggs

Brindle, Leet, Schaefer

Gibson, Casey, Hare

Brandenberg, Millikan, Raines, Ritz,
Robinson, Welvaert

Cooper, Fetter

Nichols

Galaitsis

ACADEMIA
Blythe

Chace, Felbeck
King

=

*
Telephone contact
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APPENDIX C. TRACKDYNE PROGRAM

Structure of Run

In response to each control card, the simulation will be run at the
requested speed and tension for an integral number of pitch-passage cycles

that may be varied from one to any requested number. If this run is a coantinuation

of a previous run, initial conditions wmay be read from a data deck and the cycle
numbers will begin where the previous run left off, the data produced being the
same as if there had been no interruption, Otherwise, initial conditions will
be calculated to begin cycle number one. Each cycle 1is divided into 100 equal
time incraments called stations. Each station interval is divided into a re-

qussted number of equal time increments over which the integrations are performed.

For efficient operation, the number of integration steps per station should be
varied with track velocity to keep the integraﬁion interval an approximately
constant time period. For instance, 10 steps per station have been found
adequate for satisfactory accuracy at 35 mph, and 5 steps per station gives
comparable accuracy at 70 mph,

During the last cycle requested, data describing the state of the
system is available at each statiom interval, Data can be printed at every
other statfon., Calcor.. plots can be made if requested. At the end of the last
cycle, the state of the system can be punched into a deck of cards if requested,
This deck serves as an initial ccndition deck if it is desired to continue the
run at some later time, If the run is to be continued immediately by another
control card, an initial condition deck is not required. The energy balance
is also based only on the last cycle., Only a limited amount of data is
printed at the end of the earli~r cycles,

A typicel .0 up wl;. be to run for ten cycles and plot -- so that
the degree to which transiencs have settled may be observed, then to continue
toc the fifteenth cycle and plot again, this time punching an initial condition
deck so that the run can be fur continued if the plots indicate it is still
unsettled,

Any number of control cards may be submitted. The integration
interval may be changed when a run is continued. If any dimensions or other

specifications of the system are to be changed, the entire system data deck
must be read {n again.
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Speed and Tension Con

Since the 23-link system is removed from the rest of the track circuit,
artificial means must be used to cause the simulation to operate at the requasted
speed and apparent tension at the inlet point, which is in mid span. Speed is
determined at the inlet point by causing Connector 1 to move in a straight
line at the desired velncity. The path of Connector 1 is offset from the straight-
line tangent at speeds below the transition point by an amount calculated by
the initial condition section of the program.

Tension is determined by a constant force and moment applied to the
23rd shoe, which is on the road wheel., When setting these forces, the initial
condition program must estimate the centrifugal tension, the difference between
tension on the wheels and on the straights, and the energy losses in the system.
The results are necegsarily approximate, since much of this information is to
be determined by the run, Consequently, the desired apparent tension at the inlet

is not exactly achieved. The program aversges inlet tension during the last
cycle and prints out the value actuelly occurring.

Shoe-to~Wheel Contact Model

Four elements are taken to be in parallel: a linear spring of rate
SW1l, a spring whose force varies as the square of deflection times SWZ, a
viscous damper having coefficient CD2, and a modified dry damper producing force
FDD, In series with the dry damper is also.a stiff viscous damper having
coefficient CD1, The dry damper is modified in that, for deflections less
than a threshold value in the neighborhood of .080 inch, its force is madas
proportional to deflection. In other words, the dry damper force is the
ainimum of FDD or CDD times deflection,

The characteristics of the real system are reproduced primarily by
the square rate spring and the dry damper. Since the contact situation is either
a round wheel impinging on a& flat shoe or a pcinted shoe corner impinging on a
reletively flat wheel, the area of contact increases with deflection and the
spring force is more nearly a square function than linear. Damping character-
istics are based on hysteresis tests made at Battelle using a cylindrical steel
die representing the wheel in contact with a real track shoe. The energy
absorbed per cycle was found to vary only a litcle with frequency, so that it is
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represented by the dry damper with some variation with frequency provided by
the viscous dawper CD2. The gshape of the experimental hysteresis curves sug-
gested the modifications to the dry damper. It is also convenient in program-
ming to have a system that will return itself tc zero deflection when external
force is removed. This is ingured by the linear aspring SW1l, which zhould have
a rate greater than CDD. The damper CD1 is alsc included as a prograuming
convenience to avoid large step changes in force 1s the rate of change of
deflection changes sign. Its coefficient is made high enough that it rarely
influences the system, The numerical values used for normal contact between 3
a wvheel or idler and the center of the flzt of the shoe are:

SW1 = 10,000 1b/in

SW2 = 95,000 1b/1in?

FDD = 1,300 1b

CDD = 8,125 1b/in

CD1 = 800 1b sec/in

CD2 = 20 1b sec/in .

The same mcdel is used for tangential detlections, though the‘nuneriéal

parameters may be separately specified, In the absence of experimeutal data,
all values were simply cut in half., While normal deflection can be calculated
from the relative positions of the shoe and wheel, tangential deflection is an
integrated variable that depends on the hisitory of relative motion between the
shoe and the wheel, and also upon any sliding that may occur., The coefficient
of friction between shoe and wheel is specified on the control card, and has
been taken to be .80 in all runs. When sliding occurs or when the shoe is out

:
)
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of contact with the wheel, the rate of change of tangential ceflection is coantrol- ?
led by the dampers. ﬁ
System paramefers are taken to bhe independent of the location of the
center of contact on the shoe go long as it 18 no farther from the center of
the flat than DS1, taken to be 1,0 inch, As the center of contact moves from
DS1 to the edge of the flat, parameters vary linearly to another set of values
that are specified for contact at the edge. In the absence of experimental
data, all values were reduced to 0.4 times those given zbove. As the attitude

Rar . Sty

of the shoe continued to vary, the parameters vary linearly to a third set of !
t _ values that are specified for contact of the point of the shoe with the
’ wheel, This condition is considered to be reached when the perpendicular
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to the flat of the shoe through the center of the wheel passes farther from
the center of the flat than DS3, taken to be 4.0 inches., (The flar has a half-
width PSW of 3,02 inches.) In the abseme of experimental data, parsmeters

®r point contact were taken to be 0,2 times tha values given above,

Bushing Model

The tensile spring rate of the track is represenred in the program as
radial deflection of the bushings. Based on experiments at TARADCOM, the value
used was 740,000 1b/in for the bushings associated with one pin across the width
of the track. The torsional spring rate was determined for a used track shce
under laboratory conditions at Battelle as 24,350 in 1b/radian.

In the absence of experimental data, damping was assumed to be viscous
and values were set to give coefficients of restitution on the order of 80%
for representative conditions of energy input. In torsion, the rate of flexing
was taken to be the angular velocity of a wheel at 50 mph. In tension, energy
was considered to be stored by stretching the track to 40,000 1b tension during
pitch passage interval at 50 mph, This yielded dawmping values of 3.6 inch 1db
sec/rad and 290 1b sec/in. Early experience with the simulation suggested that
the system was not sufficiently damped, so these values were arbitrarily increasged
to 7.2 in 1b sec/rad and 500 1b sec/in. Data from a properly-instrumented
bushing texting machine would be very helpful in setting these parameters.

Data Deck

The structure of the data deck is as follows:

(1) Control card for first rum

(2) System data deck for first run

(3) Initial condition deck for first run (if required)

(4) Control card for 2nd run

(5) System data deck for 2nd run (if different from first)
(6) Initial condition deck for 2nd run (if required)

(7) Control card for 3rd run, etc.
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The control card is punched in the format (3F10.3, 614) with the follow-
ing information:

(1) Speed of vehicle, wmph
(2) Apparent tension at mid span approaching idler, 1b

(3) Coefficient of friction between track shoes anc idler or road
wheal

(4) Number of incegration intervals per station
(5) Number of last cycle to be run. (Cycle numbering starts at
the cycle ror wvhich initial conditions were computed, not
necessarily at the beginning of this rum,)
(6) Control integer for data input, using the following codas:
0 = Read in system, compute initial conditions
1 = Read in system, read in initial conditions
2 = Use system of run just completed, compute initial
conditions
3 = Use gystem of run just completed, read in initial
conditions
4 = Continue previous run
(7) Control integer for card pumch:
1 = Punch final conditions for use as an initial condition
deck
2 = Do not punch
(8) Control integer for plotter:
1 = Plot last cycle
0 = Do not plot
(9) Control integer for continuing to additional runs:
0 = Stop after this run
1 = Continue to an additional control card, but shut
off plotter
2 = Continue as is .

The system data deck contains 12 cards punched as follows, with numerical data
given for T-142/M-60 system:

Card 1. Modification factors for computing initial conditions., Format
(5F19.3)

(1) Modification factor applied to moment of inertia of links for
use in continuous band equations, 0.65

(2) Modification factor applied tc bushing torsional spring rate

for vse in continuous band equatioas, 1.25 ii
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3,4,5) BRatimates of energy loss at entrance and exit of idier and at

entrance of road wvhael, respectively, 100 in 1b/Mnk each place.
Card 2, Track geometry. Formet (8F10.6)

(1) Pitch length of shoe, 4.442 inch

(2) Pitch length of co' ector, 2.500 inch

(3) Mass of shoe, 0.1316 1b sec’/in.

(4) Mass of connector, ,0648 1lb sec?/in.

(5) Moment of Inertia of shoe, 0.526 in 1b sec/rad

(6) Moment of inertia of comnector, 0.1095 in 1b lcezlrad

(7) Distance from plane of pin centerlines to center of mass
of shoe, 0.7 inch

(8) Distance from plane of pin centerlines to wheel-contact flat,
1.69 inches .

Card 3. Track geomatry continued. Format (3F10.6)
(1) Distance from center of flat to point where wheel contact

parameters begin to change (DSl described above), 1.00 inch
(2) Half-width of flat, 3.02 inch

(3) DS3 (describad abtove), &.00 inch
Card 4. Track circuit geometry. Format (8F10.4)
(1) Radius of idler, 13.00 iach

(2) Moment of inertia of idler, 45,0 in 1b leczltad
(3) X coordinate of idler center, 0.0 inch

(4) Y coordinate of idler center, 0.0 inch

(S) Radius of front road wheel, 13,00 inch

(6) Moment of inertia of front road wheel, 45.0 in 1b acczlrad
(7) X coordinate of front road wheel, =30.732 inch

(8) Y coordinate of front road wheel, =24.010 inch

Card 5. Track circuit geometry continued, Format (614,F8,.2)

(1) Number of first shoe to be checked for contact with idler, 7
(2) Number of last shoa to be checked for contact with idler, 14

(3) Number of first shoe to be checked for contact with front road
wvheel, 17

(4) Number of last link, 23
(5) Number of link to be monitored for offset of Span 1, 6
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(6) Number of link to be monitored for offset of Spam 2, 15
(7) X coordinate of dummy wheel for estaublishing entrance

span to idler in initial condition calculatjona, =96.6 inch
Card 6, Rubber bushing parameters. Foruw.t (2F10.I,3F10,5)

(1) Radisl spring rate of one pin and bushing assembly, 740,000 1b/in
(2) Torsional spring rate of one pin and bushing assembly, 24,350
in 1b/rad
(3) Angle of articulation between shoe and connector when bushing is
at zero torque, 0,142 rad
(4) Coefficient of viscous damping in radial directiom, 500 1lb
sec/in

{5) Torsional damping coefficient, 7.2 in 1b gec/rad

Card 7. Shoe-to-wheel contact parameters at center of flat.
Format (8F10.2).

(1) SW1 in normal direction, 10,000 1b/in

(2) SW1 in tangential direction, 5,000 1b/in

(3) SW2 in normal directiomn, 95,000 1b/:l.n2

(4) SW2 in tangential directiomn, 47,500 lb/in2

(5) FLD in normal direction, 1300 1b

(6) FDD in tangential direction, 650 1b

(7) CDD in normal direction, 8125 1b/in

(8) CDD in tangential direction, 4062 1b/in .

Card 8. Shoe-to-wheel contact parameters at center of flat, continued,.
Format (4F10.5).

(1) CDl in normal direction, 800 lb sec/in

(2) CD1 in tangential direction, 400 1lb sec/in

(3) CD2 in normal direction, 20,0 1b gsec/in

(4) CD2 in tangential direction, 10.0 1b sec/in .,

Cards 9 and 10. Shoe-to-wheel contact parameters at edge of flat,
Format same as Cards 7 and 8. Values reduced by factor of 0.4,

Cards 11 and 12, Shoe-to-wheel contact parameters for point contact.
Format same as Cards 7 and 8, Values reduced by factor of 0,2.

The fnitial condition deck is a 96-card set punched by the program,
ad does not require manipulation by the operator. The number of the last
cyde run may be read from Columns 4 and 5 of the first card.
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APPENDIX D. PINSTRESS Il

Objectives

The system considered by the PINSTRESS analysis is the pin, bushing,
and tuke assembly associsted with one end of one pin, There are four such
systems per track link, related to one another by the continuity of the pins
through the center of the track, by the movements and deflections of the shoes,
end connectors, and centerguides, and oy the forces transmiited through these
parts. Structural anzlysis of a number of links considered simultaneously is,
in general, required to define th- forces and stresses at any point in the track.
The sbjectives of the PINSTRESS analysis are to define the PINSTRESS system so
that it may be treated as a single element in the structural analysis, and to
provide a metihod for calculating pin stresses and bushing loads, once the
forces or deflections imposed on the system ars known,

As noted in che text, there are a few symmetrical loading situations
where the structural analysis becomes trivial., The PINSTRESS analysis aione
is then adequate for calculating pin stresses and bushing loads,

Definition of System

Consider the pin, bushing, and tube assembly for one side of the track
as shown in Figure D-1. The pin is taken to be free to bend over a span u between
effective anchor points where the end forces and moments are applied. The tube
and the rubber bushing are taken to extend over a span r which is less than
v and centered within {t., The X axis is taken tangent to the pin at 1its
effective anchor point ia the centerguide, with positive direction toward the

end connector. The y axis is taken at the center of the gpan, with pcsitive

direction toward the shoe,

The resultant of all forces applied to the tube by the shoe is taken to
be a force Fs acting along the y axis and a moment M9 as shown. (The shoe can
also apply a force in the X direction which causes shearing deflection of the
bushing, but this is independent of the bending analysis and may be handled as
part of the gstructural analysis.) The end connector applied a force Fe in the
nega-ive y direction at X = u/2, and a moment Me as shown. (There is also a
force in the X direction that causes axial compression of the pin; this too can

be handled separately.,) Assuming the shoe body to be defined by the tube
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ends, the system responds with a displacement of the shoe relative to the
centerguide that corresponds to track stretching, a rotation s of the shoe
body that i3 a component of structural warpage, a displacement of the end
connector relative to the centerguide that is another component of structural
warpage, and a rotation . of the pin =nd that is related to, but not equal to,

end connector rotation.

The analysis can also be applied in the plane perpendicular to the
track, with suitable interpretation of the deflections.

Assumptions

(1) The rubber bushing acts as a linear spring haviag the same rate
per unit length everywhere within gpan r.

(2) The effective anchor points of the pin ends are 0,5 inches
inside the bodies of the end connector and the centerguide.

(3) Deflections are small compared to the dimensions of the system,
(4) The bending deflection of the tube is of the form

Yp = Yor 1-"__2
where the deflection at the center of the tube is given by
d S Yot O ALoT
ot = ‘#‘gs*—#—ﬁe*‘ 'ﬁi-ﬁ
Ve LY

and the stiffness of the tube and its end constraint by the binocular places
is defined by

| Qs oT
Yr W

Sg =0, & =O
(5) Deflections of the system are energy conservative, 3o that
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D-3
Numerical Definitions

The system, then, can be specified by the following parameters, with
numerical values given as used for the T-97 track:

Pin span u, 11.95 in

Rubber span r, 10.94 in

Pin moment of inertia I, 0.1139 in

Pin modulus of elasticity E, 30 x 106 pei

Rubber spring rate Kgo 56,400 lb/in2

Tube spring rate K, 1.647 x 10° 1b/in .

4

Summary of Results

Define the simpilifving constant

4 —

A ; e
- T ‘\' Ve -

— N
o

Then the deflection of the pin at any peint within the span r is of the form

y = A sinh ax sin ax + B sinh ax cos ax + 2 Eosh ax sin ax +
X (D-1)
D cosh ax cos ax +§ +esx = Yopr (1= 3D

where A, B, C, D, and Yor ar® constants to be calculated below. The bending
moment in the pin at any point within the span r is given by

M= ZEInz A cosh ax cos ax - B cosh ax sin ax + ¢ sinh ax cos ax

4 Yor
« D sinh ax sin ax + a2r2 (D-2)

and the bushing load at any point within the span r is

i = kah sinh ax sin ax + B sinh ax cos ax + C cosh ax sin ax

+ D cosh ax cos ax |
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Define simplifying nondimensional constants as follows: (numerical values for

T~97) i
E
3 . 8 7 . . E
r (/, = s\nn "';--:' s.n 2L - zoen - oS T (2.2wma))
42% Dinh 2ZF ein TE - coan &3 cos 2 (-+52)
4 Cﬁ = =£ﬂh a_:t_- R 2 2. ' o e -
3 — &S — + coshn — SN — 2. 303
i N |
| fa= =inh 25 com TL —comh e gin &t (L17282) |
: e — i
E i
(‘J:\ —(“ - )(-/"‘ f&\‘ /”( "\ .‘I;I 2 O:SJ) ;
_ f N |
E (.éq = (/, - -—(.4!’—-)(;19*'/.,/"_) - I<“L-'~3 {/2 (2 o-'—\ ;
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f o - —(4'" Mg, -42) - (/« w42 (-2.2557)
L H
| 2,02 S & ' 2% ; = -,
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E :/;5 = {3 '{4_ __(/f ,’L) /4/3 _/4> - —C‘_ ,_\) -(, “ ‘
E (0.7625) .
3; f '.'L= - / 1:‘ - . *
_ RN R JORN VAL Z eV 4 N
(4.1710) '

/) - + :’L:- -/ , .’.1-3 = !
/’ /2 &4 (u’l ""-\ (4[1 "‘(/33 r : P23 '/'"..\ =

(0.8467)
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(3.e728) S

:
-
1
1
3
3

Y

V2 = 271 J2le (£.7449)

i
»

Jedarf
+-3 T 42 T4

N & ek sain

1

Yor (EddEr (g -yey
(/_;

2 (\“4_-\755

; e - S
vl PR boa ol e e e e .
TP PRI G L <. < S anh LA Yoy 35 i b M il L 7t bl vt S A S8 Tt s v it et T TR B Stmateun Cuncd . i mMG ALriud e




D=5
/R e ~. -
= i{2a'27= 313>
LN R o (\.oz1c
Yy =v"re.7a

R 2...=33
e //z‘:"-', ¢ - )
ot 223
e = (5‘[5 .b ( 24,3\)
72 P FA Y= 2
then . | (D=4)
.4A“ .
v,oa ST 4 x . (ro.nzs2)
T+ & e “-03_:. [A.Jt AR NN -n..\).'_i‘ A ’
p) 34 Z_Y - (\ N = -
ta= _é_ g 4 M,_(s "&.(u"ﬁ.\?-,]-j(u-,ﬂ_\‘[_‘(__., liu‘/;\‘-\!\ 3
‘ L 20 Y; + %.t(“_/,_\:. - \'
(.06%54)
. *- - B3 -
et {Y- 2 aji'-[“({‘z' Y3y =24 | S
- 424 (. - |
PR
- el e

) -
RIS £

s . -
PET TP n

R st bt il b

A..‘MA-MM\M4lmlﬁn|JL.\-Mm-JMAu PP




2R T T R AT

AT TR T T

The

D=6
e r ./\ - - 3
R~ N O I
w - \% - ¢ R
+(zs-a) Ls-_..(\- NG ".=74-‘¢—_- ol
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- - e 7 2 e
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forces returned to the track structure in response to imposed displacemenis

are as follows:
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The displacements of the system in response to forces applied by the track
structure are as follows:
st {m[Tmateny g1
: Q.xe . La‘-‘ Y; %:.(1‘ ‘..) 1: . b _i
\ 42, 07
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Oytline of Derivation

By reference to Figure D-l, it can be seen from simple geometry and
Assumption 4 that the force per unit length applied to the pin at any point X

within the span r i{s given in terms of the pin deflection g(x) and the rubber
spring rate KR

FOO = ke [B8roan- o (1- "-'-%{'\-7;]

where the tube deflection Yor is taken to be pusitive when the tube deflacts in
the negative y direction (toward the pin). Outside the spaun r, the applied force

is zero. Consequently, the moment in the pin anywhere within span r is
&

< &
e e e (£ 0> [ R eR) dx

Putting this into the well-known beam

I,la = M
N 2

and differentiating twice, we have

=T =% b ESD (D~17)
=t - <= p 4&
Ax* =T [’5 - FeX "a"(“ = ﬂ

The solution is given by Equation D=1, which is valid within the span r and
contains the five unknown constants A&, B, C, D, and Yor* These may be determined
from boundary conditions at the ends and from Assumptions 4 and 5.

The slope of the Jaflection curve, the moment, and the shear force
in the pin at any point in the span r may be found by successive differentiations
of Equation D=17. At the left end of the span, in particular, X = r/2 and
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Cousidering aow the beam span from r/2 to u/2, tha only loads are at the ends,
and for X = r/2 we have

PRIA - WA At vra = i <4¢ "”N-\-\:
oS mrer () 7 e
ad o v M ad = = e\
& = G- v (T =)
where the moment and force are given above, For continuity of the pin,

deflection and slope at X = r/2 must be the same for both beam segmerts.
Equating the above expressions yields two boundary equations on the four
constants:
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Similarly at the other end of the central span, the besm segment from
/2 to ~r/2 must yield consistent deflection and slope at X = -r/2, The
resulting boundary equations are

) VAN
B A= 2gB-2 Cr2:0* 26+ =~ 2() ver
| i i -

\ 4 1
N - - - WM -  m—— A
’..94.A““,»=-‘\B :;C— (—aD a. 95 RBRE ‘; 7T

Simultaneous solution of these four boundary equations yield: the
asymmetrical components of the solution, B and C, in terms only of the

externally applied displacements, as given by Equations D=5 and D-7.% A and D,
however, still contain the unknown Yor:

f (Sa T"
{ 2.+ a(wun Y2 ]- JoT | RN Ny S
E ~a. | 77 \(: Z,'_"::'g'wv‘f (e :37
1 o~ - - ! J )
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S4S7°0%8 S
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3 ~
i -De T4 N = =
3 e 2 - .\= A RO o ol . - = = . t
Ta [ Satalurda)r i Ty e R b
D - - -
) > (0-19)
- 26“3\ < 4 '

The tube deflection will now be determined.

By equilibrium, the shoe
fuzce is given in terms of pin shear force as
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By aquilibrium of the span from r/2
is equal to the shear in the pin at ¢/2:
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Also, from Equation D-20,
= N =7 ~ - -
'cf-: = ‘AE:_IJ. R :4-::"_; 2 '.‘\_‘ .1?' Ky ‘,‘_‘I\‘-.: E“:QT\\
T &= ‘(4- l\ ML - - N \

By Assumption j, thesa expressions are equal except for sign, Consequently,

QT | D
e = = - >T ~
[ hd - T — - "'l‘
~ = : Lol A D=-23
sA 3 : (D-23)

Similarly, the end connector momant M. may be found from equilibrium
of the span from r/2 to u/2 and the moment ir. the pin at r/2:
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Me = EI*"[*“\(?:‘QC'-_} -8 (Y- S(Uards) (D-~24)
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Again using Equation D-20,
AF. 2exna( p
T, T ST g Yeralwn)- 2 Zeer
T + 4 Yoe
2 re = 2 oy
=" ‘::KJ.( U i%
!
By Assuzgption 5, these expressions are equal., Consequently,
£ -
Q4sT . L oo (D-25)
TS, 2

Equation D=4 for Yor is obtained by substituting Equatiomns D-21,
D=23, and D-25 into the expression for Yor found in Assumption 4, This
expression for Yor is then substituted into Equations D-18 and D-19 to obtain
A and D as given by Equations D=5 aad D=8, Substituted in Equation D-20,
it yields Equation D=9 for Fs‘

Equation D=10 may be obtained easily by noting that
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F:e.. _‘::_s = - :EI.Q.!L.,L = - 4:(.) 3

Equation D-11 for Ms is obtained from the equilibrium equation

Mg = %(Fe“:'c.) -(Me- V"-\J

The remaining manipulations are straightforward.
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APPENDIX E

DESIGN 07 LABORATORY MACHINE
FOR BUSHING RESEARCH

Track-Pin Pushing Laboratory
Regsearch Machine

R W & pn 0 o
[
-

7 TR ETTY IY
.

The material in this appendix relating to the design of the 3
laboratory research machine is organized az follows: '§

St b T

(1) Design Goals
3 (2) Analysis of Angular Position Servocontrol Circuit 4

(3) Analysis of Radial Force and Position Servocontrol Circuit
(4) General Requirements for Controllers

(5) Instrumentation and Signal Processing

(6) Detail Drawings of Laboratory Research Machine

e e At 1

Design Goals

e Angular Deflections: Variable, Servocontolled Cycles
up to +22s degrees, rates up to 86 rad/s.

e Radial Loading: Variable, Servocontrolled Cycles
between +25,000 1bf maximum

e Temperature Regulated, Split Collet to House Bushing
Specimen

I RS TR 7 T

e Fixturing to Accept a Range of Bushing Sizes up to
2~-in. Pin Diameter

e Instrumented to Continuously Monitor

Bushing Torque

Angular Deflection

Radial Deflectioca

Collet Temperature

Variocus Uperational Safety Checks

: and Record the Variation of These Quantities Throughout
: The Life of a Test

: ® Continwus, Unattended Operation.
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Servocontrol Circuit
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FIGURE E-1. SIMULATION MODEL REPRESENTING BUSHING MACHIMNE

200 A 5

Equations of State:

[

; i, Q[P P Py /A
—_—= g -0 - x— s d )
dt ry A P
! ]
f @i ]
3
i { - current to servovalve k) = equivalent rotationsi ofl
S x = velve spool position (-1 to +1) comprassibility spring coastunt
5 kg ™ scaling factor k5 = bushing spring constant
, Pg * supply pressure D = hinthing damping |
Pgq * drain presancs > = bushing pusit:@6on 1
Q = oil flow, (g ~ mex rated valve flow J = gquivzlent linear ime:tia ]
T ™ piston position A = plagzon area
¥ w servoviive spocl posttion
c » equivsa.ent vilva spool damping l}
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Physical System
Controller & Measurements
FIGURE E-2. SIMULATION MODEL REPRESENTING ANGULAR
POSITION ONTROLLER

e A S s A wtiss R

r = reference {aput signal :
® =« bushing angular pos'n 3
S bushing angular velocity ;
6= bushing angular accelsration
e = error signal (r - ©)

= current input to servovalve
= d/dc

e Y TP AT T T Y el P T il

-7

for: r, ¢, & in degrees
3 deg/sec
8 deg/sec

2

dimengionr'~yg, i = iv/in, where iv = cyrrent into valve in ma

B TR T e

im = maximum rated current, ma
thrn KI » 350 kl = 2.10 kz = (.0050

k3-6x10-6 kl'-3x10‘-9

& e g s

‘ Responsas: 0 to 90 percent rise time: approximately 10 ms :
L max overshoot: approximately .01l percent
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Eintun boai? iy AL AL LA s ¥ ET Skl F o e W A mterand s e bdani i JFTON




i

1.2

L9

0.8

0.6

0. 4

Q.2

E-4

Spooi position,

Crank arm angular velocity, &

~Crank arm angular displacament,

)
<
—— . M—d

e 4 6 8
9 = 9/22.5°
o= 8/5000° /sec

FIGURE E-3.

10 12 14 16 8 20

Time {ms)

OPEX LOOP STEP RESPONSE

ok

. bk o b e

Al a2t | A gk et it bl s B bk i st

.




| o /— valve input current, i ' -

: 0.B Crank arm angular e
3 displacement, o i
,V’ Spool position, x + '

Crank arm ar.lgularA
velocity, ©
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FIGURE E-4. CLOSED LOOP RESPONSE TO 15-DEGREE STEP
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- Real cycle defined by M=60 track geometry only

e

S

Approx. Hysteresis Loss
(torsion only)

Peak Torque

10 watts (0.01 tp)

640 1in-1b

30 watts (0.04 hp)

1200 in-1b

FIGURE E-6. PRESENT "QPL" MACHINE TEST CYCLE COMPARED TO
ACTUAL BUSHING ANGULAR DEFLECTION IN T-142 TRACK
(M60 Tank at 35 mph)

-~ Standard test practice defined by Armour Research Foundation developed
? machine that is currently rumning QPL tests
; 20 E
E -~ Standard {
3 " Test
4 q ﬂ r-j .
i ) o \ ; — ' —~ Distance
T (Deg) 100 200 200 470 m\ e00 Along
3 8 Track

o \ I{_‘ / \/ \}—) (inches)
! j\\\—’/// Tank :
: 20 Imposed
, DR ? > ¥
] Tank Imposed Standard Testing
Defl'ns (50 wph) Pract ice
1 K
E’ Input Waveform See above, T = .64 gec 255 cpm (4.25 cps) SINE _
: Max. Defl'n, 6 +8°/s £15°/s
E Max. Defl'n Rate, q.“ *4125°/s $+401°/S :
g’ Number of Gu‘.Regiom/Scc 12.5/s 8.5/s :
[ Peak Power Req'd, P ax 7.0 hp 0.63 hy !
E "Avg." Power (1 Ko/ |

. = [ Ko/6/dt 0.075 h 0.21% 5

f (21 fo / ) P bp ‘
%
f

[P




RADIAL F
foreE Sebvn

Y

CLOMTRDLLER

Sywbols

FORCE
COLTEQLLER

Ty ® Position referemce input

T = Force reference input
e = Position error
e, = Force error

Y = Radial position

F = Radial force
1 = Current input to servovalve

s = d/de

FIGURE E-7.

4

PHYSICAL SYSTEM
& MeASLUCENMTUT S

SIMULATION MODEL REPRESENTING RADIAL FORCE/POSITION

CONTROLLER

PSNT NPT IPRTY" T ROPT DO B

POV T WO RPRNTIIIN S SNRETIEH £ P N 10 ST DA

.
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TANK TRACK BUSHING RADIAL LOAD:

'"Real"” Cycle versus Standard Test

== Real cycle from JPW 3-18-77 memorandum
Standard test practice from Armour Machine

’?
8 !
ST'D TEST
F OIAL 6 .
é WAD ‘
(csA 3 PFRT Xy //_4_"———_—"\‘\___-
4 SOmph’ REAL' IDAD Y 4 .
DoDUT
9 mlt)&) 2
L b s /_ MAX TRACTIVE \
) &F erFurT Vv ;
E o — R A D R WD ws e, S eYn GV e o ’ ) L-—-- — %
: 0 100 200 300 400 SO0 600 )
E L DISTANCE ALOLG TRALK (iINCHES)
E
: - T —
Tank Imuposed Standard Test
Loads (50 wmph) Practice i
X Input Wavefora See above, T = .64 3 64 cpm (1.1 cps) SINE ‘
E Max. Load, Pux (1b) 5G60 7500
Mic. load, P, (1b) 4125 0
4 1
Max. Slope, dt sec +5000, -29,000 $25,000 i
| Peak Power Req'd (hp) ,025 .051 3
E Max. Defl'n (in) 042 .060 i
B

- AT

PRESENT "QPL" MACHINE TEST CYCLE COMPARED TO

BUSHING RADIAL LOAD IN T-142 TRACK (M~60 TANK AT
35 wph)

ACTUAL

[ O IS
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E-10

General Requirements for

Controllers

~a

Machine start up:, sequence mst be such that nc transient inputs are

intreduced: &ll inputs ui 0 as hydraulic pressure comes up. All integrator
initial conditio>ns set.

Pogition and force messurements: Must have means of szeroing measurement
signal to correspond with physical zern which may vary with spec imens.

integrators: Must be output limited to prevent windup and/or instability.

Maaual to automatic switching: Must provide for proper initial coanditions
on integrators for swooth switching between modes of operatiom.

Cylinder bypass: physical valve to short circuit hydraulic cylinder may
be desirable to allow phytical motion of cylinder when system {s off.

Controller tuning: Ccntroller gains should be adjustable to provide

ability to tune system once at instsllation. Data available to show general
effect of cach comntrol gain.

|
!

4 ik B
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Instrumentation and Signal

Proceseing
Basic Measurement Davice
Badial:
Deflection DCDT
Forcs Strain gage load cell®
Angular:
Position DCDT
Velocity LVSYN
Acceleration Accelerometer
Torque Strain gaged torque arm
Temperature: Thermocouple
No. of Cycles: Machsnical and/or electrical

countar

~= all mesasurements will be used in the feedback control system

- all msasurements will have output jacks on instrumentation
panel to provide for direct access to signal before processing

Processing

A signal corresponding to that torque required to twist the bushing
vill be generated by rolling out that part of the torque signal due to equipment
inertia (using the acceleration measurement).

The above torque signal and the radial deflection signal will each he
sampled at their peak valve every cycle to generate a 3ignal of maximum torque
and maximum deflection versus time.

The accelerometar signal will be low-pass flltered and differentiated
to provide a d39/dt3 signal to stabilize the angular control system (Note: It
may be possible to use torque and torque rate signals in the control system,
rather than acceleration and acceleration rate).

The radial force signal will be low-pass filtered and differentiated
to provide a force rate signal for the radial load control system.

Bushing radial and angular displacements and/or vel-cities will be

monitored to indicate pin breaksage, collet slippage, or other adverse comnditions,
and initiate system shutdown.
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APPENDIX F

CONCEPT FOR ADVANCED XM-1/M-60 TRACK
SHOE (REPLACEABLE-PAD VERSION)
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APPENDIX G
TRACK-MOUNTED INSTRUMENTATION CVSTEM
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‘ FIGURE G-1. SCHEMATIC DIAGRAM OF TRACK-MOUNTED INSTRUMENTATION CIRCUIT J
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SIGNAL CONDITIONING AMPLIFIER

Model MMA-20

3

8 Differential Input
2 Ground isciation
@ Speve Qualified

sctual size

The Vector Model MMA-20 is a high gain, stabilized ac amplifier which is used to amplify outputs
from tk armocouples, strain gages, or other millivolt transducers. The characteristics of this unit are
specified for any 5-velt output range from —~5 voits to +5 voits dc. This is sufficient to drive any
Yector subcarrier oscillatcr. The output is single-ended.

The unit has been designed for use in sirborme applications, and has been qualified to the most
severe aerospere snvironments. The microminiature design offers the user small size, high accu-
racy, low power consumption, and high reliability. The unit is fully compatible with standsrd low
level transducers. Variations in gain satting are available on special order.

BASIC UNIT VECTOR MODEL MMA-20

ELECTRICAL SPECIFICATIONS
(at 26°C £5°C, 28 volts d¢)

GAIN: 250, £2%.

FREQUENCY RESPONSE: Flat within £1.0
dB from dc to 8 kHz.

INPUT IMPEDANCE: 100,000 ohms min-
imum,

QUTPUT IMPEDANCE: Lass than 1000 ohms.
INPUT SIGNAL: 10 muilivolts.
NOMINAL OUTPUT SIGNAL: 2.5 volts.

OUTPUT OFFSET: 25 millivoits, with input
short-circuited.

LINEARITY: +0.1% of best straight line over
any 5-volt segment between —5 volts dc and +5
volts dc.

COMMON MODE REJECTION: 80 dB from
dc to 1000 Hz.

MAXIMUM COMMCN MODE VOLTAGE: 12
volts pesk-to-peak ac. (£6 V dc.)

STABILITY WITH LINE VOLTAGE: Qutput
changes less than 25 millivoits for 28 volts de
$10% at any output voltage within specified
range.

POWER REQUIREMENTS: 10 milliampaeres
nominal at +28 voits dc.

ENVIRONMENTAL
SPECIFICATIONS

TEMPERATURE: Operating range from
-55°C to +100°C. Gain stable within £1% of
full scale output from —20°C to +80°C.

ZERO DRIFT: Output changes less than 50
millivoits from -20°C to +80°C with input
shorted.

VIBRATION: Capable of withstanding 30 g in
each major axis from £5 to 2000 Hz.

SHOCK: Capable of withstanding at least
200 g.

ACCELERATION: Capable of withstanding at
least 100 g in the direction of each major axis.




]
Modet MMA-<V i
r —me ;
[ ‘mﬂﬂ K
:f cru""' |
N |

i
- — 4
) MOUNTING SCREW
! % T T nen i
' | |

|.m.“'° 4
| ‘%
|
| IR __11: il |
3 3
i 00%%9%" ¢pns Qigs 10018 %
E FROMT VIEW SIDE VIEW %
E
i i i
b @1 @ @° @. :"T o_jig 883 CONNECTOR PIN IDENTIFICATION :
, ® ' © A= Cow CEvEL AMLIFiER nouT (o)
N A D~CHASSIS GROUND i
E—~POWER AND SIGNAL OROUND :
G~ DIFFERENTIAL AMPLIFIER OUTPUT

H=+20V0C H
8OTTOM VIEW ;
1 NoTES. {
z | ~ALL DINENSIONS ARE IN INCHES, 1
: \ J

{ MECHANICAL SPECIFICATIONS DESIGN VARIATION VECTOR

SIZE: See outline drawing. MODEL MMA-20-1

WEIGHT: 5 grams (0.176 o0z.) nominal. The model MMA-20-1 is the same as the basic

unit except for the following:

¥ TG £

MOUNTING: Vector MMM Series mounts.

INPUT SIGNAL.: 0 to +20 millivolts
GONNECTION: Two pins esach for input, and

for ground. One pin sach for output, and for NOMINAL OUTPUT SIGNAL: O to +5 voits 5
power,

MARKING: Model dasignation shown on
- CONTROLS: No controls are supplied. (Gain nameplate as MMA-20-1,
s is set at factory.)

A P Ty

ceppmeATn

ORDERING INFORMATION

When ordering specify modsl number and part number as defined in the tabulation. For special
applications or additional information, contact the nearest sales representative or Vector.

Mode! No. Part No.
MMA-20 15062000
MMA-20-1 15002001
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: SUBCARRIER OSCILLATOR
» MMO-15 Series

g

P

o L.

& -

i R i o AR s 3 e

E/ PO ; @ Constant Bandwidth
N R 1. b 4 a Reliability: MTBF in Excess of 2 x 108 Hours
] b suBCARRIER kgl o ® Spaca Qualified

8 Otf-the-Shelf Delivery

SRR

oCtual size

Linee

] The Vector Model MMO-15 microminiature voltage-controlled constant 3
' bandwidth subcar:ier vscillator is used to convert high-levei dc voltages into ]
frequency modulated subcarrier signals. It is specifically designed for telem-

ety applications where space, weight. and reliability considerations are 1
sritical.

The unique microminia*ure design provides extremely small size, high 4
accuracy, low power consumption, and high reliability. The unit is fully
compatible with existing input and output equipment such as transducers,
signal conditioners, and transmitters. The unit has been qualified to stringent
aernspace environments on numerous NASA and DQOD programs.

T TP T

| The major fupctional sections centained in the MMO- 15K are 3 temperature
" compensated amplifier, a free-running multivibrator, an output filter, and a ‘

voitage requlator. Th2 unit is designed to ptovide excullent transient
E response.

BASIC UNIT VECTOR MODEL MMO-15
\ ELECTRICAL SPECIFICATIONS =(25°C £3°C unless otherwise noted:

'f INPUT VOLTAGE: 0 0 +5 writs, DCative-going voitege produces sn incresse in 1

oviput frequcncy.

| INPLIT IMPEDAMCE K00 kilohme $10% (dr to %000 Hz)
I STANDARD CHANMELS: Al IRIG constant bandwidth channels.
;( SPECIAL CHANNELS:

Non-IRIG channeils with center frequencies between 400 Hz
and 250 kHz ynd with deviations butvwen 12.5% and *25%
ore available on wecial order.

SOURCE IMPEDANCE

Oscillator output frequency is stable vithin 1'% 0! Jesign
KENSITIVITY:

bandwidth as the source impedencs is chunged from zevo to
infinity fur output irequdncies under 100 kHz. Stability is
12% for outpy’ fieiuencies sbove 100 kHz.

T o ot e

REVERSE UC: CUPRENT: 0.1 microsmpers maximum muasured from signel input o

ground through & dc micrnammeter,
AC FEEDBALK: 7% millivoits pesk \0 pesk maximum Tessured across 8 10
kilohm resistor cornscted between signal input and ground.
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LINEARITY:

AMPLITUDE MODULATION:

TIME DRIFT:

DISTORTION:

MODULATION FEEDTHROUGH:

INPUT INTELLIGENCE

FREQUENCY RESPONSE:

ACCURACY AT

BANOEDGE SETYINGS:

TEMPERATURE STABILITY:

OUTPUT IMPEDANCE:

OUTPUT IMPEDANCE SENSITIVITY:

OUTPUT VOLTAGE:

POWER SUPPLY STABILITY:

POWER SUPPLY
VOLTAGE ‘NTERAKUPTIOF:

INDUCED LINE RIPPLE:

RIPPLE:

Len than 10.5% of design bandwidth from a straight line
through the end points. Less ihan 10.26% of design
bandwidth for bsst strmqht line. Thu linewrity is maintlined
at temparsture: from —40°C 10 +85°C.

5% roaximum over tho design bandwidth, at sny tempsrature
from —40 "< to +86°C.

Stable within 10.5% of design bandwidth during & periad of
15 minutes continuous operct:on at 25°C 21°C following a
stabilization periosd of 30 seconds. Oscillators having outpus
frequanciss uncer 100 kHz are stabla within 10.25% of
design bandwidth ovor & poriod of 8 hou:s oparation 3t 28 %
following 8 1 minute stab.!izstinn period. Oxtiilators heving
carcer fraquencies above 10F) kHz are stebic within 10.5% of
design bandwidth.

7.0% meximum for any frequancy witnin the design
baridwidth. Output terminatrd into 10 kilohms shunted by
40 picofarads.

Hermonics of the input intalligence or spy Gther undesired
frequency are suppressed 40 dB minimum below the output
signal level.

+0.25 dB8 of dc response for a modulation index of 5;
1.0 dB of dc response for a modulation indsx of 2;
+20 d3 of dc response for a modulation index of 1,
+1.0% of desimm be~dwidth for sli frequencies below 100
khz.

22.0% of dJdesion bendwidth for ali frequenciss sbove 100
kHz.

At any informatior. input the outpul frequency is stable
within £2.0% af Jesign bandwiritiy (based on Hest reference)
for oscillator output freqriencies below 100 kHz over a
temperature excursion ot —40°C to +83°C. Stsble within
13.0% of design bendwidth {basad o bent referencel for
oscilistor centor frequencies above 100 k..

47 kilohms 110% (10 kHz 10 200 ko). 47 kilohms $20% for
oscillster center Frequencies below 10 kHz and sbove 200
kHz.

Oscillstor output freyuency is stable within £1% of design
bandwidch -~ thg outpus losd is chengsd by o fector of 10.

0.3 vol: rma 15% at centsr frequency inte a 19 kilohm loed
shunted by 40 picofarsdy. Siatla within T10% under all

condltlonl of -upply voliage (28 L4 voits), end tempersture
—40° Cto +85 C.

Fur output frequancies below 100 kiiz, at any frequency in
the design bendwidth, the output frequency is statle within
1$0.5% of dasign bandwidth for s power 9pply voitage
verigtion of 1. volts, centered at 28 volts. Stuble within
+1.5% for output frequencies sbove ‘00 kHz. *rm- stabijity is
meintained at temparstures from —40 °C to +BE C.

Oscillatos  will return to vormal operation within 20
miliisece:ds after the supply voitage hss been reduced to
7000 vo'ts for a period of 10 millisconds or graster, then
reansiisd. This copsdilty spplies for any signai voltage in 'ho
ranpe of ~5 10 +5 volts and at any (aronerature frum —~40°C
to +85°C.

M) millvolts pp meximum, messured across 8 1.0 ohm
scurce, feedbeck into the pGwer source.

Ripek with & p-p value cf 2 solts and A bendwidth of 1 kHz
10 200 kHz, superimposed onto the power source, will not
Sevists he sutput frequency more than 10.5% of desion
bandwidth or caum smplitude modalstion that sxcesds 10%.
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MMO-15 Series

0.9621t 0.00

fo——— . 722 20.0!0.]

TD-HGBB\

MOUNTING SCREW
NO. 0-80
(I OF 2}

/

L 3

/

j

0.213

LEAD IDENTIFICATION

5 |

I.OOOZ' 0.010
| —— SIG INPUT
0.667 L0008 2— 5K OUTPUT
3—~— GROUND (SIG, PWR &
CASE)
4—— +28V0C
Lg.uo
0.109
NOTES:
0.150%%010 I, ALL DIMENSIONS IN INCHES,
{ 2. MATING CONNECTOR,

VECTOR PART NO. 24050,
3. DO NOT SCALE DRAWING

50012002 )

RANDOM NOISE:

OVERVOLTAGE PROTECT/ON:

POWER REQUIREMENTS:

Random ncise on the powar supply line with an rms valua of
500 mV measured over a bandwidth of 1 kHz to 200 kHz
will not deviate the output frequency more than 10).5% of
design bendwidth or cause amplitfude modulation that
exceeds 10%.

The oscillator will not be damaged or subsequently fzil to
perform as specifiod after being subjected continuously to a
140 Vdc at the power irput terminal.

+28 14 Vdc, 6.5 mA maximum.

ENV!RONMENTAL SPECIFICATIONS

TEMPERATURE:

HUMIDITY:

ALTITUDE:

VIBRATION:

SHOCK:

ACCELERATION:

Operating range from —55°C to +125"c.0 All electrical
spocifications maintained from ~40 C to +85 C.

Vihen ¢xposed to o relative humidity of 95% Jor < hours at
+50°C, center frequency is stzble within £1% of design
bandwidsh,

W th constant temgersture and at any sltitude from ses leve!
up, canter frequency it stable within 10.5% of design
bandwidth,

Center frequency is .tabie within £0.5% of design bandwidth
vhen subjected to 30¢ rms sine vibration from 55 to 2600 Hz
in each major axis for 15 minutes,

After a2 half sinewave siiccr of 200g of 10 millisscond
duration in the direction of eact. majo: axis, center frequency
is stabre within £C.5% «f design bandwidth,

Under constant acceleration of 200g for 1 minute in the
dirsction of sach majo, axis, center frequency is stable within
1 1% of design bariowidth,

MECHANICAL SPECIFICATICNS

S1ZE:
WEIGHT:
MOUNTING:
CONNECTION:
CONTROLS:

See outline drawing.

3.8 grams (0.134 ounce} nominal, 5.0 grams maximum.
Vector MMM-652, 655, and 355 Series mounts.

See outline drawing.

No controis are required; frequency is presst st factory.
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DESIGN VARIATION VECTOR MODEL MMO-15-2

The Vector Model MMO-15-2 Subcarrier Oscillator is the same as the basic Vector Model MMO-15
Subcarrier Oscillator except for the following:

INPUT VOLTAGE: +2.5 volts dc. Positive-going voltage produces an increase in

output frequency.

MARKING: Model designation shown on rameplate as MMO-15-2.

ORDERING INFORMATION

When ordering, si:ecify the desired model number and corresponding part number with a three digit
dash number suffix defining IRIG channel anc deviation (see tabulation). Example: for a 0 t0 5 voit
unit aperation at 32 2 kHz, specify Model MMO-15, part number 10012009-003. For special appli-
cations or additional informatiun, contact Vector or the nearest sales representative.

Madel No. Part No.
MMO-15 10012000
MMO-15-2 10012002
f IKIG CENTER ORDCRING IRIG CENTER ORDERING
SHANNEL  FREQUENCY DASH CHANNEL  FREQUENCY CSH
NUMBER hMz) NUMBER NUMBER (kH2) NUMBER
DEVIATION =2 kMz DEVIATION +4 kH:2
—
1A 16 =001 3B 32 -103
2A 24 -002 5B 48 -105
3A 32 -003 7B 64 -107
4A 40 004 9B 80 =109
EA 48 -005 1ie 96 -111
6A 56 -006 138 112 -113
7A 64 -007 158 128 =115
8A 72 -008 178 144 =117
9A 80 -009 198 160 -119
10A 88 <010 218 176 -121
11A 96 011
12A 104 ~012 DEVIATION =8 kHz
13A 112 =013
14A 120 014 7C 64 =207
15A 128 =015 11C 96 =211
16A 136 016 15C 128 =215
17A 144 -017 19C 160 =219
18A 152 =018
15A 160 -019
20A 168 =020
21A 176 =021

i
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MIXER AMPLIFIER
Model MMA-12

2 s o i el 35 .Mf._r‘...g__-;d

Do ® Reliability: MTBF in Excess of 3 x 106 Hours
LL]w‘;!vii a Space Qualified
WPL 1R a Off-the-Shelf Delivery
= Extended Bandwidth to 300 kHz
sctual size

The Vector model MMA-12 is a high-gain, feedback type amplifier which is used for summing the
outputs of subcarrier oscillators. The overall linearity of the unit is accomplished by utilizing high
open loop gain circuits with overall negative feedback.

The unit has been designed for use in airborne equipment such as rockets, missites, and similar
esquipment. Employing thick-film circuit design techniques the amplifier offers smali size, high
sccuracy, low power consumption, and high retiability. This amplifier has been fully space
qualified or: numerous NASA and DOD aerospace programs. The unit provides extended band-

width capabilities to 300 kHz.

ELECTRICAL SPECIFICATIONS

At 25°C $3°C with a 10 kilohm 300 pF load
unless otherwise noted:

VOLTAGE GAIN: 20.0x2.5%.
GAIN STABILITY: 1% total.

INPUT IMPEDANCE: 10 kilohms +5%, 20 pF
maximum.

HARMONIC DISTORTION: Less than 0.3%.

FREQUENCY RESPONSE: 300 Hz to 300
kHz, within £C.1 d8B.

NOISE: Less than 20 uV referred to input,

with input shorted, dc to 500 kHz band-
width,

OUTPUT VOLTAGE: 0 to 3 V rmis minimum
with a maximum of 0.3% distortion maximum
over the frequency range from 3C0 Hz toc 300
kHz,

OUTPUT IMPEDANCE: 200 ohms.

INDUCED LINE RIPPLE CURRENT: 7 mA
p-p max.

POWER REQUIREMENT: 28.0 Vdc 9.0 mA
nominal, 12 mA maximum.

OVERVOLTAGE: %40 Vdc continuous.
SUPPLY INTERRUPTION: Output recovers

to 3 V rms in less than 50 ms for a supply
interruption greater than 10 us.
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Model MMA-12
a8 ro-nuq

WWJING SCREW
0.962%010 ——of (I oF 2)

jo———0. 7zz=-°'°‘l

I —]

R |

LEAD IDENTIFICATION

I=— 813 INPUT
2——— GROUND
3—SIC OUTPUT
44— +28VDC

NOTE:
I. ALL DIMENSIONS IN INCHES.
2.00 NOT SCALE DRAWING.

. _/

MECHANICAL SPECIFICATIONS

SIZE; See outline drawing. CONNECTION: Four pins for input, output,
power, and ground.

WEIGHT: 3.5 grams (0.123 ounce} nominal,

4.0 grams maximum. CONTROLS: Due to the small size no controls
are supplied {Gain is set at factory.)

ENVIRONMENTAL SPECIFICATIONS

TEMPERATURE: Operating range from —55°C VIBRATION: Capatle of withstanding 30 g in
to +125°C. Output stable within *1.0% each major axis from 55 to 2000 hz.
maximum from —40°C to +85°C.

SHOCK: Capable of withstanding at least
HUMIDITY: Meets specifications after expo- 200 9.
sure to a relative humiditv of 95% for 2 hours

at +50°C. ACCELERATION: Capable of withstanding at

least 200 g.
ALTITUDE: Qutpu: stable within 0.1 volt

from sea level to vacuum.

ORDERING INFGRMATION

When ordering, specify ti'e model number and part number. For special applications or additional
information, contact Vector or the nearest sales representative.

Model No. Part No.
MMA-12 10011000
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UHF TELEMETRY TRANSMITTER
T-600 S/L Series

J;i

s Less Than 5.4 Cubic Inches

= L- and S-Barnd Models

u  Meats | atest IRIG Specificutions
for Stability and EMI

] Wideband Response
s Intyrnal Powsr Line Regulator

The Vector T-600 Series UHF Transmitters are designed for operation in aerospace environments where
size, weight and power efficiency are critical.

These transmitters incorporate the most advanced component technologies. Extensive utilization is
made of recently developed integrated circuits to erihance overal! unit performance. Sophisticated cir-
cuit techniques based on many years of experience in RF circuit design are employed providing excep-
tional performance specifications. The T-600 series transmitt~rs offer superior modulatinn characteris-
tics: i.e., frequency response from dc to 5003 kiHiz, deviation sensitivity of £500 kHz/volts rms and low
harmonic distortion. The T-600 ccntains a power line regulator assuri:.@ unifarm perfol mance over the
entire allowaple input voltage range and compliance to power line conducted susceptibility and interfer-
ence requiremencs,

The standard T-600 transraitter specifications meet the requirements of the mejority of telemetry appli-

cations. Numercus modifications can be :cccinmndated and additional features incorporated to meet
customer requiraments.

ELECTRICAL SPECIFICATIONS

T-6Q0 performance specificatiosis s*e in accord-  Input Irmpedance: 20 k ohm minimum.
anze with the latest requirements of tive telemetry
ranges as well as al! applicable |RIG standards.

OUTPUT CHARALTERISTICS

RF Power Qutput: 1-602.0.2 watts, T-605-0.5
watts minimum into 50 ohm load.

Deviation Sensitivity: T-600/S 500 kHz/volt
rms. T-660/L 300 xz/voit rms.

Frequency Response: Dc to 50U kHz 1.6 ¢B
{wider response aveilable),

Devia.ion Capability: T-600/S 19 kHz mexi-
RF Load: 3Stable uperation into 63 ohmload im-  n.um. T-600/L +600 kH maximum.

pedance with VSWR up t0 1.5 : 1. Operates into

o ) Linearity: 1.2% maximum, best straight line for;
op2 or short circuit load without damage.

T-600/S £500 kHz deviation; T-600/L +3.0 kHz
Output Frequency: Crystal controiled center fre- deviaticn.

quency for 5-band (betveen 2200-2300 MHz) and 14001 Harmonic Ristortion:  1.0% maximum, for,

for L-band (between 1435-1540 MHz}. T.600/S 500 «Hz deviation: T-600/L 300 kHz
Output Frequency Stability: +0.003% of speci- deviation.
fied, including setting tolerance and driit due to

environment, POWER SUPPLY CHARACTERISTICS

Harmonic and Spurious Outputs: In accordance ) )

with 1R1G-106-73. Input Voitage: 28 +4 vulits, with reserse polarity
protection.

MODULATION CHARACTERISTICS Input Current: 0.7 zmp maximum, T-602

Modulation Type: FM (PM available) 0.4 amp maximum, T-605%
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0.2 or 0.5 Wetts Minimum Power
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MECHANICAL SPECIFICATIONS

Size: 2.22" x 2.07" x 1.17".

Ik YPS/RCE 1S [Paere

Mgaunting: 4-40 screw on 4 corners, options avail-

054‘1 ;o,‘-; ‘F able,

anght 6 *1o0z.

ENVIRONMENTAL SPECIFICATIONS

All perforimance specifications will be met under
the fo'lowing conditions:

Basaplate Temperaiure: -20°C to +71°C,

Vitvatiaa: Sinusoidal at 20g from 20 10 2000 cps
‘n each axis.

Shock: ' sine at 50g for 11 mi'liseconds in each
axis.

Acceleration: 100g, each axis.
Altitude: Unlimited.

Connectors: Modulation and Supply, wire leads;
RF outpui, flexible cable.

QUAL!TY CONTROL AND PRODUCT ASSURANCE

The Vector T-600 Series transmitte: is mavwufac-
turad under scrict Quality Control procedures in
accordance with the requirements of MIL-Q-
9REBA. Additionally, all semicondtictors and in-
.egrated circuits used in the T-630 are subjected to
irtensive ccrmponent preconditioning procedures,
Each assembied uwit is fully estee to a curipre-
hensive Acceptance Test PraLedure which ir.cludes
fidl performanice testing at the thermal extremes.

Vectur has participated in numerous ' hi-rel’’ aero-
space programs which have required exhaustive
component screening, preconditioning and selec-
tion procedures. These ‘‘hi-rel’’ procedures or spe-
cific customer gcnerated requiraments can be in-
voked in the manufacture of the T-60G series
transmitters if necessary.

ORDERING INFORMATION

When ordering specify raozel number {T-600/S fcr S-band T-600/L for L-band, 662 for 200 miltiwatts,

605 for 500 milliwatts) and exact operating frequency n megaherrz.
tional informatien, contact Vector o1 the nearest sales renvescntative

For special applinations o addi-
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MICROMINIATURE MOUNT
| Model MMM.655 |

Lt

B el
e B el (AR a7 ki kAt Reraiain s

® Space Qualified
® Rugged Design
® Customized Vaiiations Available

P

b 4 actual size

Y

Vectn¢ Model MMM-655 Micromounts are designed to accommocdate up to 19 high-level
microminjatura subcarrier oscillators and one microminiature ammglifier. The mount is
constructed of aluminum with a satin chrome plate finish, thus pres».ng the !low weight,
small size, and high reliability of Vector telemsetry systems. Convenient provisions for
pre-a1aphasis resistors are located within a rear access panel of the mourit. Thuse resistors
are normally not included in the mount since their value deperids on the overall system
application; however, they can essily be included as an option (see Ordering
Information). Since the plug-in mixer amplifier has no adjustment control, the composite
output amplitude is adjusted by an QUT ADJ potentiometer on the mount. 5
This double row mount is normally provided in increments of two positicns ranging from i
eight to 20 positions. Various combinations of high and low level osnlators cun be
provided; however, the number of plug-in components is reduced since each low-level

Y

T

oscillator occupigs the space of three high-level oscillators. Reasonablg variations of the 1
standard design can be supplied. i
1 Other models with provisions for four to 3C positions in single znd triple row

configurations are available.
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Model MMM-655
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' WEIGHY 1§ FOR MOUNT oMLY,
. , 0OLS NOT InGLUDE mug . N .1k, 8

ourmyt AM!T\ connecror 3
WINCHERTER 3\ ¢ 29,
WATE  SLE-JB-WT

hOTE
NLESS CTERWISE Nonclr!o
ALL O'MENSIONS ARE .5 WK 5,
TUETANCES ON 2 MLACE OECIMALS 200
TOLERANES O 5 PLACE OEC.vALS $Q00s

C82000r 334

.

TOMa2A

MECHANICAL SPE CIFICATIONS

SIZE:
WEIGHT:

See cuttire drawing.
See outline drawing.

CONNECTQR: Winchester SLE.29Py (29
Connector Winchester SLE-29

Cutput Adjust.
ORDERING INFORMATION
When ordering, specify modal number {(MMM-655) and part number {see tabulation!. For

special variations or for mounts with components and/or pre-emphasis resistors installed
in accordance with your particular requirements, contact the nearest sales repreasntative

pm connector) mating

CONTROL:

or Vector,
Numnby: of Pary
Positions Number
8 30010000-008
10 30010000-010
12 30010000-012
14 30010000014
16 30010006016
18 30010000-018
Buiietin 30010 / 9-69.3M / Printed In USA 20 300,0(”0'020

$30010000
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FLUSH BROAD-BEAM
AIRBORME ANTEMNA

Cenical, cylindrical geometry.
UHF Command, Video,

Tzlemetry, 3eacon, Transponder.

The Haigh-Farr Flexislot is a building block,
antenna designed for simple mounting

and retrofit on cylindrical and conical bodies.
Exceptionally thin, 1/16” to 1/8”, with uncritical
mounting characteristics and ruggedness. They
are ideal for drone, missile and aircraft use.
Flight proven broad beamwidth Flexislot Anten-
nas in the 300MHz to12GHz range are available
for “off-the-shelf’ delivery.

CHARACTERISTICS:

Low Silhouette:  1/16"-1/8" thick for 1 GHz

and above
Broad Beam: 190° x 120°

Building Block:  May be arrayed for directive beam
Transmit/Receive: VHF through X-Band

Rugged: High-G, hard landing, rough landing
Temperature: Protection for extreme ranges
Altitude: Subsurtace to space

Simple Mounting: Uncritical; any surtace, cement,
bond, strap, screw

Applications: Balligtic, aircraft, drone, missile,

helicopter, Command Control, Video,

Telemetry, Beacon, Transponder.

CALL: (817) 344-2135

Request bulletins on other Haigh-Farr antenna series,
power dividers and specialized applications.

VH

Liew

Guided missile befors impaci.

F through X-Band

e 4 o it 14 S5 it bt il

IMPORTANT

Before investing in antenna R & D, check with
Haigh-Farr design group. Antennas for your
configuration/performance parameters may
already exist. Haigh-Farr experience may
provide additional options, making use of
computer design and extrapolation from exist-
ing models with mipimum cost. Haigh-Farr
antenna design group has many years of ex-
perience in antenna development meeting
critical requirements for military and aero-
space applications. This backlog of experi-
ence is now also available for industrial and
specialized end uses.

YIRS
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E The FLEXISLOT™ is a broad beam, low silhoustte antenna designed for ex- g %
tremely simgle mounting on cylindrical or conical bodies, either flush, directly on SR
outer skin, or under heatshield or radomes. The antenna, originally designed for . i
L-Band air-to-ground video link, may be readily adapted for special usas, such as 1
secure air-to-air control. . i
L X-Bando.E Plane X-Bandol.-l Plane i
‘ ]
1 )
‘ / |
| A1 TN ‘ 4
: W '
: S~ j
L \ i
‘ \ Radiation i
Patterns i
indB \
Isotropic is With a small
6dB —8c* ground plane :
the pattern will i
assune the inner !
form
X-BAND VSWR TYPICAL SPECIFICATIONS:
| OPERATING BANNS:  VHF through X-Band
INPUT IMPEDANCE: 50 Ohms
P BANDWIDTH: 4% 10 6% 1
b VSWR, MAX.: 1.5:1 att,; 2:1 across bandwidth 3
H POWER: Design parameter, normally 40W cw, 1
: 1.8¢+ 10Kw paak :
b RADIATION Typically 190° x 120°, see above. *
: 1.6 PATTERN: Directive beams for gain, or secure
; oL ransmission may be ~ -pvidea. H
L 314t POLARIZATION: Linear . :
| a DIMENSIONS: 0 S-Rand, 3° x 212" x 1se"—typical {
>12b WEIGHT: Less than 2 ounces for S- to X-Band j
- FORM: w Provided for specified mounting curvatures {
N \ N R N ' on cylinder or cone.
- MOUNTING: % Uncritical, any surface; acdhesive bond,
2200 2210 2220 2230 2240 2250 tape, screw ;
LS o CONNECTOR: OSM preferred ‘
- Frequency GHz - Subsurtace to space }
‘ r: w High G, high over-pressure,
high temperature.
® Extreme environment is a design parameter.
PRSI S, i
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