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This report was prepared by Vehicle Systems Development Corporation and

describes the detailed design and fabrication of two sets of a Helicopter

Ground Mobility System (HGMS) conceived under a previous contract with

the Applied Technology Laborato.v. Hardware descriptions are essentially

limited to the changes required to accomplish fabrication of the prelim-

inary design described in USAAMRDL Technical Report 77-35 dated September ~
1977. The acceptance tests at the® contractor's facility are described,

along with predictions of the reliability, maintainability, logistics, . ,
and production unit costs of a production HCMS. {

The acceptance tests at the contractor's facility were performed using a
fabricated simulation of the applicable wheeled helicopter models and a
hulk of an early model UH-l. Subsequent tests at Fort Eustis on actual
helicopters revealed the necessity fcr numerous minor changes to the HGMS
skid helicopter adapters to permit HGMS usage. Continued testing and
modification will be necessary to optimize the HGMS.

This report has been reviewed by the appropriate technical personnel of
the Applied Technology Laboratory (AVRADCOM) who concur with the content.
The US Army Project Engineer for this effort was Mr. R. L. Campbell, Sr.,
of the Aeronautical Systems Division.
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The program effort was divided into five comolementary tasks:
Task I - Detailed Design and Analyses; Task II - HGMS Fabrication
and Assembly; Task III - HGMS Acceptance Tests; Task IV - Rellabillid
ty, Malntainability, Logistics and Cost Precdictions; and Task V -
Technical Manual. Expanding on the preliminary conce ' developed
in the earlier study program Task( I ' resulted in a co te, de-
talled and documented design for the HGMS prime mover, 1d-equipped
helicopter adapter, and flotation track assemblies. In Task(II,
the design was converted into hardware which, along with a device
simulating the wheel-equipped UH-60A (Black Hawk) and YAH-64 (AAH)
helicopters, was tested in Task(ITIL tc demonstrate compliznce with
the requirement and specification Tor the HGMS. Minor changes, the
need for which emerged from the test activity, were incorporated in
the engineering models and design data during Task IIY, which cul-
minated with the approval and acceptance of the HGMS by the techni-
cal representative of the ATL Contracting Officer. SIn Task IV,

the contractor prepared assessments of HGMS reliabllity and main-
talnability as well as estimates of requirements for logistics sup-
port.> VSDC also prepared production cost estimates for quantities
of HGMS units, and proposed a support progr.m for the follow-on
Army fleld trlals during which the HGMS concept and prototypes will
be evaluated under operational conditions. Task V provided for the
development of a draft technical (Operating and Maintenance) manual
which was also validated during the Task III testing.

The total program described in this final report produced systems
which clearly indlcate that Army helicopters, both wheeled and
skid-equipped, can be successfuvlly transported between a forward
area landing zone and a concealed laager area with no surface prep-
aration and with a minimum of equipmenrt and personnel. Moreover,
the program demonstrated that a lightweight and helicopter-
transportable HGMS answers the Army's long-standing neeé for heli-
copter ground mobility.RQ
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PREFACE

This program was conducted for the Applled Technology Labora-
tory (ATLg, U.S. Army Research and Technology Laboratories

(AVRADCOM ), Fort Eustls, Virginia, under Contract DAAJO2-T77-
C-0077.

Technical direction for ATL was suppllied by Mr., Robert L.
Campbell, Sr. The program effort was an outgrowth and con-

tinuation of the concept and feasibility investigations per-
—Tformed eariier for ATL under Contract DAAJO2-76-C-0037.

The Vehicle Systems Development Corporatlion (VSDC) personnel
principally involved in the prototype development program
were: Robert W. Forsyth, president and chlief engineer; John
P, Forsyth, vice preslident and manufacturing speclallst;
Nathan N. Shiovitz, senlor design engineer; and Laurence E,
Reinhart, PhD, engineering systems speclalist.
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INTRODUCTION

BACKGROUND

In the tactical emplojment of utility and attack hellicopters
in the likely European operational areas, the U.S. 7Tth Army,
in the early 1970's, concluded that 1t was essentlal to have
an effective means for moving helicopters on the ground in
forward areas from landing zones into concealed positions
for rearming and servicing. This led to the approval of a
Required Operational Capability (ROC) dooument defining the
requirement for a ground mobility system for the skid-
equipped helicopters then in service. Although concepts and
equipment were developed and tested with varying degrees of

suc-~ess, no really sultable or effective moblility device
emerged,

Additionally, although the new UH-60A Black Hawk utility

he icopter and YAH-64 attack helicopter are fitted with
wheeled landing gear, their relatively high-pressure, small-
footprint tires are not satisfactory for local ground move~

ment in the rough terrain and soft-soil conditions found in
unprepared laager areas,

g T

Consequently, in mid-1975 the Applied Technology Laboratory
ATL), U.S. Army Research and Technology Laboratories
AVRADCOM), then the Eustis Directorate, U.S. Armmy Alr

Mobility Research and Development Laboratory, initiated a

program to develop a Hellicopter Ground Mobility System (HGMS)

for the wheeled YAH-64 and UH-60A hellcopters. As the pro-
gram evolved, 1t was determined that an opportunity also ex-
isted to adapt the system to provide local ground mobllity
for the Army's inventory of skild-equipped hellcopters. The
first phase of the overall development program, HGMS concept
formulation and selection, was conducted under Contract

DAAJO2-76-C-0037 and is documented in Reference 1. This

effort, which examined some 30 potential HGMS concept ap-

proaches through a series of comparative evaluations, 1dentl-
fied one concept with sufficient potentlal for continued
study and development. The selected concept was further re-

fined and documented with preliminary design layouts and a

Critical Item Development Specification.

Thls report describes the effort and summarizes the results
of the second phase of the HGMS program - the design, manu-
facture, and demonstration of HGMS engineering models tc

NN S K
WAL R RUASHTY

T

l. R.W. Forsyth and J.P. Forsyth, HELTCOPTER GROUND MOBILITY SYSTEM
(HGMS) CONCEPT FORMULATION AND SELECTION, USAAMRDL-TR-77-35, Bustis
Directorate, US Army Air Mobility Research and Development Labora-
tory, Fort Bustis, Virginia, September 1977, AD AOL7507.
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evaluate the selected concept with actual ailreraft under
field conditlons.

PROGRAM REQUIREMENTS

In the course of this program effort the contractor, Vehicle
Systems Development Corporation (VSDC), acecomplished the de-
tailed design, fabrication, and assembly of two identiecal
Hellcopter Ground Mobllity Systems, and demonstrated system
compliance with the contrniling specifications by conducting
a serles of acceptance tests. The contractor prepared a
test program plan for approval by the Contracting Officer,
and incorporated into the system engineering models those
changes or modificatiens dictated by system performance dur-
ing the acceptance program. These changes were, in tum,
verified by retesting as requilred.

The final configuration system design was documented with
drawings, parts lists, analyses and the supporting data
necessary to accurately define and describe the systems as
delivered. A technical manual deseribing the systems and
containing detalled operating, serviece and maintenance in-
structions was also prepared. As with the equipment it de-
scribes, the manual was verified during the acceptance tests
and revised where required to accurately raflect the final
system configuration and operational characteristics.

Finally, the contractor conducted studles and investigations
to estimate the reliablility, maintainabllity, and logistical
support requirements for the HGMS engineering models for the
Army fleld trials program. The results of these investiga-
tions are included in this final technical report along with
predictions of HGMS unit production costs for subsequent pro-
curements. These costs are based on a total procurement of
218 ski1d adapter units and single lots of 216 and 434 prime
mover units. The perlod of production, in all cases, 1is
three years. The contractor also developed a support plan
for the Army fleld trlals and tests, including the supply of
spare parts and technical services Zup to 12-muan-months)

over a two-year period following delivery of the englneering
models.

PROGRAM ORGANIZATION

The program was divided into five task areas corresponding

to the contract's Statement of Work, Task I, Detailed Design
and Analyses, included the design effort and production re-
lease on all fabricated and purchased major components.
Purchasing effort was lnitiated and a draft of the techniecal
manual and draft of the proposed test plan were prepared.

In Task II, Fabrication and Assembly Operations, purchased
components were recelved, inspected, and installed. Fabrica-
tion and assembly of the prime movers led the effort in this
task, and was followed by assembly of the two adapter units.
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Task III, Acceptance Testing, consisted of the specification
compliance testing effort and included implementation ¢f
test-1dentified requirements for hardware modifications.
Following acceptance by the Contracting Officer's Technical
Representative, the two complete systems werg repainted, ser-
viced, and prepared for delivery to ATL. In Task IV, Rella-
bility, Maintalnability, Logistics and Cost Predictions, the
required analyses were prepared drawing on the experience
gained during performance of the earlier tasks. Task V,
Technical Manual - Operating and Servieing Instructions, con-~
sisted of finalizing theé preliminary draft of the technical
manual, and this reporc,

The total program defined by these five tasks was originally
scheduled for completion within a 12-month period. Wherever
possible, haxrdware purchasing actions were initiated at the
earliest point consistent with the design, fabrication, and
assembly processes.

The detall design effort was directed toward providing com-
prehensive documentation of the as-bullt system engineering
models, In the early deslyn stzges, the preliminary design
was validated and long-lead items ldentified and released for
procurement., These items included the engine, hydraulic
pump, and hydrauliec drive motors, as well as the final-drive
castings and the basic prime nover welded structural assem-
blies. Selection of system components not already identi-
fied in the specification was simllarly expedlited in an
effort to guarantee timely receipt of the required parts and
materials.

Despite these efforts, certaln delays affecting the planned
schedule were experienced. Although essentially an "off-the-
shelf" item, the hydraulic motors required almost five months
for delivery. The drive selector valve originally ordered
was st1ll not availlable six months after placement of the
order. Conaequently, a more readlly avallable subatitute
valve was selected. Difficulties and delays were also ex-
perienced with the aluminum castings and the flotation track
assemblies. Although the delay 1n delivery of the tracks

d1d not interfere with the fabrication and assembly schedule,
it delayed the acceptance test (Task III) effort which, in
turn, impacted the balance of the program schedule., The de-
lay in track delivery stemmed from two sources. First, the
design of the UH-60A helicopter landing gear underwent
changes which necessitated a major redesign of the track.
Second, delays were encountered in receipt of the tracks
from VSDC's subcontractor because of the schedule delays ex-~
perienced in the drawing release of the final design.

All elements of the systems, when subjected to acceptance
testing, performed generally as predicted and required only

10
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ENGINEERING MODEL DESIGN

PRELTMINARY DESIGN CONCEPT

The preliminary design concept basic to the HGMS program was
developed in the inlitial phase of the overall ATL HGMS devel-
opment program and is 1llustrated in Reference 1. The de-
slgn was documented in the Critical Item Development Speci-
fication (CIDS) for Helicopter Ground Mebility System (HGMS)
which was referenced in the contract governing this detailled
design and fabrication program.

The CIDS established performance requirements as well as the
desired general configuration and dimensional limits, and
denoted certain specific components to be used in the de-
tailed design. The conceptual system consists of three major
components: the HGMS prime mover, shown in Figure 1; the
HGMS skid-equipped helicopter adapter, shown in Figure 2;

and the HGMS flotation track assemblles, shown in Figure 3,

FINAL DESIGN

The final design of the system engineering models, while
based on the specification and drawings noted above, differs
somewhat in detall as a result of the comprehensive function-
al and structural analyses performed as an integral part of
the detailed design process. These changes and their ration-
ale a.e discussed in the following paragraphs.

HGMS Prime Mover. The finalized prime mover design differs
From the preliminary design (Reference 1) in three areas:

the stezri-g and control assembly; the engine cover (hood);
and the hinge-pin connection between front and rear elements.

The controls for the winch and jacks were relocated from the
steering handle assembly to a position at the side of the
load platfurm, This change, while retaining the functional
grouping of controls which are used together, placed the oper-
ator in a position where he could better view and control

the loading of the aircraft tallwheel and the operation of
the jack cylinders and tralling arm locking pins. From the
same position one operator could, while operating the winch,
also secure the towing bridle in the towing pintle Jaw., In
addition to lmproving functional operation of these controls,
thelr repositioning mechanically simplified their design and
integration.

A review of the assembly and operation of the steering handle
suggested that the conceptual method of telescoping the hand-
les for storage and adjustment was both mechanically compli-
cated and excessively heavy. Furthermore, teliescoping the
handles to accommodate a shorter operator also reduced the
effective steering lever arm and, consequently, made steer-
ing more difficult for the smaller operator. In the redesign,

12
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the handle assembly was pinned to the forward end of the
prime mover,which simplifies the adjustment procedure and,
in fact, slightly increases the lever arm for the shorter
operators. The lower, outer tubes were also shortened by
approximately 8 inches and the intermediate steering handle
crossmembers on which the winch and jack controls had been
mounted were eliminated entirely to reduce weight and com-
pPlexity. These design changes also reduced the overall
length of the prime mover with the handles stowed.

The two-plece, top-opening hood assembly employed in the pre-
liminary design was changed to a one-plece, tilt-type con-
figuration hinged at the lower front (Figure 4). This
change simplifies hood construction and provides greater ac-
cess to the engine compartment. In the original design, the
hood was a very lightweight sheet-metal assembly. The final
design added an internal structural frame to the hood, there-
by permitting its use as an aircraft work platform if that
should prove desirable. An engine hour-meter was also added
to the instrument panel.

Finally, the rigorous structural analysis to which the de-
sign was subJected resulted in questions on the ultimate re-
liability of the connection between front and rear elements
under certain conditions of extremely severe loading. 1In

the final design, therefore, this area was redesigned to pro-
vide a simple, very reliable and superior connection between
elemeats with the necessary articulation freedom in yaw
(steering) and roll.

Although not identified in the specification, it was origin-
ally intended that the prime mover incorporate selective
two- or four-wheel drive. This approach was not employed in
the final design, which utilizes a less sophisticated, full-
time four-wheel drive arrangement because of the marginal
utility of the two-wheel drive configuration which became
evident during early developmental testing with the first
prime mover. Durlng this perlod VSDC also experimented with
a hydraullec cylinder to stroke the hydraulic pump which is
the means of varying the prime mover speed and direction.
This cylinder proved to be unnecessary since the pump could
be stroked manually and it was consequently eliminated. The
maximum measured weight of the prime movers was 1460 pounds.

HGMS Skid-Equipped Helicopter Adapter. The prototype skid-
equlpped hellcopter adapter depIcted in Figure 5 differs
from the preliminary design of Reference 1 in several minor
detalls., The principal changes resulted from an analysis of
the strength and deflections of the basic structure and cen-
ter on an 1ricrease in the size of the frame side-rail sec-
tlons and the plckup beam. The forward skid support was
also redesigned into a tubular form to provide greater
strength and simplify the helicopter skid tie-down procedure.
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Design changes in the gooseneck also improved its strength
and stiffness, and simplified the side-rall/gooseneck 1inter-
face connection, These deslgn improvements did not alter the
functional characteristics of the skild adapter or the opera-
tional procedure for 1ts use. The structural changes dld,
however, resvlt in a weizht lncrease of approximately 80
pounds over the originally estimated welght. The maximum
measured welght of the skld adapters was 1175 pounds. Fig-
ure 6 shows the skid-equipped helicopter adapter with the
AH-1 loaded aboard for movement.

HGMS Flotatlon Track Assemblies, The limited technical data
avallable to VSDC on the geometry of the Black Hawk (UH-60A)
helicopter landing gear resulted in a track prelliminary de-
sign which was strictly conceptual, and requlired substantilal
redesign when firm data flnally became avallable. For example,
the minimal clearances between the aircraft tire and the drag
strut and shock strut falring in the hellcopter final design
forced changes in the width of the track shoes and the shape
of the track guldes. In the final design (Figure 7) the
widih was reduced to 12.5 inches (from 15.0) and the out-
board track gulde was made flexlble to normally cant inward.
This latter feature was incorporated to force the track shoes
outboard on the wheel, providing for msximum clearance be-
tween the inner track gulde and the fixed aircraft structure.
Another design improvement not related to alrcraft landing
gear changes was incorporation of three quilck-release track
pins in each track assembly. These plns eliminate the need
for tools to open or close the track loop and assure that

one pin 1s always convenlently located for removal regard-
less of the posltion of track on the wheel. The average
measured welght of the flotation track was 50 pounds per
assembly (100 pounds per set of two).

19
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ENGINEERING MODEL DEVELOPMENT

FABRICATION AND ASSEMBLY

Completion of the detalled part and assembly drawlngs and
the recelpt of purchased parts permitted initiation of the
fabrication and assembly phase (Task II) of the program
early in 1978. Representing the more complex effort, early
activity centered on the bulld-up of both HGMS prime movers.
Structural asgsemblies for both the front and rear prime mov-
er elements were fabricated along with the engine mounts and
covers, the fenders, and the steering and control handles.
The modular design concept permlitted bench assembly of sub-
systems such as the complete power module and final drives,
followed by a final assembly of the complete unit with a
minimum requirement for adjusting or shimming. Fabrication
and assembly proceeded generally as planned and scheduled,
once the final-drive castings were received, and was moni-
tored directly by VSDC engineering personnel to assure that
the drawings were adequate, complete, and correct. Several
minor changes in detail parts to improve assembly access or
handling were made and immediately incorporated into the
affected drawings. No significant assembly or fabrication
problems were encountered, however, and the design drawings
were demonstrated to be adequate,

In one area, fabrication and assembly led the design. The
hydrauvlic interconnection clrcultry was developed and in-
stalled on the first prime mover. Decislions as to tube ver-
sus hose lines were made, and appropriate hose sizes, lengths,
and end fitting configuratione were determined and the re-
qulred parts ordered. Tubes 1in appropriate sizes were fab-
ricated to complete the circuits, followlng the best avail-
able routing. The use of Aerogulp Versa Flare fittings min-
imized the hosge-end fitting and adapter types required and
simplifled the intiroduction of improvements in the routings.
With %ne tube/hose arrangement optimized on the first unit,

1t was duplicated for the second, and the required detail
drawings were completed.

Initial start-up and operation ¢£ the hydrostatic system re-
vealed a discrepancy between the Sundstrand pumping unit as
delivered and the pump drawing supplied by the manufacturer.
After a few minute:z operation both mctor shaft seals and one
pump shaft seal evidenced massive failures. Examination of
the punp revealed Shat, although the drawings and descrip-
tive materials indicated the pump drain ports were internally
connected, thls was not the case. Following usual practice
vhe motor dralns har been plped to one pump drain and the
second pump draln c¢mnnected to the reservoir. Because the
pump drains wer2 not 1lnterconnccted, unrelieved charge pump
pressure was introduced into the pump and motor cases, re-
sulting 1n seal falilure. The seals were replaced and an
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external pump case drain installed, effectively eliminating

the problem as indicated by continued trouble-free operation
of both engineering models.

Fabrication of the skld-equipped helicopter adapters followed
prime mover completion. No significant problems in fabrica-
tion, assembly or test operation were encountered and the de-
sign drawings again proved adequate and complete.

Following the completion of HGMS engineering models, effort
was directed toward fabrication of a device to simulate the
wheeled helicopters during the Task II1 acceptance testing.
This traller-like device %Figure 8) was built without formal
design documentation, following regular commercial prac-
tice and using readily avallable running gear components.

TEST AND DEMONSTRATICN

During the fabricatlion and test phase of the program, tests
of components and subsystems were conducted as required.
These tests were Intended to demonstrate compliance with re-
quirements and compatibility with co-functioning parts. Fol-
lowlng assembly, the prime mover engineering models were
operated in stages, accumulating approximately 20 hours of
operation each, to "run-in" operating components and verify
system performance. No significant problem or need for

ma jor modification was evidenced as a result of inltial op- !
eration. Similarly, the skld-adapter assemblles were exer- )
cised to assure that they functlioned as required and that the :

walking beam assemblles were interchangeable and reversible
as designed.

STt e S 2

. .
we e ﬂfﬂgs 2

After approval of the acceptance test plan, the complete
Helicopter Ground Mobility System, as embodled in the two
system englineering models, was demonstrated in an area ex-
hibiting the required operating conditions (Figure 9). The
prime mover was operated in conjunction with the wheeled-
helicopter simulator, ballasted and with the flotation tracks
installed. Using a UH-1B helicopter hulk, operation of the
. skid-equipped helicopter adapter was demonstrated using both
4 the HGMS prime mover and a commercial pickup truck as the
g towing vehlcles. The adapte: proved difficult tc maneuver
¥ : in reverse with any precislon when using the artisulated
prime mover. It was demonstrated, however, that employment
f simple yaw lockouts between the adapter and the prime

mover rear element substantially Improved reverse directional
control and spotting maneuvers.

Specific test ltems and the results of the tests are present-
ed in the appendlx of this report. With mlnor exceptions, the
HGMS engineering models demonstrated comp.lance or exceeded
the requirements of the Critical Item Development Specifica-
tion. With the modificatlions described, the HGMS engineering
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models were accepted by the Contractlng Officer's Technical
Representative,

ENGINEERING MODEL REFINEMENT

Although th . HGMS engineering models demonstrated substantlal
compliance with the requirements of the specification, cer-
tain items were identifled as requiring modification and/or
improvement. In the prime mover, 1t was necessary to estab-
lish and mark the optimum fluld level on the hydraulic reser-
volr level gauge and add a flight-line flag holder to the
hood. The previously mentioned lockout units to facilitate
reverse operation control with the skid-adapter were designed,
fabricated, and installed, requiring only minor modificstion
to the prime movers and skid-adapter units. On the skid-
adapter 1t was necesary to add fastening provisions for the
forward skid support to accommodate the AH-1 and OH-6/58
helicopter positions and to provide lock-on studs in all
three locations in place of the pip-pin retalners of the
original design. While the plip-pin retziners had proven ade-~
quate, the contractor elected to employ lock-on studs for
convenlence in a fileld environment. All quick-detach lock
pins on the adapter and prime mover were fitted with lanyards
and adequately secured to prevent loss. All necessary pla-
cards, instruction plates and nameplates were permanently
installed. The pickup arms on the skid-adapter plckup beam
were modifled to provide a transverse locking screw and re-
tainers for the 0H-6/58 helicopters (narrow tread), and the
pickup beam side-rall ramps were lengthened. The qulck-
removable, flotation track pln retalners were modified to
provide more positive locklng and retention.

Flnally, all components were cleaned, lubricated, and over-
hauled as necessary, repainted and marked with their welghts,
center of gravifty locatlions, and tire pressures, and pre-~
pared for shipment. Final inspection and acceptance was ac-
complished at the contractor's facility on 26 - 28 March
1979.

The major reculrement for change arising from the acceptance
test program concerned the draft of the Operating and Main-
tenance Manual. Operational experience with the skld-
equipped adapter during the hellcopter loading and unloading
procedures indicated a need for reordering of the procedural
sequences. Proper sequencing was established during the
acceptance tests, and the manual was revised to correctly de-
scribe the procedure., Additional cautions and safety notes
were incorporated in the test along with procedures for the
sling-1ifting of both units.
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UNIT PRODUCTION COST ESTIMATES
BASIS FOR ESTIMATES

As specilfied 1n the program contract, VSDC developed unit
production costs for the HGMS prime mover and flotatlon track
systems for wheeled helicopters on the basis of a production
quantity of 216 units over 3 years and, alternatively, a pro-
duction quantity of 434 units over 3 years. Likewlse, the
contractor has developed unlt production costs for the HGAS
akld-equlipped hellcopter adapter on the basls of a production
quantity of 218 units over 3 years. The production quanti-
tles were furnished by the Army based on the projected num-
ber of aviation units and numbers of aircraft by model. The
starting point for the development of these costs was VSDC's
cost experlence documented during the design and productlon
of the HGMS engineering mcdels.

VSDC maintained records of engineering labor expended on the
development of the detailed design for the HGMS engineering
models, shop labor expended on the fabrication and assembly
of the prime mover, flotation tracks and the skid-helicopter
adapter, engineering labor expended on data production (the
technical manual, acceptance test procedure, parts listing,
and this report), and engineering and shop labor expended in
the performance of the acceptance testing of the HGMS engin-
eering models. However, it was not practically possible,
particularly wita respect to the prime mover, to maintain a
breakdown of shop labor allocated to the major subsystems;
for example, the prime mover frame and secondary structure,
the power traln, running gear, and auxiliary systems such as
the winch and tailwheel pan Jacks and related hydraullic cir-
cuits. The difficulty lay in the fact that there was no re-
liable way to segregate labor costs because of the inevlitable
overlap of fabrlcation, assembly, and installation work in
process between the subsystems. Consequently, it was only
possible to subcategorlize costs by purchased major components
and purchased parts which generally represented only a rela-
tively small percentage of the total subsystem cost.

Since the HGMS englneering models were fabricated and assem-~ ‘
bled in 1978, and approximately 95 percent of the major com- :
ponents, parts, and raw materials were purchased in the same {
calendar year, the unit production cost predictions that fol-
low are presented in 1978 dollars. Appropriate cost escala- i
tion factors can be applled to account for inflation depend-

ing on which year would be selected for the start of produc-
tion of the HGMS,

QUANTITATIVE BACKGROUND

As specified in the contract, nonrecurring design englineer-
ing costs (these costs approximated 46 percent of total
costs), data preparation and reproductlion costs, and
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acceptance test costs are excluded from these predictions of
HGMS unit production costs. Additionally, because of the
difficulty of accurately forecasting their impact, no attempt
has been made to account for the cost effect of future design
changes and modifications. The contractor's cost experience,
adjusted as noted, in manufacturing the engineering models

of the HGMS 1s summarized below:

Prime Mover (2 ea) Skid Adapter
Cost Element and Tracks (2 sets) (2 ea
- Shop Labor (SRR (238 0s.)

Purchased Parts $38,467 $2,255
Raw Materials 1,082 1,674
Misc. Small Parts 610 86
Paint & Primer 210 235
Subcontracts 18,986 20,458
Tooling 10,550 -

Overhead/Indirect 8,382 3,138
Total Costs $53,859 $29,932

Analyzing the prime mover data first to build up production
costs, 1t 1s necessary to extract those costs assoclated
with the flotation track assemblies and to derive the costs
assoclated with one prime mover. The track assemblles ac-
counted for $7,200 of the tooling costs and $3,905 of the
subcontract costs. Additionally, they absorbed 45 hours of
shop labor for the quick-release pins and track assembly.
The remaining tooling cost of $3,350 represents the patterns
and molds developed for the cast-aluminum, final drive hous-
ings for the prime mover., For a production quantity of 216
prime movers over 3 years (or a rate of 1.4 units per week)
the existing aluminum-casting toollng would be adequate;
however, for a production quantity of 434 units over 3 years
(or 2.8 units per week) 1t would be necessary to double the
tooling, increasing 1ts cost to $6,700. The amortization in
both cases would be approximately §16 per unit.

The purchased parts figure includes the cost of the engine,
hydrostatic transmisslon, gears, axles, drive chains, gauges,
etec., that comprise the power train with a cost for two units
of $5,763; the remaining purchased parts cost of $2,704 rep-
resents the running gear, wheels, tlres, bearings, ete.

Since the maximum production quantity is 146 units per year,
no significant savings would be obtainable on purchased
parts; consequently, the cost per unit will be $4,234, de-
rived from ($5,763 + $2,704) : 2. Likewise, unit raw mater-
1al costs for the frame and secondary structure would be
$541, miscellaneous small parts would approximate $305, and
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paint and primer would be $105., Subcontract costs for the
final-drive castings, per prime mover, would approximate
$1,038. Summarizing these unit costs, which are the same

for the two production quantities, results in the following
figures:

Material and Tooling Prime Mover

Cost Elements Per-Unit Cost
Purchased Parts $4,234
Raw Materials 541
Misc. Small Parts 305
Paint & Primer 105
Subcontracts 1,038
Tooling Amortization 16

Total $6,239

The shop man-hours expended for fabrication, installation,
and assembly work on each HGMS prime mover was $2,632 for

76 hours, and the unit overhead and indirect costs were

3,954, Both of these cost elements would be sensitive to
quantities produced, as would subcontract costs for preci-
slon machine work and sheet-metal work, and would reflect the
impact of a production learning curve and the greater spread
of indirect costs. The latter amounted to $6,503 for each

of the prime mover engineering models, so the total of costs
experienced on one engineering model (subject to a learning
curve) would be $13,089 ($2,632 + $3,954 + :6,503). This
would drop to a unit cost of approximately $4,530 for the
200th prime mover for an average cost for each of 200 units
of $5,912, assuming an 85 percent learning curve. Adding
this to the previous total results in an average unit cost
of $12,151 for materials, labor and tooling ($6,239 + $5,912)
for a production quantity of 200 HGMS prime movers (the error
involved in rounding off the production quantity to 200 units
to simplify the learning curve analysis 1s insignificant).

For 400 prime movers (again the production quantity is round-
ed off) the labor, indirect and subcontract costs would drop
to approximately $3,870 on the 400th unit, or an average

cost of $5,050 per unit; added agaln to the previous cost
element total ($6,239 + $5,050), this results in an average
unit cost of $11,289 for a production quantity of 400. The
addlition of sustaining englneering costs, calculated at 5.5
percent of unit cost for 200 unilts and at 3 percent for 400
units, and production acceptance test costs calculated at
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0.8 percent of unlt cost, results in the following predicted
unit production costs for the two quantities:

Prime Mover

Total Cost Elements 216 Units O34 Units
Production Costs $12,151 $11,289
Sustaining Eng'g. 668 339
Acceptance Testing 97 90

Total Unit Cost $12,916 $11,718

The flotation track assemblies can be subjected to a similar
analysis., However, production units would require a change
to an injection-molding process for the track segments as
contrasted with the flow-molding process used for the engin-
eering models. This would require new patterns and matched
metal molds with an estimated cost of $27,000 for tooling,
with unit amortization costs of $125 per track set for 216
sets and $62 per set for 434 sets. Because of the nature of
the injection-molding process and the high proportion of ma-~
terial costs, track segment costs would not vary appreclably
for the two productlon quantities, so a learning curve analy-
sls can be applied only to attachment pln fabricatlon and
track assembly labor. Thls would drop from the 22 hours per
set experienced on the engineering models to 7.6 hours per
set for 200 sets and to 6.5 hours per set for 400 sets. The
cost-per-set flgures for the two production quantities would
be as follows:

Flotation Tracks

Total Cost Elements 216 Sets 434 Sets

Track Segments $960 $960

Direct Labor 53 46 %

Overhead & Indirect 80 68 3

Tooling Amortization 125 62 %
;

Total Cost Per Set $1,218 $1,136

The analysis of production costs for a quantity of 218 skid-
helicopter adapters over a 3-year period (or 1.4 units per
week) follows the same pattern as that for the prime mover
and flotation tracks. However, in reviewing the historical
figures for the two engineering models, it should be noted
that subcontract costs were disproportionately high because
1t was necessary to have the aluminum frame welded by a sub-
contractor because of VSDC's high workload. Consequently,
for this analysis, $8,600 of cost is removed from the sub-
contract element and included in the shop labor and overhead
and indirect elements., The costs for one unit, recorded for
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the manufacture of the engineering models, which would be

relatively unaffected by quantity production are summarized
below:

Skid Adapter

Material Cost Elementc Per-Unit Cost
Purchased Parts $1,128
Raw Materials 837
Misc. Small Parts 43
Paint & Primer 118
Total $2,126

The purchased parts consisted primarily of the running gear,
the wheels, tires, bearings, etc., and the jack assemblles,
Materlal costs reflect the use of relatively expensive spe-
clal aluminum structural shapes. The cost elements sensltive
to the influence of a production learning curve include direct
shop labor and subcontracts for machined parts and the shear-
ing, pilercing and forming of sheet metal and plate. Overhead
and indirect costs would follow the same trend as a function
of quantities produced per year. For one englineering model
these costs totaled $12,845. Rounding off the production
quantity to 200 units and employing an 85 percent learning
curve, these costs would be approximately $4 ,400 for the
200th unit, resulting in an average cost of §5,742 for each
of the 200 units. Adding this to the previous figure of
$2,126 for purchased parts, raw materlals, etc., results in
an average total unit cost of $7,868 for a production quanti-
ty of 218 mobility adapters. The calculation of sustaining
engineering at 3 percent of unlt cost and production accept-

ance test costs at 0.8 percent of unit cost provides the fol-
lowing final figure:

Skid Adapter

Total Cost Elements Per-Unit Cost
Production Costs $7,868
Sustaining Eng'g. 236
Acceptance Testing 63
Total Unit Cost $8,167

The foregoing HGMS production unit cost analyses are sum-

marized in Table 1. It must be remembered that the figures
developed in the production analyses are cost figures. The
actual acquisition prices would be hlgher by a factor of 8

to 15 percent, representing the typlcal manufacturer's profit
or fee.
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TABLE 1. HGMS ESTIMATED PRODUCTION UNIT COSTS (CY 78 $)

Three-Year Prime
Prod. Quantity] Mover

Flotation
Tracks (Set)

Skid
Adapter

System

216 Units $12,916

$1,218

$14,134

434 Units $11,718

$1,136

$12,854

e e e o gme

218 Units $12,916

$8,167

$21,083
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RELIABILITY, MAINTAINABILITY, AND LOGISTIC SUPPORT

SYSTEM RELIABILITY

The HGMS Critical Item Development Specification contains a
Service Life and Rellability requirement which 1s defined as
a functional mean-time-between-failures (MTBF) of at least
500 operating hours and an ultimate service life of 2,000
operating hours. In order to assure that this requirement
would be met, VSDC implemented a reliablility program follow-
ing the guldelines provided by MIL-STD-785A, "Rellability
Frogram for Systems and Equipment Development and Production”.

The prediction of reliablility and operating 1ife 1s based on
analysis of the rate at which the equipment is expected to
fail in service. For a normal part, a plot of fallure rate
versus operating time typlcally consists of three phases as
shown in Figure 10,

Constant

Run-In | I  Wear-Out
‘ : Exponential :
‘ Pistribution ‘
Phase I : Phase II | Phase III
I |

Decreasing Increasing

FAILURE
FREQUENCY

OPERATING TIME

~— -
Figure 10. Characteristic Fallure Rate Plot

The decreasing faillure rate in Phase I reflects manufactur-
ing and quality control considerations and 1s usually mini-
mized by tightening manufacturing quallty controls and by
component conditioning, or "run-ia". The increasing fallure
rate of Phase III is the result of component aging and wear
and 1s controlled by proper maintenance/overhaul/replacement
schedules and by derating or overdesign to compensate for
wear.

The constant failure rate of Phase II (useful life) repre-
sents unpredictable and random fallures typlcally caused by
sudden stress accumulations beyond the design strength. Thils
phase follows an exponential distribution described by the

equation
d “at -t /MTBF

R= e or R=e
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Where R 1s rellability, or probability of the unit operating
without failure; ™ 1is failure rate; t is operating (or
mission) time; and MTBF is mean time between fallures. For
mechanical systems such as the HGMS, the wear-out failure

rate (Phase III) typically follows & normal, Weibull, or
gamma distribution,

The reliability equation provides a means of demonstrating
compliance with the specification requirement. Applylng the
specified MTBF of 500 hours and the ultimate service life of
2,000 hours as factors, the required system rellability 1is

_ 2000
R=e 500 . 0.018 or 2%
Assuming that ten subsystems of equal reliability make up the

system, thelr required level of reliabllity would be given by

RO . o2
and R = ,68 or 68,
Increasing the number of components and subsystems to 100,
r1O0 - .02 and R = .96 or 96%

These required values of component reliability are not unus-~
ually high or demanding in the HGMS context where the design
and operation of the system requires only conservative per-
formance levels from proven components, In any case, the con-
tractor has taken adequate steps to produce HGMS engineering
models exhibiting the highest possible levels of rellabllity.

Because most of the critical components of the HGMS (for ex-
ample, the engine, pump, motors, and axles) were purchased
commercial items and consequently not directly subject to
VSDC quality-control procedures, and because little formally
malntained rellability data was available on these components,
VSDC emphasized the use of conservative safety factors, stress
and performance derating factors, stress/strength analyses,
and system/component redundancy in the detailed design of the
HGMS. This had to be accomplished within the constraints of
specified system size, welght, and maintenance requirements.

Complementary to this effort, VSDC initliated a reliability
analysis program based on a functional modellng of the HGMS
as configured for three specific tasks or missions. The sys-
tem models are in the form of functional block diagrams show-
Ing the subsystems required for performance of the assigned
task, and are shown in Figure 11. Task I, moving a skid-
equipped helicopter, 1s shown in diagram (a); dlagram (b)
shows Task II, moving a wheeled hellicopter on a firm surface;
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TABLE 3. TASK RELIABILITY

RELIABILITY - %

TASK I TASK II TASK III

Subsystem Max Min | Max Min [Max Min

Prime Mover g9 98 99 98 | 99 98

J: Hydraulic Power 99 95 99 95 | 99 95
Ai Trans.
: Mechanical Power | 99 98 | 99 98 | 99 98
. Trans, 1
%' Jack Subsystem - - 99 95 99 95 ?
% Winch Subsystem - - 99 97 99 97
: Skid Adapter 99 98
E Trac't Assy's. - -
: Task Reliability 96 89
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| and diagram (¢) deplets Task III, moving a wheeled heli-
copter on a soft surface which requires the use of the flota-
tion tracks. For purposes of the analysis, these models
were defined in terms of the major components of each sub-
system, Seven subsystems incorporating a total of 22 maJjor
components were identifled and are shown in Table 2. The
table also presents maximum and mlnimum values for the pre-
dicted reliability of each subsystem and the component de-
rating factors used in assessing reliability. HGMS main-
tenance frequency and material recommendations are presented
in Table 4, Table 3 summarizes the predicted reliability of
the HGMS in each of the three tasks postulated and shows the
effects of the number of subsystems involved and their in- :
dividual reliabllity characteristics. The block diagrams '
indicate a serles-type relationship between subsystems/ ]
components, Therefore, the task reliabllitles are linear :
products of the individual reliabilities. ‘

To the extent possible, considering its short duration, the

acceptance test program results supported the reliability
evaluations reported above,

MAINTENANCE EVALUATION

The Maintainabllity section in the Critical Item Development
Specification requires that adequate access to all service
points and eritical components be provided and establishes
a mean-time-to-repair (MTTR) of not more than 1 elapsed hour,

The ratio of maintenance man-hours to operating hours (MMH/OH)
is set at .004, exclusive of routine servicing.

Ry SO A E A e T XY

Maintenance considerations played a major role during the de-
tall design and manufacturing program, The maintenance plan-
ning stressed accegslbllity to service points and assured
that servicing and component replacement could be accomplished
rapildly and without special tools. Moreover, operation of
critical components below thelr rated capacity minimizes the
level and frequency of service and component replacement.
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The acceptance test program included both an overall evalua-
tion of the maintenance characteristics of the HGMS engineer-~
ing models and timed demonstrations of the removal, replace-
ment, and Interchangeablility of selected components. The
times and the procedures were recorded, and, together with
system operating time and other required maintenance/servic-
ing activity, are shown in the appendix, On the basls of
this assessment an MTTR of 33 minutes 35 seconds was calcu-
lated for nine maintenance (remove-replace) operations of
differing degrees of complexity. The necessarlly limited
test activity, however, did not permit an opportunity for

the extended operation and/or maintenance activity needed
to develop a finalized MMH/OH.
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The anticipated maintenance operatlons, frequencles, and
materials are shown in Table 4, These operations c¢an be ac-
complished by personnel tralned in general automotive and
GSE-type operatlon and maintenance using standard tools and
equipment. No aspect of the HGMS maintenance and/or servic-
ing requires either tools or tralning peculiar to the HGMS.

SPARE PARTS AND LOGISTIC SUPPORT REQUTREMENTS

The HGMS prototype design and development program placed major
emphasis on achieving a high level of reliability with a mini-
mum of maintenance and servicing. To that end, the major sub-
systems were selected and/or designed to operate at stress

and performance levels well below thelr rated capzcitles.

The englne, for example, 1s required to operate at a constant
governed speed of only 3,000 rpm - well below the manufactur-
er's maximum recommendation of 3,600 rpm - while developing

a relatively constant power output, again well helow its

rated capacity of 16 horsepower. Similarly, the hydrostatic
drive subsystem pump and motors operate at a maximum system
pressure of approximately 3,000 psl although capable, by de-
sign, of operating 1n excess of 4,500 psi, and also operate

at speeds well below the recommended maximum, The pumps and
motois, too, by virtue of their axlal-piston design and

closed-loop circultry, are long-lived and relatively free of
wear-associated maintenance.

Basic structural elements of the prime mover are of steel con-
struction with ample factors for safety based on a worst-case
analysis of operational conditlons and procedural errors in
tallwheel loading. The skid-equipped helicopter adapter and
track assembllies, while constructed of other materlals, also
reflect this conservative design philosophy.

Although exercising the maximum care and attention to reduc-
ing the requirements for maintenance and component replace-
ment, VSDC recognized that no system can be completely free
from loglstic consliderations. Consequently, &nd in compli-
ance wlth contractual requlrements, VSDC prepared an assess-
ment of the system spare parts necessary to support the HGMS
in operational fleld use. These replacement components are

identified in Table 5 which also indicates quantities per
HGMS system.




TABLE 4. MAINTENANCE FREQUENCY AND MATERIALS
Subsystem/ Material Frequency
Component Procedure Type Grade/Spec Amt. [AR |[AQ | Jper. Hrs
Englues

Crankcase Drain & refill |[Engine Of1 {Det2rgent 3.5 X 100

011 ISAF 30 Type MS pt

SAE S5W-20(2)(5C SD or
SAE 10W/3) |SE accept-
sb e)
Check % add do [«]+3 Daily
Fuel Fillter Replace X
Air Cleaner Wash pre- Water - X 100
cleaner
Paper cart- X 500
ricge (clean
out o: repl~ce
Pistons & Remove carbon X X
V2lves
Spar< Plugs Clean & regap .030°" X 100
gap
heplace Resistor R-46;ARB0 X! X
Long Plug |or RJ-B
Hyorostatlc Drain & Auto.Trans. {Type F X 1,000
Drive refill Fluid
Check & add Daily
Pilter change |(Lenz ¥Model 8-03 X 500
Comnpany
Clean tank X 1,000
breather
Clean or Lenz Model 49-10 X 1,000
replace tank Company
stralner
Liffere-tial Check & add SAE 140 1 qt 100
Gearcox & Drain « refill {SAE 90 Type EP 1 pt X 1,000
Chailn Cases (each)
Wheel & Repack Multi- NCLI X 1,000
Mechanical purpose Grade 1
Jack Bearings grease
AR - As Hequirgd; AD - Ao 0ve8hau1 (2,008 hrs.)
Above - 40°F; C) Retween F and - 40°F;

Eelow 0°F
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SPARE PARTS AND SUPPLIERS

R i LN AR e R i R

L e R SRR R SR A —

Subsystem [Qty. Nomenclature Source P/N Source/Manuracturer
Engine 1 Fuel Pump 393393 Briggs & Stratton
Repair Kit Milwaukee, W, £3201
1 Puel Pump Body 280197
1 Spark Arrester 392154
Screen
2 Spark Plug AC #R46 or Various
{Resistor Long) | Autolite
#A R 80 or
Champion
# RJI-8
Hydraulic | 2 Lip Seal 9008000-7505 | Sundstrand
Pump 2 0-Ring 9004101-1530 | Hyoro-Transmission
6 0-Ring 9004201-3100 | Ames, Iowa 50010
2 Pin 9004875-0013
Hydraulie | 2 Shaft Seal 151-27451 Webster Electric Co.
Motors 2 0-Ring 29761-034 Fluld Power Division
2 Sealing Ring 38247 Racine, Wi, 53403
Hydraulic | 1 Filter 803 The Lenz Co,
System Cartridge Dayton, Ohlo 45401
Reservolr | 1 Sump Strainer kg-10
Running 2 Tubeless Tire 4 PR Goodyear Tire
Gear (Terra-Tire) "ST" Tread & Rubber Company
18x9,50-8HNS Akron, Ohio h4316
2 Tubeless Tire 4 PR
(Terra-Tire) "ST" Tread
26-12.00-12HNS
y Tire Valve TR413 Various
(Snap-1n)
Hydraulic 6 VersaFlare FL ¢ 75-048 Aeroqulp Corporation
System Tube Nut Industrial Division
Lines 6 VersaFlare PC2875-068 Jackson, Mi, 49203
Tube Nut
6 VersaPlare PC2875-08S
Tube Nut
6 VersaPlare FF9605-048
Tube Ferrule
6 VersaFlare FP9605-065
Tube Ferrule
6 VersaFlare FP9605-08s
Tube Ferrule
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ADDITIONAL APPLICATIONS FOR THE HGMS

The HGMS provides a bullding block making 1t possible to
develop functional modules such as forklifts, ordnance load-
ers, and helicopter equiprment handling devices which could

be mounted on (and draw hydraulic power from) the baslc 8ys-
tem. With this in mind, VSDC accomplished an extensive inde-
pendent engineering effort to deflne a family of functlonal
modules which are briefly described in this section of the
report. Assoclated with this is the possibllity of incor-
porating provislons iIn the HGMS prime mover for a seated op-
erator and power steering. These changes would permit an
increase in maximum speed and would complement the expansion
of the prime mover's use for additional tasks in forward
laager areas. The modifications of the HGMS to obtain added
capabllities could be developed around the exlsting englineer-
ing models depending on their avallabllity for this purpose.

The company-funded work VSDC has carried out with the objec-
tive of expanding the HGMS' capabilities for additional Army
aviation GSE roles has resulted in the preliminary designs
for "add-on" function and mission modules for the system
illustrated in Figures 12 through 15. These designs include:

A Pioneer Earth/Snow Dozer e Modular Aircraft Recovery
A Refuel/Rearm System System (MARS) Prime Mover

Prime Mover High-Mobillty Forklift

e Hellcopter Equipment Ordnance and Stores
Handling Crane with a Loading Device
Load Positioner

e Ground Power Unit (GPU) Mobilizer

As a review of these deslgns indicates, there 1s a real poten-
tial for utilizing the HGMS prime mover as the basls for sys-
tems for all forward laager area GSE requirements, thereby
achieving significant galns in overall cost-effectiveness and
greatly simplifying the logilstic support of such Army avia-
tion equipment.

Additional utllity can be achleved with the HGMS skid-
equipped helicopter mobility adapter by combining it with
VSDC's "Helipallet" concept. Shown in Figure 16 as a sling-
load under a UH-1 hellicopter, the Hellpallet 1s designed to
serve as a basic cargo platform for use in the air~transport
of equipment and supplies and is configured to utilize the
mobility adapter's helicopter attach points to form a light-
welght, moblle, load-carrying system on the ground.
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Ordnance Loader with Load Posltloner
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CONCLUSIONS AND RECOMMENDATIONS

The Helicopter Ground Mobility System (HGMS) englneering
models produced under this program have been demonstrated

to be in compliance with the Critical Item Development Speci-
ficatlon prepared and approved under Contract DAAJO2-76-C-
0037. Although of relatively short duration and having
required simulations of the specified helicopter payloads,
the acceptance testing of the englineering models conducted
by VSDC demonstrated that the HGMS 1s a sound and viable
solutlon to the Army's long-standing problem of helicopter
ground mobillty in soft solls and over unprepared rough ter-
raln., It also showed that a reliable and maintainable sys-
tem can be produced at relatively low cost.

Applying the HGMS to a range of hellicopters under field con-
ditions will provide additlonal data on system performance,
indicate where design improvements can be lncorporated,and
afford an opportunity to evaluate its overall utility in the
context of Army aviatlon operations.
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APPENDIX

ACCEPTANCE TEST DOCUMENTATION

The HGMS acceptance tests were performed by VSDC personnel
and witnessed by the Contracting Officer's Technical Repre-
sentative, Mr. Robert L. Campbell, Sr. In those lnstances
where the HGMS engineering models required modification in
order to satisfy test requirements, the necessary changes
were incorporated by VSDC and verified by retest and/or in-
spection, The draft technical manual for the system and
engineering drawings were also modified to reflect finalized
operating procedures and the post-test configuration of the
system. The acceptance test requirements and results are
documented in the worksheets included in thls appendix.

Final approval and acceptance of the HGMS engineering models
was recelved from the Contracting Officer's Technical Repre-
sentative on 27 March 1979, and both units along wlth the
helicopter simulator were prepared and shipped to the Applied

Technology Laboratory, Fort Eustls, arriving there on 2 May
1979, in good order,
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