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‘desilpred and & digital cospurar was used to gemerate quantitative data on &ir
vahicle size, welght, borsepover, wice,, for alternatlve ayatens,.: Erphaais wvas
placad on aystens ucllizing fucl pumped from tha ground ar elecsrical puwar
generated co the grownd to obtain long eoduranca (16 hours). Quentltative
dacs woo alfo gepcrated en asv.al piscforn detecrabilicy in the forwsrd area,
aystem pafeqy, and ground supporl equlpsent 1equireoerta,

—

ime cardidacte systoes were evaluatad on the basie of per ormance, operationel
factars, ayatem deveiopment requiremente, and astliomted ¢ocr, and & mabar of
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without attention f{rea the yrownd, by & aivple aucematlfc {lLght contrgl
BystIm,
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PREFACE

This study was conducted for the Fustis Directorate, U.S. Army Air Mobil-
ity Research and Develomient Laboratory by Kaman Asrospace Corporation
under Contract DAAJOZ2-74-C-0008, The work was ane of a series of tasks
on [levated Yarget Acquisition Systems defined by the Advanced Haterials
Concepts Apgency of Army Materiel Command.

Mr. R. D. Stanton was the Technical Reprosentative for USAAMADL. The
progran a3t Kaman was directed by Kr. L. H, FzNeill, The afr vehicle
sizirg wor' was done by Mr. A. Plaks with assistance from . R, C. Mefer,
Stability and control 2nalyses and sctudies of air vehicle trim were per-
formed by Mr. W. E. Blackburn. Hr, J. Steinback did the preliminar{
design work on the air vehicle and the ground station. HMessers C. K.
Akeley end 0. R. Barnes dasigned the tether cables and calculated cable
loads.,
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SECTION ]

INTRODUCT 10N

1.1 Background

The need for, and the desiradility of, elevated platforms for recon-
najssance ané survefllance work fs generally accepted by all. Thae =
first tethered observation platfarms appeared during the Civi) War and
were supported by balloons. Yon Karman is reparted to have built and
flown en electrically powcred rotary 1ift device in 1918 to replace
viinerable barrage dalloons. The first successfu) tethered rotary-wing
elevated platform was deployed from a submarine by the Germans during
Worlo War 11. [t was an unpowered autoqyro, controlled by 2 man who
doubled as observation and data processing system.

Since World War |} threre have been severel progrems iavolving develop-
ment of unmanned, tethered, rotary-wing platforms. The first known
design and analysis effort in the United States was performad by Kaman
10 1953-54 and resulted fn 2 preliminary design of an electrically
powered cynchropter supporting a 2000-fcot vertical wire transmitting
antennd far CYTAC.* The first successful tethered, electrically powered,
rotary-wing vehfcle was flown by Kaman at Bloo=tield, Connecticut, fn
1958, and the only ¥nown aperational system employing a tethered rotary-
wing vehicle was developed by the General Electric Coinpany and Kaman for
the U.S. Navy in 1963-65. A brief summary of these and other prograns
on untanned, tethered, rotary-wing platforms is givea in Section 2,

The utilizotfon of a tethercopter for 3 given military mission msst be
based on &n evaluation of the unique benefits as well as the costs. A
tethﬁrtd. autoratically controlled, rotary-wing elevated pletform can
provide:

Erection 2nd retrieval of tne platform by autoratic means
with small, mobile facilities without expendebles, e.q., Jato
bottles.

Station keeping at little or no expense without 2 navigation
system or auxi{liary propulsfon system.

Long endurance at no expense to air vehicle sfze, weight and
power.

All-weather operation of the platform without spectal equipment.

KXighti=e and daytime operation of the platform withoutl special
equipment.

® Early name for developmental Loran-C.




If the platform is unmanned, additional benefits are:
Peduction in 8ir vehicle size, weight and costs.
Increase in air wehicle reliability.
Increase in endurance without regard to man's (aviator's) limits.
Utilization of the elevated platform in high risk situations.

These supplemental benefits are generally accepted for 1) urmanned
RPV's. .

1.2 Obkjectives of the Studv Program

The primary objectives of the study reported on here were to:

Establish the feasibility of an untanned, tethered, rotary-
wing platform for specified missions, and

Define the best technical approach to implementing the
aerial platfarm.

Define the essential characteristics of a ground control
station.

The primary missions studied were:

Survefllance of the forward area to detect low=flying air-
craft and roving ground targets.

Location, tracking, and laser designation of targets,

Location of enemy artillery and rocket launchers.
Other missions of interest were:

Indirect fire control

Electronic countermeasures

ELINT or electronic support measures

Communication relay

RPY control
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Characteristics of the tethered platforms best for each mission listed
may vary over an appreciable range. The general approach to the study
program involved first a search for the one baselire configuration best
able to fulfil]l a composite mission speciffcation and a gener2l set of
aperational requirements, and second, 2 study of the impact ¢n the
baseline system of variations in the baselfne specifications.

1.3 System Requirements

The composite requirements for haseline system investigations are
Tisted in Tables I, II, and 111, The variations in perfor—ance re-
quirements to me considered are also listed in Table I.

1.4 Study Praqram Plan

To define the best baseline system for the stated requirements, the

most promising alternatives for conponents and subsystems were defined,
the performance and cgrponent characteristics were estimated, and various
combinations of companents and altermative systems were evaluated.

The critical technica) issues were: the configuration of the 1ift sys-
ten, the drive system, the means for achleving long endurance, attitude
control and stabilfzation, and the position control system,

The basic question of system feasibility was assessed Dy evaluaiing
answers to the following questions:

1. Does the expected or estimated performance meat the
stated or desired requirements?

2. Are the selected component and subsystem designs within
the exfsting or projected state of the art?

3. Is the system complexity consistent with the expected
deployment and operation?

4. Are the logistic support requirements reasonable?
The work was planned and executed in three basic tasks as defined in

Igbl: IV. The results presented herein generally follow the taske out=
ined.




TABLE 1. AIR VIHICLE PERFORMANCE REQUIREMENTS

.

Payload
Size:

Weight:

fower For Payload:

Altitude Above Terrain:

Atmosphere at Platform
Altitude:

Baseline_ Design
24" x 24" x 16"

200 b
3 KVA
1000 ft

4000 ft, 95°F

oL

ynriai}ons

18~ x 18" x 12"
30" x 30" x 20"

150, 300 1b

%00, 2000 ft

6000 ft, 95°F

{ndurance: 16 hr 8, 23 hr
Rate of Climb/Descent 250, 100D ft/
(Average): 500 ft/min. min.
Steady Winds: 50 kn -
Gusts: 10 kn 35 kn
Critical Gusts: 35 kn S0 kn

T STARILITY I v

Transient Response to Gusts:

1+

1

Rate
Heading Control:

Omnidirectional

Station Keeping in 50 knot winds:

Horizontal Displacement from Tether Point:

Altityde Varfation: ¥ 50 Ft

2 Degrees Maximm Yarfation in Pitch, Roll, Yaw Attitwde

7 Degrees/Second Maxima Varfation in Pitch, Roll, Yaw

Y 25 Yeters
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TABLE II1I. SUMMARY OF SYSTEM DFSIGN CONSJDLRATIONS

10.
1.

12.

Low IR, radar and noise signatures

Vibration levels for the sensor package of not more than .2 g's
at frequencies of 2 to 5 Hz and & valocity of 2.5 in./sec above 5 Hi.

Two 75-ohm coaxial cables ir the tether for data link to ground
control station,

Transportability to enable casy ground movement by conventignal
Army ground vehicles.

Hinirum time and skill required for maintenance, set up, pre-launch
checkout and disassembl: for transport with minimua special equip-
ment.

Ability to save the total zerial platform and/or sensor package
in the event of a power-off landing.

Low dowmsash velocities to minimize danger to operators and GCS.
Haximize the number of launch and retrievals without zalfunction.

Minimsts operator skill required-during leunch, creration-and.-re-
trieval,

Hinimize the hazards due to lightning strikes.

Capable of operating out of sight of GCS to enable operation in
fog and overcast conditions.

Control and stability shall be such that the vehicle can be re-
turned to 2 stable condition after disturbance by a gust of cri-
tical gust speed as specifiad in Table 1.
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TASLE Y. STUDY TASKS

Task I - Baseline System Design & Analysis

1.) Review System Apquire=ents

1.2 Review Tethered Platforms

1.3 Analysis of Lift Systeas

1.4 Analysis of Power Systems

1.5 Analysis of Stadility & Control
1.6 Selection of Best Approach

1.7 Preliminary Design of Baseline System

Task 1l - Analysis of Alternate Requiresents

2.1 Payload Size & Weight

2.2 Endurance

2.1 Cable Length

2.4 fate of Climb and Descent
2.5 Awmospheric Conditions

2.6 Gusts

2.7 Minious Perfomance System

2.8 Maximum Performance System

Task 111 - Preliminary Design of Ground Contral Station
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SECTION 2
REVIEW OF TETHERED PLATFORM PROGRAMS

2.} Summary

Several attempis have hecn made to develop a tethered platforn for mili-
tary use. Petrides {Reference 1} traces somr of the early developments
in foreign countries ard early work by the Signal Corps in this country.
The efforts of significance are surarized in Tables ¥ and V1. Kaman
Corporation's work 1n tetherpd platforms over the past 20 years is
described in Table VI,

Figures 1 through & show some Of the more interesting configurations
and depict the wide range of concepts that have been considered.
Xaman's prior knowledge of these concepts Jed to the formulation of a
study plan for this contract which included a1l of the basic methods
for generating 1ift, driving rotors, providing long endurance, and
stabilizing the attitude and position of the aerial vehicle. The pros
and cons of the basic canfigurations and cethods are presented fn Jater
sections. The emphasis here is on lessons learned and concepts demon-
strated.

In sumeary, it is clear that many concepts have been proposed for
tethered platforins, but few platforms have actually been {lown. To our
knowledge only Kaman's SYLF antenna support system reached operational
status.

Low disc loading rotors seem to have been the preferred reans for aenera-
ting 1ift, and coaxial and synchropter configurations dominate. Cyclic
pitch was clearly the preferred means for stabilizing and conirolling

the aerial platforms. Electric power has dominated as the means for
providing long endurance, but Spaceciaft Inc.{5CI) and Dornier have

done o lot of work on pumped fuel systems.

In addition to these gencral observations, the following significant
points can be made by reviewing past programs,

1. Lightweight induction motors canm be fabricated and utilized to
drive high inertia rotor systems. WHowever, reliability and endurance
of lightwetght, high-speed, high voltage, induction motors have not
been demonstrated due to lack of funds,

2. Pumping fuel to an aircraft turbine was satisfactorfly denon-
strated by Spacecraft, Inc. in this country in 1969 and by Dornier in
Germany. 5CI's work at pumping pressures of 6500 psi may represent an
upper limit of practicality and may perhaps indicate a limit for pumped
fuel concepts to platform altitudes of 10,000 feet.
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3. Attitude stability and station keeping with <imple sutomatic control
systems utilizing cyclic pitch of fully articulated rotors have Seen
demonstrated by the Kaman Corporation and by Dorwier.

4, Highly sutomatic Taunchirg ans retrieving of tethered platforms
has been deronstrated by Xaman Covparatian. Maneal operation can be

restricted to selectirg the maximua winching speeds or the maximua cable
tensfons,

5. On-station control of tethered platforms has been demonstraved by
Kaman and Dornie~ with simple control cancepts. Karan has demonstrated
rempte position control utilizing cable angle sensing,

A revien of past programs also reveals that certain concepts haye not
been demonstrated satisfactorily. Most important hare are (1) the use
of unconventional 1ift gencrating devices and {2) the wsc of unconven-
tional means for obtaintrng <tability and comirol. These 1tems will he
discussed further in sul:zequent sections of the report. This summary
will be cencluded with & brief review of the electric powered platform

developed by Tracy Tecknocraft and the DO32K Keibitz platforn developed
by Dornier in Germany.

2.2 Tracy Teknacraft Tethered Platform

The platform developed by Tracy Temnocraft (Reference 1) represents the
latest in a long series of electrically powered coaxial rator tethered
platform efforts. Bafore reviewing the 2ir vehicle_desicn, some comasnts
seem appropriate on the state-of-the-arl review presented by Perrides
within his final report. This roport, dated September 1970, says "the
most prohable reason for the lack of a successful flying machine to date
may be attributed to the Insufficient effort applied by cngineess to

the stability and contral problem™. The first part of the statement is
incorrect, since both Kaman ard Dormier had svccessfully flown tethered
platforms Yong before 1970. The second part of tha statement is cluser
to fact but 1t would be better to say that certain engineers chose the
wrohg stability ang control concept rather than say that they made an
insufficiant effort. Petrides' conclusian drawn about previous plat-
form efforts was, "the job was underestimated®., This, of course, relatas
to the unsuccessful efforts, Aviation historyo is replete with instances
of failure to recognize the unforgiving nature of the brhavior of {ly-
ing rachines with marginal performance and marainal controllabiltty.
Tethered platforms present no new challenge to engineering or to the
aviation industry. Therefore, there seems to be no valid reason for
beating off {n now and unexplored directions in search of new concepts
for generating 1ift or controlling a 1ifting vehicle in space.

The Teknocraft platform, shown iu Figure 3, employs two 4-bladed,

counter-rotating, coaxial rotors driven by two electric motors. The
rotors have flexible hubs, but except for some differential collective

16
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piteh control, they are not used to contral the platform. An Juxiliary
fan drives afr across moveable vanes 2t the end of 3 long vertical cuct
to generate pitch and roll eoments for platform stadbility and control.

A Yarge gimballed yoke transfers tether ceble loads to the vehicle's
€.g.. thus eliminating, or minimiziny, upsetting mcments due to cadle
Toads. With the limited control effectiveness of the duct vanes, this
gimballed ar-angement is probably necessary. Fowever, it limits place-
ment of payloads and introduces some guestions about retrefval and land-
ing.

Two aspects of the Tekrocraft configuration and general approach should
be questioned. The first relates to stability and control, In his owm
review of Magler's COROTOR configuration, an ancester of his own device,
Petrides describes the difficulties fn stadility and control as follows:
*No control wes provided to the propeller which supports most of the
weight". But Petrides resorts 0 2 set of vanes in 3 high-velocity air-
flow duct to obtain control. Except for heading control via differen-
tia) collective pitch, no attempt is made to control attitude, stability
or position in space by controlling the largest force available in the
system, namely the 1{ft vector. Secondly, Petrides’ concern with weight
tavings appears to be unfounded, {f the tethered platform is to be
employed in the battlefield area and operated by field personnel under
field environment. it syst de rugged, have lorng l1ife, and have substan-
tial performance margins. The rotor and the roter drive systen must te
sized to produce excess 1ift and high cable tensions under 2al) possible
operating conditions. Precision control of rp» to control 1ift, and the
use of streamlfned cadles to reduce cable teasicn will raduce eelichil-
fty and Jife, and complicate field oper2tions. Increasing the horse-
pover, and rotor diameter if necessary, would climinate the weight pro-
blems of the system.

2.3 Dornier Keibitz System

Dornfer in the Federal Republfic of Germany has been working on a
tethered platform since 1965, ut{lizing the basic reaction d-iven rotor
system from the one-man DO32E helfcapter. Dornier demonstrated the
feasibility of an sutomatically stabilized tethered platform in 1965
and 1956. Ffuel is pumped from the ground 0 a turboshzft engine driv-
ing & compressor. The cold (250°F) compressed air fs ducted through

3 hollow leading-edge section of the rotor blade to tip nozzles, The
experimental models had Yimited 1ift capability but a1l of the basic
problems of attitude stabilization and position control have been
solved. Prototypes of operational vehicles (See Figure 4) are
presently being readied for flight testing and will utflize an Allison
©50-C20 e¢ngine with 3 maximum rating of 400 hp at SL. Results of
flight testing indicate that platform stability is good, with attftude
excursions less than 1° reported in gusty afr, A fully articulated
rotor with cyclic pitch control 15 emoloyed in the Keibitz.

1§
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SECTION 3
ALRIAL PLATFORM SIZ21KG

3.1 Hethodology
3.3.1 General Approach

Physical characteristics of tte alternative aertal platforms were evalua-
ted in the search for the best technical approach to meeting the perfor-
mance require~ants. Rotor and fan digmeters, rotor horsepower, gross
weignt, fuel flows, etc., were calculated for a number of 1ift system
and power system combinations. Table YII! lists the 1ift systems evalua-
ted together with a prirary candidate for drive and paower system. Table
VIII lists the alternative power systems consaidered.

Aerial platform characteristics were calculated with the aid of a digital
computer., Mathematical models were formulated for aerial vehicle weight,
tether cable loads, and horsepower requirements based on statistical data,
good design practice, and engineering projections. These models. and the
bacis for projections, are described in subsequent sections. Results
cbtained were correlated with previously published data or comprehensive
computer models used at Kaman for helicopter design and performance cal-
culations, #nd gcod adreement was obtaired. Absolute accuracy of the
models was not a criterion for their design; the objective was to gcner-
ate quantitative data that could be used to compare candidate aeria)
platforms,

The computation process, as swown in Figure 5, was {terative with opera-
tor interaction. A value for total installed horsepawer was assumed,
cable Ygsds and perial vehicle gross weight were calculated, the rotor
{or fan) was sized to the loads, and the required horsepower was calcu-
lated, The calculated horsepower was compared to the valud zssumed and
the cycle repeated as necessary. As indicated in Fiqure 5, atr vehicle
horsepower was calculated for the specified c1imb condition (500 ft/min)
assuming no wind, and for station keepirg in 50-knot winds. The in-
stalled horsepower is the larger of the two values.

3.1.2 Rotor/Fan Parameters

The rotor and fan parameters utilized in the atr vehicle sizing models
are tabulated in Table IX.
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TABLE VII. LIFT SYSTEM CONCEPTS
B — |
LIFT ROTOR
SYSTEM DRIVE AIR VENICLE ENERCY
CONCEPT ROT(R SYSTEN POWCRPIANT SOURCE
A Main/Tafl GCearbox Gan Turbine Pumped Fucl
B Hain/Tafl Gearbox Elecc Motor Ground Pouer
Cc Single Tip Nozzlee GCas Turbinc Pumped Fuct
D Coax Gearbox Gas Turbing Punped Fuel
E Synchropter Gearbox Gas Turbine Puzped Fosl
F Tandem Goarbox Gas Turbine Pumped Fuel
G Avtogyro - Etce Fotor{!)  Ground Power
: | Ducted Fans Gearbox Elec Motor Cround Power
I Multiple Fans Direct Hultiple Ground Power
Drive Hotor
J Hain/Tail Gearbox Cas Turbine Integral Fuel

(1) Electric motor drive for proaeller

-
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TABLE YIIl. POWER SYSTEM CONCEPTS

PUKPED FUEL SYSTILMS

POWER

SYSTEM ROTCR/FAN

EpNC(PT ORIVE A/Y PONER PLANT
A Gearbox Gas Turbine
g Geartox Gas Turbine
C Gearbox Gas Turbine
D Gearbox Rotary Engine
|3 Gearbox Recip Engine
F Tip Nozzles (Cold G.7./Bleed Air
6 Tip Nozzles (Cold G.T./Aux Comp
H Tip Mozzles (Hot 6.7./Tip Burn
1 Tip Jets Ram Jet
J Tip Jets Pulse Jet
K Jet Flap Gas Turbines

ELECTRIC POWER SYSTENS

ROTOR/E AN
DRIVE PORER_PLANT
L Cearbox Elec Motor
] Geardox flec Notor
R Gearbox flec Motor

OTHER POWER SYSTEM CONCEPTS

0 Fuel Carried in Air Yehicle
Gearbox Rotor Drive
Gas Turdine
P Pumped Compressed Alr
LS Components:
Gas Turbine
fir Compressor
Afr Yehicle Conponents:
Rotor Orive by Tip Kozzles

GCS GENERATOR
DRIVE

Diesel
Gas Turdine
Recip Engine

FUEL

JP-4/5
Diesel D11
Natural Gas
Aviation Gas
Aviation Gas
JP-4/5
JP-4/5
JP-4/5
JP-4/5
JP-4/5
JP-4/S

FUEL

Diesel D1
JP-8
Gasoline
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. TRELE 1X. ROTOR/FAN PARAMETERS
D1SC MAX RLADE TIP SPEED
LOADING LOADING
LIFT SYSTEWS BL 1b/fe? gL, 1b/ft2 "R, fps

Conventional 4 74 600
Coax/synchropter 4 74 600
Tandem 3.3 74 600
Reaction driven rotor 4 74 600(1)
Multiple fan 14 180 700
Ducted fan a0 250 1050
(1} Tip speed for rotors driven by ram and pulse jets was 750 fps.

A disc loading of & was selected for single 11fting rotors and the coax/
synchropter configqurations to obtain good lift/power effictency with-
out excessive rotor diameters. For the tandem, the average disc leading
of 3.3 shown in Table IX results wn a disc loading ot 4 at the aft rotor
when the total load is split 40/60 between fore and aft rotcrs. The
disc loading and blade loading for the multiple fans were taken from
Rabenhorst's report {Reference 2} and the values for ducted fan wece
taken from Geveral Dynamics veport (Reference 3) on PEEK. A1l rotor

and fan diameters are sized by the total 1ift required in hover.

' Gross Weight * Cable Weight + Bottom Tension
Rotor Dia =2 \I- 3 9

m X Disc Loading

A votor blade loading of 74 1b/ft? was selected to avoid stall at 50
knots, 40DQ ft, 95°F. At standard sea level conditigns this corresponds
to 91,6 1b/ft¢ which is reasonable for MACA 23012 airfoils with zero
twist or NACA U012 airfoils with -8° twist. A stal) margin of approxi-
mately 10 knots ¢an be stown for both afrforls with the selected blade
loading.

Solidity, o , used in power calculations was computed from total 1ift
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required at 50 knuts.
Gross Weight 4 Vertical Cable Load
Blade Load1ng X Disc Area

o

If the computed value of solidity resulted ia blade aspect ratios rore
than 20, the solidity was recomputed with blade chord set at 5 percent
of rotor radius. This criterion sheuld minimize structural design pro-
blems with long, narrow rotor blades,

The tip speeds, shown in Table lX were selected to provide relatively
gquiet operation without unduly compromising rotor and fan efficiency.

3.1.3 Hover Perfgrmance Model

The rotor or fan horsepower required to hover, cut of ground effect, was
computed from an empirical equation as a functfon of disc loading.

0.4
MRHP = (1.0435 ( Disc_Loadin LIFY
Density Ratio

This mode]l is shosm in Figure § together with a curve fit of statistical
data and a family of power curves computed from KAC HOVER BY STRIP pro-
gram for various solidities and tip speeds. The calculated datz apalies
to convéntional single 1ifting rotor machines and NACA 23012 esivfoils.
It contains the Golastein correction factor for 4-bladed rotors and
produces slightly optimistic results for 2-bladed rotors.

In determining 1ift, L, blockage is accounted for as:

Le(aTy) 7 (1 - 5B
100

where Ky is the percentage 1ift loss due to Llockaae. In this study mo
significent differences could be estimated for blockage between differ-
ent configurations. Of the configqurations investigated, the tandem
helicopter was thought to have larger than “standard" blockage. Howtver,
Sikorsky, in the AYLABS HLH report, found the net vertical drag of
the single and tandem configurations (without external load) to be iden-
tical {3.6%). Thus, in this study, a constant value of 3% was used
throughout in conjunctian with the above equation.

The total shaft drive horsepower required, or equivalent tip driven
horsepower, for any air vehicle configuration was coaputed from the
following equation,

SHP = MRHP (1 ¢

L B
,0 ) "n AcC

Main rotor power requirements of the various lifting systems 1s account-
ed for by the factor K. The mechanical efficiency Ny accounts for gear
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Jesses and ta$)l rotor power, if any. HPapcc,. 2ccessory power, was esti-
mated Lo be 6 hp, independent of rotor configuration and drive system.
Values for K are listed in Table X. The various confiqurations were
compared to the standard rotor. Froct NACA TH 2318 test data, 1t appears
thal coax rotors reguire about 5X less pomer than standard, probably be-
cause the lawer rotor recovers some enerqy in radfal flow in the wake
of the upper rotor.

for the synchropter, KAC test data also shows better hover perforrance
for synchropters over conventional designs probably due to fhe larger
projected rotor area thar accounted for in performence calcuyitfons.
Therefore, a 5% power reduction was assiened. TYandem helicopters suffer
an induced power increase over that of two similar single rotors due to
rotor overlap. The loss is about 8% for 331 overlap. Tip driven rotors
were all panatfzed by & 5% power increase because of the thicker airfofls
these rotors must use. Such an increase was also noted in DORRIER'S
tast data compartson. Ducted propeller gains due to the shroud. From
General Dynamfc's “PEEK" study the hp reduction fs 23X for the specified
disc loading.

Table X also 1ists power required for torque balance and gear losses.
For the gear driven rotors, two gear mesh drives are assumed resulting
in a 2% power loss, except the tandem suffers an extra 1% due to extra
bearings and turns. Tail rotor power loss of 9% {s achievable with any
mnedium disc loading rotor,

3.1.4 Power Required to C1imb

The performance requirements called for an averaqe ratc of clirb of 509
ft/min or 3 time-td-clird (to 1000 ft) of 2 minutes for the baselinz
system. For a fixed power level (SHP installed) the instzniancous

rate of climb will vary with altitude. Calculations shewed that the
climb rate at 2/3 of final altitude was very close to the average rata
of climb. This fact was used in the climb power calculatfons:

(mp)cl_“m » (I'ItHP)HDVER + _l.'..x._.n.lc_
33.000!Cc

where Cc. = 1.25 1s the climb factor frem flight test data of contempor-
ary helicopters and L fs the 11ft at 2/3 station altitude. A bottom
tension of 100 1b was added to cable wefght and air vehicle gross
weight to get total lift.

3.1.5 Power Required in 50-Knot Winds

The horsepower required for station keeping in 50-knot winds was calcu~
lated fron the following equation,

23
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TABLE X. PERFORMAKCE PARAMETERS FOR ELTAS
—rTwrEsT———= e et S —— )
Conventional ‘ Tip
Main and Tafl Synch- Duc ted Multiple [Ran and Nozzle
Rotor Coax | rapter Tanden Prop Fan Pulse Jet |Drives
HOYER
Torque Balance
Power {%¥MAHP) 9 0 0 0 0 0 Q 1
Gear
Loss (ZMRHP) 2 2 2 k| 0 0 o 0
Configuration
Factor, K
{XMRHP) 0 -5 =5 8 =23 0 5 5
Blockage Kg
{¥Thrust) 3 3 3 3 0 0 3 3
|
5@ KNOTS
Torque Balance
Power (%¥MR=P) 3 0 0 Q o 0 0 1
Gear
Loss  (XMRHP) 2 2 2 0 0 0
K (X®RKP}) 0 10 10 23 0 0 5 ]
Drag Coeff.f/H2/3{ 1 a | .as R 15 . N
Propulsive Eff.
P np .9 .9 9 .9 9 .9 .9

L l—--——— =



RLR 43

o PP A T L W TR ST

loaaeiibas. o0 o

o mup) (s TE")L' 4 .B_LLSZ_;O:UL

(V4] 550 4
- 113 s Yoi
550mp 850np

K {s the canfiguration correction factor 1isted fn Table X, F iz the hor-
jzontal component of cable tension, f §s the equivalent fuselage drag
area, and rp 13 the rotor propulsive effictiency. A nominal valve of
0.041 was used fcr(ﬁPHPJ. representing power required for an untethered

conventional helicopter rotor with solidity of 0.05 at 50 knots. The K
factor in the second term in the equation sccounts for rotor varfatioas.

Figura 7 shows values for (MRHP/L)e odtained from FAC's bastc ROTOR
PERFORMANCE program. At the selected blade losding of 74 (BL/t1 = 91.5)
the calculated nonina)l value for the MACA 23012 airfofl 1s 0.036. The
noninal value of 0.041 used in the 50-knot performance model s, there-
fore, conservative,

Wind tunnel test data of NACA TN3236 (Auqust 1958) reported a 10T in-
credse in power required for a codx 3s comdared to 8 single inain rotor
configuration. The synchropter was simflarly penalized. Tor this tandea
configuratton, a 23% increase in power was calculated for the 40 knots,
This 15 due to Ihe induced power increase assuming a 331 rotor overlap.
AVl tip driven rotors were penalized by 5%, to account for the increased
blade thickness. The K factors are listed in Table X. The effect of
fncreased tip speed {s also shown tn Figure 7. Comparison 13 sade with
zero twist dblades at (R = 600 & 750 fps. Curves show a considerable
power increase with increased tip speed. At the blade loddings used in
the study, this incresse is ARNHP/L = .01, which is somewhat more than
the penalty assumed, Thus the power requirements calculated for the con-
figurations with high tip speed. such as the ram jet ¢nd the pulse jet,
may be optimistic at 50 knots. A check on the power adjustment term for
solfdity fs shown ¢n Figure 8. Excellent agreement was odbtained over 2
wide range of blade loadings.

3.1.6 Rotor Tip Thrust Requirements

The rotor power required for tip driven concepts was determined using
the procedures outlined in sections 3.1.2 through 3.1.5. The tfp thrust
required to develop this rotor power was cdlculated from the following
relationship:

Rotor Power

Nozzle Thrust (€ach) »
Tip Speed X MNumber of Blades

25
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Flow rates were deternined fron the thrust level and nozzle velocity as
follows:

Thrust
MNozzle VYelocity - Tip Specd

Norxle Velacity - ‘12 X 4h X n

&h is the isentrozic enthalpy drop through the nozzle, and

Flow Rate =

n is the npzzle efficiency.

The isentropic enthalpy drop was calculated using tre nozzle inlet
pressure tenperature and the ambient (atmospheric) cemperature.

For the cold ¢ycle systems and for the hot cycle system, the pressure
and temperature at the tip and the root were assumed equal, Little
heat will he Tost 'n the blades, and pressure loss in the blade due to
friction will be offset by the centrifugal pumping action of the blade.
For the system with tip burning, it was assumed that tne air from the
blade passed through a burner, heating the air to required terperatures
before delivering it to the exhaust nozzle.

The parameter used for tip drive performance calculations were:

Tip Burner Efficiency - 95%
Tip- Burnar Fressyre LOSS - 107
Exhaust Wozzle Efficiency - 95%

3.1.7 Tether Cable Loads

The l1oad of the tether cable is a significant part of the total 1ift
that mus* be generated by the aerial vehicle. For pumped fuel and for
electrically powered systems, the ¢able loads at 50 knots were found to
vary over a range of values egual to 50 te 100 percent of aerial vehicle
empty weight. Typical values of top and botton tensiens are listed §n
Figure 9, which 11lustrates the cagl

must exert sufficient pull on the cable to --aintain a spatial position
within the boundaries of the statvon-keeping specification at all wind
velocities up to 50 knots and also prevent the lower portion of the
cable fron fouling in the launch platform,

Cable loads, anygles, and spatial shapes were calculated by a digital
computer program previously developed by Keaman. For 3 selected cable
design concept (either fuel line or electrical céble) the magnitude and
direction of aerial vehicle pull required to meet the station keeping
requirements was calculated over a wide range of fuel flow and electric
power values. This cable load/power relationship was utilized in the
fterative sizing praocess described above,

2R
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Figure 9. Tether Cable Deployment.
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If a low disc leading rotor {5 emloyed in the aerial olatferm, a simple
cable management concept can be employed, Figure 10 illustrates the
essential points, The cable load for any civen station-keeping recuire-
ment increases with wind velccity. But rotor 1ift at constant herse-
power also ingreases with wind over & wide range and an excess of 1ift
eéxists up to sore Timiting velocity beyond which the station-keepirg con-
diticns cannot be met, Tne proper design is that rotor and that horse-
power level that provides rapid erection, a tight cable during hover and
transitional flow conditions, and sufficient cable pull to meet the
station-keeping requirements at the specified maximu= wind velocity.
When the desired arount of cable is deployed, the winch should be locked

and rotor power requlated within the air venicle without attention from
the ground.

The serial vehicle sizing analysis calculated total horsepower require-
ments for a climb condition at zero wind and for station keeping at 1000

ft in S0-knot winds. The sizing data presented applies to the higher
horsepower condition,

3.2 Pumped Fuel Systems

Aerial vehicle sizing data was generated for $ix basic concepts employ-
fng JP4/5 fuel pumped from the graund. These were:

Conventional Helicopter
Single maip and tail rotor with turboshaft/gearbax drive.

Single Lifting fotor with Tip Drive by
Ram Jet
Pulse Jet
Cold Air Cycle
Cold Cycle with Tip Burning
Hot Cycle

The analytical madels used to calculate weight, drive system performance,
cable loade, and fuel consusptian are presented in Sections 3.2.1

through 3.2.4, and the aerial platform data is presented in Sections
3.2.5. Some additional concepts employing puripad fuel are discussed in
Section 3.2.6 and alternate fuels are diicussed in Section 3.2.7.
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3.2.1 Aerial Vehicle Weight Models

Table X1 summarizes the weight madels used in the study for pumped fuel
systems., [he weight of the 1ifiing rotor tor a conventional system was
computed as a function of total blade erea requiared, Ag.

HP.R = 2. ﬁ%'Z?

The forrula is based on m3ain and tail rotor data given in Reference 4
with adjustrants for tall rotor weight. The 1ifting rotor woight
equations for tip driven cenfiqurations 1nclude a weight increase factor
for tubing, insulation, and hravier structure.

References 5 and 6 show a 20-perceat weight increase for cold cycle tip
nozzle driven rotors and a 35-percent increase for hot cycle driven
rotors over shaft driven teetering rodors,

Tail rotor weight for the ceavenliondl concept 1s @ function of power
required, P, and rain rotor tip speed, RR
WNip = 25

This equation is based on analysis of UH-1, UH-2C weight data, 3nd Kaman
drone designs.

Rotor drive weight for the conventional main/tail rotor grarboxes,
drive shafts, lubrication systems, and auxiliary drive bones was calcu-
lated as a function of Yifting rotor turque, O, in ft-1b.

Np = 0.43Q 0.72

Several sources of transmission weight data were examined and showed gqood
corrclation with the model, For tip driven concepts, a weight allowance
equal to 2.3 percent of rotor 1ift was made to cover gearhoxes for
nechanical yaw control and accessory drives., Data from the Hughes XV-9
and the Vertol study in Reference g support this allowance.

The weight of a basic turboshaft engine was calculated as a function of
engine rated

Wap = 4.6/ RD-63

The equation was established fram the logarithmic courve fit of actual
engine weights shown in Figure 11. Fur cold cycle tip nozzle drive, an
additional 40 percent woight was added to accounl for a Sénargte shaft
driven air compressor {as in the Dornter Kellntz) or an auxiliary load
Compressor stage as in dilliams new WR-27 engine. For hot cysle systems,
a 15-percent weight reduction is made Lo cover removal of the power tur-
bine stage and outout shaft. :
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TABLE X1. AIR VEHICLE COMPONENT WEIGHT MODELS
(PCMPED FUEL SYSTEMS)
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Weight allowance formilae shown in Table X1 for pawer plant insgallat1on.
fuel system hardware, airfrare, landing gear, and mechanical flight con-
trols were Based on extrapolations of data on existing helicoplers down
to the low qross weight range of the urmanned tethered platforms. All
pueped fuel systems were sized with 15 nioytes of fuel while on station.

The weight of the Automatic Flight Control System, AFCS, was computed
as a function of 1ift, L.

Wapcs ® 20.5 ¢ 0.0015 L + 0,7L"

This equation is bated on autopilot designs utilized by Kaman on previous
drone prograns and includes allowances for attitude and cable angle
sensors, AFCS electrontcs, cyclic pitch actuators, and AFCS power supply.

The final entries fn Table X1 are the weight allowances assumed for dir-
borne electrical power generation and auxiliary equipaent.

3.2.2 FRating of Power Plants

Th2 rated power of the engine, R, at sea lovel, standard atmospheric
conditions required by the weight models was calculated using the follow-
{ng relationsmip:

SHp
R 5 [1v-2.08(8-1)]

where & = pressure ratio at altitude
and € = temperature ratio.

For the tig nozzle rotor systems, the rotor horsecower wis relatad o an
equivalent turboshaft engine rating to determine the weights of tho
engine and the installation allcwance.

The equivalent corpressor power required for a cold cycle rotor was
calculated from the airflow relationships qiven in section 3.1.6. The
results of these calculatigns are presented in Figure 12. The ratio of
compressor drive power to rotor drive {s plotted as 8 function of |.-es-
sure ratic for cold cycle systems with and without tip burning. A
pressure ratio of 3 was assumed to minimize power and fuel flow rate.
This resulted in a power ratio of 2.5 for the cold cycle system and 3
power ratio of 1.0 for the system with tip burning.

These power ratios were used to determine the power rating of an eauiva-
lent turboshaft engine, The weight of the power plant and its installa-
tion could then be calculated from the weight models described in the
previous sectian.
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A sinilar calculation apgroach was adapled to determine the rated power
of the gas generator for hot cycle systems. The results, plotted in
Tigure 13, show that the engire-power/rotor-power ratio s a function of
engine specific power and rotor tip speed. The hot cycle systeas were
sized assuming a specific ennine pawer of approximately 100 horsepiwer
per pound per secend of afrflow. With the selected rotor tip speed of
600 ft/sec, the power rating of the egquivalent turboshaft engine is
approxicately 2.1 times the reguired rotor power.

In both tha pulse jet and ram jet systems the power rating used for
calculating jet weights includes rotor power and accessery drive re-
quirements with an adjusteent Lo sea level standard day conditions.

3.2.3 Fuel Consumption

The performance of alreraft turboshaft engines at sea level standard day
is shown in Figure 14. The specific fuel consumption, sfc, in pounds per
hour per horsepower at rated horsepower {s plotted vs rated horsepower
for a nember of engines. For large engines, 400 to 2000 horsepawer, the
rated power fuel flow of current technology engines can be approxirated
by the following equation:

sfc =113 R 0105

fFor engines belew 400 horsepower, the fOllowing relatica was uzad in the
study,

-0.405
sfc = 6.973

Both mathematical models are plotted in Figure 14 together with actual
data. The fuel consumption of turboshaft engines at partial power or at
other than sea level, standard day conditions, 15 shown in Figura 15,

The fuel consumption relationship qiven above was used for turboshaft
gear-driven configurations and for the cold and hot cycle systers with
the equivalent engine power rating., For the system with tip burning,
the total fuel flow was calculated as a function or rotor pawer required
and crmpressor pressure ratio. The results are plotted in Figure 16

and with a compressar pressure ratio of 3, the specific fuel consumption
with tip burning 15 approximately 2.3 1b/hr/hp.

Fuel consumptions for ram and pulse jet systems were based om thrust
specific fuel consumptiens of 5.75 (1b per hour per 1b of thrust) and
6.0 respectively. These values were estimated by the Marquardt Company
for the =otary-wing platform operating conditions.
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3.2.3 Telher/Fuel Line Design

The tether cable concept assumed for the sizing stud: «. shown {n

Figure 17. The fuel line is a nylon tube with & pressure wiading of
polyester fibers. Two RG/UYB) coax data cables are placed inside the
fuel hose. The cable tensfon loads are taken dy & woven wrap of Dacron
and the outer pratective jacket is sade of nylon.

Cable sies and weights were determined as a function of fuel flow
assuming JP-& fuel with a specific aravity of 0.77 and a viscosity at
95°F of 0.90 centistokes. The tension memter was sized assuming 3 maxi-
mum cable load of 2000 pounds., The Interna) dismeter of an unobstructed
fuel Tine was calculated for various flow rates and pumping pressures.,
This dats, shown in Figure 18, was then used to compule dimensions and
weights of the selected design accounting for the cosx data cables zad
311 cther elenments. The results are shown (n Figures 19 and 20 for
pumping pressures of 1000 and 1500 psi.

The tether cable loads at 50 knots were computed 2t a number of fuel
flon values using the computer program descrided in Section 3.1.4,
These loads, which are 1n the proper functional form for the fterative
sir vehicle sizing process, are plotted in Figure 21 for pumping pres-
sures of 1000 and 1500 psf. The aerfal vehicles were stzed for 1000
psi fuel Jines to minimize the ratings of pumping equipment.

3.2.5 Aerial Vehicle Sizes

The primary physical characteristics of the serial vehicles are Y{sted
tn Table X)1. Al configurations are sf2ed to meet all the perforrmance
specifications. €or all pumped fuel systems examined, the harsepower
rating was determined by the ¢l1imd congition at zere wind. Table X111
shows the dreakdown of air vehicle weight, the rotor data, &nd the cabdle
weight and diameter required. Figures 22, 23 and 23 show representative
designs, t2 the same scale, of the conventiona) helicopter, the tip jet,
ard the ¢old cycle system.

Erpty weiGhts of the pumped fuel concepts vary from 264 pounds for the
ram jet concept to 721 pounds for the cold cycle system, but vehicle
gross weight plus cable load at 50 knots only varies from about 8BS0 to
1200 pounds for the concepts stucdied. Rotor diameters and rotor horse-
poner 2130 show a relatively small variatfon, but fuel flows vary from
89 pounds/hour for the conventional turboshaft driven concept, to 184
pounds fhour for the cold cycle, up to 366 pounds/hour for the tip
;oun}ed gulse Jet. Further evaluation of the concepts fs gresented in
ectson B.

3.2.6 Altemate Purped Fuel Systems

Tahles X1l and X1l provide physical charecteristics on six specific con-
cepts for the seria) platform utitizing fuel pumped from the ground to ebd-
tain the specified endurance of 16 hours. The physical characteristics
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Figure 17. Typlical Tether Cable For Pumped Fuel Systems.

IS -2 R il Dt S

b} T b e e P AN




r., g ——~ = =
3

4]

.18

W16

LHTERMAL CLALTER ~ IN,
=

A2

.10

/5\ :
Hﬁmi ( \ 0.4 bpa = fual Flow Rafe /;:\
ST
\.J gon J_/
A\NEENEZA N
N R e
% Pl
l P(:\ f/ |
N R i T 2
N //
X




Sv

»
- AR T O FASTT T et = — s e B [ Y O = e P T T L T S A T O S N Ty
|
1000 g3t ]
5 =1 1570 Ie5 1 A
£l -—.___..-i-'-_
.,.f"’..‘u-l-"'"—-
e el
vy
V7 bosice oren of remuda CABLE ASSEELY
A
=
¥ J—
= 1000 g5 p—"
'E i ...--"'.-——'-"I;_-—:—-—" P o T
o H
S | putien of fu (L DL AN
" W7
Y 7
'I‘ T2 I'E- "
o.p, >
—
0 ) ) 120 % 200 740 260
FUEL FLOW - LB /HR
Figure 19. Tether Cable Diameter - Pumped Fuel.

e A

-~

-

P .

L i ¥ g



.

(4 o = .V" 4 v
-3 - - — - .
A2
1000 PSI
-1 ?—‘_
; e B 1500 P51
:::;"'“ =
k= =
§ .Ne %/
g o e
R - //.,-—--\.\\
iyl w Oh B
o ]
; 7 \
© L)
.04 AW {/}
H‘h—.—ﬂﬂ'J
0 T 80 120 160 200 et TR
FUEL FLOW - LB/WR
figure 20. Tether Cable Weiqht - Pumped Fuel.
. = N "\ '-'\,_‘\. = . 1 -
: 3 Py e e A S ;



iy

s _\‘“:.:f T ‘-"'-:':\-.\_“--
A
l3
g 1009_PS1.
' 2 {“/ JSO_Q pSl
::' ]
g
s 50-KT WINDS ;
g STATION KEEPING
= AX, AY [+ 25 RETERS
AL X SO (FEET
Q 10 i) 170 60 700 740
FUEL FLOW - LR/HR '
Figure 21. Tether Cable Load at Air Yehicle - Pumped Fuel,




.1

_\-
TABLE XII. AERIAL VEWICLE SIZES (PUMPED FUEL SYSTEMS)
o — —
CONVERT CNAL TIP DRIVEN
DRIVE RE&M JET PULSE JET | COLD CYCIE | TIP BUANING | BRT CYCLE |
EPTY NT (LB) 301 264 278 721 445 485
FUEL LOAD (LB) 22 86 74 46 59 36
PAYLCAD (LB} 200 200 200 200 200 200
GROSS WT  (LB) 613 550 570 967 704 701
CABLE LOADS(LBY
0-HIND CLIM3 200 213 214 200 210 204
50 KNOT WINWD 237 283 287 254 204 247
RGICR DIA. (FTY  16.1 15.6 15.8 19,3 17.1 17.0
ROTOR POAER(HP) a7 86 88 130 102 101
FUEL FLOW(LB/H 89 343 366 184 237 142
ENGINE RATING (Py 131 - - 440 139 288
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TABLE XI1:. ALRIAL PLATFORM DATA - PUMPED FUEL CONCEPTS
Cold Cycle
Conventlonal Ram Jet Pulie Jet Cold Cycle with Hot Cycle
Tip Burning
Erpty Welgnt (Ib) 391.0 2644 278.5 720.7 444 5 465.2
Hain Rator 48.0 55,2 59.6 2.9 6r.4 1.1
Ta#l Potar 4.0 0.0 0.0 0.9 0.0 0.0
Drive System 3.7 17.5 14,0 2r.0 21.0 20.8
Pawer Plant 160.7 17.4 22.5 .2 146.0 140.6
Paower Plant Inst. 19.6 10.0 10.0 65.9 20.8 41.2
Fuel System 2.0 1.7 8.2 4.1 5.3 3.2
AtrfraTe 79.8 7.4 74.0 125.6 91.4 51.0
landing Gear 12.3 1.0 11.4 19.3 4.1 4.0
Fech FIt Controls 9.2 8.2 B.5 14.5 10.5 10.5
Aato Flt Controls .z 1.0 41.3 46.2 43.0 1z.9
Electrical 15.0 15.0 15.0 15.0 15.0 15.0
Aux, Equip. 10.0 10.0 10.0 10.0 10.0 10.0
Rotor [ate
Dfameter {ft) 16.1 15.6 15.8 19.3 171 17.0
Solidity 0.054 0.055 0.055 0.054 0.054 0.054
RPM 12 9219 507 593 672 676
Na. of Rytors/Blades 172 1/2 /2 1/2 /2 1/2
Cable Cata
Olaneter {in} 0.505 0.578 0.530 0.540 0,580 0.52%
Height {1b/ft}) 0.095 0.108 0.128 0.101 0.105 0.099
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of certain other system concepts can be inferred by cemparing corponent
characteristics. For turbeshafi engine and gear-driven rotor CONCEepts,
the differences ¥n tota) system chavracteristics will stem from differ-
ences in rotor syste~ lifting and propulsive efffciency only. Therefore,
the platform chararteristics for coaxial, syrchropter, and tandem roter
systems driven by turboshaft enqines and gearboxes (concepts 9, E, and F
in Table VII} can be estimated by comparing their rotor efficiencies
with that of the conventional main/tail rotor system. It is qenerally
accepted that these efficiercies are not sianificantly different and the
aerial platforms will all be similar in size and require about the same
size engine as the conventfonal platform described in Tables XIT and
XITI. This fact can be verified by examining the data in Table XV on
electrically pmwered concepts. There, a direct corparison {s made of
the conventional, coax, synchropter and tandem concepts. Gross weights
vary less than 5 percent, and tota)l horsepower varies about 10 percent.

Table VY111 Yists bleed air and auxiliary compressors (concepts F and G)
as candidate power plants for cold cycle tip driven systems. The data
presented in Ta:le XIl does not distinguish betwren these concepts

and {s censidered applicable to aerial platforms with oversized hleed
air machines, shaft-driven auxiliary compressors, or integral corpres-
sors specifically cesigned for the tip nozzle afr Joad. The choice of
concept denends _on the gptions available at the time production is cone
templated. Given a choice, an integral compressor, tailored to the

tip nozzles air load requirements, would always »e selecteé becausa of
weight, cost, reliability, and performance advantages.

Other concepts considercd were the use of airborne rotary and recipro-
cating internal combustion engines, (concepts D and E, Table VIII), in
1ieu of the aircraft turboshaft engines. The main advantage of these
engines over turbines is their low cost.

In the 100-horsepower range, a turbine may cost 6 to 10 times as duch
as a drive systen employing an internal combustion engine. Fuel con-
sumption at part pewer also qreatly favors internal combustian engines.
There are, however, a great many diradvantages to the use of interral
combustion engines for the tethered platform. The most significant
ftens, rerhaps, are their lower reliability, shorter life and higher
maiatenance. The danger of fire §s, of course, sicnificantly higher
with aviation gasoline, but separatien of the ground fuel supply and
careful design of the platform pumping system should be able to prevent
a catastrophe.

The internal combustion engines are noisy and heavy, In addition,

to higher hasic engine weight they require rotor clutches for starting
and coolina a system. These components degrade systea relisbility.
finally, the reciprocating engine has a high vitration level.
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In the family of pumped fuel systems employing shaft-driven rotors or
celd cycle reaction driven rotors, the aircraft turboshaft engine must
be chosen over internal combustion engines for all missions invnlvirg
long periods of operation because of its superfor operattonal and main-
tenance characteristics. IFf the tethered platform is employed on
nmissions where total )ife-time nn station is low and risk of loss i¢
high, then the law cost of the tnternal combustiron engire may warrant
further consideration,

The fet flap concept (concept k in Table YIII) can be considered a vari-
atton of the basic cold cycle concept that has been analyzed. The
potential use of high-.ressure air to drive ¢ rotor and to 21ter local
airflow distrihutinn, thus controlling cyclic pitch , has been deren-
strated. Insufficient data was available to establish a special weight
and performance eodel for this concept and, tnersfore, the resyltant
aerial platform characteristics must be projectad from the basic cold
cycle system data. Propulsion efficiency of the jet flap is eust likely
lower than that of tip nozzles,and rotor blades would probebly be
heavier. Some compense:in reduction in weight wauld stem from a si=-
pler mechanical flight o.ntrol system. All1-in-all, the jet flap system
would be very close to w2 projected cold cycle system with a slightly
larger enging and increased fue) consumption. However, the jet flap

fs sti11] undergoing explorati; developrant and should not be considered
d4s a primary candidate v_- 2 tethered platform at this time. A sirilar
concept for rotor comt./ol is the circulation €antrolled votor baino de-
veloped by Kaman usder Contract K00019-73-C-0429 to the U.5. Havy. [ut
Tike the jet flap, it must show that its promises can be fulfilled in

an operational system.

3.2.7 Alternate Fuels

The use of aviation gascline in {nternal combustion engines has been
discussed above., Aviation gasoline has also been used in turboshaft
engines in emergencies. However, the most probablec alternatives to

s:andard Army aviation JP-4 turbine engine fuel are JP-5 and diesel

ofl.

JP-5, us-d by the Navy, has a higher fiash point than JP-4 but cannot
be used at fuel temperatures below -40°F, (JP-4 can be used to
-65°F.) The energy per pound of JP-5 is essentially the same as JP-4.
Most turbine engines burn JP-4 or JP-5 without difficulty. Sustained
operation with JP-5 at partial power can lead to coking {excessive
carbon deposits) fn the combdustion secticn.

Diesel oil has teen used in emergencies in aircraft turbines and some
Lycoming turbines have been qualified with it. Encrgy per pound 15 very
close to JP-4 and presu=ably any engine can use it with appropriate
changes to the fuel controls. Like JP-5 it is limited to -40°F.
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It appears, thersfore, that efther JP-5 or diesel ofl 15 an alterpative
to standard Army JP-4. Ffrom a logistics pofnt of view, diesel oil is
attractive. Assu=ing diesel powered trucks to transport the derial

platfore and 11s ground contro) station and diesel driven generalors for

ground station electrical power, all engines could draw fuel from a
single tark of dicsel oil. For environments below -40°F, the 011 qoing
up the tethar line would have to be heated.

A brief examination was made of natural gas to see if there were any
advantaqes to this form of enerqy for tetherad platforms. Natural gas,
or butare or propane, has a heating value of approximately 15 percent
higher than JP-4. If the fuel 15 pumped in the gaseous stale, pumping
pressures over 390 psi would be required with a fuel line diameter of
0.5 fnch. The tether cable would therefore be heavicr and larger than
the equivalent line carrying JP-4 fuel, the air vehicle 1ift would be
higher, and a larger engine would be required. Therefore, the benefit
of the higher heating value per pound of natural gas would be largely
neqated.

Ratural gas could not be pumped to the aerial platform in liquid form
without introducing & significant problem in tether cable design,
Natural gas stored at one atmosphere must be kept at minus Z60°F to
maintain & licuid state. Even with a pumping pressure of 1009 psy ths
cable would be extremely cold and 1t may not be possible to fabricate
a cable with suitable strength and flexibility.
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3.3 [Electric Power Systems

herial platform dats was generated for six concepts powered by electri-
¢3) encrgy suoplied from the ground via the tether cable. Al concepts
utilized airbarne electric mectors and, except for the high-speed fans,
gearboxes to drive the 1{fting rotors. The mathematical process was
identical to that descrihec zbove for pumped fyuel systems, and similar
data was generated for the candidate concepts. The following discussion
{s restricted to weight and performance models that are signif{cantly
different for the electrical concepts or were not described previously.

3.3.1 Air Vehicle Veight Models

The weight sodels for the electrical systems are listed in Table XIV,
The rotor weights for the codxial and synchropter concepts were COR-
puted assuming a single rotor with four blades, fFfor the tandem, the
weight was calculated assuming two 2-bladed rotors. WMeights for the
oultifan and ducted fan were calculated assuming a constant weight per
fan power rattg.

Gearbox and rotor shaft weight was computed on & per-rotor-torque basis
with 2 15-percent penalty over conventional gearbox weight for longer
shafts and sore duplication of psrts.

3.3.2 Air Vehicle lotor Characteristics

The welght of the airborne elertric motor is calculated as a function
of motor power,

My = 2.73 70764

This relationthip 1s plotted in Figure 25 together with actual or esti-
mated weights provided by motor manufacturers.

Previous studies have shown that induction motors are well suited to the
speed/10ad reguirements of 1ifting rotor systems, Aerial platform data
was calculated assuming the same type motor and power system for each
concept.

Four pole induction motars with 3-phase 400 M; power were assumed Qiving
a na 103d speed of 12,000 rom, Integral ludrication and cooling systems
and a high-speed reduction geardox were &ssumed and 2re fnciuded in the
rotor weinght model, Typical design efficiency was esti=ated by motor
minufacturers at 35 percent, Power factors are 0.88.

Power i< tranenitted from the ground at 2200 volts to keeo cable diameters

small and thys limit cable loads in high winds.

The above values are not necessarily optimum for electric tethered pleg-
forms but are representative of the current state of the art, and provide
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TABLE XIV. AIR VEHICLE COMPOSENT WEIGHT MODELS (ELECTRICAL POWER SYSTEMS)
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& sound basts for comparing electric systems to other platform concepts.
If an electrical power concept s selected for a given rission, elec-
trical power parameters should be selected carefully to minimize over-
a1l systea cost.

3.3.3 Electric Tether Cable Design

Figure 26 shows the tether cable configuration assumed for air vehicle

sizing purposes. Tension loads are carried by a central cable of stran-
ded steel sized to a raximum load of 2000 pounds. The three-phase power
conductors wer2 sized to a maximum surface temperature of 150°F (at 95°F

[ —

L T mag i B A A R e —

ambient), and cable dianeters and leads were computed for copper and
alumina conductors. Conductor fnsulation was sized to 23200 volts

line-to-1ine with a burn-through safety factor of 2.5. Siliccne rubber

was assumed for its good high-temperature characteristics and at 400
volts/mil, a thickness of 15 mils should be adeguate.

Three coaxial data cables were utilized in the design to provide a sym-

metrical seven-strand lay. This will minimize intermal fricticn and

wear dve to cable flexing and winching loads. The third position could

be filled with any member with good mechanical properties, but the use

of a third coaxfal data cable would provide flexibility or redundancy in

data transmission to and from the aerial platform

The weight {per foot) and diameter of the cable assemhly was calculatnd

over a range of transmitted power levels using total temperatur2 rice

as a criterfon. The results are shown in Figures Z7 and 28 as a function

of airborne motor horsepowar.

" Total cable load at the zerial platform is shown in Figure 22. Alumi-

num conductors were assumed for aerial platform sizing.

3.3.4 Aerial Vehicle Sizes

Tables XV and XYI present the results of the sizing study for six
electrically powered platform concepts. Figures 30 through 35 show
possible implementations of the concepts. The mctor horsepower

:em:irements vary from 81 for the synchropter to 176 for the ducted
an. ‘

3.3.5 Alternate Electric Systems ,
The electric cencepus examined all utilize shaft-driven rotors with
rotor torque balanced in equal counterrotating 1ifting rotors or by
means of a tajl rotor. An electrically powered torqueless system can
be hypothesized with a motor-driven afr compressor and rotor tip
nozzles. This would be the electric equivalent of the cold cycle
pumped fuel system shown in Tables XII and XT11. ODifferences in ajr
vehicle gross weight, rotor diameter, and required horsepower would
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TABLE XV. AIR YEHICLE SIZES (ELECTRIC POWER SYSTEMS)

m —_— e T
—_——

CCNVENTIONAL| coaxiaL  |SYNCHROPTER | TANDEM |MULTIPLE FAN | DUCTED FAN

ENPTY WT  (LB) 337 363 356 340 434 437

PAYLOAD  (LB) 200 200 200 200 200 209

& GROSS WEIGHT(LE) 537 563 556 2540 634 637

CABLE LDADS (LB)

0 WIND CLIMB 235 229 230 234 268 283

50 KKOT WIND 264 236 -3 242 291 320

ROTOR DIA, (FT) 15.7 15.9 15.8 12.2 3.2 5.4

: HOTOR RATING, (HP) 92 82 81 86 143 176
-
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Empty Melght (1b)
Mafn Rotor
Taill Reter
Orive System
Power Plant
Fower Plant Inst.
fuel System
ARirfrare
Lendirg Gear
MWech Fit Controls
Auts Flt Coatrols
Electrical
Aux. Cquip.

Ector Data
Diamater {ft)
Solidity
RPH

Cable Data
Diareter {in)
Wgight {1b/rt)

Na. of Rotors/Blades

TABLE XVI. AERIAL PLATFORM DATA - ELECTRICAL POWER

r=====================================.___._____

S S —

L‘-..— e ¢ e 4 e TR e el e

-_mq-
Conventfonal | Coaxial |Synchropter Tanden m}l_ttple bucted Fan
and

1367 343.5 J63.5 340.1 434.1 437.4
43.] 543 53.7 46.6 43.1 53 0
3.8 0.0 0.0 0.0 0.0 0.v
45.0 %9.9 60.2 52.) 0.0 0.0
86.2 79.2 £0.0 84,1 219.5 185,13
2.8 2.5 2.5 2.7 4.3 5.)
Q.0 0.0 0.0 0.0 0.0 0.0
9.7 13.2 72.0 70.3 107.7 101.9
1.7 1.3 11.1 10.8 G.) 15.9
8.0 16.9 10.5 13.5 0.0 1.6
41,1 1.4 41.3 39 28.1 43.2
15.0 15.0 15.0 15.0 15.0 15.0
10.0 10.0 10.0 10.0 19.0 10.0
15.7 15.9 15.8 12.2 ).2 c.4

_0.052 0.061 0.081 0.052 0.097 0.1%

bk 132 725 943 [} 3 654

1/2 214 2/4 Z/4 8/18 FeL]

0.458 0.44) 0.445 0.453 0.514 0.582

0.129 0.123 g.728 _o‘ih_ 0.160 0.180
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Figure 30. Elactrically Powered Conventional Kelicopter.
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Figure 31. Electrically Powered Coaxial Concept.
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Figure 32. Electrically Poered Synchropter Concept.
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come primarily ‘rom differences in power plant weight per unit horse-
puwer, At 440 horsepower (the rated horserower of the pumped fuel cold
cycle system) electric motors are heavie= than turboshaft engines. How-
ever, the electric platform would not carry fuel (46 Yb), 50 the two
concepts would yield about the same size aerial platform. The fyel
consumption (on the ground) of the electric cold cycle system would de-
pand on the choice of price myyver for the generator.

3.4 Integral Fuel Systens

In accordance with the statement cf work, aerial platform sizes were
determined for systems carrying mission fuel. Since the system speci-
fications required 16 hours endurange, only shaft-driven low disc load-
ing rotor concepts were contemplated. Data was calculated only for the
conventipnat rain/tail rotor confiquration. The resultant data are
tabulated in Table XVII for a range of mission endurance values.

The aerial vehicle weight and performance mpdels descrited in Sections
3.1 and 3.2 for the tyurtoshaft driven coaventional concept were used
here. Disc Voading in haver was 4 1h/ftZ and blade Yoading at 50 knots
was 74 1b/ft. A tether cable with two coaxial data lires was esti-ated
to weigh 73 pounds per 1G63] feet and have a diameter of 0.38 inch.
Cable tensicn at 90 knots was calculated to be 195 pounds.

For the mpdels as described, and the conventional Felicozter concept,
the maximur endurance pbtainable with intearal fuel was found to be
approximately 13 nours. Seyend this pogint the endurance decreased {(due
to hiyter gross weight and horsepower requirements) as fuel was added.
Table X%l shaws a 6D-oercent qrowth fn gross weinght and horscrowser 2s
the endurance 15 increased from 8 to 10 hours and an aiditional arowth
of over 107 percent goyng from Y0 tg 12 hours. Even with = disc load-
ing of 2, a 330 horsepower machine is required for an endurance of B
hours. Carrytrq mission fuel aboard the aerial platform 15 clearly not
the best way to act lona endurance.

For short dyration missions, the integral fuel concept yields reason-
able aerial platform sizes. Table XV11 sh.ws a rotor diameter of 17.4
fect and an engine ratina of 152 horsepower for 1 hour endurance. (A fuel
reserye of 15 minutes was also included.) The comparable values for the
purped fyel canventioral platform were 16.1 feet and 131 horsepower,
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TAALE X¥11. RERIAL YEHICLE SI7ES (INTEGRAL FUEL SYSTEMS)
I 0:1-STATIOY EXDURANCE
oA 1w 1w | a1, | 10w | 12m
ERTY T (LR 392 459 1302 1233 2091 WE7S
FUCL LCAD — (LR) 5 114 1227 1062 2181 5133
PAY LOAD (B 209 200 200 200 200 209
637SS KT (LR 678 773 2729 2550 4472 16214
CABLE LCADS (LB)
C-1%N 177 177 177 177 177 177
50-KNGT WINDS 1557 135 195 195 135 195
ROTCR DIA.  (fT) 16 17.4 39.4 4l.7 33,5 56.9
RNTGR POSER (HP) 96 122 331 745 526 11L8
FUTL FLOY (LR /ZHR) 86 91 148 179 218 478
ENGINE RATING(HPY[ 13D 152 1) 331 712 1549

(1) ALL FUEL LOADS I:CLUDE 15 KINUTE RESEAVEZ IN HOVER,
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1.5 Compressed Air Systems

An attractive candidate for a reliable long endurance platform is one
which ytilizes high pressure alr from the ground as rctor drive energy.
In this concept, & compressor on the ground Eusmgs high pressure air ug
the tethar cable to the air vehicle. The air vehicle utilizes a single
cold pressure jet rotor where 2ir under pressure flows from the hub
throungh the rctor biades to tip nozzles. The attraction of this system
fs 1ts simplicaty. The air vehicle does not require a power plant or 3
gearbox. As a result, the vehicle §s very Yight per unit of rotor lift.

The main disadvantages of this concept stem from the poor efficiency of
the drive corcept. As already seen in the sizing of pumped fuel systems,
the cold cycle concept required three times the horseposer of a qear
driven rwtor. If the air is pumped from the qround, larae Lubes are re-
quired, cable loads at high wind speeds are high, and the rotor lift

required grows rapidly, regating the apparent weight and size advantages
of the concept.

Selecting the flow conditfons tor pumping high-pressure air to the
vehicle involves some trade-offs. In gorder to minimize cable loads, the
smallest possible tude/cable diameters should be used. However, the
difficulty of pumping atr over long distances in small tubes arises,

and choking 1imits the cable diameter. Temperatures also rise rapidly
&S pressure goes up and friction losses increase, thereby introducing

a nced for cooling the air before it enters the cable.

Aerial platform and cround component data was calculated for twe air-
flow corditions, hot high-pressure 2fr and cold medium-prossure zir.
The results are shown 1n Table XVIIT with cata on the cold cycle con-
cept employing an zirborne turboshaft engine driving a co-pressor. The
airflow conditions are listed in Table XIX., The cold air is obtained

by passirg the air through a cooler on the ground before qning to the
cable.

The data clearly shows the advantages and disadvantaoes of the pumped
air concept, The erpty weight of the cold air system is less than half
that of the pumped fuel system byt its fuel flow §s about nine times
higher. The cable load at 50 knots is 1322 pounds for the puwped afr
system compared to only 254 pounds for pursed fuel, but it is the enerqgy
lost in the long tube rather than the external loads that drives the

system horsepower and fuel consumpticn of the pimped air concept to Such
high values.

When the cold purped air system s compared with a pusped fuel system
erploying an advanced technology turboshaft engine, the poor averall
efficiency s readily apparent. The fuel flow for pumped air is 12
tires tnat of the pu=ped fusl syster. For 16 hours of cperation, 4300

gallons of JP-4 fue) wayld be required by the qround based turbine/coo-
pressor and afr cocler.
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TABLE XVILL. CO¥PARISON OF PUNPED FUEL & COMPRTSSED AJR SYSTEMS
EMPLOYING COLD CYCLE TIP ROZZILES |
MBAVED FUEL PUNPED AIR
CURRENT TECHNOLOGY | AOVAKCE TECHNOLOGY
XGRS MG IRE ¢OLD 3 HIT
EMPTY WEIGHT (L8} 72 589 224 2 |
FUEL L0AD (LB) &5 3 0 0
PAYLOAD (18} 200 200 200 0
GROSS WESGHT (LB} ") 822 524 41
CABLE LoRas (L) H j
~ 0-%1K0 706 203 776 362 ]
S0 XMGT MIND 254 ! 245 1222 510 |
ROTOR DIAMETER (FT; 19.3 10.3 20.3 15,7
AOTOR WP 120 114 232 104
FUEL CONSUNPTION (LB/HR) 184 k)] 16z0(1) ss0l1)
ENGINE RATING (W) o 386 ! 2500(} psolt)
(1) These values apply to carponents focatad on the cround. :
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TABLE XIX, AIRFLON CONDITIONS
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#I1 AIR COLD AlR AIR FRCM
CCMPRESSOR OUTPUT AIR FROM GROUND FROM GHOUND AIRBORNE COMP.
PRESSURE : 1100 PSIA 483 PSIA 4h PSIA
TEMPERATURE : 1100°F 60°F 300°F
AIR VEHICLE TNPUT AIR
PRESSURE : 115 PSIA 218 PSIA - 44 PSIA
TEMPEPATURE : 1300°F 60°F 300°F
FLOW RATE 1.1 LB/SEC 5.7 LB/SEC 4 LB/SEC
AR LINE DIAMETER 1.0 IN. 2.0 IN. -
_:M — e ==
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The hot afr system looks much better, but the temperature of the small
air hose varies from 1102°F to 1329°F. It {5 dcubtful that a practical
lonq 1ife cable could be rade to handle this airflow,

From the data aenera®ed, it was cancluded that pumped hich-pressure air
was not the best f‘orm of enerqy for the tethered platform and no
further analyses were conducted.

3.6 Autogyros

The autogyro was the first rotary-wing vehicle to be utilized as a
tethered elevated platform. Unpoeered autoqyros, towed by surfaced
submarines, provided elevated gbservation posts for the German Navy.

At the present time, Kaman 1$ under contract to the U.S5. Navy to demon-
strate the feasibility of unmanned, avioratically controlled autoqyros
as elevated sensor platforms tethered to ships.

Flight tests of experimental mpdels of STAPL (Ship Tethered Aerial Plat-
form) are scheduled for mid 1974,

The motivation for STAPL stems from the simplicity and low cost of thke
autoayro corpared to driven rotor systems. The skips rotion and pre-
valling winds at sea also offer the potential for unpowered cperation
at a szaving of 200 to 300 qallons of fuel per day. Kavan's current
cantract to deninstrate the aerodynamic and furcticnal feasibility of
an sutomatically controlled auteqyro is a necessary first step in
developing this concept for the U. 5. Navy.

Figure 36 depicts an aper:tional configuration for the STAPL autngyro,
An electric motor drives a pusher propeller to raintdin atirspeed above
20 knots.

Operatiun with a fized around tether point for Army missions would re-
Quire a prapulsion system in the air vehicle, The resultant flight
characteristics mane it imoossible for the autogyro to meet the re-
qutrements for statior keepirg and the requirements for a fixed com-
pass crientation of the airframe, Without wind, the autogyro would

be pronelled §n a circular arbit of 600 to 800 feet diameter ind bady
fixed sensors would rotate continucusly. In winds of 50 knots, an
dutoqyro with STAPL performance would probably assume & position 500
to 700 feet downwind from the ground tether point (with 1000 feet of
cable}, and the airframe would peint into the wind.
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ROTOR DIA: 22 FT
EMPTY WT: 385 LB
PAYLOAD WT: 75-i50 L3
MOTOR HP: 90

Figure 36.

STAPL Autogyro.

18

e ceem ot o m e "

e e T o e — T -

b o Bl e e e B R LR T
'



Although the autagyro cannct meet the btaseline design requirements, 1ts
on-station flight characteristics may be acceptable for so=e missions.
However, launching and retrieving the autogyro from a stationary plat-
fore in the field requires addition of a rotor drive system which would
negate & larqe part of the inherent simplicity of the autogyro concept.
Perhaps the least involved system would be tip ram jJets. Aboul 200
pourds of fuel wculd be required to cover launch and retrieve tire.
Small solid rocket rmotors could be used to get the rotor up to ram jet
operating speed.

Although concepiua]ly simple as a tethered platform, the autogyre {s not
recommanded for Army fleld missions.
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SECTION 4
AERIAL PLATFORM DETECTABILITY

A limited analysis was made of aerial platform signatures and an sttempt
was made to estimate detectior ranges in the field. Simple models were
utilized in the analysis since the primary purpose was to obtain data
that could be used in the selection of the best aerial olalform. More
comprehensive moduls and analyses would pe required to judge surviva-
bility of any of tne tethered platforms in hostile situations.

4,1 Aural Detection

Octave band sound pressure levels and aural detection ranges have been
calculated for a nunber of air vehicle configurations. For each concept,
octave band scund pressure levels were calculated for those sources con-
s{idered to be significant. For the ducted and multiple fan confiqurations
only the fans were considered on the assumption that the electric motors
and/or gearbox noise contributicns would be insignificant. Roise levels
of the conventional helicopter, tandem, and coaxial/synchropter confiqura-
tions were calculated based on rotor contributions gnly. For configura-
tions employing tip jets. noise contributions from the jets as wall as

the basic rotors were ingluded, Component and total vehicle octave band
sound pressure levels calculated for #ach concept are given fn Table XX.

Aural detection ranqge for the unaided human ear was calculated using the
total vehicle octave bond spectra. A prediction rethod was used which
takes into account $ource noise generation characteristics, sound orop-
agation characteristics {(including spherical spreading, atrospheric
absorption, and excess absorption due to propagation over ground cover)
human hearing thresholds, and ambient noise levels. The results of this
analysis are shown in Table XXI. In all cases, only hovering flight at
1000-ft alt{tude over a densely forested area is considered. The human
detector was assuméd to be in 2 guiet foresc.

The vehicle shown to have the lowest aural detection range, 2.44 km, i%
the cold jet driven rotor. Superiority of this concept results from a
number of factors, among which are:

® The utiliration of a large, slow turning rotor, which
causes the fundamental rotor nofse component to be below
the audible frequenty range.

® The absence of antitorque tafl rotor.

* The use of low temperature, bleed air, tip jets, which

do not significantly contribute to the vehicle noise
signature.
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TABLE XX. SUMWARY OF CONPONENT AND TOTAL
VEWICLE SOUND PRLSSURE LEVELS
Octave Band EPL"8 = 48
Ira.=.825] whar)
Concepe

Duecriptian Cowormnt A &) TTIN TN L VIT LA ] ab FIF O Td.
ODuctad Fan - Total 12 fans) - = j1e7 1o JLod Yoo | o1 JG3 |m}
Blecirie Ctive
Coan/dyncheopter | Teral 1) gotoral 91 | B l M L 6L T 36 2
Rloetrid Criva l
Eud WA /TR, - Main Astar | I3 | 65 | s 66| TR [6a |iY
Elactglc Dxive | Tall Fotor = - a4 0 arlcol M | N

Total [ [ ] [ 1] LT 30 ST IO | |76 |13
Multiple iand = | “wtal 10 fan®) - = 167 192 SR]189 | MR |62 |CB
Bloctrle Deiwe J
Tander Potors { Tetsl (2 rotersi 52 : 88 [1] 13 MmN M in
Olectric Drive I
Bxd HW.2./T.R, = | Hsln Potor on | o3 | 2ol e | esfce] ve]ne |03
Pusped Tuni Tell Potor - - 11} 0 [ JERLEN N EL NN

Toral LE I ] s s lgrlalpEite
dingle Poxcr = I Rotor [ 3] | M % [ T} 64 | GH| Ca &Y IR
Dicad Mr TiD Jate 121 Wl n 43 ] 49 | 471 A Y 13| MD
Jet = Purpad Tesl, T:ia) &) l re Jo O 6a | Coj eS| LEFET] S
fingle Poxcy = F=tor #3 | 90 aq 10 epf o] ML ET LR
Ran Tip Jat = Jna 121 1% 1] (-3 [ 34 71| 69| 63 [ 4l | 37
Furped Fuol Toral 3| %0 “ | n MmiNn|rnjia| &k
#ir 1le fazor | Porer 80 ) 05 | 73] 64 | 881 ee] 70 ae les
Bleed Arr/vim Jevn (3] B.37130.9% Fec.% 73.%)79,5170.577.949.563.5
fwn Jar = Fuwpad| Tolsl | &3 73 73.% 79,9715 11, T1 | 4O
Pusl
gtd WA /T A - Maln Retgy a1 n 61 | 3% | sofed] 60| 39| 4
Tarblase Cilve - Torl Botor - 1 2] .1} od I NN IN | M
Inteqral Fwbld Tolal 8) | 92 [T ] YI| 2| M| TL{| 0

|
£l

S
e

- -

——— - p— i

— — e —

o P M e i, . AL bt . . . st . P 578

W ———— E——

-

| S L R ——



B L] 17T U —

TABLE ¥xI. AURAL OETECT'ON ranses(!) or TETHERED PLATFORMS

ConceplL

hural
Detecktlon Range
| 3]

1 Ducted Fansg -
‘Electric Drive

2 Coax./Synchropter
Electric Drive

3 Std Hoelicopter -
Main Rotor/Tail Rotor
Elactric Drivw

4 Multiple Fans
(8 Fans) - Electric
Drive

5 Tander: Rotors -
Clectric Driwve

6 Std Helicouter -
Hain Rotor/Tail Rotor
Pumped Fuel

7 Single Rotor -
Blead Air Tip
Jets - Pumped Fucl

8 Singlo Rotor =
Ram Tip Jets-
Purped Fuel

9 Single Rotor -
Bleed Alir - Tip Burning
Jets = Pumped Fuel

10 Std Helicopter -
Main Rotor/Tail Ro:ior
integral Fuel

1)A{r vehicle hovering 1000 ft above quiet forest.
m ——

.

6.24

2.44

3.90

.22

4.22
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Tre remaining vehicle concepts have aural detection ranges of 3.22 kn to
6.54 km. The ducted fan and multiple fan configurations exhibit the
greatest asral detectabiifty, primarily due to thelr high rpm and blade
loading. The next highest aural detection range is associated with those
configurations utilizing antitorque tail rotors. This is due to tail
rator notse deminating the vehicle noise spectrum, The detection range
of the tip ram jet is high because of the high rotor tip speed.

4.2 Infrared Detection

Infrared signaturas wers estimated for four basic designs:

1) electric power/motor: driven rotor

2) pumped fuel/turboshaft driven rotor
3; pumped fuelscold cycle tip nozzles
(4) pumped fuel/tip ram jets

A)1 concepts considered can ba assessed from the data generated.

The basic approsch involved (1) citimation of warm and hot body tempera-
tures gnd radfation oress, (2) calculation of radiant enarqy fren the
source, and (3) estimation of the stmaspheric attenuation betwecn the
source and o detector on the qround., The enalysis of detection range was
restricted to worst-case conditions, znd no attenpt was made to roduce
tiee IR siguatures, An uncouled detector, similar to what would be found
in current Infantry wesyons (shouldar fired), was assuusd in the ostima-
tion of datection ranges.

For the electric mator driven systems, the IR sources were the motor
cooling air and the tether coble. For both turbosheft enqine concepis,
gearbox amd cold nozzle rotor drives, the IR source {s the turbine

pover stage, &nd 1t was §3summd thit on gnobstructad end view was
available to the enemy. Plume detectiun was not considered. For the

tip rum jet, the detection range was based on steady radiation frem a side
vie= of the tip rem jet. The plume radiation was not considered.

The tesperatures and areas used fn the calculations are listed in Table
XXIi and the resultant detection ringes ares 1isted below:

(1) Electric Motor Drive - <<

1 km
{2) Turboshaft Engine Drive - 2.3 km
(3) Cold Cycle Tip Nozzles - 5.0 km
{4) Tip Ram Jets - 2.0 kn

The electric system is not detectable by simple IR means except at very
close range, perhaps 500 feet. The cold cycle system can be detected at
mich longer range than the shaft-driven concept because of fts large

engine (440 hp rated vs 131 hp). However, both engines can be shielded
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TABLE XXII.

INFRARED RADIATION SOURCES

Source

Electric Drive System

Cooling Air
Tether Cable

Turboshaft Drive System

Power Turbine

Cold Cycle System

Power Turbine

Tip Ram Jet System

Burner Section

Forward Tail Cone
Aft Tafil Cone

Source
Temperature
°F

157
150

1100

1160

1000

900
700

Source
hrea,

59. In.

6.5
500 (1)

23.8

100

17.5

16
20

Notes: (1) Cable diameter of D.4 inch viewed from ] km with sensor
having a F.O.V, of 2°.
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and the plume cacled with a4 nominal power pemalty. For tethered stand-
off surveillance, the engine exhaust should always be directed away from
the entry.

The tip ram Jet presenis a varying signature, and nealecting the plume
may lead to so7e inaccuracy in the detection range. In this case, little
can be darr to shield the wol sectiony or cotl the plure withgut serious
power penalties,

The IR analysis wes perfor=ed by the Vertol Division of the Boeing Com-
rpany wvnder subcontract to <aman Aerospace Corporatian.

4.3 Radar Detectian

The tether zable as well as the aerial vehicle must be considered in any
analysis of radar detection, Returns from the cable will depend pri-
marily an the aspact angles and the cable diameter and conductivity.

If the wind is hlswing from the tetnered platform toward the enery, the
convex cable will reflect only a small portion of the radiated cncrgy
back to the antenna, If the wirnd is blowirg in the other direction, the
concave cable will present a ruch larger radar target. ’

The diameteor of the purped fuel and electric power cables are, except

for the ran jet and pulse Jet systems, substantially squal. Considera-
tion of lightning dangers {discussed 1n Section 7) requires a coaduc-
tive shealh an the exterior of both types of cables to protect the in-
ternal conducting elerents. Therefore, the cables in the pumped fuel

and the eclectric power systems will present similar radar taroets, Care-
ful deployrent will be the key ta minimizing the cable returns. The
on-station altitude of the sensar platform should depend on the terrain
and the nomina) distances Lo the ground areas of interest., There should
be no need to expose & long length of cable to an enemy ground radar.

Radar cross sections of the aerial vehicles were not estimated. The
sketches showan 1n Figures 22 to 24 and 30 through 35 indicate widely
varying shapes and sizes. The codxilal, synchropter, and tip driven sys-
tems do have similar stapes and dimensions, and the bodies of the
vehicies will present similar radar targets. A comducting skin should
be used to reflect ~ost of the incident energy away from the viewing
radar.

The largest return will probably come from the rotor hubs, rotor blades,
and rotor controls. Some shielding with radar absorption raterial may
be possible but the net cross section will depend on the differences

in confiquration. The coaxial and synchropter concepts expose more
shafts and contrcls then the reaction driven cold and hot cycle machines,
but the tatter have large metal ducts that would involve suhstantial
weight penalties if shielded. The hot cycle, and perhaps the cold

cvcle concept as well, requires a metallaie structural member ir the

rotor hlade whereas the shaft-driven concepts can utilize nonmetallic

I
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rotor blades, thus reducing radar cross section of the rotor., feployment
and operattonal corcepts will have a major impact on radar detectability.
If high altitudes are used at close ranges to enemy qround radars, the
aerial vehicle will be cetected. Dut if the on-station altitude is
chosen near the lower edge of the enemy's radar beam, the stationary
tethered platform will not be detected except at very clase rznges.

A simple rasar warnirg device could be carried in the acrial vehicle and
the altitude of the tethered platform reduced if lock-on by an enemy
radar was Getected.

There are so—e missions under consideration where the platform will util-
ire radiating devices. For these missicns, the radar cross section of
the aertal platform is of secondary irportcice.

4.4 Visual Netection

Visual detection will depend on the size of the aerial platforn and its
contrast with the sky background. Unaided detection by the human eye
will be extrenely difficylt. Using a typical dimension of 2 reters for
the body of the aerial platform and assuming a very high contrast of 30
percent (1.5:1), an unaided observer 4 hn away has less than a SD-parcent
probability of detecting the platform §f be is looking at it. Careful
attention to vehicle finishes and colors should reduce the probabiility

of detection by the unaided eye to acceptable values at ranges vnder 2
km,
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SECTION 5
STABILIZATICN AND CONTROL

The first look at stabilizatian and caatro) of tethered rotary-wing
venicles scmetimes Yteads to the conclusian that a high degree of inherent
stability exists anj that augmentation is unnecessary. No self-stabili-
2ing system has becn demorstrated® und the tethered platform designed

to meet “he baseline stecifications will reguire an avtcmatic control
system.

Many ctuntrol and stabilization concepts exist, but all are not applicable,
much less feasible, to every 11fting syste® concopt., The mechanisms

for stabilization and control af the aerial platform must therefaore be
considered as part of the setection of the Tift system as well as for
their ability to meet the system performance specifications. The study
of stabilization and cantrol within this contract effort was restricted
mainly to a study of this interaction. Guidance in the selection of the
best overall system was sought; the detalled analysis and design of the
control system is left far a future effort.

The study included consideration of:

(1) attitude stabilization and control
{2) cirectional Tiignt performance

{3) staticn keeping

{4) trim attitude variations

(5) automatic flight contro) systess

S.1 Attitude Stabilizatian and Control

The baseline system specification requires that the attitude response to

2 10-%knot qust be limited to t 2 degreey with maximum angular rates of

t 7 degrees/secend. The platform disturbing moments will come mainly from
the reaction of the 1ift system to a change in airspeed and will depend
upon the manner in which the rotor or fan reactions are trancmitted

to the body of the platfom.

Several design parameters affect the gust response of rotary-wing
vehicles and minirizing the response requircs careful consideration of
the impact on other aspects of parformance. Increasing the disc loading
reduces the gust response of the rotor but leads to higher horsepomer
requirements. The airframe response to rotor disturbance depends on the
so-called rigidity of the rotor. A teetering rotor canngt exert pitching
or rolling mgrents at the rotor hub, and airframe attitude motions will
build up slowly as the rotor 1ift vector tilts from its ecurlibrivr

Note* Petrides {Ref, 1) does report on some limited Success of an effort
in Germany to fly a machine with multiple tethers,

87




i e w

position. For very stiff rotor systems, the change in 19ft on a rotor
blade, due tc qusts or chanages ir airspeed, will immediately exert a hub
moment and cawse ranid changes i airfra-e attitude, Flapping rotors
with hinges cffset from the center line of the rotor shaft have response
characteristics sgmewhere between the teeterinc rotors and the rieid
rotors. Kaman's ¥4-2 helfcopter has an offset of 3 percent {of rotor
radius) which is typical) of articulated rotor design. Lockheed's Chey-
enne and Sikorsky's ABC system Rave effective offsets of 20 to 47 percent
while Bolkow's Bo 105 has an effective offset of 12 to 15 percent.

The rotor’s response to qusts can be reduced by adding a ecyro bar (Bell
UM-1, etc.) or patch/flap counrling (é3) Lo the hasic rotor. The qyro
bar provices a reference plane for rotor rotaticn and *he &3 mechanise
reduces rotor biade pitch angle as the blade flaps. Eoth mechanisms work
through the rotor's cyclic pitch controls to reduce the rotor's response
to gusts,

AM1 1ift system concepts studied except the multiple fan and ducted
fan, can utilize similar 4disc loadings, offset hinges™, gyro oars, and
63, so that the basic gust respon<e of the rotor systems can be con-
sidered to be somewhat independent of rotor confiquration. Under these
assumptions, the response of the atrframe to qusts will depend oa tho
physical disposition of tha rotors on the air vehicle, the wvehicles
inertia, and the ccmpensating action of the Automatic Flight Contrpl
System (AFCS). But the physfcal properties of the air wvehiclc wi1 &2
fixed by the 1if* ard power requirements. Therefore, the gust response
will be determined primarily by the action of the AF(S.

The critical ftem in AFCS action is the power of the controlling device,
If the controls are weak, even small disturbing moments will cause large
changes in airframe attitude and position.

Sever:1 concepls exist for attitude control of tethered rotary-wing
platforms. Those considered in the Study were:

. Cyclic Pitch Control of Rotor

Direct Tilt of Rotor

. Deflection of Hich Yelocity air Stream

Translation of Tether Cable Attachment

. Use of Multiple Tethers and Lonq Rooms
. Lift Control in Multiple Rotor Systers

o N a0 A =
N .

* Two-blgded rotors with offset flappina hinges may give unacceptable
vibrations.
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Cyclic pitch cantrol can be obtained by pitch horn, Xaman servo flap,

jel flaps, or circulatien control and can be used in all plaLtform con-
cepts except the ducted fan and miltiple fan. The perforrance of rotary-
wing vehicles with cyclic pitch control is well knpown, and there can be
no question abcut the feasi®ility of a tethered platform utilizing this
stabilization and control corrept. The effectiveress of cyclic pitch
control 15 illustrated in Table XXIII far four basic platform configura-
tions. The effectiveness is presented in the form of maximum angular
pitch and roll acceleration available from full cyclic cantral input.

The roments of inertia used were calculated from preliminary sketches and
physical data generated in the sizing sludy, and tha cantrol mo=ents were
calculated using dimensional ratios typical of ranned helicopters.

Data {3 presented in Table XXIITI for "hirged" and "hingeless™ rotors.

The pitch and roll control effectiveness does not yvary appreciable® with
helfcapter confizuration but there 15 about a ten-to-one change with rotor
"rigidity". A1l concests** show satisfactory pitch and roll control
effectiveness utilizing cyclic pitch control, The hirged rotor concepts
have Yower control power but they are less disturbed by gqusts than theiwr
stiff rotor counterparts. As stated earlier, detailed analysis of
stability and contrel and detailed design of the rotor {s outside the
scope of this study.

The estimated effectiverness of the controls for the ducted fan and
multiple fen concepts is also shown in Table XXItfl. The wmultiple fan
platform is controlied by varying the »pm of selected farns in the array.
Eight fans were assumed and the maximum control moment was based on a tip
speed change of 100 ft/sec. No attempt was wmade to sccount for flow
fnteraction, so the values 1isted may he optimistic,

The ducted fan is coatrolled by deflecting the high velocity air stream
coming frem the Tift fars., The control effectiveness values assume
maximun vane deflection of 30 degrees in full span exit vanes.

The estimated effectivennss of pitch and roll control in the fan concepts
would seem to indicate that reasomable attitude control should be possi-
ble with these cancepts. However, both must be considered gquesiiconable
fror this point of view. The multiple fan concept, which is based on

* The exception is pitch control in the tanden, which §s obtained by
differeatfal 11ft coniral on the rotors.

s+ The tandem again presents an exception. Yaw contro}, which 1s nor-

mally obtained by differential tilt of the 1ift vectors, is rendered
fneffective by a sLiff rotor.
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TABLE XXII1. CONTROL PONER SUMMARY
_— — ——— s —————————— ——
MAX. CONTRDL KXMENT-FT-10 [VONENT CF INERTEA-SLUS-FTZ [f1iAX, ACCILERATION-RAD/SECE
COKF IGURATION
ROLL P1TCH YA ROLL PITCH Yon mOLL PITCH A
BELICOPTER (HINGER ROTOR(T) ;
COMVENT 1CNAL 36 29 | n s 10 | e war| 22 | 20
SYNCIMCPIER 282 29 241 Fa ] (1] 47 10.8 4.6 8.3
CORXIAL 376 293 24 % &4 ? 14.5 1.6 20
TANDFM 2ie | am | o 30 162 | 162 9.1 | 7.1 LR
| 1ELicerrEn (wincELESS ROTORY?
CONYFRTIDYAL e | 26y m s 104 | ® 96.7 | 25.4 2.0
SY4CHRDPTER Jias 2637 4 26 64 47 130.2 4.2 5.1
CoAXIAL we | 2637 | 26 64 47 0.2 4.2 5.)
TANDEM u48 | 217 56 30 162 | 162 1.6 | 7.1 0.3
HILTIPLE TAN 1360 2720 212 43 M 241 3.2 12.8 0.9
DUCTED AN 303 03 | 216 59 59 | 106 sa | sa 2.0

L —————————————— o e .

Notes: (1) Zerc offset of flapaieg hinge.
{2} Equivalent to 8 percent offset of flappiry hinge,

I

PO TR |

ik man

] m B et et —



e e Bl el , By e ol T ] 4T ) PR OO 2

L e P

A O Bkl A 87 e B e o e e e B s o N - R "

4 Oy SR ¢ —— i - P S ———

Robenhorst's paper. has not been tested and existing data, or theories,
on rotor airflows, flow interactions, gust response, etc., cannot be
applied *o these higk disc loading unducted fans with axial separations
of only one or two fan diameters. Untetbered vehicles with ducted fan
J1ft syste-s Faye been built and flewn and their stability and control
characteristics are known, fairly well. Thefir behavior in forward flight
and qusty air has not been entirely satisfactory and is due to the high
rolling and aitching moments relative to tha control rower available with
yang controls. Translational velocities across the duct generate sub-
stantial duct morents and partial duct stall at high airspeeds, and angles
of attack can lead to loss of cantrol. The main advantages of the ducted
fan vehicles are their compactness and their safety, i.e., the use of
shrouded propellers. These advantages must be weighed against their
stability and control characteristics and their lifting efficiency rela-
tive to other candidates for the tethered platforrm job.

Other control concepts were listed above far pitch and roll stabilization.
Direct ti1t of rotors cannot be used in all of the platfors concepts and
this appreach s best evaluated for possible use after the 1ift System

i5 selected. 1f three cabies are tied to three Looms on a rotary-wing
14fting vehicle and the ground tether points are separated sufficiently,
it mav ke possibie to stabilize the attitude as well as the positica of
the aerfal vehicle without caxitia=y controls. This scheme was used by
Yon Karman in 191B in the first known tethered rotary-wing platform, and
flights to 150 feot are recorded (Reference- 1}, In 1942, a larger
vehicle was built §n Germany that Petrides reports “"flew successfully to
altitudas of several hundred feet but becare unstable at higher altitudes
and in high winds." .

For the multiple tether concept to work, the aerial vehicle nust qenerate
enough 1ift to maintain high tension in all tether cables at all times,
a4 the tether cables nust pull at Targe angles at all times. With a boow
length of 10 feet aor so, cable tension at the poom should be in the order
of 3C percent of the 1ift. Tether points on the qround must be placed

to yield tether cable angles of 45 degrees or s¢ at all times, These
requirements represent the man drsagvantages of the mu|t1ﬁ1e tether con-
cept. For any given altitude and wird specification, the 1ifting vehicle
will be much largeréand roguire much more horsepower than the eguivalent
single tether, stabilized rotor, aerial platform. For high altitude
systens, 3 great deal of real estate is required for the dispersed tether
cables, and launch and retrieval of the platform involves synchronized
translation of each tether point. These latter requirements render the
miltiple tether concept unacceptable for use in the forwdrd area. Its
potential high reliability for long duration missions may be realizable
in permanent or seripurmanent rear arcas where mobility, auick reactinnp,
and low fuel consurstion are not critical.

Translation of the tether cable attachment at the aerial vehicle is not
recommended for attitude stabilization for several reasons. To be effec-
tive, high tensions must be maintained in the table and large displace-
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ments must be made rapidly {n 3 qimdalled or pantoqraph mechanism. The
high tension requirement results in a much larger aerfal vehicle and the

large cable attachment mechanism complicates afrfreme design (particularly

the interfece with the landing platfora) with pessible incompatibilities
with place=ent of the mission payload. Since the servomechanisms muse
provide large rapid displacements or angular rgtations of the cable
dttecheent, the servaomechanisas would be 13rger and prodbably reguire more
electronic circuitry than the servos in 3 cyclic pitch control system.

[t should also Le noted that the cable reaction method for attitude
stabilizaticn has nod been demansirated by flight tests, The Canadian
Aray (Reference 7) used a gimdalied cadle uttachment (See Fiqure 1) and
Petrides reports limited flights”. Fairchild Corporation used 3 ganto-
graph mechariim 1o translate the cable attachmen? in their HELIYATOR con-
cept and, again, some f1ights were myde. Insufficient snalytice) andg
test data exists to design a cahle reaction system far tethered platform
stabiiizetion., Further considerazion of tt and determination of coten-
tial advantages (n mechanitation over cyclic pitch controls is not posst-
ble without detdiled work and model tests. ¢ can de coanidered as 3
potential control concept tor any of the 1ift vehicles considered, &nd

it may be better than exit vanes for a ducted fan.

5.2 Directional Lontrol and Stabilization

The preferred concepls for dircctsonal contvol and stabilization of he
various aerial platforms are listed in Table XXIV. Some good alterns-
tives exist bt {a most cases the configuration of the 11ft system will
dictate the best approach. The calculated effectiveness of the yaw
controls Is Tisted in Table xxill. AVl valves are satisfactory except
for the tandem with a stiff rotor &nd the multiple fen with motor sceed
control. The valves for the coaxial and synchrooter conccots are based
on differential collective pitch control.

In & tethered pigtform 1t 1S feasidie to ignore 1ift control, that is,
to operate the rotors 8t fixed collective pitc's and fixed RPM. This
simplifias the rotor controls ang improves reliadility. If this concept
were adopted, dircctional control of the synchropter would be obtained
with differentia) longltudinal cyclic® and control of coaxial michines
would be obtained with tip drag devices.

Directional contro) effectiveness for the resction driven rotor concepts
is not covered In Tedle Xx1l}. For cold and hot cycle systems, body
mounted no2zles utilizing cospressed afr or hot 9as would he employed.
The control effectiveness ¢an be set at any value by choosing the proper
nozzle thrust and placement., This {s more a matter of power budgeting
than stabtlization quality. for reactfon driven systems using rotor tip
ram jets or pulse jets, 3 control motor coupled to the rotar shaft could
be used to generate yzwing moments. As an 3lternative, 3 small electri-
cally powered fan could he utilized as in m3in/tail rotor configurations,

* The maximum yaw control moment for the synchropter concept with differ-
ential longitudina) cyclic is estimated to be 300 ft/1b.
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TABLE XX1¥.

PREFERRED DIRECTIONAL CONTROL CONCEPTS

Lift Systen

Control Caoncepts

Conventignal Main Rotar = = = = = = = = = = - - Antiteraue Tail Rcter
Synchroatér = = = = = = = = = =2 = =« 2 = = = = = differential Lon?i:udina1 Cyclic Pitch
Differentfal Collective Pitch
C08%$2) ROLOFS = = = = = = = = = = = = = = = = Differential Rotor Crag
Differential Collective Pitch
Tandem ROROrS = = = = = = = = = = =« = = == =« Differential Lateral Cyclic Pitch
Reactton Driven ROROF = = = = = = = = = = = = = Body Mounted Control Nozzles
Shaft Coupled Control Mctor
Ducted Fans = = = = = = = = = = = = a2 = 2 & - - Differential Control Yanes
Mueltiple Fans « = = = = = = = = == = 2 = = = = Differential Motor Speed Contrel
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1f a good earth or Inerttal referenced directiona} sensor Js placed in

the aerial platform, all of the concedts considered should be atle to
provide directioral control to within t 2 degrees of the desired heading.
With high winds blowing at a large angle to the desired heading, the con-
trol systemrust be able o generate sufficjent cantral to meet the
station-keeping requirements and the directicnal control regquirecents
sirultaneously.

The reaction driven rotor systems, the cosxial, the rurted fan, and the
multiple fan concepts have emidiractional Flicht characteristicn. They
can meet the statfen-keeping requirements and point the mission sensar
in-ony srlected direction without regard for wind direction. The con-
venticnal main/tail rotor helicopter, the synchropter, ang the tandem

do not have axial symmetry, and the roter controls, especially direc-

‘tional control, would be designed by the requiremunt to hold heading and

maintain spatial position with 50-knot besm winds. Current Army heli-
copter ipecifications require flight in any direction at speeds up to
35 knots (AAH. calls for.rearward flight at 45 iknots) with directional
contrpl reserve for rapid turas in the odverse direction. The tail
roter in the tethered platforn would certainly be larger, and have a
greater coatrol range, than normally found in manned-helicopters.

Synchropters currently in service with the Air Force, the HHi3B, have
sideward flight capability up to about 30 kmots. An gversized rotor
and an expanded range of lateral cyclic control would probably be re-
quirad for omnidirsctional performance at 50 knots. The tandem coa--
fliguration would also require more latergl cyclic control than. nor1ally
provided in sanned forefaft Landem rotor machines.

5.2 Air Vehicle Trim Attltude

Figure 37 1llustrates the forces and moments acting on the tethered
platform in a wind and shows the relatioaships that must exist to obtain
force and moment equilibrium, 1f a rotor hub stiffpess factor k is de-
fined as follows: = =

k= B

- - — Tm( ﬂR o ﬂf }
the fuse!age trim angle can be expressed as
_GF=-—H—(L] __MC-H‘ I, e
T 1w 1 Th, (1K)

For teetering rotors My s s zero, k §s 2ero and ap becomes

af = - B 4 ey s M

T F=— Tq{ - =

The fuselage trim attitude was calculated from this expression for a

_ — '. = 1
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Wote: Fuselage pitching mowents are assumed small co~pared to

hul and cable merents and the $ine of all angles are assumed equal
to the angl»s in radians,

figure 37. Tethered Platform Trim.
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number of confiqurations and is presented in the upper portion of Table

XXY together with the rotor and drag areas assumed. Yalues are shawn for
pitch ard roll trim attitudes with 50-knot head winds and 53-knot side
winds respectively, The values 2o not inilude momerts due o the tether
cable but the last column dees show the sensitivity of trim attitude to

the horizontal component of cable drag. Station keepirg at S0 knots in-
volves cable tensians of 200 to 300 pounds and the canle angle at the-air
vehicle 15 30 to 35 degreecs. The effective drag of the cable is. there-
fore, the arder of 109 pounds ard the trim angle would ircrease 7.3 degqrees,

1f a very stiff rotor 15 assumed, k is large,

k ~ 1.0 '
-1 .
-..'._‘_c._._rto ‘
1+ k
and the expression above for fuselage trim attitude becooes
= - W - DF_+ T
1 T

which {s the siazc as tho espression for the trim attitude of the rotor
in Figure 37. !n other words, the fuselase tilts with the rotor in hinge-
less rotor systems.

The trim attitudes of the four basic 1ift system configuratiuns with
hingeless rotors 15 shown in Table XXY together with data on the multiple
fan and the ducted fan. The trim angles for the miltiple fan were cal-
culated from the above expression but the valves for the ducted fan were
calculated using data from a NASA projsct (Raference 8) on a 7-fnot
ducted propetler.

Except for the ducted fan and the multiple fan, the trim attitude doss
not vary significantly with olatform configuration. Trim attfitudes of
the reaction driven rotor concepts would be substantially the same as the
coaxial or synchronter concept.

5.4 Station Keeping

Figure 3B depicts three alternative methods for Controlling the position
of the aerfal vehicle on station. In thre first, [a}, the alr vehicle
seécks the position that yeilds a desired angle at the top of the cable,
The sirplest concept would involve control to a space vertical and would
be implemented by mrasuring angles of the cable relative to the airfrare
and airframe attitude in space. Any variation fron vertical would gener-
ate an errcr signal that would, through approgriate cantrals, tilt the
thrust vector, causima the vehicle to rove to the proier position,
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TABLE XX¥. TRIM ATTITUDE CHANGE WITH AIRSPEED
1_ e ——— ]
FLCAATTD ROTGR DIA, [DiSC LOADING ﬁ%&'kﬂn LAT, “M.\ :"C? ROLL CRELL TRAS
INFIGUATION PLAT FLATE 84 NGL ANGLE EFSECT
T WUTAALS v i [ 1 ¢4 1 = (]34 [ TAI Y]
FILISQPTER {HIAGED ROTQR)(1)
CIRVENTIONAL 15.7 4 5.6 6.7 3.5 4.2 7.3
SYMCIRIPTER 15.6 4 7.8 7.0 5.0 5.0 7.1
COMX AL 18.7 4 7.8 7.0 4.9 4.9 7.3
TANOEN 12.2 [ 9.4 12.2 4.9 6.3 7.3
WELICIPTER (MIMGELESS ROTOR)(2)
CONVESTIINAL 15.7 4 5.6 6.7 6.7 1.3 7.3
SYNCHGPTER 15.6 4 7.8 7.8 8.1 8.1 7.3
CCAXIAL 15.7 4 1.8 7.4 8.0 8.0 7.3
TANCIN B 12.2 4 9.4 12.2 7.6 9.0 7.3
wATIPE FAN - - 1.4 14 28 21 17.4 14.0 6.2
PUCTED FAN 5.4 a0 - - 50.0 50.0 6.0
Hotes: f! Tero offset of flappirg hinga.
2) Egquivalent to larga offset of flapping hinge.
| —_— - —————
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CABLE ANGLE CONTROL

Figure 38.

(b}
GROUND REFSRENCE
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In the cable angle control concept, the control of the vehicles position

is indirect an¢ depends entlirely on the wind and the pull exerted on the

cable by tme air vehicle. For 1000 feet of electric pawer cable weighing
135 pourds and having a diameter of 0.48 inch, the downwind displacement

of the air vehigle ir 50-kndt winds was determined to be 200 feet with 2

vertical pull ¢n the cable of 800 pcunds. [If the pull 15 reduced to 400

pounds, the displacement increases Lo 400 feet.

The cable angle control cgncept is simple ard has been used operationally
in Kaman's K-117 anteana support system, but 1t cannot meet the baseline
station-keeging requirements of ¥ 25 meters with reasonable values of
lift, [t may te a good concept for soee missions not requiring tight
position control,

The system reccmmended for station keeping utilizes a ground-based
position refereaze (Fiqure 38h) and 2 grouynd-to-air data link ta transmit
position errors to the control system in the air vehicle. Several mech-
anizations are possible,and o difficulty should be experienced in main-
taining tke vehicle within the allowable * 5§ degree cone. The cable
loads used in the aerial vehicle sizing work in Section 3 were all cal-
culated for zero lateral displacement in platfom positian,

Figure 18 shows a third positian control Concept utilizing multiple re-
straints. This approach 1s not recomended for forward area tethared
platforms because of the Jeploynent and reaction time problems and power
penalties des¢ribed in Sectiom 5.1,

The altitude control requirements in the perfgrmance specification can
be met with a locked winch, All vehicles were sized to carry 1050 feet
of cable and the cable tension at the air vehicle was set to maintain a
minimm altitude of 950 feet in S0-knot winds.

5.5 Automatic Fliche Contrel Systems

The basic means for stabilizing and controlling the candidate air vehicles
was discussed in Sections 5.1 and 5.2 and relative control effectiveness
wa% assessed. Except for Rabenhorst's multiple fan concept, all air
vehicles require servomechanisms for three-axis attitude control and some
neans, air or ground-based, for rotor or fan speed control, Some differ-
ences in the number of servos required and in their perfor=ance will
axist, and thase differences shnuld be assessed as necessary before
selecting the preferred approach. -

The sensors and electronic circuits required to stabilize and control
the various vehicles will be functicnally if aot physically equivalent,
and there will be little basis for choosing between aerial platfor= con-
cepts by comparing automatic flight control systems.
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Overall system reliability, maintainability an? field operability are just
as important as the performance of the tethered platform. Therefare, the
ground eguipment required by each tige of tethered platform must be con-
sidered in the splecticn of the hest cverall approach, The limited scope
of the study prevented datailed design of ground components ov detarled
retiability and maintainibility analyses. However, an attempt was made

to assess reliehility, maintainability and field operability of the
various concepts on 3 relative basis by identifying the essential char-
acteristics of the rajor components of th> ground support systen.

This section deals with air vehicle power gsystems, the tether cable man-

agement systéos, and the launtchfretrieve platforms., Ground equipwent

for the recoerended systenm is described in some detail in Section 12, and
equipment assocliated wath sensor operation and field nissions is covered

in Section 13.

6.1 Ffuel Pumping Systers

The interaction betlween air vehicle configuration and ground cquipméent
is reflected in fuel flows and cable size and weight. #Air vehicle sizing
was based on ground pumping pressures of 1000 psi.

Figures 19 and 20 show the variation in cable properiies as a.function of
fuel flow. For the conventional gear-driven rotor systen, the calculated
fuel flow is 89 1b/hr and the corresconding cable weicht ard dia=2ter

are 0.085 1h/ft and 0.5 inch. The highest fuel flow, 366 lb/rr, cccurs
with the tip mounted pulse jet, Tre tether cable for this system would
weigh 0.11 1b/ft and have a diameter of 0.58 inch.

The size and weight {and cost) of the fuel pu—ping system would vary with
the platform conzept selected, but these variations would be a sma\] per-
centage of the overall system, sive, weight, and cost, Therefore, in the
comparison of puped fuel concepts with electric oower svsters, a siqqle
¢ot of values for zize, weight end powaer of ground equip™ent was esti-
mated. The size of the fuel pumping staticn was conservatively esti-ated
st 10 cubic feet and the weicht, using commercial heavy duty equipment,
at 500 pounds. A one horsepower pump should be able to handle the fuel
flow of the selected system.

6.2 Electric Power Systems

Cable sizes and weights, and air vehicle motor weichts, were 21l based

on a 400 H,, 3-phase, 2200-volt ground power syste—. Cable weiuyhts and
sizes are shown in Figures 27 and 28, and the values for the aerial plat-
forms studies vary from 0.12 to 0.2 1b/ft and 0.45 inch to 0.6 inch. The
celculated motor horsepower requiresents vary from 81 for the
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synchropter to 176 for the ducted fan.

The size, weight and cost of the ground power generating system will vary
considerably with the power requirerents of the selected concept.

Table XX¥] thows estimsled sizes and weights for a 120 KYA qenerating
system. The generator's 3i2e and weight were based aa d2t3 oa conmerci-
d1ly available machines. A diesel engine was sssumed as prime mover,

If an aircraft type turboshaft englne and 2 specially desianed Vight-
weicht generator were 3ssumed, the total weight of the electric power
station could probably be reduced from £000 gounds to 1000 pounds. The
cost and fyel consumplion would certeinly increase, but these optioas
should be kept in mind while evaluating competing concepts.

6.3 Compressed Air Systems

The estimated physical properties of ground equipment for the cold cem-
pressed air system are also listed fn Table XXV!. The compressor was
rated at SO0 psi and 6.0 lb/sec and requires a 2500-horsepower drive
syitem. A turbashaft engine was assumed to keep we2ight and size down to
reasoaable values.

6.4 Cable Minagement Systems

The winches in the various systems 8re sized by the ¢iamcters and minima
bend radii for the tether catbles. A ¢riven storage reel was assumed in
each system in lieu of pawered copstans, and cables are stored under
tension. DOne theusand feel of cable is stored in two lays to prevent
excessive crushing forces on the stored cable. Winch sizes and weights
dre given in Tadle XXV] far typical electric and pumped fuel systems 3nd
for the cold compressed air systems.

Winch drive power is estimated at 1S h-rsepower for electiric snd purped
fuel systems and 25 horsenower for the compressed air conc2pt.

As described in Section 3.3.3, the electric power cables were designed

to a surface temocrature of 150°F to keep the diameter low. This will
probstly dictate winch cooling curing ground running of the aertal ve-
hiclte and flight operation with partial cable deployment. A winch cooler
with & rating of 3 BTU/sec has been estirated and §5 described in Table
XXVI as part of the electric system equigment.

6.5 Launch/fatrieve Pletfora

Ho attemdt was mede In this study to optimize the air vehicle/platfore
interface. With the possible exceptions of the ducted fan and the multi-
ple fan concepts, €ach of the vehicles could ke configured to mate with
selected launch and retrieve mechanisms.

Throughout the study o simple flat platform with 2 centra) hole for cadle
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TABLE XXVI. COMPARISON OF MAJOR GROUND STATION COMPONENTS
PUMPED FUEL PUMPED COLD
ELRCTRIC $YSTE SYSTENS CONPRESSED AIR SYSTER
FRINE WINCH TUEL - FRINE | COMP. & .
HOVER GEN. RINCH | rongr I svetom | VINMO R muer | cootem wincu
96" Long | 33° Long | 36~ Dfa | 12* Long |{ 30" Long | 2¢° Dfa J100° Leng| 100" tong] 79° Ota.
si2t 35° Wice | 35° wide | 48" Long | ¢3" wice || 20° Wide | 40° Long| 36° tign| 727 Wide| 487 Lemg
8 Migh | 30° nigh 35" High [| 28° High * Wide| 48° Wign
WIEHT  (LB) 20008Y) | 200002} | 600 200 sof?) {500 1000030 | 1000t} | 2300
R PONER 175 WP 120008 |15 1 I 1w 1S | 2500 noywe | 25w
1} Diesel? engm.
2) Cocrercinl grade equiprent,
3) Alrcraft type turboshaft engine,
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routing was assured for launching and retricving the air vehicle. In
comparing concepts, the only effect on platforms 15 g change in size and
passibly structural stremgth, If the iategral fuel concept fs eliminated
from further consideration due to its excessive size (with & to 12 hours
ecndurance). platfors size would probably vary from 10 feet by 10 feet for
the smallest air vehicles to 14 by 14 for the larcest,

I
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SECTIDN 7
SYSTFM SAFETY

By recognizina the potential dangers, and by appiying well known design
rules, all concestis can be rade safe for their intended pperation in the
field. HNone of twe sSystems irvglve material tandring, equip—eat operas
tion, or potential hazards that are new to the fipld armies. The follow-
ing safety review is intended to bring to the surface those potential
hazards which may bear on the selection of the best overall apprcach for
the tethered platfurm.

7.1 Fire

AN) systems require fuel. Diesel 2i) or jet ennine fuel will be used in
the electric power generaling systems, and jct enning fyel will be used in
the air vehicle in a1l purped-fuel concepts. Diesel oil and JP-4 fuel
have essentially the same flash point, but the afr vehicle's fuel will be
pumped at hich pressure. The hich pressure lines and equicment must be
separated fro~ fenitign sources to minimire fire dangers. The nominal
pu=ning pressure of 1000 psi is well within the capability of existing
qualified equip=ant, and the fuel flows of 0.3 and 0.4 gallon per minute
do not present much of a hazard.

7.2 Wigh Voltage

The 2200-vplt power system would not present any new hoazards to field
operations. The design rules and handling precautions used in existing
2207440 volt field power generators would be applicable.

The winch would be operated remotely (in all systems) and shock dangers
from insulation fai1lure should not exist. The power cables are critical
to system oferation as well as system safety and the new desians must
be properly qualified .

7.3 Explasions

Afr at 500 psi is danaerous, and appropriate safely margins must be
applied to the designs of all mechanical components if a syster using
pyrped compressed air were selected. The accumulator for pressure reou-
lation should be kept as small as possible and should be shielded., The
full Yenath of cable in such a system would contain aboaut 25 cubic feet
of air, and it would oo prudent to shield the winch,

7.4 High Yelocity Downwash

The ducted fan could cause sore problers when operating (launchina and
retrieving only) over sandy and rocky soils, and it may be necessary te
place protective mats around the Jaunch platform.
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The light disc loading rotor systers will have mech lower dowtwash velo-
city and their small size should not rause any problems. Depesding on
the soil canditions, protective mats, 12 to 15 feet im length, could be
placed on the qround arvound the launzh plattorn to prevent stones and
debris from being blown around. Lightweight, fabric mats could be used
and rolled up cut of the way after launch or retricval.

7.5 Unshieldad Rotors

Rotor keight from the base of the air vehicle varies from S to 7 feet, but
all vehicles will be ogerated from & platform emunted on the bed of 2
truck. Roter heyght from the ground will be 10 feet or more.

7.6 Lightning

The tethered platfom will be expected Lo operate in weather where danger
of lightning strikes exists. The Lightmirg Transient and Research Insti-
tute, uader a grant fron Kaman Aprgspace Corporatior, provided the follow-
ing technical guidance.

A comducting sheath skh~uld be placed an the outside of all cables to pre-
vent the cabias fr'm being damaged by lightninz. A Ko. 4 A5 equivalent
hard drawn cepper braid could handle 93 percent (up to 100,000 amps) of

the lightning strikes and could serve as the tensicn merbar in tte tether. -

R loyer of polyethelyne, 35 mils thick. placed under the braid would in-
sulate any other canducting elements in the tether from the voltage drop
due to ligutning currents.

The shield of the tetrer cable should be well grounded, and transient
protection devices should be installed an the signal lines between the
ground control statian equipment and the winch, The control station must
be :onstructed fo act av & Faraday cag? for personnel, and personnel
should not be allowed on the ground in the vicinity of the tether point
when a storm approaches, Simple warning devices such as corona points

on poles or micro armeters maniterinag cChanges in the electric field
should be vsed to ware of Sightning danqers. 1f the military situation
pernits, the clevated platform should L retrieved when electric storm
gctivity is hiah.

Equipmant within the air vehicle can be protected frem lightning tran-
sients by 2 conducting skin on the vshicle. If metallic rotor blades
are used, 2 qooc conducting path rust be provided from the hlades to
the shield of the tether cable.
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SECTION 8§
SYSTEM EVALUATICN

Several characteristics of tethered platforms have been analyzed in the
preceding sestions, and it sheuld be ¢lear thal many optians exist for
implementing the baselire system specificatians. A preat deal of quanti-
tative data has been generated. but it was no% possible, within the

scope of this program, Lo set up & deterministic evaluation madel ta
estadblish the single best averall appraach. Spre characzertstics such

as reliability were not assessed excent in a qualitative way. Others
such as comlexity can only be judoed in a general ard velative manner.
Nevertheless, the critical data is available and qood selections can be
made.

Table XXVIT 11sts the factors that have beer considered in the selection
process. The task has been to find, within the baseline specifications,

(1) the best-rotary wing 1ift concept

(2) the best system for driving the rotary wirg(s)

(3) the best way to get the long endurance, and

(8) the best system far stabilizing and controlling the aerial
platform,

The search for the best apprrach is presented here In a prooressive msn-
ner: first, certain concepts are rejected; second, basic advantages and
disadvantages of qood concepts are described: and third, the comperting
systems (the finalists} are described and a selection is made of Lro
system best sufted to meet baseline specificatiors. In Section 9, the
baseline specifications are examired, certain changes are sugoested, and
an alternative desimn is reco—mended. )

8.1 Rejected Concepts

8.1.1 Adtogyre

The autogyro was considered only for the sake of ccmpleteness. Its
basic flight characteristics prevent it from meeting the station-keeping
or payload-pointing requirements.

B8.1.2 Integral Fuel

The maximum endurance available with platforms carrying fuel in airborne
tanks {s approxirately 12 kiurs. Reqgardless of how the 1ift would be
generated, these vehicles would be very large, heavy, and costly. There
are no significant offsettinq advantages in the tether cable or ground
stations when the integral fuel cancept is compared 4gainst Lhe pumped-
fuel or electrically-powered concepts.
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TABLL XEVIT, SYSTOM EVALUATION FACTORS

{'g ETORMANCE

PLATFOEM STABILITY
STATION FEEPING
FULZL LCOROMY

COMPLEXITY GF COTRATION
Catw SI128 & SKILL LEVELS
SCLIABILITY B MAINTERANCE
MOBILITY (S12€ & MEIGHT)
REXLTION TiNE

DETLCTABILITY

SAFLTY

ENYIBCAMENTAL COMPATISILITY
LOGTSTICS

PEVELOPEXT PROGRAM REQUIREMENTS

AVAILADILITY OF QUALIFIED COMPONENTS
TECUMICAL RISK

PROYSEMENT. CASTS

COMPLEXETY OF COMPONENTS
COMPONENT RATINGS
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B.1.3 Pumped Compressed Air

The system using cold highk-pressure air pusged from the ground and tip
nozzles to drive the roter uses Y6/F) pounds of fuel per hour of flight.
The paor overall efficiency of the svstem tocether wilk the high tension
lnads on the large tether {n 49-krot winds defeats this congept. The
feasibility of the tether cable is also in doubt.

8.1.4 Tip mounted Ram and Pylse Jets

The fuel consumption of the ram and pulse jat systems was calcylated to

be approximately 350 pounds per hour. This is cryen times higher than the

best electrically powered systems and twice as high as the cold cycle,
purped fuel system, Tne vehicles are as heavy and the rotors are as
large as several of the gearbox driven potor conzepts.

When co=pared to gedr-driven rotor systems with turbostaft engines, the
simplicity of thae tip jet systems appears to be overwhelrming. Hut’
natwithstanding the several demonstrations of this corcept n small one-
man helicopters, the concept {5 unpraven, The s~all, high RPM rotors
have tip centrifugal accelerations of over 2000 g's, and significant fuel
distribution, combustion, and rotor blade dymenic problers must be aver-
core before a reliable, long-life system could be produced.

The inability to reduce the [R signature of a tip jet syster is a further
deterrent for forward area missfions,

8.1.5 Multiple Fans

One concept utflizing eight fans was examined. Ko size and weight ad-
vantages were found. and the horsepower required is 50 to €0 percent
higher than in more conventianal concepts.

Except fer novelty, rotivation for the multiple fan concept 5 hard to
find. Beyond its poor efficiency (without compensating size and weiaht
advantayes) is its guestionable controllability. Rabenhorst [Reference
2) recommends control by varying the speed of the fans. This reauires

a good bit of hardware, it would probably require overrated mntars, and
it generates pitching and rolling moments slowly; also, flow interaction
between adjacent rotors will reduce the effectiveness of fan speed
changes well below what might he predicted.
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8.1.6 Ducted Fan

The ducted fan requires twice the horsepower (and fuel) of tne competing
eclectrically powered concepts. This is of fset by the use of swmple,
smalt, Mxed pitch fans in liev of large cyc)ic-pitch-zontralled rotors.
If the speed differences (3700 RPH vs 700 RPM) and relative drive shaft
apd baaring problems are added to the scales, what §s left pver frum the
comparison is the question of stabiiity and control.

Free-flying ducted fans have not devonstrated adequate stability in
gusty air or at moderate airspeeds much less an ability to caatrol their
attitude in a preciyse manner or provide a suitable platfom for sensors.
The addition ¢f a tether wauld probabhly worsen the stability and cantrol
problem unless the tether cable forces were used fn the attitude control
system as in fairchild's HELIVATOR,

B.2 Candidate Cancepts

8.2.1 Reaction Oriven Potor Concepts

Three tip driven caonzepts remafn for consideration, all utilizing fuel

pumped from the ground, and burned in a turbine engire. The rotor is
driven by:

(1) expanding corpressed alr in {rotor) tip nozzles (cold cycle)
{2) exhausting products of combustion in tip jets {hot cycie)
(3) by burning fuel with compressed alr in a tip jet.

The essential characteristics of the aerial platforn for each of these
concepts are as follows:

Cold Hot Tip

Cycle Cycle Burning
Empty Weight {1b) 721 465 44
Gross Weight (1b) 967 701 704
Rotor Diameter {ft) 19.3 17.0 17.1
Ingine Rating (hp{ 440 288 139
Frel Flow {1b/hr) 184 142 237

The tip burning system is samewhat smaller and lighter than the cold
cycle system, but it 15 substantially less efficirnt {n fuel consumplion,
It wil) have ¢n=hustsen and rotor blade dynamic problems sirilar to the

ram jet concept and there is no reason to rchoase 1t over the cold cycle
system.

The hot cycle system $s also smaller and lighter than the cald cycle
system and has a lower fucl consumption. but it has substantial techno-
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logical disadvantages. A rotar life of 5000 hours or more 15 essential
for the long endurance ptatform. No recasvnable projection of existing
sechnology could predict such a life for a not cycle rotor. The cost of
the rotor in a k2% ¢ycle system, if it could be develaped, would surely
he several times the cost ¢f the rotor in a cold cycle system. As in
the case for tip burning. there is insufficient reasan te choose hot
cycle over cald cycle *or a reactlion driven system.

Aside froe the elimination of the rotor drave gearhny and drive sha®z,
a reaction driven rotor concept offers @ fully oenidirectional flignt
zapehilily for tethered platfera missions., Good flexizility exists for
paylcad placement in the air vehicle and any orieataticn can be Reld on
station, independent of wind direction.

A1l reaztion driven systems require auxiliary devices for heading §lab11i—
zation and control. for the cold cycle system, the best approach is to
employ control nozzles mounted on the airfrome and Gleed compressed air
fror the turbine driven co~pressor (as done by Darnler in Kedbitz). With
proper selection of nozzle thrust level and mament arms, good yaw control
should be possible without excessive power drain. Pitch and roll atti-
tude contrdl should be irplemented with rotor Llade cyclic piteh controls.

The ¢old cycle reaztion driven rotgor, utilizing a turbosha®: engire-driven
compressor (or intearal comgressor) and fuel pumped from the around,
represents a good approack for the lang endurance tetkered rotary-wing
platform. It can be nplemented with existing technolegy {excent far the
rotor all the bhardware is probably available), and its characteristics
are well known, Ke=an dosigned and develoned one ¢f the first cald cycle
systems and its K-17 first flew in 1958, Sud Aviation produced the Djinn
cold cycle helicopter and Dornier has been dsvelaping the Do32 for sorve
time. Dornier's Keibity tethered platform, currently under development
for tne Federal Repudblic of Germaay, i$ a direct application 2f Dornler's
Lo32 technolagy, Cold cycle rotor drive systems have not been widely
used in free-flying helicopters because of their poor fuel econcary. In

a tethered system, this {5 not a fatal flaw,

8.2,2 Turboshaft Engine Driven Rotor Concepts

A larqe family of aerial platforms can be designed utilizing turboshaft
engines, gearboxes and shafts te drive the rotors., and fuel pumped

from the ground to obtain long endurancze. 1Tn Section 3.2 only the con-
verntional mainftar) rotor confiquration was sized for purzed fuel, but the
ccoparable characteristics of platforms usino oths- rotor types caa be
estimated accurately from the data on electrically powered shaft-driven
rator systems aiven fn Saction 3.3. The data on pumped fuel alatfarms

{n Tabie XXVII! was obtainred by sca’ing the elecivic system data to
punped- fuelfelrctric-power ratios for the conventional rotor confiqura-
ticn. As exprcted, there 35 little differerce in weight or horsepower
and the selection of the best shaft-driven concept must be based on other
factors.
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TABLE XXVIII.

CGHMPARTSON OF PUMPED FUEL, SHAFT DRIVEN CONCEPTS

Empty Weight (1b)
Gross Welght (1b)
Rotor Diamater (ft})
Engire Rating (HP)

Fuel Flow (1b/hr)

Conventional
Helicopter Coaxial | Synchropter Tandems
N 422 414 396
613 641 635 616
16.1 16.3 16.2 12.5
13 nz 115 123
89 79 78 83
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The relative size of the four concepts can be assassed hy comparing the
sketches in Figures 30 ttroush 33 on the electric nowered counterparts.
Al could be operated from truck-mounted platforms without difficulty,
but the coaxial and the tandem concepts may present some problems in
transport. The height of the coaxial rotor was estirated at 8.7 fect, and
height restrictions for road travel witkin Eurose and the U.S. will legve
only 4 feet or so for launck platferm heiaht above the rosd bed. The
tandem concept may require ;evoval of at least ore rotor blade to pre-
vent excessive overbang from the rear of the transporting vehicie,

The large airframe of the tandem rotor machine would make it easier to
detect visually or by radar, but its displaced rotors give It pxcellent
moment “alancing characteristics and large tether cable force: can be
handled with less restrictions on cabla load offset. However, the tanden
norma ' ly uses differential rotor 13vF% to ohtain this high degree of con-
trol with external payloads and, as described earlier, differential
collective pitch controls (for total 1ift control) are unnecessary in a
tethered platform and should be avoided.

Complexity of machanization varies in the four cu.zepts. Two rotors, two
drive shafts with associated gearboxes, and twd sets of rotor controls
must be grovided for eacn wehicle. The coax with its inmer and cuter
shafts and its pigeyback controls 5 the most complex, .The canventional
system is donimant in the helicopter world because of its superior high-
tspoed perforn nce.  But two different. sets of drive shafts, gearboxes.
rotors and rotor cantrols mist be designed, developed, manufactured, and
maintained. The syrchropter and the tandem wtilize a sirgle dezign for
rotors, main drive shafts, and rotor controls, and the synchropter has
only one gearbox and does not have long, high-speed drive shafts,

Insofar as reliability, maintainability and cost can ho judged by ccounting

mechanisms of differing designs and complexity, the syncheopter is the
best of the candidate shaft-driven rotor systems.

Station-keeping and directional control in the prosence of high winds was
discussed in Section 5.2. Of the shaft-driven concepts, only the coaxial
is purely cmnidirectional. The tandem cauld be sized for sideward flight
at 50 knots, @nd the tail rator of the conventional configuration would
certainly be designed by the requirement to hold the airfraze within ! 2
degrees of a selected compass heading with 50 knot winds coming (rom the
side or the rear. The synchropter woeld rot have directional control
problams, but it may not be able to arovide sufficient zide force to meet
the station keeping requirements with wirds of 50 knots from the side.

In the synchropters produced by Kaman, anly the windward rotor is used to
gencrate side forces. These aircraft, produced for 00D, have demon-
strated sideward flight with satisfactory directional control at airspecds
up to 35 knots.
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8.2.3 flectricelly Powered Concepts

Tne comparison nf turboshaft-edriven rotor concepts given above 1s co=-
pletely applicable w0 the four electrically somered concepts that remsin
to be evaluated. HNothing in the drive system or the source of energy
will change the relative ranking of the competing concepts. Therefore,
this last step in the evaluation is an assessment of the merits of elec-
trical power and mators relative to pumged fuel and turboshaft engines.

Etectrica) power systers are feasible for the tethered platform. Designs
have been presented to Kaman pver the past few years for Vightweight
motors utflizing state-of-the-art designs for shafts, dbeerings, ludbrica-
tion systens, cooling systems and fnsulation. In 1958, Kaman flew an HIY
synchropter with a 240-horsepower motor that weighted only 188 pounds.
Induction notarsy have good torque-speed characteristics and 4-pole. 400
N, eotars with opersting speede near 12,000 rpn do not require excessive
gearing to drive the rators, Generating power at 2200 volts results in a
reasonable diameter and weight for the tether cable and 1s well within
the state of the art of {nsulation materials for the motor.

The ground power generating system can 3lso be developed with 2 straight-
formard spplication of existing technology. A diesel or & turboshaft
ennine can be used to drive the generator, and the only special require-
went is the need for aererator speed control during stertina. [f the
welght of the qround power statfon is not critical, the necessary 2200
volts, 3 ¢, 400 W, power could be qeserated with existing 220/440 volts
poser units and & {ransformer used 1o get 2200 volt power for trans-
mission to the cerisl piatform.

The overall weioht of the 2lectrical power system is much higher than the
weight of the ground equipment {n pumped fuel systems. Teble XAVI Mists
the components values, and i€ a diesel enaine i: used together with &
conmercial 2200 volt generator, the ground station wauld weinh 4800
pounds. If an existing eenerator were used with 3 420/2200 volt trans-
furever, the total woight would be close 20 6000 pounds., §f 2 turbosheft
engine and a special Jightweight 2200 volt qenerator were ysed, the total
weight would be only 1200 to 1500 pounds.

On a procurement cost basis, the electrical power systems and the pumped
fuel systems are opproximetely equal. fEstimates of unit costs, in
Yimited production. of motors, 2200 volt geacrators, and controls were
received from three companies end varied from $15,000 to $20,000 for o
complete system. [f a diesel engine were used to drive the genevator,
the tots) cost of the power sSystem woulc be very close to the cost of
the fuel pumping system, §ts controls, and the afrbome turboshaf?
enging.

On an efficiency besis, the electrical power systems hove the cdge over

punped fuel concepts. Assuming diesel drive, an electrically powered
synchropter would require 50 poumds of fuel per hour of operatians while
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she turboshaft powered synchropter would require 78 pounds/hour.

The gumped fuel, turboshaft engine concepts hsve two significant advan-
tages over thelr electrically powered rounterparts. First, fully devel-
oped and qualfified engines and fuel pumping svstems exigl, and cecand,
the air vehicle can e retrieved safely {f the ground power system {fuel
pumo power, fuel pump, or puwp controls) fails. Fuel would be pumped to
a ;mall tank in the aeria] vehicle and a reserve maintained for retrie-
va *

Both of these advantaces could be overcome, or at least largely so, by
funded developrents of the critical components in the electrical gower
system. The potential reliadility of electric motors and generators is
certainly higher than the potential relfabflity of aircraft turboshaft
engines, Although there is more equiprest 1n the power train, an exfist-
fng diesel, perhaps overrated slightly, coupled Lo a properly qualified
generator, and motor, could give better overall mission reliability than
the fue)l pumping system and the airborne turboshaft engine.

8.3 Selected Concept

Until suftable electrical power systems are developed and treir field
relfability demonstrated to de superior to turboshaft engines, the
tethered platform should be powered by a turboshaft engine and long
endurance obtained by purping fuel from the ground.

The choice of 1§t system is not as clear. The shaft-driven rotor sys-
tems sre much more efficient in their use of fuel than the cold cycle
reaction drive system; they are smaller and ighter, tut, except for the
synchropter and gerhaps the tandem, they will probably cost more and

be more ¢ifficult to maintain. The synchropter may not be able to meet
the station-keeping requirement in SO-bnot side winds.

The cold cycle reaction driven rotor syttem is the best approach for im-
ple=enting the baseline specifications. It 1< a proven concept and can
meet the station-heeping requirements with 50-knot winds from any dir-
ection.

Attitude stabilization and control should be obtained by cyclic pitch
controls, and collective pitech mechanisms shoyld be svofded §f at all
possidle. The 1ift of the vehicle should be allowed to vary with the
wind and power controlled to matntain a constant RPM of the fixed pitch
rotor. Yaw contral {n the cold cycle concept should be obtafned by ex-
panding compressed air {n body mounted noz2les.

A turboshaft-driven landem rotor {s a pood alternative to the cold cycle
concept far the baselinz specifications.
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SECTICN 9
ANALYSIS OF THE BASELINC SPECIFICATION

The rasults of the study have clearly demanstrated the impact of certain
specification parameters on the selection of configuration for the
aerfal platform. The requiremgnt for 16 haurs endurarce makes fue!
econcmy a critical factor and dictates cither pusmped tuel or ground
gonerated electri¢ power. Station keeping in S0-knot winds drives the
selection towdrd omnidirectional rotor systems while the requirement

for a high degree of stabilizaticn and control has eliminated marginal
attitude control concepts. A1l ather speciffcations - rate of clisb,
oltitude, payload, ard atmospheric conditions - impact the sfze and power
of the tethered platform but do not affect the selection.

In the course of the study, conferences were held with qovernrent groups
developing missioq sensors, and possible chanqes to the baseline specifi-
cations were ditcussed. The statfon-keeping requirement was examined

in some detail since station keeping in high winds causes the airframe

to £t at fairly large angles to achfeve ferce and moment equiliorium.
In Section 5.4 the trim attitude in 50 knots was estimated to be about

12 degrees.® For rany body-mounted payloads, a variation of * 12 degrees
in elevation angle will have an adverse effect un size, weight and cost.
With stabilized, trainable sensors, the impact might rot be as great

but terrain scanning would be skewed by the trim attitudes of the air-
frame,

The only practical means for reducing the trim attitude angles of the
airframe involve moverent of the cable attachrment. This concept was
previously rejecled as a means for achievirg dynamic stability and con-
tro), but it could be used for guasi-static contral of fuselage at:itude,
Moderately fast servos could translate the cable attachment point in
response to signals from an attitude qyro., Two-degree-of-frecdom motion
would have to be provided to xTaintain a level fuselage for all combina-
tions of wind directicns and fuselage headings.

Although a possible solution to the trim problem, the mechanization of
Foveable cable attachents is corplex and was not pursued. It was
generally aqreed that tight station keeping should he waived except for
those nissions where precise knowledge of the platform's position was
necessary and wht 2 it was impossible or impractical to track the
vehicle in a disp.aced position. Analyses showed downwind positions

of approximately 500 feet with 400 pounds of cable tension and 300 feet
displacement with 700 pounds of cable tension in 50-knot winds.

°_
* This value assures that the tether cable cxerts no moment; a fixod
cable attachment paint below the c.g. will make it larger,
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No difficulty should be experienced in tracking the aerial vehicle from
the ground station. The instrumentation would be similar to that
required for position sensing in the station-keeping concept, and a-
ground-to-air dynamic control loop would be eliminated. Flight tests
at Kaman with the K-137 antenna suppo-t vehicle have also shown that
yaw control perforrance is much beicer when the cable tows the rotor .
than it is when the rotor tows the cable.

If station keeping over the ground tether point is waijved, the airframe
can be maintained in a level attitude at all times regardless of wind
direction and magnitude. The air vehicle will drift to that position
where the tether cable will balance all horizontzl fcrces on the rotor(s)
or airframe. The control concept can be implemented simply with a verti-
cal gyro measuring pitch and roll attitude error and generating commands
for the longitudinal and lateral cyclic pitch servos. If vehicle trans-
lations due to gusts are unacceptable to the mission sensors,,they can
be damped and reduced in any one.of three ways: (1) by sensing the
vehicle's translational accelerations or velocities, (2) by sensing in-
stantaneous changes in the cable angle from a quasi-static reference
value, or (3) by tracking the vehicle from.the ground and sending stab-
ilization commands to the air vehicle based on changes in location from

. a quasi-static position. Reference 9 indicates that Dornier has a com-

bination of methods (1) and (2) in their protatype Keibitz platform.
Method 3 is identical to the basic overhead station- keep1nq concept with
a slowly varying reference position.

A1 aerial vehicles would benefit from a relaxation of the tight station-
keeping specification in the face of 50-knot winds. In addition to the
improvements in performance and the simplification of controls, rotor
blade cyclic stresses would be significantly reduced and rotor blade
1ife, for all desians, would be increased. Some fuel savings could also
be achieved since the horsepower required to support the downwind cable
with a (substantially) vertical thrust vector is less than the horse-

power vequired to tow the cable for overhead station keeping at 50 knots*.

Downwind station keeping should also improve the survivability of the
system since the opposing forces could not infer the position of the
ground station by tracking the air vehic]e

Based on the above considerations, the. requ1rement for station keep1nq
within 25 meters of a point directly over the qround station was -
officially deleted from the baseline specification in favor of a re- .
quirement for a level airframe under all wind conditions. The impact.

‘of this change in spec1f1catlon is dlscussed in the next sectlon

"\
\

* See Figure 51 for cab]e deployment w1th ess entlally vertical thrust
and constant horsepower. Horsepower (and fuel consumption) could be
reduced until the bottom cable ang]e 1n steady w1nds approached a mini-
mum c]earance va]ue of 30°.
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SECTION 10
REEVALUATION OF THE SELECTED BASELINE SYSTEM

In Section B.2.2 several turbochaft driven wotor systers were anlyzed
and the synchropter was judged te be superior to the coaxial, tandews and
conventional configyratians in terms of reliability, maintainability

and cost. HWith the requirement for precision station keeping deleted
from the baseline speciffcation, the synchropter was reevaluated and
subsequently recommended as the best overall lift concept for the
tetnered platform. That reevaluation nf the synchronter, and the
previously selected ¢ald-cycle reaction driven roter concept, is sumrar=
fzed below.

10.1 Genepral Characteristics

The essential physical characteristics of the cold cycle and synchropter
platforms are listed in Table XXIX, and engineering sketches are shown
fn Fiqures 35 ard 40,

TABLE XXIX. GENERAL CHARACTERISTICS OF COMPLTING CONCEPTS

Cold Cycle Syrchropter
Fmpty Weight {1ib) 720 407
Gross Weight {1h) 967 629
Rator Diameter {ft) 19.3 . 16,2
Engine Rating (hp) 4450 114
Fuel Flow {1b/hr) 184 a2

* These valwes are fro~ the Task 1 sizing study and give equal perfor-
rance on the original specifications

—_—)

The synchropler 15 300 pounds Tighter and its fuel flow 1% only 43 per-
cent of the cold cycle value. For the specified endurance of 16 hours,
the told cycle systen requires 450 gallgns of fuel whereas the synchrop-
ter needs only 220 gallons.

Evaluating complexity of the two concepts fs very difficult since the
concepts are drastically different. However, the significant and
reasurable aspects of system compleoxity are its costs, its reliability,
and its maintenance requirements. Wnile a precise quantitative evalua-
tion of these parameters cannot be made at this time without detailed
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designs, cost amalyses, and reliability and maintainability projections,
it is possible to rake some meaningful comparisons and to assass ther on
a relative basis.

The cold cycle system has a larqe (440 horsepower) turbira engine with

excess bleed air capability (special afr load stages or a sopgrate shafe-

driven corpressor are alternatives), whareas the synchrooter kas a small

(115 horsepower) turboshaft ergine, The cold cycle system ducts hot co=-

pressed air (270° to 300°F} from the engine through a rotary seal to
flexible ducts on each of the rotor blades (two) to hollow structural
spars or tubes in each blade to expansion nozzles at the tip of the
blades. The synchropter uses a gearbox with two output shafts that
drive two, 2-bladed rotors by direct apdliration of torque at the
rotor hubs,

Each system employs longitudinal and lateral cyclic pitch control {no
collective pitch control} 0 the synchropter has two sete of controls,
whereas tha cold cycle system has enly ame. PRut the synchropter uses
the same controls for heading control {differential longitudinal cyclic),
while the cold cycle machire has a separate control syStem using bleed
alr norzles. The sensors and electronics in the Automatic Flight Con-
trol System would be the same for both vehicles.

10.2 Air VYehicle Costs

Significant cost differences will show up in the engines and the rotor
blades. The 440 horsepower engine for cold cycle will cost $25,.000 to
$30,000 compared to 310,000 for the synchropter's engine. A separate
shaft driven air compressor is probably the lowest cost appreech for
cold cycle and would add 38000 to $10,000 to the cost of the cold cycle
drive.

The cost of the rotor blades will depend on the destons and fabrication
processes chosen for each. If a similar process is chosen for both,
the blades on the synchropter should be much less exponsyve than blades
on the cold ¢ycle axr vehicle. In addition t2 1ts larger size and

tip nozzles, the inboard section of the cold cycle blade rust contain
additional structural elements to carry outboard Spar loads argund the
adr duc* entrance. The cold cycle blades may also require insulstion
to prevent hot spots in critical structural areas and the blade design
mst account for differential expansion of matarials with te—lerature.

If untwisted, uncambered blades are used in both platforms, the blades
would be interchangeable, and production costs would be reduced. With
the differences noted above fn blade requirements, it is not unreason-
albke to expect a cost ratio approaching two-to-one. If so, total rotor
blade costs, per aerial platform, will be approximately the same.
Developrent casts {to achieve the same lifetirme) of the cold cycle
blades would be appreciably higher than for synchropter blades of the
same design, 1f a nonmetallic blade is used in the synchropter (as
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shown in Figure 39) to eliminate radar reflections, the development cost
advantages, and perhaps unit production cost advantages, would disappear.

Teetering, underslung rotors and similar hub designs and rotor cantrols
are shawn in Elqures 39 and 40.

The hub in the synchropter must transmit shaft torque to the blades, but
blade centrifugal forces and bending moments will be the critical factors
in the design of huds and blade retentions, not the torque loads. The
total centrifugal force in the hub of the synchropter was estirated at
27,030 pounds; in the cold cycle system 1t was 58,500 pounds. Built-in
coning will eliminate the large out-of-plare bending in bath systems,
Therefore, the hub in zke cold cycle system will be more expensive

than ihe hud in the synchropter for the same desiqn 1{fetime, But the
synchropter has two hubs and costs per afrframe will be higher. The
dollar éifferences will depend entirely on the quantities made. Yor

25 air vehicles, the cost of hubs and cyclic controls should be
approximately $2000 for the cold cycle system and only $1000 to $2009
higher, per air vehicle, for the synchropter.

The gearbox in the synchropter is an added cost item. A qearing sche-
matic is shown in Figure 40 tc illustrate the drive concept but should
not te considered as the selected design. The gearbox regrires devel-
opment, but is relatively simole and can be developed uttlizirg well-
kngwn gear and bearing ¢esings, lubrication systems, and fabrigaticon
processes.  Spiral bevel gears can be produced for low horsepswer trans-
mission (100 hp at kich rpm, 50 hp 2t low rpm) with long lives at
reasgnable costs. In Vimited quantitics, and where s:all size and low
weight are not critical, designs favoring assemblies in Yieu of integral
gears and shatis will result in lower costs. A conservative estirate
of cost for a limited quantity of qearboxes, including rotor drive
shafts, would be 34020 to $6009.

Airframe unit costs are estimated to be $3509 for the synchropter and
$6000 fer the cold cycle vehicle. Ther2 values are based on parametric
weights on each vehicle adjusted by the weight esticate of the synchrop-
ter given in Appendix A and an estimated cost of $35 per pound of struc-
ture, skin, equipment supports. etc.

Using a cost of $1007 for a synchropter blade and $2000 for a cold cycle

blade, the cost comparison of the competing concepts is summarized in
Table XXX.
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TRBLE XXX. COST COMPARISON OF COMPETING CONCEPTS
Cold Cycle Synchropter
Engine $25,000 $10,000
Compressor $8,000-310,000 --
Gearbox & Drive Shafts -- £4,000-4$6,000
Hubs and Cyclic Controls $2,000 $3.000-%4 ,000
Rotor Blades $4,000 £4,000
Afrframe . $6,000 $3,500
Total $45,000-$47 ,000 $24,500-827,500

The table does not include the costs of sensors or servomechanisrs
for attftude stabilization and control. These ftems would add about
the same amount to each vehicle.

10.3 Relfability

Mission relfability for the tethered platform wili be paced by the
nission sensors and the automatic flight control system, not the lift
or propulsion systems. If the mechanical systems are designed for long
life (5000 hours or more) there would be some difference between the
projacted fajlure rates of the competing concepts, but the reliability
of both mechanical systems would be rare than satisfactory. Some
failures would undoubtedly occur in the pow:ir plants and fuel systems
at more or less equal rates for both concepts, but the critical flight
safety items would be the Automatic Flight Control Systems. The sen-
sors, clectronics and servos arc essentially the sare for the cold
cycle or synchropter, and high quality cozponents and selective re-
dundancy would give satisfactory mission relfability for both concepts.

10.4 Maintainabfility

If the unmanned tethered plaiform is to be practical for use in forward
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areas, 1L must be Cesiqned so that mainteaance is unmecessary, or neerly
s0. A1 the tnowledge nained through hundreds of thousands of flight
hours on Armmy e:nd Navy helicopters, the current developrents on HLH,
UTTAS, and ~AH, and the continuing advanced rescarch and development
pregrens on R & M sponsored by UOD can be applied to eliminate ol
maintenance pxcept refueling, filling ofl tenks, and repairieg or replac-
ing damaged parts, Repair {n the forward ares would be restricted to
simple processes and replacement of readily accessible {by design) sssem-
blies or components.

1f these maintenance joals are projected for desian of the cold cycle
and the synchropler, field raintafnability cannot be used as a selection
criterion. Rear base or depat mainteaance of the concepts would te
different. but this should not be an overriding factor unless fteld
damage i3 high or component lives are low. Blade changes (per avrcraft)
would take longer or the synchropter, bul an engine chsnge could be

mace in a fraction of the time that would be required on the cold cycle
systea.

Cranging the gearbox would be the most time-consuming maintensnce action
on the <ynchropter since it requires resoval of rotors and rotor drive
shafts, and decoupling of cyclfc pitech control 1inks, Inftial deploy-
ment of the tethered platforms would prodably involve removal of some
gearboyes for {nspection at progressive intervals (100, 500, 1000 hours,
etc.), but once the design service life is demonstrzted in the field,
gearbox changes would be infrequent.

Depot maintensance would be a factor in concept selection if, in the
interest of Yower development costs, components are designed to short
Vives or overhaul periods. Some differences in engine TBQ intervals
or engine life might also be expected as a3 consequence of the differ-
ences in horseponer requirements. The large engine selected for the
cold cycle venicle may be operzted at or near 125 power limits, while
the enfine selected for the synchropter could be operated well below
its ratings with a3 small penalty in weight and fuel consusption,

10.5 Detectability

Aural detectfon range for the cold cycle/tip norzie concept was calcu-
Jated to be 2.4km, and for the symchiapter, 3.6 k. These values are
based on detect{on by the unatded hu=an ear in 3 quiet forest, The
difference in cetection range is due almost entirely to the lower rpm
of the larger cold cycle rotor. Both systems can be quinted by reduc-
ing rp=,

Infrared detection ranges of 5.0 km and 2.3 km were c3lculated for the

cold cycle and the synchropter assuming unobscured viewing of the hot
power stage of the turboshaft engines. The englne outlets in each
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vehicle can be shielded ang in almost all cases the engine exhaust will
be directed away from the enemy. The power penalty for shielding and
coolirg in thr syncqropter wosld be 10 harsepower or $o while in the
cold cycle system i2 could be B0 horsepower or =ore. It may be neces-
sary to cool the exhaust plume fro~ the relatively large engine §n a
cold cycle concept.

Radar detection ranges ware not calculated for the coopeling concepts.
The cold cycle system has a larger airframe and a larcer rotor tnan the
synchropter and would have a larger radar cross section. Nonconductirg
rotor blades can he used in the synchranter for further reductions in
radar cross section,

Airfra=e sizes are substantially the same. and visual detection would be
equally difficule.

10.6 Transsortability

The height of the cold cycle system frem §ts base to the rotor air duct
is about 8 feet. {5ee Figure 39.) The keight of the synchrcptar is about
6 feet. (See Figure 40.) General arrange=¢nl studies were made of the
launch platforr and cable management systes for Lhe syrchropter {See
Section 12), and all eguipmert can be pallet =ounted and placed on the
beds of oxisting standard Army 2%~ton trucks. The height of the cold
cycle system would dictate special integrated desiqns or the use of
tratlers with 1ow heds,

fuel requirerents fer the competing systems are significantly drffereont,
A standard 2h-ton cargo truck czarries enough fuel (1299 gallens) for gn
hours of operation with the synchropter. This fuel would last onmly a7
hours with a cold cycle powered aerial vehicle.

10.7 Adaptability to Flectric Pewer

Although it is not a system or mission requirement, and did not influence
the selection of a tethepred platform conceot, the syncnropter’s adapta-
bility to electric power is a sianificant attribute, Tha gatential of
electric pawer was discussed in previous sections, and developeent cf
critical electric power comporents was recommended. 1f such ¢ develop-
ment were pursucd, and electyic power was demonstrated to be s:uperior

to pimped fuel for lona endurence, tne turboshaft enairce irn the synchrop-
ter could be replaced by an electric motor with Tittle or no impact on
any other parl of the aerigl vehicle.
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SECTION 1
IMPACT OF YARIATIONS IN SPECIFICATIONS ON SELLCTED AIR VEHICLE

Task ¢ of the Staterenl of Work involved & study of the impact on the
selected aerial vehicle of variations in perforrance requirements from
the baseline specificetions. The comguter program used in Task 1 was
utilized to determine the impact on vehicle size, weight, and horsepower
for the turboshkaft powered synchropter,

Cable load data was not available for the relaxed station-keeping condi-
tion at 50 ¥rois, soc the variations were examined under the original
baseline spacificatiors. When the atr vehicle is allawed to drift down-
wind in order to maintain a level airframe, the cable tension and top
angle must result in a trimwed flight coadition, These cable loads are
not a simple function of the horsepower required {see rigure 21, cable
tension vs flow rate) as they are for station keeping at a fixed point
in space.* Thr additional effort required to generate new cable loads
for Task 2 was not warranted. The priuary purpose of the task wds o
establish the sensitivity of the chosen design concept to changes in
spacifications. The variations examined are listed in Table 1. The
changes 1p the air vehicle resulting from the changes in performance
specifications are shown in Table XXX1. The impact of a change in gust
values s discussed in Section 11.7.

11.1 Pcyload Size and Weight Variations

The synchropter has approximately S0 cubic feet of uscable internal
space for payload. A& variaticn in payload size from 13 inch by 18 inch
by 12 inch to 30 inch by 30 inch by 20 inch, would have no irpact cn

the alr vehicle. Reducing the weight of the paylead from 200 pounds to
150 pounds causes the gross weight of the air vehicle to charge from
629 to 546 pounds, and the rated horsepower fro= 114 to 107. Increasing
the payload weinht to 3CO pounds results in a qross weight of 805 pounds
and en enaine rating of 134 hp.

11.2 Endurance Yariations

Changing the endurance of the mission from 16 hours to 8 or 23 hours
hos no tmpact on the sizing of the air vehicle.

11.3 Tether Cable Length Yariatfons

Reducing the tether tength from 1CD0 feet to 500 feet saves 12 hp and
reduces gross weight by 36 pounds, Increasing it to 2000 feet increases
enaine rating 59 hp and increases gross weight by 124 pounds.

* Far the synchropter, the trin conditions also vary with the direction
of the wind relative to airframe axes. The alrframe is, however, always
maintained in a level attitude at the desired compass heading.
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TaBLE XXX, [HPACT OF ¥ARIATIONS 1M SPECIFICATICNG
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fapty Weight {1b) Lh) _an 23 N2 5N _qa? 426 s 327 600
Payload [1b} 0 150 bRl m W0 200 200 2c0 150 300
fue? Load {15) R 22 25 28 2 L 22 1 1§
Gross weigne (18) 629 86 g5 593 TS) 629 650 &N 91 929

Rotor Jtaurmtes (ft) 16.2 1.4 17,8 154 18.2 18.2 6.4 15.) 4.2 19,7

.| Power Raquired {hp)

Cird; 0 Wind 82 H 99 X " ki $) a% &2 10
Om-Station; 53 knots B4 19 75 €@ 1 1] 06 84 LT )=
Engine Ratirg (Fp) 14 07 117 162 1M 14 126 124 g4 701
Fue) Flow [lbfhe) (3 a6 50 0 14 69 95 az T} 11
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A wingh for 1000 feet of cable, stored in twd lays would have a diameter
of 24 inches and a length of 40 inches. If only two lays of catle are
used to prevent high compressive loads, the winch for 2000 feet of cable
would grow to 38 x 50 wnches.

11.4 PRate of Climh and Descent Yariations

Changing the rate of climb has little impact on air vehicle weight, size,
and hgrsepower. Increasing the rate of descent would increase the power
rating of the cable maragement system, which woulé increase 1ts size and
vweight.

Little experience exists for helicopters in vertical de<cent at high
rates, and flrght tests would have to he conducted with a tethered heli-
copter to determine the feasibility of the high descent rate of 1000
ft/min. Stesp cescents with an untethered HH43B syrchropter showed loss
of 1ift and contrul at approximateiy 600 ft/min. Retrieval by cable with
high lift and power on the rotor miy increase the safe limit.

11.5 Atmosaheric Veristions

The baseline vehicle was sized for on-station operation at 4007 feet,

95°F. Increasing the specification value to 6300 faet, 95°F increases
the engine rating, at sea level, standard day, from 114 hp to 124 hp,

11.6 Combined Effects

The air vehicle was resized to the following specifications,

Minimgzn HMaxirum
Performance  Performance
Payload Weight {1b) 150 300
Cable Length (fe) 500 2000
Rate of Clamb {f1/min) 250 1609
Atmospheric Conditions 4000 ft, 95°F 6020 ft, 95°F

Winds (knots) 20 50

These conditioqs'represent conbinations of the lowest and the highest
vqlues of specification parameters. The correspanding variations in
size, weight ard power of the aerial vahicle are:

Min imm Baseling Max imum
Performance  Specifications Performance
Rator Drameter (ft) 14,2 16.2 19.7
Gross Weight (1b 49 629 929
Engine Rating (hp 84 ‘ 114 201
fuel for 16 kours{gals) 182 219 285
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Estimated size and werght of major ground corponents are:

Hinimum Haxirum

Performince Performance

iz fght Size Height

e (i) (18)

Winch 24x20 300 iBx5DH BOG
Launch/Retrieval
Platforn ~ Bax105 200 117x 146 350
Fuel Pumping System . 35x20x18 35 42x30x24 660

11.7 BGust Yariations

Transient response of the tethered synchropter to gusts was Studied
with the aid of e&n analog computer. Fore and aft cotions and pitch
attitucde responses to sharp-edged and sinusoidal changes in airspeed
were obtained for hover and S0-knot steady-state conditions at 1000-feet
altitwfe. Longitudinal eotions were studied since the attitude changes
of the synchropter are largest when a qust, of given magnitude, is
perpendicular to the plane containing both rotor shafts (a forcv/afy,
gust) since the pitching moments develoged by Lhe rotors are additive,
If the qust approaches from the side, the anglte of atiack of one rotor
is increased, the other decreased, and a smaller upsetting mosent is
generatled.

Linearized, two-dagree-of-freedom equations suitable for study of small
rigid body dynamics were programmed on an analog computer. Rotor
dynamics were represented by a flap angle lag due to pitch rate. [eed-
back for control and stabilizatfon included pitch attitude, pitch rate,
displacement {cable angle change), and velocity. The cyclic pitech
contral servomechanism was assumed to have 3 firsi-order lag.

The equations programmed were:

mee O 2 Fe g, 3 Fx 0+ __*_Lg,”x 51

3x ax 20 5 6 3 6
I8« an x +-jig X 4 2H & 4-iLglé ah &
3x ?x 39 2 b a6,

6]=k| x"'kz i +k38+k‘e'k561
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Derivatives far the above equatiens are listed in Table XXX1I and were
calculated for a synchropter with the following characteristics:

Gross Weight = 613 1h

Rotor Tip Speed + £90 ft/sec

Rotor Radius = 8.1 ft

Rotor Solidity = 0534

Rotor Hub to c.q. Distance = 2.54 ft
c.q. to Cable Attach. Distance = 2.0 ft
Cable Tension = 200 1b

Cable Lergth = 1000 ft

AL inivn

—— e

TASLE xXx11, STABILITY DERIVATIVES
Derivative Units Hover &0 knats
aF, 1b/ft - 0.20 - 0.20
ax
3Fx 1b/ft/sec - 0.12 0.67
3Fy 1b/rad -813.5 -813.5
ELR
i d/ 4 60
=E 1b/rad/sec 5.46 7.60
aFx 1b/rad 836.0 490.2
b,
| fL-1b/ft - 0.40 - 0.40
ax
_gL ft-1b/1t/sec 0.32 - 1.70
&
_?"'6_ ft-1b/rad -400.8 -400.8
It
- :
= ft-1b/vad/sec| - 13.87 | - 19,32
-%'-“5 ft-1b/rad -2123 R PYT
1 , Sk ]

—
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Ho difficulty was experienced in finding values for the feedback gains
that would give satisfactery stanilization of the tethered platform,
Typical dynamic resgonses to sharp-edged gusts are shown in Figure 41
for hover and 50-knot flight conditions. Response to a sinusoical gust
is shown in Figure 42, arg the pitch attitude respanse is replottes in
Figure 43 and scaled to a 10-knot gust. The maximum attitude excursion
is less than 2 degrees 3s required by the baselire specrfication.
Yalues fer the fecdhack gains are listed in Table XxXIIL.

TABLE xXX111. AFCS PARAMETERS

Parameter Units 10-kt gqust 35-kt gust
Criterion VCrtterion

Cable angle feedback, ky rad/ft 0.02 0.02

Velocity feedback, ko rad/ft/sec 0.09 p.22

Pitch attitude feed-

back, k3 rad/rad 1.5 1.5

Pitch rate feed-

back, ky rad/rad/sec 0.75 . 0.75

Time constant of

the servo, kg sec 0.15 0.15

If the AFCS gaing are not altered, and the linearized esquations are
assumed to be valid, the maximum pitch attitude in ressonce to a 35-knot
sinusordal gust would be 6.5 degrees and the resgonse to a 50-knot qust
would be approximately 9 degrees. The actual response would srobzbly

bq larger than these values due to nonlinearities end nhvsical limita-
tions of servos and controls, but the synchropter should be controllable
and shoulg be able to recover from brief expasures to gqusts of 35 knots.
Gust magnitudes atove 35 knots are seldom seen and 1ittle is krawn about
rotary-wing aircraft responses in this region,

Increasing the feedback gains reduces the attitude disturbances. [f the

velocity feedtdck to the rotor control i< increased from 0.09 to 0.22,
the 2-degree pitch attitude criterion cean be met at 35 knots.
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Figure 41.

{b} 50 Xnots

Typical Response to Sharp-Edged Gust.
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Gust Input

Pitch Attitude, ©

Horfzontal

Figure 42.

Disptacement, X

Typical Response to Sinusoidal Gust,

132

P e ' s et o

m o e e ——

A

NP -

L TR R WY



v e DTS AT MR

e

Pitch Attitude, Deg

4

R ,

2

1 i _
o/-—\\ / \

\ N | |/

Al N

0 2 4 6 8
Time, Sec
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SECTION 12
RECOWMINDED SYSTEH

A synchropter, driven by a turboskaft engine, with fuel pumped from the
ground throush & tube in the tether cable is recommended as the best
overall approach to meeting the require-ents specified for a tethered
platform. This section of the regort presents a brief description of
the recommended air vekicle, its major subsystems, and the major ele-
ments of support equipment as;ociated with air vehicle operation, The
information presented {5 intended to convey a realistic picture of an
operational! system, but no atterpt has been rade to optimize designs

or cquipment arrangements.

12.1 Air vehicle

The configuration of the reconmended afr vehicle 15 shown in Figure 40.

12.1.1 Rotor

Two counter-rotating, intermeshing two-bladed rotors, 16.2 feet in dia-
meter, are mounted on separate shafts which are laterally separated and
canted oulboard 12.5 degrees from the vertical centerline. Each rotor

has 2 degrees of pre-cone huilt in and mounted to the rotor shaft by an
undersltung teetering pin set at 30 degrees of negative 43. An elasto-

meric bearing is incorparated in the blade retention fitting for blade

feathering and the pitch horn is on the leading-edge side of the blade.
The rotaors are pperatéd at constant collective pitch.

For manufacturing simplicity and low cost, the blades have a NACA 0012
symmetrical zirfoil with np twist. The main $tructural member of the
blade 1s & molded leading-edqe beam containing unidirectional glazs
filaments which run from the brade tip, loop around two spools for re-
tention bolts at the root, and return to the tip. The tratling section
consists of contoured kemex honeycomb. The spar and trailing edge are
covered with oriented fiberalass cloth to provide torsional stiffness
and a smooth sxin. MWeights are located inside removable tip caps on
each blade and are installed during manufacturing to balance the inter-
changeable blades.

12.1.2 Rotor Drive

The rotor drive gear train {5 enclosed in a single gearbox with an over-
all reduction ratio of 8.6:1 in three stages. The outpuyt shaft of the
engine drives & spiral-bevel gear set with 1.72:1 ratio for the verti-
cal jack shaft, which in turn drives a cross shaft through a 2:1 spiral-
bevel gear set. Each end of the cross shaft drives a rotor shaft
through a left-hand and right-hand spiral-bevel gear set of 2.5:1 ratio,
The central gear on the cross shaft also drives a power take-off for a

5 KVA alternator. A lube pump is driven by the vertical jack shaft to
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pressure lubricate all gears and bearings in the gearbox housing.

The housing is rade up of four cast aluminum Sections with piloted
flanges and bolted toqether. A1) gears are straddle-mounted in the
housing *o assure proper zlignment and center distances for lonq life
operaticn.

12.1.3 Engine

The total power required, including alternator drive, is 114 hp. Fiqure
40 shows an Airesearch GTP 30 turboshaft engine with integral lube
system. The eaqine is mounted from and under the top deck of the ar-
frame. The rotor drive gearbox is also mounted on this deck, thus
assuring proper alignment of the engine output with the gearbox input.

Fuel flow 15 controlled to maintain a constant rpm of the engine,
12.7.4 Structure

The basic structure of the air vehicle is an aluminum tubular frame
similar to a radfal engine mount. A circular tube base of 30 fnches
diameter 15 connected to a 45-inch-diameter tubular top ring by a ser-
jes of truss tubes to form a rigid frace 46 fnches high. Two trans-
verse channel seécticns across the top of the upper ring forms the
mounting structure for the gearbox and ergine. A pyra—id of tubes
reaches ud from the base ring to the cable attachment fitting on the
vehicle's vertical certerlire 17 inches zbove the base.

Nanstructural alymiru skins are attached to four "Z® section ring
formers to enclose Lhe vehicle in a truncated cone shape. These skins
are easily removable ‘or complete access to the interior for payload
installation and maintenance,

12.1.5 Cable Attachment

The tether cable is attached to the aerial vehicle through a unfversal
Joint, A flex hose conveys the fuel from the tether cable to the
afrcraft fuel tank, and two coaxial fittings are provided for connecting
the data transmitter and command receiver to the coaxfal cables 1n the
tether cable. Detalls of the tether cable sssembly are shown in Figure
17 and the calculated diameter and wefght are 0.5 fnch, and 0.095 1b/ft,
A copper wire sheath with conductivity equivalent to ANG No. 4 should be
added to the cable for 1igqhtning protection.

12.1.6 Payload Integration
The compact design of the synchropter drive system provides ample space
and freedom of location for installation of mission payloads. The

level airfra~e attitude and the freedom to choose cerpass headings in-
dependent of wind direction simplify payload design and integraticn.
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Figures 44, 45 and 46 show typical payloads with widely varying require-
ments. Two targe planar array radar antennas are shown in Figure 44
fixed to the airframe. Tigure 45 shows 3n imaging sensor in a stabdbil-
fzed gimballed mount and Figure 46 shows an unstabilized wide angle
sensor.

12.1.7 Retrieval With Power Fallure

The pumped fuel synchropter can carry reserve fuel for safe retrieval

in the event of a failure in the fuel pumping system. However, {f a
failure occurs in the turboshaft engine or its fuel contrals, little can
be done to retrieve the vehicle without damage. An autorotatiom landing
on the small platform is not possible, and designing for a free flight
autorotation landing by remote control would add a great deal of cost
and complexity to the system that appears unwarranted. It would perhaps
te better to consider redundant engines sized Jor sharing the load on
station but large enough to insure safe tethered retrieval. As an
dalternative, it would be possible to recover high value paylodds by
parachute. In the event of a power failure, the rotor blades, and the
tether cable could be severed, and parachutes deployed to provide a
soft lamding of the complete 2irframe and payload.

12.1.8 VYibration Levels

The vibration levels required for sensor installation (See Tazble I1])
are not unusually low and should be achievable by careful decisn. If
necessary, vibration fsolation devices can be used in the payload in-
stallatfon or -on the gearbox- to isolate the airframe from rotor vibra-
tions. -

12.1.9 HWeight and €.G. Location

The empty welght of the synchropter was calculated to be 470 pounds.
This s 63 pounds above the empty weight computed for the baselfne syn-
chrop.er by the parametric sizing model, A weight breakdown for the
recomwendad afr vehicle is given in the Appendix,

The ¢.g. of the empty vehicle was calculated to be 40 inches below the
rotor hubs.

12.2 Fuel System

The fuel control system in the air vehicle is shown schematically in
Figure 47. The ground-tased systes §s shown in Figure 48. When the
fuel falls to a preset RESERYE level, 2 fuel valve in the aircraft is

opened permitting fuel to be pumped from the qround. When the FULL level

is reached in the aircraf: fuel tank, the valve closes causing the
qround pump to be dead headed and the ground system fuel pressure to
rise. The pressure rise activates a swilch and causes a valve to di-
vert fuel from the ground pump back to the ground reservoir. Pressure
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is mafntained in the fuel line to the airgraft by a check valve and
accuswlator in the grourd syster, When the aircraft fuel valve ozens,
ground system pressure falls, the pressure switcn closes the bypass
valve, and fuel again flows to the aircraft,

The fuel system is splf-contained and self-controlling without an air-to-
qround data link. A fuel reserve is always maintained for retrieval of
the air vehicle <hould a faflure occur in the purping system.

12.3 Flight Control System

The air vehicle is controlled with ¢yclic pitech of the roters. The use
of fixed collective pitch on the rotors greatly simplifies the mechani-
cal portians of the flight contral system, particularly tn the swash-
plates. Since vertical motion 15 not required, the swashplates are gim-
bal mounted an the rotor shaft ard tranemit cyclic control fron the
electro-mechanical acluators in the stationary system to the rotating
pitch links at the rotor heads.

The Autoratic Flight Contro) System obtains its reference for pitch and
roll attitude contro) frem a vertical gyro and stabilization sicnals

from longitudinal and lateral accelerameters and cable angle transducers.
Signals from these units caused by distrubances to the air vehicle are
fed to electro-mechanical servo actusctors which move the mechanical con-
trol linkages to stabilize and control the air vehmicle.

A heading reference in the air vehicle compares the instantaneous com-
pass heading with the command heading transmitted fros the ground con-
trol station and errars are transmitted to the ¢yclic piteh contrals to
maintain the desired heading or turn the vehicle to 3 new heading. Yaw
control is provided by differential action of the longitudingl cyclic
pitch controls on the left and right rotors.

Tris Automatte Flight Cantrol System was used successfully in Karan's
K-137 Antennra Supgort Syste~ and is functicrally similar to that des-
cribed by Schmidt in Reference 9 for Dornier's Kefbitz.

12.4 Ground Support Equipment

The air vehicle reauires 3 landing platform, a system to handle the
tether cable, a fuel supply, and a means for transportation of the Sys-
tem. Thase functians can all be provided by simple equipments which
for the most part exist in Army inventory.

12.4.1 Launch/Retrieve Platform

The atr wvehicle takes off and lards on a simple flat platform fnstalled
on the bed of a truck. The platfor— is B feet wide, 10 feet long, and
has a 3-foot-diameter hole in its center for pzssaqge of the tether cable,
Directly below this hole is a girballed sheave secured to the Lase pallet

{ 13

Sednnd




of the platform. Shock absorbers can de installed in the legs of the
platform if high retrieval rates are utilized.

12.4.2 Tetter Cable Minagement System

The design recommended for the cable management system i Lased on
Kason's experience with tethered helicopters on the -13? Antenns Sup-
port Program, Several hurdred flights were conducted without wncident
3and the operating procedures and equipment employed were Simple and
straightforward. In brief, the operating procedures involved tdkeoff
and climb with the alr vehicle's 1ift overcaning restraining forces

n a winch and retrieva) with the winch overcoming the air vehicle's
142, The launch and retrieval were controlled entirely by controlling
the tension {n the cadble nesr the winch., Cable reeling speed ang
direction were thus entirely dependent on the selected tension value
end the excess 1ift in the air vehicle. The system, operating like a
good qualitv spinning reel, prevents transients or disturbinces from
causing high cable loads on the afr vehicle. When on-station altitude
was reached, the winch was locked.

The recommenced cable managenent system for the tethered platform cone
sists of a winch, an eddy-current clutch, a winch érive motor, a3 level-
wind mechanise, a mechanical brake, and appropriate sensors, remote con-
trols, and displays. The winch drum exerts tension on the cable and |s
driven by the motor through a gear train and the eddy-current clutch.
Tension in the cahble is controlled by adjusting the current applied

to the eddy-current clutch.

The winch drum h3s a diameter of 2% inches and a lenqth of 40 inches.

1t stores 1000 feet of cadle in 2 lays. The drive motor is & 15-hp,
220-volt, 60 H, finduction motor. It drives the input sice of the clutch
at constant speed and alwdys in the direction to retrieve the vehicle,
The torque transmitted to the ocutput side of the cluich depends on the
current fes to the clutch coils,

A remotely operated mechanical brake is used to lock the winch ¢rum
292inst cable motion once the desired length of cable is deployed.
Power is then removed from the winch drive =otor and the eddy current
clutch. [If a fixed vrom fixed collective pitch air vehicle is used es
recommended in Section 12.1, the cable length deployed must de limited
in accerdance with afr vehicle performance, air lemperatures, and ter-
rain pressure altitude.

The mechanical brake will te set automatically 1f a fallyre occurs in
the cadble management system during launch and retrievel.

12.4.3 Support [quipment Transport

The components of the cadle management system are mounted on the base
pallet of the launch platform, A general arrangecent of the equipment
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mounted on an M3§-AZ, Z5.ton cargo truck it shown in Fiqure 49. A 30
KvA gencrator, driven by 2 turboshaft eagine provides power for the
SUpPOTt cguipment and the ground contro}-station. Estimated weights of
the truck-mounted components are:

Aerfal Yenicle »ith Supports: 700 1t
Lzunch/Retrieve Platfora; 250 1b
Cadle Hamagement System: 500 Ib
Fuel Pumping System: 500 1%
Fower Generaling System: 800 °1p

thal: 2750 -1bs

Ficiure 49 shows the air_vehicle secured for transport. The rotor
blades are supported by poles -attached to the airframe. The vehicle
would be secured to the platform with » set of clamps or cables.

The overall hefght fn the stored configuration 1s 124 feet, whith i3
within the limit for over-the-highway vehicles in the United States
2y tabulsted by the Truck Tratler Manufacturer's Ascociation,

12.4.4 Fyel Supply

The fuel pumping system was described in Section 12.2. The pumping
system {5 mounted on the Dase pallet of the Yaunch/reirieve platfom
sdjacent to the winch, Fuel will be introduced fnto the tether cable
through the winch shaft via-a rotary coupling.

fuel for the 2erial vehicle and for the ground station power generator
fs carried in 3 standard Army 24-ton M3I6AZ cargn trutk. A sketch of
the truck carrying 1200 gallons of fuel is shown in Figuee-S50.

12.5 On-Statton Attitude and Position

The recommended control concept allows the air vehicle to drift down
strean in 3 steady wind until the cable exerts sufficient side farce
to counteract the drag forces. This concept allows the atrframe to be

maintained in a level attitude regardless of the magnitude and direction
of the wind.

The spatisl position of the synchropter wi)) be a functicn of rotor
power, wind velocity, end wind direction, and §s uniquely determined by
equilibrium of forces #nd moments on the air vehicle. -

The equilibrium conditions for the synchropter at 50 knots were <oter-
mined andlytically and are listed in Table XXXIV. The deployed cadle
f¢ shown ‘In Fiqure S1 for winds froe the resr. These conditions. were
camputed with the follawing data on the synchropter.
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Atmospheric Conditigns: 4000 ft, 95°F

Clwmb Power, O-Hind: 97 hp
Rotor Diameter: 16.2 ft
Rotor Solidity: 0.0534
Tip Speed: 60D fr/sec
Air VYehicle Weight: €65 bs
Rotor Hub io C.G.: 3.3 ft
Cable Attachment to C.G, 1.2 ft7
Ftat Plate Drag Area: 10.8 ft=
Cable Length: 1050 ft
Cable Diameter: 0.5 in.
Cable Waight: 0.095 1b/ft

The collective pitch angle of the rotor was (onputed from the climb
conditizns, and the 1ift at S0 knots was calculated usinn the same col-
lective pitch and rotor para-eters. The cable tension and cable angle
at the air vehicle were chtained by solving force and roment equili-
brium equations, and finally, with known cable length weight and dia-
meter, the cable disposition in space was determined from Kaman's digi-
tal computer pregram by matching the upper cable load and angle.

TRELE XXXIV. TRIM COMOITIONS I¥ 50-KNOT WINDS

Direction Rotor Cyclic Top Tep Bottom Bottom [Down- Height
of Nind Lift Control Teansfon Angle Tension Angle Wind
(16)  (deg)  (1n) {deg) (b}  (deg) Disp. (ft)
(ft)
Front 1370 7.1 no 3.0 617 58.0 309 992
Rear 1390 6.2 730 7.5 639 55.3 376 970
Side 1246 2.0 580 3.d 489 51.7 314 964

The cyclic control values shown in Table XXXIVY represent the tilt of the
rotor control plane or swash plate. These values represent about 40
percent of the control rénge that would ba desiqned into the synchropter
so0 that adequate margins exist for dynanic stabilizatfion and centrol.
With winds from the side, the tilt in the rotor shafts causes unequal
rotor torques. At 50 knots, the differentigl torowe was calcuelated to
be approximately 10 ft-1b and would require only 0.2 degree of differ-
ential lengitudinal cyclic control to balance the yawing moments.
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SECTION 13

GROUKRD COHTROL STATION BESIGN AND OPERATING FROCEDURES

To compiete the tethered platform system, a qround station is required

to launch and retrieve the 2ir vehicle, monitor on-station operation,
contrgl or monitor the operation of mission sensors, and process mission
data for transmittal to other Army units in the field. This sectton out-
Vines the major require-ents for the control station and presents a
practical design concept and operating procedure,

13.1 System Regquirements

The nissions cansidered in the design study vare:

. Yorward area suvrveillance
Target tracking and laser designation

Location of enemy artillery and mortars
Indirect fire control

Electronic countermeasures

ELINY or electromic support measures
Comunication relay

Control of remotely piloted vehicles

D~ N 8l PY —
s = n « »

These missions require differant sensors, data processors, controls and
displays, etc., but the preliminary analyses indicated that rajor reauire-
ments could be satisfied in a common destign for the qrourd coniral sia-

tian. The following requirements forw the basis for the control station
design presented.

13.1.1 Deployment and Support

The system operates in conjunction with other ground army units. Ground
station security, ground crew support, fuel and maintenance areé {mpraved
as necessary. The systen is capable of independent opsration for scveral
hours, but there are no provisions for defensive armarent, fond service,
off-duty crew quarters, or mdjor repair within the basic control station.
The basic ground System is not hardened. (A 1imited investigation was

made of an installation within armored tracked vehicles and is presented
at the end of this sectiom.)

Local maintenance of the system is restricted to simple repairs and re-
placement of parts., Built-in test eouipment indicates status of ele¢-
tronic co=poncnts, and seasors installed in the air wohicle provide
data for remote ronitoring af its operating conditions,

13.1.2 Operating Personnel

A crew of three ren i capable of operating the complete systeo for a
period of 4 hours. One man, trained in air vehicle operations, controls
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launch and retrieval of the vehicle and monitors on-station behavior,

One man operates and contrels the mission sensors by remote means, and
monitors mission data precessing. The third man supervises system opera-
tions and is & standby se¢nsor operator ard air vehicle monitor for tem-
porary relief of the other men.

13.2 Control Station Declen

The control station, or operating crew enclosure, is shown in Figure 5§52
mounted on the bed of & 24-ton truck. The station is5 BB inches wide,

108 inches long, and 95 inches high. Its cutside dimensions are compati-
ble with the Military Airlift Comand 4631 Materials Handling System.
Figure 5: shows a plan view of the statien. The alr vehicle controller's
console is located at the rear of the enclosure with the operator facing
the window for a clear view of the launch/retrieve platform complex. The
sensor orerator's station, see Figure 54, is positioned behind and to the
left of the air vehicle controller's station. Awple access has been
provided to the back of the equipment racks for maintenance.

The supervisor's station is in the forward right-hand corner of the en-
closure where he has 3 view of both crew menbers and their controls and
displays, He has a clcar view of the launchfretrieve platform through

the window in front of the air vehicle controller's console.

‘The door to the control station i5 lgtated in the wall opposite to the

supervisor's station, ODetochable steps are hocked te the side of the
enclosure for use when the contrul statfon is mounted on a truck.

Cable receptacles for electric power, launch/retrieve control, and sen-
sor data transmission and control are lacated at the lower outside
corner of the enclosure adjacent to the relay racks of the sensor
operator's station. Appropriate radio antenna and air vehicle tracking
devices are mounted cn the roof of the statfon and an air conditioner/
heater is rpunted high on the outside wall of the control station,

13.2.1 Ajr Yehicle Controls & Displays

The air vehicle operator's console will include the following controls
aqd displays:

Controls

Fuel pymping system on-off switch
Air vehicle engine start-stop switch
Winch motor oen-off swilch
Eddy-current clutch rheostat

Air vehicle heading control

Winck brake on-off twitch

148

— 8 i o e amkede — a4

—m e

e



#I.!].I,
i _
! _ |
Iymfu —il] | :
¥NIL 2FSLa N

1

AOILNIS .52....5[\\\\“ [ ‘_

A( SIINig 53N ITdw s

‘

]
|
BRI H 300 LN u.tl\\Lr 3

_

RN ILLE Orlee —— i
i
CA1IS Figwm el Mg = - ﬁ |

il
1]

<
HINaL J1WHIA g

150



“UOLIRIS [04IU0D JO MTLA UD|d

" BN

"£G i}y

HOLY 8 ISO
HOTMNIE

—A

BILWVINS TNOD iy —

imml |

WO IANFanE

VosinQld 310037 3

151



P T W g

2sl

COMPUTERS — _.__F

SITUATION DISPLAY—_| |

AN/GRE 106 —————u |

RECORCER
AMPLIFIERS

SENSOR SCOPE p
AN/VRC- lz-___—_—qb'jﬁ —~——
|

POV'ER SUPPLIES

Figure 55. Rission Control Station.

i — i



= A |

+ weew

e |

A i ) s T e P - N (it W

Displays

fuel pumping system status
Fuel pressure

Air vehicle engire RPM
Air vehigle EGT
- hearhnox 011 temoerature
0i¥ quantity

Cable temsion at alr vehicle
Cable argle at air vehicle
Coble rate

Cable lengih

Ahir vahicle heading

Winch brake status

o v ¢ 0 0
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13.2.2 Mission Controls and Displays

The mission contro) station will vary with the sensors or payloads
carried in the air vehicle. The comnsoles shawn in Figure 54 are appro-
priate for target detection and location by imaging or non-imaging sen-
sers. The basic controls required are:

Sensor Qa-off

sensor 1ine-of -sight
Sensor fietd-of-view
Air vehicle heading
Targel designaticn

¢ 3 3 a A

The critical displays are tne sensor's view of the tarpet area, and a com-
puter generated horizortal situation showing target location relative to
the grourd contrgl station. Coordinates of the targetls as determined-

by the computer would also be displayed on the console.

The missian conlrol station would aiso contain the equipment necessary
to fogward the target information to other field units by voice or secur.
datz )inks.

L

13.2.3 Comnunicaffon Equipinent

The comm. nications equipnent fn the contrpl station will consist of a
fieid telephone and the followiag standard Army radio sets mounted in the
relay racks:

1 PRC-25 FM set

1 VRC-12 fM. set
} GRC-106 AM SSB data link set
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13.2.4 Power

Power for a1l equinment in the contral station is proviced by a genera-
tor mounted on the truck carryirg the launch platfore and cahle manage-
ment System,

13.3 Operational Procedures

Dn arrival at tke deployment site, the three trucks will be parked
approximately 120 fert apart with the rea:, ar wirdow side, of the con-
trol statyon positioned <o that the air yehicle laumch cortroller 185 a
clear view of the Taunch/reirieve platiform through the window,

flectric cables and coarial data link cables ar¢ run between the launch/
retrie,e platform and the cortrol station, ard a4 fuel 1ire fror the fyuel
truck 1s coanected to the pumping system adjacent to the winch. The
generator set is started and the rotor blades gre freed of thiir tie-
down braces which are then stomed on the base pallet vnider the launch
platfora. Ffrom here on all operations are performed from the control
station.

The 2ir vehicle operrator, at his console, starts the winch rotor and
s5ety the clutch current at a high value to assure that ths atr vehicle
cannot 1ift off. The fuel purping system it turned on, and ihe air
vahicle engine 15 started. After a brief periocd of grouni running to
insure al) ecquipment is eperatine properly, the air vehicle aperator
launches the aircraft by releasing the wincn brake and reducing the
cable tension. As the aircrafi clirns, the operater may adjust the
cable tensicn to establish a desired rate of climb,

As the aerfal vehicle approaches the required altizude. the conirpller
slowly increases the tether cable tension 29 slow the rate cf ascent.
khen the cable length indicatar shaws the reguired cakle lergth, the
winch drum 1% locked and the winch motor shut down, The aeradl vehicle
will mdintain itself on station with no further action reguired from
the contirgller.

To retrieve the aerial vehicle, the wanch mutar is started, the clutch
current adjusted, and the winch h-ake =aloaced. The cahle tension is
then increased until the proper cable rewinZ rate is obtained. As the
air vehicle comes into view af the operater, he reduces its speed of
descent by adjusting the cable tensicn to provide a firm larding on the
launch/retrieve platform. Tre cahle tension is increased to a prede-
termined hold-down value and the winrh brake 3u eaqaged. The operator
then shuts down the air vehicle engine, the fuel cumping staticn and the
winch motar, If a new latian 14y dosired, the rotor blade supports
are installed and the cables Letween the vehicles are disconrnected and
stored for transpart.
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A general view of the system in cperation is depicted in Figure S5.

13.4 Hardened Systens

The selected synchrapter air vehicle and its cable management system
can be carried in and deployed from the basic vehicle used for the N577
Comrand Post. The rear and the top of the vehicle would have to be
modified for the winch amnd rator shafts, and the rotor blades would
have to t¢ renaved for full protection im transport. Figure 56 shaws
the gereral arrangerent within the W877. The fuel pumping systerm.:
ground puwer system, and fuel far 20 hours of operation could easily

be carried in an M543 Cargo Carricr. The ground contrcl equipmient
could be 1nstalled in an MS577 Command Post.

The aerfal platforn can also be hardened against small arms fire or
small shell fragments at some expense in weight, power and sfze. Table
¥XXV shows the weight increase for various deqrees of protection. The
armored aress are shawn in Fiqure 57. The basic weights are for
alumioum skin. Protaction from 7,02 rm projectiles was based on dual
hardness armor plate at 7.6 1b/ft2 and protection from 14.5 e;m projec-
tiles was based on armor plate at 24 1b/ft2. The component weights

showm in Table XXXV are for armor plate only and do not fnclude any
allowance for growth in air vehicle size,

The impact of armor plate addftions on the aserial platform can be
assessed fror daté qenerated under Task 2, Table XXXI shows a growth

in vehicle weight of 176 pounds and a growth in power of 20 hp for o pay-
load fncrease of 100 pounds,
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Figure 55.

Air Yehicle and Winch Instatled in
577 Command Post Carrier.
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T&EEF XXRY. HEIGHT OF AIR VEMICLE ARMOR PLATE

Basic
Protected frea Weight 7.62 MM 14,5 MM

{1p) Protection Protection
A, Base Plate 16.96 357.9 1,130.4
B. Fuselage 29.54 593.2 1,873.2
C. Gear Box & Shafts 5.51 116.4 367.7
0. Gear Box Bise 3.97 B3.9 264.9
E. Engine Shicld - 32.7 103.2
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SECTION 14
CONCLUSIONS

The work done during this study togethor with the wark done pn past
programs leads to the conclusion that an unmanaed, tethered, rotary-
wing platform is feasible. Several alternatives exist for implementing
& long endurance tethered elevated platform.

The most attractive concepts are:

(1) ‘urboshaft driven synchrapter with fuel pimped fre— the
ground.

(2) Electric motor-driven synchropter with electric power
generated on the around.

(3) A rotor driven by tip nozzles with air provided by an air-
borne compressor driven by a turboshaft engine utilizing
fuel pumped fro~ the ground.

Each of these concepts can meet the specified design and perfecrmance
requirements, can be implemented with existing components or designs
that are within the present state of the art, and will yield a system
that can be deployed and operated in the field without highly skilled
personnel or cozplex special sugport eguipment.

The turboshaft pawered syrnchrppter is the best overall approach., A
long-11fe, low-cost, low-smaintenance platforn can be readily produced
with existing technologies and can be powered with available turboshaft
engines. The synchropter will be small and have & jow weight, and its
low fuel consumption will make the system readily transportable ard
supportable in the forward areas. The synihropter, with cyclic pitch
controls, will provide a stable platform for mission sensors and can be
cperated, without attention from the ground. by a simple autgmatic
flight contropl systen.
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LIST OF SYMBOLS

total blade area, ftZ
fuselage anqle of attack
rotor angle of attack
number of blades

heiaht of hub above cg, ft
blade loading, 1b/ft
¢limd power factor
pressure ratio

disc loading, Ib/fte
fuselage drag force, 1h
nozzle efficiency
mechanicay “ficiency

propulsive _.fictency

equivalent fuselage draqg area, ftZ
fsentrcpyc enthalpy drop in nozzle

horsepower required by accessories

rotor side force, 1b

rotor stiffness factor
configuration power luss factor
fuselage Llockage factor

rotor lift, 1b .

moment cue to ceble load, ft-1b

rotor hub roment, ft-1b
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MRHP

main rotor horsepower

tota) power required on statfon

angle of tether cable at the ground
angle of tether cable a2t the ajr vehicle
rotor shaft torque, ft-1b

rated power of engine, hp

rate of clinb, ft/min

shaft horsepower

solidity

reference solidity

specific fue) consumption, 1b/hr/hp
density ratio

rotor thrust, 1b

horizontal component of cable tension at air vehicle, b
cable tension at the ground, 1b

cable tension at the air vehicle, 1b
temperature ratfo

pitch attitude

gross weight of air vehicle, 1b

tip speed of rotor, ft/sec
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