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INTRODUCTION REMARKS
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Specification

GENERAL REQUIREMENTS

Goal

Expected Performance

Max. Gross Weight

Remote Control
Range

Basic Cost
Noise

Size

Cruise Speed

Endurance

200 1bm

50 miles €@ 5000 ft.
100 miles @ 10000 ft.

$25,000

20 db @ 5000 ft.
15'L x 15'W

150 mph

20 hr. @ 80 mph

200 1bm + 15%

limited by the line
of sight

$30,000

inaudible above 4500 ft.
12.75'L x 15'W

125" mph

20" hr. @ 75 mph

[-¢



Contrary to popular opinion, the idea of remotely piloted
vehicles (RPVs) is not a new one. Back in 1916-1917 a British
scientist, A.M. Low, converted a small single-seat airplan¢ into
an "aerial target'. 1In the early stages of RPV development, these
vehicles were mainly used as target drones and flying bombs. It
was not until the 1960's that RPVs started to branch out into other
roles where it might be too dangerous or unwise to send a manned
craft, such as surveillance over enemy territory. Now RPVs fill
a variety of roles: surveillance, reconnaissance, harassment, tar-

get designation and observation, navigational aid, and communica-

“tion relay.

RPVs came into their own in the 1960's, when the military
asked why should they send up expensive, easily tracked, manned air-
craft into areas where a less expensive, small, long endurance RPV
can do the same if not better job. At this time the only thing
that is limiting RPVs is its electronics and propulsion. As they
grow, RPVs will perform their present roles with increased efficien-
cy plus expand into new roles.

This RPV is based on the idea of a quiet, long endurance, small,
multi-mission craft that can be used close to the front with mini-
mum launch facilities. The missions envisioned for this RPV are
surveillance-reconnaissancg, target designation-damage reporting,
electronic counter-measures (ECM), harassment, and navigational
and/or communication aid. The surveillance-reconnaissance mission
will be close proximity (real time) television surveillance with
the ability for high resolution photography for later review. The

target designation-damage reporting mission is where the laser tar-



get designator aboard the craft is used to locate a target with the
option of still photography to assess the damage. As an ECM, navi-
gational or communications carrier, the system can carry a payload
that will accomplish any of the above tasks. A harassment mission
is possible whereby the RPV carries explosives to either harass
enemy positions and/or disable radar antennas behind the lines.

Due to the nature of the above missions, this RPV has to fulfill
certain aerodynamic expectations among which efficiency and maneu-
verability can be mentioned. The aerodynamic configuration of the
vehicle has to be such to produce as low a drag as possible and
maintain its characteristics over a relatively large range of
weights (fully loaded to dry). It has to have acceptable glide
and load factor capabilities, and yet be operable through a large
range of velocities. The above requirements lead to the choice of
elliptic planforms for the wing and the tail, a revolved syméfgic
NACA airfoil section for the fuselage, and a boom mounted tail.

In this remotely piloted vehicle, there are several areas cri-
tical to the desired performance. High technology and a close
scrutiny of trade-offs must be applied to every area, and the area
of propulsion and power generation is no exception. The propul-
sive system is intimately affected by the performance requirements.
Total propulsion weight for a given mission must be as low as
possible, yet the twenty hour endurance goal means a substantial
portion of vehicle weight’&éﬁ be fuel. This is unacceptable, since
the vehicle is intended to carry a payload. The propulsion weight
(engine, propulsor, and fuel) is greatly affected by propulsive effi-

ciency, since the fuel load can be great. The high ratio of maximum



speed to endurance speed means that the engine should have ex-
cess power capacity, perhaps with substantial weight penalty.
Cooling must be provided for the engine, and this should be inte-
grated with electronics cooling. Some of these restrictions aﬁply
to the propulsor. It must be light and efficient.

It is difficult to arrive at a quiet system. This goal dic-
tates a reasonably quiet engine to reduce muffler size and weight.
Conversely, the muffling must not rob power from the engine. For-
tunately, large fuselage volume is provided by the configuration.
It is easy to enclose the engine and large mufflers.

The engine must provide electrical power for the payloads over
"a wide range of missions. Adequate power must be generated for
peak demand. A storage battery system is necessary for emergency
power 1f the engine fails.

All the high technology associated with the missions, struc-
ture, and propulsion will have an associated high cost. Even
though the costs incurred in many areas are high, the cost effec-
tiveness of this system compares favorably with other alternatives.

| The RPV, in order to carry out its missions, must be light,
strong, inexpensive, easily maintained, allow for easy disassembly
and quick re-assembly. The structure was designed around these
requirements plus the needs of a pusher-prop system, high visibility
for its cameras and the ability to handle large take-off and land-
ing loads as well as maneuvering flight. The structure chosen was
a Kevlar fabric-epoxy skin over aluminum ribs and spars. This
configuration provides a light base from which all the missions may

be performed.



It was possible through this configuration to locate the center
of gravity at a favorable location and with an excellent range of
travel to provide stability throughout the flight envelope. The
use of the laminate skin over metal reinforcement enables contouring
required of the airfoil sections of the wing, fuselage and tail.
Additionally, the reduced use of metal lowers the radar crdss-
section of the RPV dramatically. This also allows the communica-
tions antenna to be laid up in the skin of the fuselage thus afford-
ing protection from the rigors of flight and ground handling. All
this combines to form a system that is reliable, hard to detect,

inexpensive but with high performance.
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MISSIONS
2.1.1 Why a RPV?

Originally, the military saw a remotely piloted vehicle (RPV)
as a target drone or as a flying bomb. Today, the military is be-
ginning to see the real advantages of RPV's over manned aircraft.
The RPV, unlike manned planes, is not bothered by fatigue due to
long flights, aﬁd doesn't mind being shot at (toc much). These
characteristics are important especially in target-spotting aircraft.
Now in high ground fire areas, the military sends in a mini-RPV
for artillery adjustment and for real-time surveillance. An im-
portant by-product of using an RPV for real-time surveillance,
is that information can reach to front line areas faster then with
a manned aijrcraft. The underlining reason for this, is that a
RPV can be used on a lower operational level (closer to front line
command) than manned vehicles, cutting down the time lag caused
by chain-of-command communication. Quick response time to the
front lines brought with it the mission of target designating.
With target deisgnating, troops at the front can have a target
located and laser designated before a manned aircraft with laser
guided weapon reaches the scene. Again, this is important in high
ground fire areas, for the manned aircraft does not leave itself
exposed for any great length of time and yet weapon accuracy is
improved. |These are not the only areas where a RPV can be used
instead of, or along with manned aircraft. In the areas of elec-
tronic counter measures (ECM), a RPV can do a comparable job as
a manned plane, but a RPV can do it with a lower cost because it
does not have to waste the time to a man or a very expensive air-

plane. Other tasks that make similar type claims are communications




relays and navigation aids.

2.1.2 Mission Descriptions

The system developed here gives a RPV that can handle all of
the aforementioned missions with the added missions of harassment
and reconnaissance. The actual RPV was designed for six different
missions to cover all of the above tasks. They are 1) surveillance-
reconnaissance, 2) target designator - damage reporting, 3) ECM,
4) navigation aid, 5) communication aid, and 6) harassment. Sur-
veillance - reconnaissance mission is designed to provide two dif-

ferent options. The first option is that it will operate as a

quiet, close-proximity, real-time, television surveillance craft

of long endurance with ability to take high resolution photographs
of important or questionable items, for later review. The second
variation by pre-programming the autopilot is as a pure long range
reconnaissance craft taking photographs behind enemy lines. The
target designator-damage reporting configuration will be able to
locate and mark a target for an air strike but also can be used
for artillery adjustment. An added feature that makes this mission
even more useful, is its ability after the strike to take still
photographs so the damage can be correctly estimated. ECM covers
a wide range of submissions from ground communication jamming to
sensor disruption (radar and infrared). The RPV was designed to
handle general range of ECM equipment along with an extended dura-
tion time to enhance confusion among the enemy before, during, or
after an attack. Communications mission RPV will carry communica-
tion relay equipment to extend the range of surface-to-surface

or surface-to-air communication. The navigation form of the RPV



will be able to carry a navigational beacon to aid aircraft in
finding targets or to find their way back from a strike. Lastly,
the harassment will be able, at first estimation, to carry missiles

and/or bombs to damage enemy's equipment or moral.

2.1.3 Design Configurations

This RPV will handle all of the previous missions with low
down time and with close-to-the-front operation capability fcr
good communications with the front lines. To best perform all
these functions, the following items were taken into consideration:
1) launcher and recovery system must cperate from as small a.
clearing as possible, 2) all systems must be mobile so the system
can relocate quickly to where it is needed, 3) the RPV must have
a system for easy transportation and quick replacement for damaged
units, and 4) RPV must have high manueverability to avoid ground
fire. The landing and take-off requirement was fulfilled by launch-
ing the RPV using a compressed air catapult with recovery done by
a net and arresting hooks, (both systems will be gone over in later
sections). These systems are very well suited for mobility,
for the launcher can fit on a M36 truck and the net can be fitted
and storéd in a trailer. Ground transportation for the RPV was
accomplished by designing the craft to break down into seven major
components: 1) payload bay, 2) fuselage, 3) wing, 4) tail boom,
5) vertical tail, and 6) and 7) the two horizontal stabilizers.
This breakdown also keeps the down time minimal by allowing mal-
functioning components to be quickly replaced for repair at a
later date. Missions are likewise augmented by this breakdown,
for a change in mission is as simﬁie"and quick as changing payload

bays.



2.1.4 Payloads

Mission payload limitations are greatly dependent on two
things, 1) payload bay and 2) guidance and telemetry. Guidance
and telemetry has four major demandg. They must 1) be able to
supply flight information, 2) provide short and long range control
capabilities, 3) provide bandwidth capable of transmitting tele-
vision signals, and 4) keep antennas to a reasonable size. The
final system chosen to cover the first two demands was a Melpar
Modular Autopilot. The reasons behind the decision were that the
unit is small in size, it can handle all flight monitoring, and
it can be either have a pre-programmed course or be controlled
from the ground. The telemetry system is to be a FM transceiver
with two antennas, one dipole mounted on the wing and one band
antenna laid-up in the fuselage just forward of the wing (Figure
2.1-1). Using FM frequencies, though, limits the television re-
ception and radia control of the RPV to line of sight. This
limitation becomes acceptable when other frequency ranges are
looked at. Higher frequency requires a directional antenna which
would add weight to the vehicle in form of an antenna-orientation
system. For a lower frequency range, the antenna would have to
be very large to handle the wavelength necessary.

Mission limitations, with respect to the payload bay, are
due to the individual limitations of the components in each mission
bay. The components of the bay are also what gives each mission
its unique characteristics., For surveillénce-reconnaissance, the
bay contains one gimbaled Honeywell television camera of Honeywell
forward-looking infrared sensor (FLIR) and three TA-8M2 aerial

cameras. The television camera and FLIR both weigh, gimbaled, about



a. Band Antenna

side

top

b. Dipole Antenna

fig. 2.1-1



15 1bs and require 31 watts of 28 vdc. The TA-8M2 cameras each
weigh 13.2 1bs loaded with 100 feet of film and require less than
150 watts. Each camera has independent and automatic exposure
control along with variable film rate. The target designator-damage
recording operation requires one Honeywell laser target designator
fitted with FLIR or television camera and one TA-8M2 aerial camera.
The laser target designator is about 42 1b in weight and has a
targéting range of more than 2 miles. The actual laser-designator
once targeted will stay on target by use of a video-tracker.

The ECM, navigation, and communications missions all contain one
Honeywell television camera for control purposes but all of the
other equipment is either classified, as in the case of ECM, or
has to be designed and built for a perticular task which makes
further definition impossible. Yet, the RPV can handle a wide
range of payloads with its six cubic foot capacity and is able to
carry 110 1bs including fuel, so there is no problem anticipated
for these missions. The possible harassment vehicle, based only
on weight, will carry one television camera and an assortment of
missiles (a suggested list of missiles is found in Table 2.1-1)

and bombs mounted to four hard points on the wing.

2.1.5 Further Possibilities

Yet, these are not the only possible configurations and uses
of the RPV. The civilian sector of the population also has uses
for this vehicle. With its surveillance capability, it can be used
to look for forest fires, survey traffic, follow wild animal herd
migrations, hunting for disaster victims, and many other similar

type jobs. The RPV also has application as a communication relay
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for mountain and disaster rescue teams. Even these applications
have not scratched the surface of the possibilities of the craft.
Because of its inherent payload capacity and, given sufficient power
and manueverability, the only limit on applications is the users

imagination.

2.1.6 Comparison with Existing Systems

The flexibility of this RPV is what sets it apart from other
RPV's. At present time, no other system can claim an endurance of
20 + hrs and a range of over 1500 miles.

Equally important, no RPV has the capability to handle such
a wide range of tasks and have ability to upgrade electronics with-
out any or little change in the air frame. In light of these facts,

this system is felt to be superior to anything presently available.

|-
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TAKE-OFF

The major considerations for the take-off system were that it
must be used in a minimal clearing and that it must be mobile.
Consideration was given to three different systems, 1) standara
runway take-off, 2) rocket assisted, and 3) compressed air cata-
pult. Standard runway take-off was immediately excluded because
it required a long clearing and the equipment needed to perform
this take-off would add excessive weight and drag to the RPV. The
rocket-assisted take-off also had its drawbacks, the largest be-
ing the shift in center of gravity (c.g.) location. The propellant

necessary for take-off on a 20 ft ramp (so that it will fit on a

“truck) causes such a c.g. position shift that it makes the control

surfaces larger than what is required for normal operations. The
final selection was the compressed air launcher used by the Lock-
heed Aquila. This system was chosen for several reasons: it's

an already proven system, it provides the needed amount of accele-
ration, and it is mobile as it fits on a M36 Army truck. From
ref. 1 and simple force calculations, shown in appendix A 2.2-1

it is shown that the Aquila launcher produces 876 1lbs of thrust.
The force will accelerate the 230.1b RPV to a final velocity of

70 ft/sec in 20 ft. This is well above the stall speed of 60 ft/
sec with flaps and nearly the 72 ft/sec stall speed without flaps.
This indicates’that the Aquila launching system will work for this
RPV system with-only minor modifications, and those are mainly to

the launcher-RPV interface.

{5



LANDING

As with take-off, the recovery system must be mobile and re-
quire a minimal clearing. Four systems were reviewed: normal
aircraft, inflatable foam skin, parachute, and net. Again the
normal aircraft system was rejected due to weight and clearing
requirements. The inflatable foam skin system was also dismissed
due to weight and system complexity. The parachute system also
had a weight and complexity problem, but added to that was a de-
gree of uncertainty on the actual landing point. The net system
was chosen because it can be performed in a limited area and that
it adds little weight to the RPV. The net system consists of a
25 ft by 60 ft horizontal net with hydraulic energy dissipators
and two arresting hooks placed on the RPV. The hooks are placed
on the RPV in such a manner that the hook mounted on the aft section
of the fuselage dissipates the energy into the nets. The front
hook's purpose is keep the RPV from being thrown from the net on
the backlash. To check the feasibility of this system, the
Aquila net recovery system was inspected. It was shown in the
calculations in appendix A 2.2-1, that the Aquila system dissipates
21773 ft-1bs of kinetic energy. It is also shown that assuming
a landing speed of 70 ft/sec at a weight of 230 1bs, that this
RPV has to dissipate 17500 ft-1bs of kinetic enérgy. This indi-
cated that the net recovery system will work for this RPV, but

final certainty can only be achieved by full scale testing.
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AERODYNAMICS
3.1.1 Introduction

In general, the missions described in the foregone chapter re-
quired a special aerodynamic design being operable through wide
ranges of angles of attack and weight with acceptable efficiencies.
This required a uniqﬁe approach to the problem. In the following
sections, brief discussions and justifications of the existing sys-

tem are presented.

3.1.2 Fuselage

The important factors in the design of the fuselage were drag,
visibility, internal volume, and simplicity of manufacturing. Table
3.1-1 presents some possible fuselage configurations which were con-
sidered in this study, along with advantages and disadvantages as-
sociated with each. It was obvious that none of these shapes could
be the optimum design. Therefore, the next approach taken was the
use of a hybrid structure which could contain the advantages of the
considered systems with the least possible defficiencies. To ac-
complish this task, the fuselage was divided into three main sections:
the nose portion which had to accommodate a television camera and
possibly a laser target designator, the mid-body which had to have
enough internal volume for the electronic packages and would be
long and wide enough to fit a wing of reasonable root chord size,
and finally the aft sectionrwhich had tQ be suitable for containing
a power plantAof the required size. On the basis of these require-
ments, a revolved NACA 0018 airfoil was chosen as the basic configu-
ration. This choice would provide one of the lowest drag coefficients

for the internal volume available through a wide range of angles of
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Shape

Conventional
Fuselage

Sphere

Ellipsoid

Flying Wing

I.
II.
ITI.

I.
II.
III.
IV.

,H.

II.
III,
Iv..

I.
II.
III.

Volume Efficiency =

Advantages

Low Drag
Reasonable Volume Efficiency

Readily Available Aerodynamic
Characteristics

Maximum Volume Efficiency

Constant Aerodynamic Characteristics
Ease of Manufacturing

Low Radar Profile

High Visibility

Low Radar Profile

High Volume Efficiency

Ease of Manufacturing

Predictable Aerodynamic Characteristics

Predictable Aerodynamic Characteristics

Low Drag
Low Radar Profile

Table 3.1-1

I.
II.
I1I.
IvV.

I.
IT.

III.

IT.
IIT.

I.
II.
IIT.

Disadvantages

Extra Drag due to Canopy
Extra Skin Friction Drag
Low Visibility

Complex Manufacturing
High Side Radar Profile

High Drag due to Low Reynold Number

Low Manueverability in Combination
with Wing

Large Frontal Area

Too Wide at the Tail Causing Exces-
sive Drag

High Side Radar Profile
High Drag of Angles of Attack > 0

Complex Manufacturing
Extremely Low Manueverability
Low Volume Efficiency

(Total Volume)/(Total Surface Area)



attack. It would also be relatively simple to manufacture. Then
the nose portion was modified to accommodate the smallest surveil-
lance and target designating package available, along with maxi-

mum visibility. The modified shape was chosen to be a total hemi-
sphere made of an optical quality transparent material to allow the
least distortion in the laser beam and the video communication. The
aft portion of the basic shape was also slightly modified to fit

the power plant requirements. The shortest length of the basic air-
foil shape was determined to be 100 inches. This length would allow
an internal volume in the mid section large enough to fit the pay-
load, a width near the aft portion to accommodate the power plant,
and yet it would be short enough not to locate the center of gravity
too far from the nose or generate.a high radar profile. This choice
was also made on the basis of the fact that the experimental data
had shown a height to length ratio of 15% to 20% would give near
optimum drag characteristics. Figure 3.1-1 shows the final fusé-

lage configuration.

3.1.3 Wing Planform

The basic requirements for the wing planform were ease of
manufactﬁring along with low induced drag. The latter requirement
depicted use of as high an aspect ratio as possible along with an
elliptic 1lift distribution.

To achieve a high aspect ratio, the wing span had to be chosen
as long as possible with the smallest wing area. Other determining
factors for wing area were the stall speed and the loiter speed.

To determine the best wing area for the system, a family of curves

were generated which related the wing area, the 1ift coefficient,
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and the flight speed for a gross weight of 210 1b. at sea level.
These curves are shown in Figure 3.1-2. As is shown in this
figure, without using exotic high 1ift devices to achieve a reason-
ably small stall speed, the wing area had to be around 27 ftz.
At this point, to stay within the designated wing span size and yet
to achieve the highest possible aspect ratio, the wing span was
set at 15 ft. This would produce an aspect ratic of greater than
8. Later after the choice of the wing airfoil was made, the wing
area was further reduced to 25.9 ft° to increase the aerodynamic
efficiency of the vehicle. This fact will be elaborated further
in the next section.

The elliptic 1lift distribution could be achieved through use
of an elliptic planform or through span-wise twist of the wing.
The latter idea was rejected due to the fact that a twisted wing
could be optimizéd for only one flight mode. However the vehicle's
missions required aerodynamic efficiency from the wing through a
wide range of angles of attack. A twisted planform would also pro-
vide a smoother stall which could be achieved through the right choice
of the airfoil for a straight wing. Also, since the skin was going
to be molded out of a fiber reinforced epoxy, the production cost
of an elliptic planform would be comparable to that of a straight
-edged planform ﬁith twist. After all, an elliptic planform would
have lower profile drag, produce elliptic lift distribution at all
angles of attack, and also be operable through a greater range of
angles of attack without partial stall. Therefore, it was determined
that an elliptic planform would be the most suitable and efficient

configuration for this vehicle.
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To maintain the elliptic lift distribution in conjunction
with full span flaps, a mathematical scheme was drawn which is
presented in Appendix 3.1.

It must also be mentioned that the sweep of the planform was
not a critical parameter for this vehicle due to the relatively

low maximum operational speeds.

3.1.4 Wing Airfoil

To find a suitable airfoil for this system, several shapeé
were studied. The basic requirements set for the wing airfoil were
low profile drag, high maximum 1ift coefficient, smooth stall,

high values of C23/2/Cd and Cg/Cy at low 1ift coefficients, and
; 3/2
a (¢
@ \Tq

Since the ease of maintainability and ruggedness were two of the

low values of —

beyond the peak point.

basic design requirements, the smoothness of the surfaces in actual
operational conditions could not be guaranteed. Therefore all the
airfoil data were considered for the worst possible case which would
be standard surface roughness. This would guarantee that the sys-
tem would always operate more efficiently than the design case.

A high maximum lift coefficient could imply use of simpler
high 1ift devices during landing and take-off or even if high
enough could totally eliminate the need for such devices. Consider-
ing that simplicity of the system which wéuld result in low pro-
duction costs and high reliability was one of the basic design goals,
this factor would be one of the more critical ones in making the

final decision.



Having an untwisted wing and controlling the vehicle through
radio and television systems, depicted use of an airfoil with smooth
and predictable stall characteristics.

High values of Cy/C4y and CRS/Z/Cd at low 1lift coefficients
would imply relatively higher values of CL/CD and CLS/Z/CD, which
directly affected range and endurance of the vehicle and conse-
quently the fuel efficiency of the system.

Finally the last requirement which was low values of

3 3/2
3a (Cz /Cd>

would allow a greater range of Cy through which the vehicle could

operate efficiently. Figures 3.1-3 through 3.1-8 show the aero-
dynamic characteristics of six airfoils which were considered the
best.

A more detailed analysis of these airfoils revealed that GA(W)-2
would be the best suitable section. Unfortunately due to lack of
any available data in regard to the behavior of this section in
conjunction with any simple flap system, the choice was made on
NACA 4412 which presented the second best characteristics. This
choice was made through loss of part of the maximum 1ift coefficient.
However éther characteristics of this section matched those of
GA(W)-2 very cloéely.

At this point a program was set up which would accept the air-

foil characteristics data and the planform geometry and would cal-

culate the finite wing characteristics. A listing of this program

along with the description of it are presented in Appendix A.3.2.

Figures 3.1-9 and 3.1-10 show plots of these characteristics.
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/
Since the best values of CZS’Z/CD for this airfoil correspond

to 1lift coefficients of above 0.6, the wing area was reduced to

2

approximately 26 ft° in crder to allow endurance speeds of approxi-

mately 110 ft/sec at 5000 ft altitude.

3.1.5 Flaps

Since the stall speed of the vehicle was one of the most criti-
cal parameters, it was decided to use full span flaps in conjunction
with spoilers on the wings. Knowing the type of airfoil, some flap
estimations were made to find the optimum flap configuration.
Through these estimations, it was determined that plain flaps of
‘Teasonable size could increase the maximum 1ift coefficient suffi-
ciently to guarantee very low landing and take-off speeds. They
would also require very simple structure and actuation mechanisms
which would lead into low prcduction cost and high reliability.

At this point, calculations were performed to find the optimum
flap size. Figure 3.1-11 shows the change in the section 1ift
coefficient for different flap deflections and sizes. One the basis
of this information, the 25% chord flap was determined to have the
best characteristics. Therefofe the value of a, in Appendix A.3.1
was set equal to 0.25. Figure 3.1-12 shows the semi-span wing
planform obtained as the result. Figure 3.1-13 shows also the
changes in the airfoil characteristics as the result of flap deflec-
tion. The calculation and formulae used for this part are presented

in Appendix 3.3,

3.1.6 Vertical and Horizontal Tail Planform
To achieve high manueverability, it was decided to employ all

moving horizontal and vertical tails in this design. The very basic

P 2fy
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arguments regarding the induced drag of the wing planform also hold
true for the vertical and the horizontal tail planforms.

The major trade off which had to be made in this case was be-
tween the location of the horizontal tail and the size. Manuever-
ability and minimum down 1lift of the horizontal tail required a
small tail surface located at a far-distance from the nose. However,
on the other hand, the length of the tail boom had to be kept as
short as possible due to vibrational problems which could arise from
a long boom. At this point, as the first approximation, the tail
was located at 15 ft from the nose with horizontal tail area of 7.5

ftz. However, later calculations that took the load factor and down

'1ift of the horizontal tail into account proved that a planform

area of 6.5 ftz located at approximately 12 ft from the nose would
be the most suitable configuration. Details of these calculations
are presented in Appendix 3.4.

For the vertical tail, since there was not any spin analysis
done, half of the horizontal tail area was chosen for this purpose.
This would probably be too large an area, however, it would guaran-
tee spin stability. It would also present the advantage of inter-
changability of the vertical tail and semi-span horizontal tail.

The aspect ratio in this case was determined so that it could be
manufactured lightly without loss of much performance. Figure 3.1-14

shows the horizontal tail planform.

3.1.7 Tail Airfoil
In search of an airfoil to fit the tail, the emphasis was put
mainly on symmetrical airfoils. Since the tail has to opérate at

both positive and negative angles of attack, a symmetrical airfoil






seemed to be the most suitable. Another requirement set for such

%%%w This would provide low profile

airfoil was the low value of
drag for a wider range of lift coefficients which could become
marginal during manuevers, and landing and take-off. Figures 3.1-15
through 3.1-18 show four possible candidates. Out of these, NACA
0009 proved to have the highest value of maximum 1ift coefficient

with the lowest value of 3Cy/3C;. Therefore this section was used

for the tail.
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2.

STABILITY & CONTROL
3.2.1 ‘Introduction

Due to the long endurance times required to perform every
mission, the vehicle would be subjected to great weight changeé.
These changes at times could be as high as 40% of the maximum gross
take-off weight due to the weight of the fuel required to perform
each mission. Also the weight of the payload during the different
missions, excluding the fuel weight, could be as high as 30% of
the design gross take-off weight. This clearly called for a highly
manueverable design that could not only be operational for different

weights, but would also be efficient under most flight configura-

“tions. This goal is believed to have been achieved. In the follow-

ing sections, a description of the system from the viewpoint of
stability and control are presented. It also needs to be mentioned
that for a preliminary design of this scale only six static degrees
of freedom were considered to be sufficient. However, the analy-

sis of the dynamic behavior of the system can be the subject of

.further studies.

When all the governing equations in this part were determined,
a computer program was set up to correlate the information. The

listing of this program is shown in Appendix A.3.5.

3.2.2 Fuselage Pitching Moment
The method used for calculation of the fuselage pitching moment
was the one suggested by Roskaml. For this purpose, the fuselage
and the tail boom were broken down into small sections and then'
the procedure suggested by Roskam1 was followed precisely. Figure 3.2-1

shows the sections which were considered along the fuselage. It



3.2-1
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needs to be mentioned that the upwash ahead of the wing given by
this reference was corrected so to fit the vehicle under consider-
ation. The downwash behind the wing was calculated using an im-
perical functions given by Domash4L The validity of these equations
were checked using the methods suggested by Roskaml. The results
obtained from the two methods disagreed by a maximum of 2%. A more
detailed discussion of these calculations is presented in Appendix
A.3.6. Figure 3.2-1.a shows the calculated values of the downwash

at the tail and de/do for different values of the 1ift coefficient.

3.2.3 Total Lift Coefficient, CL
For‘calculation of this coefficient, it was assumed that the

lifting contribution of fuselage was negligible. Therefore the

only lifting surfaces considered were the wing and the horizontal

tail. The equations used for this part and the details of calcula-

tions are presented in Appendix A.3.7. Figure 3.2-2 shows the total

airplane CL for different angles of attack and locations of center

of gravity.

3.2.4 Total Drag Coefficient, Cp

As it was mentioned earlier, the surfaces of wing, tail and
fuselage were considered to have standard roughness. Due to this
fact, the effect of interference drag could be neglected quite
safely. Therefore, the tbtal drag coefficient in this part was
assumed to be the summation of the drag coefficients of the different
parts normalized with respect to the wing.area. Also the ratio
of the dynamic pressure at the tail to the free stream was assumed

to stay at a constant value of 0.95. To predict the fuselage drag
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coefficient at angles of attack, a method was devised which is
presented in Appendix A.3.8. This method proved excellent agree-

ment with test data at zero angle of attack.

The detailed calculations and procedures used in this section

are presented in Appendix A.3.9. Figures 3.2-3 and 3.2-4 show
fuselage drag coefficient and total plane drag coefficient for

different C.G. locations, respectively.

3.2.5 Total Pitching Moment Coefficient, CM.
For this section, the procedure taken was the one suggested
by Roskaml. The details of this section are shown in Appendix

A.3.10.

3.2.6 Airplane Aerodynamic Centef, Ka.c.
The airplane location of aerodynamic center was calculated ag

cording to the method suggested by Roskaml. The location of the

wing leading edge at the root was considered as the reference lo-

cation. The details concerning these calculations are given in

Appendix A.3.11.

3.2.7 Airplane Center of Gravity, XC.G.

The locations of center of gravity during the different mis-
sions were calculated and furnished for this part by the Weight
Group. A basic coordinate transformation was then performed to
find these locations with respect to the wing leading edge at the
root. Later all these values were normalized with respect to the
mean aerodynamic chord. The results of these calculations are

presented in Table 3.2-1.
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3.2.8 Wing and Tail Sweep Angles, .

To find the average sweep angle along the lines of critical
fractions of the wing and the tail, the method suggested by Roskam1
was employed. To use this method, however, the taper ratio of
these planforms had to be known. Domash4 suggests use of 2/3 as
taper ratio for elliptic planforms. Appendix A.3.12 shows the
governing equation for calculating A along with the obtained values

using a taper ratio of 2/3.

3.2.9 Total Rolling Moment Coefficient, Cy
This coefficient according to Roskam1 is composed of four
parts as follow:

I. C,, representing the basic tendency of the airplane to
o
roll. For an aerodynamically symmetric body this de-
rivatives is equal to zero.

IT. Cgp, expressing the rolling tendency due to side-slip.
The value of this derivative was calculated using the
methods suggested in DATCOM? and by Roskam!. Figure
3.2-5 shows the behavior of this derivative at different
angles of attack.

III. Cgés, showing the rolling tendency due to spoiler de-
flection. This derivative was calculated using the
data given in DATCOMZ. Figure 3.2-6 presents the be-
havior of this derivative with respect to angle of
attack.

IV. CzGR’ representing the rolling tendency due to rudder
deflection. For calculation of this derivative the
method suggested by Roskaml was used along with some
analytic work. Figure 3.2-7 shows values of CgaR
for different angles of attack.

The details of calculation along with comments on the obtained
values of Cy are presented in Appendix A.3.13.
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3.2.10 Total Side Force Coefficient, Cy
According to Roskaml, this coefficient is composed of four
derivatives. These derivatives are as follows:

I. CYo’ inherent side force coefficient which should be
zero for a well balanced aerodynamic shape.

II. CYB’ side force coefficient due to a unit side-slip
angle. Figure 3.2-8 shows the values of this deri-
vative at different angles of attack.

III. CY5S’ side force derivative as the result of spoiler
deflection. This derivative according to Roskam1
and DATCOM2 is negligible in calculating Cy.

IV. Cygp, side force derivative due to rudder deflection.

This derivative was calculated using methods suggested
by-Roskaml and DATCOMZ. Figure 3.2-9 presents the

behavior of this derivative at different angles of
attack.

The details concerning the calculation of Cy along with com-

ments on the obtained data are given in Appendix A.3.14.

3.2.11 Total Yawing Moment Coefficient, Cn

This coefficient resembles Cy very closély. For .calculating

2

C the procedures used by Roskam1 and DATCOM® were employed.

n,
Figures 3.2-10 and 3.2-11 show the derivatives CnB and Cn; re-

R
spectively at different angles of attack. A discussion of the
obtained data along with the calculation methods employed for this

section are presented in Appendix A.3.15.

3.2.12 Total Side Force Coefficient due to Yaw-Rate, Cyr
Figure 3.2-12 shows the values of this derivative at different
angles of attack. Calculations and discussions concerning CYr are

given in Appendix A.3.16.
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3.2.13 Total Rolling Moment Coefficient due to Yaw-Rate, Cop

This coefficient is very closely related to CYr‘ Figure 3.2-13
presents the behavior of this coefficient at different angles of
attack. The method of calculation for this derivative is given

in Appendix A.3.17.

3.2.14 Total Yawing Moment"Coefficient due to Yaw-Rate, Cn,
Figure 3.2-14 presents the values of this coefficient at dif-
ferent angles of attack. A discussion of these values along with

the methods of calculation are presented in Appendix A.3.18.
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PERFORMANCE
3.3.1 Introduction

| The missions described in the previous sections imply the
requirement for excellent performance characteristics. The short
field landing and take-off requirements, which would allow opera-
tions of this nature to be performed in geographically tight areas,
naturally asked for high rates of climb. This could be satisfied
using a slightly over-sized power plant. On the other hand, the
maximum endurance times called for by the two primary missions did
not allow much larger power plant than was needed for loiter, due

to fuel efficiency requirements. Fortunately, this dilemma was

"resolved through excellent weight distribution and planning fur-

nished by the Weight Group and thorough studies performed by the
Propulsion Group.

The results of all trade-off studies performed by the Missions,
Aerodynamics, Propulsion, and Structures Groups were combined to
devise the best possible configuration. Therefore the performance
presented in this section will reveal not only the capabilities
of the entire system, but will also signify the extent to which

all the aforementioned areas coalesce.

3.3.2 Steady State Level Flight Power Requirements
The total required power in every flight mode was very closely
approximated by the product of the forward velocity and the total

airplane drag. However, a more exact method was employed, i.e.
> ) VeW-Cy
req. CL cos ap + Cp sin O

which yields

_ 3
Proq. = £(Va7)

P



This expression clearly indicates the direct relation between re-
quired power and Cp- The computer program presented in Appendix
A.3.5 has the capability of solving the equations of motion for
the dynamic pressure required during steady state level flight

for different weights, C.G. locations, and air densities. Figures
3.3-1, 3.3-2, and 3.3-3 show power available and power required
for different velocities at altitudes of sea level, 5000 feet, and
15000 feet respectively. In Figure 3.3-2, it is note worthy that
the minimum power required occurs at a speed of approximately 110

ft/sec. which was one of the design objectives.

3.3.3 Rate of Climb vs. Forward Velocity

Figures 3.3-1 through 3.3-3 not only present the available
and the required powers, but they also present the amount of power
at any speed, up to the maximum forward speed that can be allocated
for climb, if full throttle power is employed. Domash4 gives the

following relation for rate of climb and excess power:

. _ Excess Power
Rate of Climb = Total Weight

Figures 3.3-4 through 3.3-6 present the rate of climb at different
speeds for altitudes of sea level, 5000 ft. and 15000 ft. respectively.
Also Figure 3.3-7 shows the ceiling performance of the vehicle on
the basis of the calculated rates of climb, through direct extra-
polation. Figure 3.3-8 also presents the velocity hodograph for

this plane. The terminal velocities expressed in this figure sig-

nify the aerodynamic cleanliness of the entire vehicle.

3.3.4 Steady State Level Flight Endurance
For calculating the maximum endurance of the vehicle, the

equation suggested by Domash4 was used, i.e.
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CL
E =778 1 — Wil S SR W
D /WI YW
)
where E = endurance time (hr.)
C = specific fuel consumption (%%ﬂ « hr.)
n = propulsor efficiency
Wl = final total airplane weight (1bm)
Wo = initial total airplane weight (1bm)

Table 3.3-1 presents the endurance times calculated for different

missions according to this equation.

3.3.5 Steady State Level Flight Range
For determining the maximum range of the plane the Breguet
formula, suggested by Domash4 was used which is:
CL W

(o]
R =375 10 0 (g—)
C CB WI

where range is expressed in miles. The maximum ranges of the vehicle

calculated through this relation are given in Table 3.3-1.

3.3.6 Load Factor Analysis

As it has been mentioned throughout, the manueverability of
this vehicle was one of the major design objectives. In fact,
this would be one of the determining factors in survivability of
the entire system. As a direct result, major emphasis was placed
on load factor capability of the system along with its efficiency.

It was proven by the Structure Group that the airframe could
withstand a maximum of +12 g's and -8 g's loads. Later, the maxi-
mum operational load factors were constrained to +8 g's and -5 g's,
allowing for 50% margin of error.

Aerodynamically, the vehicle was designed to allow up to +7.5 g's

at an estimated maximum level flight speed of 220. fps. Roskam1
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suggested that during a level turn:

1

S|

& = cos

where ) bank angle

load factor.

Therefore, a maximum of +7.5 g's during a steady state level turn
could imply bank angles as high as 82°. Such bank angles during

a level turn would allow a radius of turn as low as 200 ft. Table
3.3-2 shows the relation between load factors and radii of turn

during different flight configurations.

3.3.7 Take-0ff

The take-off hydrolic systems could guarantee a take-off speed
of 73 fps for a take-off gross weight of 210 1bm. Therefore, to
stay abovg 1.2 times the stall speed, a flap deflection of only
20° would be required. Such a flap deflection would insure that
the vehicle would leave the take-off ramp out of the region of
reverse control. It would also allow a rate of climb in the order
of approximately 60 fpm. Table 3.3-3 shows the suggested degrees

of flap deflection for different take-off gross weights.

3.3.8 Landing

Due to very low landing speed capabilities of the plane, dif-
ferent landing procedures had to be employed during strong gusts
and calm weather. The major difference between the two procedures
would be the flap setting in order to insure go around capability
in turbulent weather. The detailed analysis of the two procedures

are shown in Appendix A.3-19.
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.1 Introduction

Before delving into the analysis leading to the final propulsion
and power generation system, as well as the costs for the entire system,
a word about RPV production and marketing is in order. As in any
industry created by military needs, it is often diffiecult to ascertain
exactly what the need is (mission scenerio), who the contractors are
and what their relationship is to the final product. The multitude of
missions and performance requirements for RPVs and drones extremely
complicate matters,

It is felt that without untangling soms of the knotty problems
presented by contractors, subcontrac@ors, military funded subsystem
development, and basic research, the judgements leading to the final
propulsion system may seem ethersal. Thsse decisions are best viewed
in light of real world demands. However, where present technology or
state of the art appears inadequate, theoretical analysis of a radical
system or device may be the only way to the desired performance.
Conservative estimates and projections of experimental work or theore-
tical development will be used whenever possible.

This chapter is divided such that a succinct analysis of each
area may be presented. Interrelated areas are sequenced so that the
determining factor is first. For example, propulsive efficlency and
noise are considered the prime factors in propulsion. ﬁowever; the
propulsion consists of a powerplant which provides power to some sort

of propulsor and the electrical system as well. This means that the



powerplant may be consldered foremost, since it consumes the fuel and
produces a substantial amount of noise. Put seperating powerplant
and propulsor is not always possible, as in the case of turbofan
engines., Consideration of all powerplants must be included in a
unified analysis, and thls must preceds propulsor and power gener=
ation analysis. For these reasons, also, the propulsion system per-

_ formance 1s summed up at the end of the propulsbr analysis.

ko2 Propulsion
4,2.1 Powerplant

4,211 Introduction

_ The powerplant is one of the most eritical areas of this RPV
system, A quick review of the performance goals confirms this,
This RPV should have a range of greater than 100 miles under some
conditions, noise of less than 20 dB at 5000 feet altitude (inaudible),

''''' maximm speed of about 150 miles per hour, and a flight endurance of

— at least 20 hours. All of these things must be achieved in a wehicle
massing about 200 pounds mass, less than 15 feet long, and 15 feet wide.
Of particular interest in powerplant design is the high weight and
the wihgspan restrictions, which imply a low aerodynamie efficiehcy
(moderate to high drag). Whatever the powerplant uses as fuel must

;; be a reasonable amount of the overall weight, and that means a high

efficlency powerplant,



Performance of the vshicle pléces very important restrictions on
the powerplant, but system integration and configuration also place
requirements and restrictions on this subsystems A summary of re

quirements are:

1. Must supply adequate power for on-board electrical systems
and dash speed requirement,

2, Weight must not be prohibitive (including propulsor).

3. Must be small and fit in fuselage with minimum modification
to fuselage.

4, Must be reliable,

5¢ Fuel weight must be minimal.,

6e Must be easy to quiet.

7. Must fit in rear of fuselage (Missions requirements: sensor
pod is in forward fuselage. Aerodynamics requirement: minimum drag).

8¢ Fuel must be located near the center of gravity (Stability
and control requirement),

9« Vibration should be low (Missions requirement: stability of
optical payloads. Structures requirement: minimum fatique).

10. Performance must be insensitive to variation in operating

conditions,



Lhe2,2,2 Choice of Powerplant « General

Systens

A. Rocket

Be Turbojet

Ce Turbofan

Do Turboprop

E. Propeller and i.c. engine ’
Fe Ducted propeller and i.c. engine

G, Pulsejet

RPV System Considerations

V-
Wing Area
Thrust
Required Power
Gross Weight

~ Endurance

Approach

110 feet/sec
25.92 square feet
15 pounds foree

3 horsepower

210 pounds mass

20 hours

Optimum powerplant selection will be on the process of elimination.

Locating primary goals and considering only those systems which mset

the goals should quickly accomplish the selection.

On this basls the endurance goal of twenty hours at loiter is

considered first, If the required weight of pwerplant, propulsor, and

fuel is too high, then that powerplant and/or propulsioxr is unacceptable,



A, Rocket

According 4o Shepard1 the ideal propulsive efficiency for rockets

is 2r - JZL
7r = [+r% 7 r= Vi

vwhere U is the forward spsed and V; is the jet velocity from the
rocket nozzle. Fuel consumption was found for the ideal case (V; of
17500 fps), the typical case (V; of 10000 fps), and for a low speed
optimized rocket (V; of 1000 fps)., Fuel used for the analysis is a
hydrogen and oxygen stochiometric mixture. It must be noted at this
point that the low speed rocket suffers from large losses unaccounted
for in this analysis. Some of these losses are a large drag penalty
assoclated with a large nozzle and flow losses in the nozzle. The

resulting fuel required for 20 hour endurance at loiter condition is:

V; (fps) Efficiency Fuel (1b. mass)

17500 0,0126 1995.6
10000 0,022 1133.74
1000 0,2174 115,67
Be Turbojet

According to Shepard1 the typical turbojet thrust specific fuel
consumption (TSFC) is about 0.6 to 0.8 pounds mass fusel per pound
force - hour. At the best TSFC the mass of fuel required is 180 pounds

mass,



Ce Turbofan
According to Corning2 the turbofan can be described in terms of
an equivalent turbojet. For a reasonable bypass ratic of 4, the
equivalent thrust increase (turbofan over turbojet) is about 2.
On this basis and the analysis of part B, the fuel mass required 1s

90 pounds mass.

D¢ Turboprop

According to data by Oetting3 for a turboprop of these reason-

able parameters: /.= 0,85 77,2090 7ng=0.76
Ny,=085  7n=0.97 A%< 18900
Turbine inlet temperature - = 2400° R
specific fuel consumption is 0.48 pounds mass fuel per horsepower-hour.

Over 20 hours & fuel consumption of 28,8 pounds mass 1s incurred.

Ee Propeller and Internal Combustiocn Engine
Assuming a reasonable propeller efficiency of 85%, 3453 shaft
horsepower is required from the ingine., Specific fuel consumption for
typical internal combustion éngines is 0.6 to 0.8 pounds mass fuel
per horsepower - hour. Therefore at the best SFC 42,36 pounds mass

of fuel is required,

F. Ducted Propeller and Internal Combustion Engine
Ducted propellers suffer from the same sort of high mass flow

rate but low cross sectional area efficiency problems that turbofans do.

The duct édds thrust, but it does so while accellerating the flow through



the ducts The fan in the duct may operate at 100% efficiency in the
duct flow (in actuality lees), but when the fan performance is ref-
erenced to the conditions outside the duct and added to the shroud
performance, total efficiency may actually be less than an open
propeller. Taking a propulsor efficiency of 504, the required mass

of fuel is 72 pounds mass,

Ge Pulsejet
Pulsejets produce thrust at sbout 2 to 4 vounds mass thrust per
pound force = houru, requiring at least 600 pounds mass of fuel for
20 hours at loiter.

This basic analysis is summarized in Figure 2,1 . All of these
analysis are very subject to scaling limitations. That is, almost all
of the figures used are for full -~ scale powerplants and propulsors
which are not nearly as efficient on a smaller scale., Therefore, since
none of the systems would perform better on a smaller scale, the four
systems requiring about 50% of the gross weight or more may be thrown
out. .The systems eliminated by this basic analysis are rockets,
turbojets, turbofans, and pulsejets. |

In the remaining systems, turboprops and internal combustion
engine with propeller or ducted fan, only the turboprop suffers greatly
from scaling limitations, This is effectively shown in Figure 2.2

from a paper by OprechtS concerning small gas turbine engines.
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A more recent paper by Heitmann6 reveals that while the performance
goal of a 100 horsepower gas turbine design was 0,7 pounds mass fuel
per horsepower « hour, the actual SFC was much higher. Therefore it
is unlikely that a turboprop would provide the necessary fuel efficency.
The internal combustion engine is left as the best powerplant
to use. In conjunction with a propeller or shrouded fan, it can pro-
vide the necessary endurance without an excessive or inmpossible weight
penalty. |
Lcoustlc considerations are also a part of powerplant choice.
Fortunately, of all of the powerplants and propulsors considered, the
internal combustion engine is the easiest to quiet, This will be

shown in Section 3.
4e2,2.3 Cholce of Engine

The first necessity in choosing an internal combustion engine
(hereinafter referred to as an engine) is to decidd what sort of maxi-
mum horsepower is required. Preliminary estimates of aerodynamic
performance indicated that about 17 shaft horsepower would be required
at 150 mile per hour dash, Since the dash speed requirement was conside-
ered a goal little related to the missions, engines for RPVs in the ten
to twenty horsepower range were considered., Additionally, smaller
engines were explored for multiple -~ engine installations (tandsm
shaft)e Power curves for the eight engines studied are shown in

Figure 2.3 . Actual performance is best illustrated in Figure 2.4 .
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Figure 2.4 Study Engines
Engine # Model Performance

1 McCulloch 91 Bf1 | 10 hp at 9000 RPM
stock SFC unavailable

2 McCulloch 91 Bfi | 7.2 hp at 7500 RPM
RPV mOdo, gas 0.87 lb/hp-hr

3 McCulloch 91 Bf1 | 7.2 hp at 6500 RPM
RPV mod., glow SFC unavailable

4 Kolbo Korp. 52 hp at 8300 RFM
RPV engine 3.7 1b/hp-hr

5 Sakert-Riggs 46 hp at 8000 RPM
RPV engine 3¢7 1b/hp-hr

6 McCulloch 101 A/A | 11.6 hp at 8500 RPM
RPV mod., gas 0474 1b/hp-hr

Vi DH Dyad 160 10,8 hp at 8500 RPM
RPV engine 0.78 1b/hp-hr

8 Teledyne Conti- 20+ hp
nental Moters 0.7 1b/hp=hr

RPV engine




Performance of engines 1 through 5 were obtained from a paper by

To Re Small’, Data for engines 6 and 8 were obtained from Mr. Russ
Stanton at the U.S. Army AVRADCOM (Avionics Research And Development
Command)s, as well as from other sources ?2210, The D H Dyad 160

(engine 7) dafa was from Mr. John Huntonll, Senior Mechanical Engineer
for the Special Projects Department of the Melpar Division of E - Systems,
Inc.

At this point it is best to explain how RPV engines are produced
and what has governed their specifications. RPVs are designed to be
small and light, yet they have a substantial power requirement. At
this state of the art in small engines, only 2 cycle powerplants
are light and powerful enough to use. Often the RPV payload consists of
delicate electronic and radio equipment, which means that the igniticn
must be shielded if electrical (not diesel or glow plug)es The payload
is often an optical device (tv camera or photocamera) with a zoom
lens sensitive to vibration., Therefore the engine must be low in
vibration, particularly in the low frequencies. This usually means
a twin opposed cylinder configuration.

Production of RPV engines involves many subcontractors. Cost of
the basic engines to the RPV company is often so low. that they perform
a good deal of remanufacturing on the engine!?, The base engine,
in turn, consists of cylinders, pistons, and other parts obtained

from a chain saw manufacturer or a go = cart engine manufacturer.

/,’/_,) -



These are modified and installed in a crankcase designed by the base
engine supplier. Carburators are é seperate part supplied by a seperate
company. Further complicating the matter is the fact that the RPV

A manufacturers, after developing their final engine system from the

base engine pius carburator(s), will provide this refined engine

to other RPV companies.

From the basic anélysis, it was seen that required fuel weight for
the loiter mission was a primary factor in powerplant and propulsor
selection. A consideration of specific fuel consumption is also ne=
messary for the engine analysiss In the basic analysis it was assumed
that the engine could operate at 0.6 pounds mass fuel per horsepower =
hour, None of the engines considered provide that sort of SFC, but
four of them can operate below 0.9 pounds mass fuel per horsepower =
hour. These four are models 2, 6, 7, and 8., The octhers operate at
higher SFC, as high as 3,7 pounds mass fuel' per horsepowsr - houre.

Some discussions of the engines themselves are in order.

Engine 2 is a single - cylinder, 2 cycle McCulloch go-cart engine
supplied stock from the manufacturer until recently. During the summer
of 1977, McCulloch stopped production and distribution of their large
go - cart engines, fearing litigation from hang glider pilots who

had gotten injured while flying gliders powered by converted McCullochs.
The discontinued engines were the 91 Bf1 and the 101 A/A. However,
Horstmann Manufacturing Company, Inc. bought distribution rights for

these engines and presently Qontracts for limited production (about



13511 7o 91 B/1 weighs 7.5 pounds

6000 units) on a sporadic basis
stripped of cooling and ignition, and only provides low SFC with
carburator modifications. Thess modifications (as performed by APL)
also decrease the maximum horsepower.

Engine 6 is the McCulloch 10i A/A as re-engineered by Lockheed
for the Army Aquila RPV?Y. Meight of this powerplant is only 11
ounces more than the 91 B/!, and in the stock configuration it will
provide over 15 shp, This is also a single-cylinder powerplant, of
almost the exact size as the 91 Bfi. Total weizht is 8.2 pounds.

Engine 7 is an engine with a long lineage. The basic engine
supplier is DH Enterprises. This eﬁgine has been tested and refined
by the Melpar Division of E -« Systems, Inc. and they supply the complete
engine system. The system includes mounting and rmuffler. Power curves
for this engine is with the muffler, as well, while all ths rest are
unmuffleds The total engine system weighs 13.1 pounds and is of
the twin opposed cylinder configurdtion.

Engine 8 is an engine currently under development by Teledyme
Continental Motors. Essentially 2 Homelite Model 270 chain saw engines
joined about an integral 900 watt alternator, this engine has two
sepurate crankshafts geared together with the alternator. Performance
of Figure 2,3 is only projected. Weight of the 20+ horsepower engine
is 21.5 pounde, including the alternator. This engine is technically

a twin opposed cylinder configuration,

S P AR
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Obviously, for the dash speed requirement a high maximum horse-
power is desirable. At the low end of the scale, engine 2 must be
eliminated since engine 6 provides more than four more horsepower
with less than a pound of extra weight, Volume of the fuselage is
not sacrificed as the engines are basically the same size.

At the top end, a twenty horsepower engine is greatly desirable,
especially with the SFC availbble and the fairly low weight penalty,
The high weight penalpy and great width could be reduced by using
a common crankshaft and eliminating the alternator. However the
engine is still in development, so engine 8 is unacceptable at the
present,

This leaves the twc engines of nearly identical performance.
Their performance is presented in Figure 2.5 and 2.6 . Engine 7 is
currently in production with proven performance at most moderate
altitudes (15000 feet or less), Performance of engine 6 suffers
with increasing altitude., A reasonsble weight comparison should
take into account that engine 6 weighs 13.1 pounds with all accessories.
Figure 2.7 illustrates the engine &nd the weights of the system com-
ponents. Basically, engines 6 and 7 weigh the same. Model 7 is also
a twin opposed cylinder configuration while engine 6 is single cylinder.
Figure 2.8 illustrates the basic ms 101 A/A as produced by MeCulloch
and the part throttle performance as the engine was configured for the

Lockheed Aquila. This shows the main advantage of the number 6 engine,

- /.’f‘r‘“‘f.
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Figure 2,6 Performance of the DH Dyad 160 from E - Systems



BRAKE SPECIFIC FUEL CONSUMPTION (LB FUEL/HP/HOUR)

5,500

Figure 2.8

6,500 7,500
ENGINE SHAFT SPEED (RPM)

Part Throttle Performance of the MC 101 in the
Army Aquila
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L .21 Melpar Division

TWIN E-160cc ENGINE WEIGHT LBS. KG
BASIC ENGINE (with carburetor mount,

ignition pick-up, prop. nut and bolts) 8.2 - 3.72
SPARK PLUGS (shielded, resistor type) b 0.18
MUFFLER ASSEMBLY 1.1 C.50
COOLING BAFFLES , .5 0.23
CARBURETOR AND AIR CLEANER (Dual) N R 0.18
SHIELDED IGNITION S¥STER (with leads) 1.6 0.72
MOTOR MOUNT 9 0.41
TOTAL SYSTEM VVEIGHT 13.1 5.94

- Figure 2.9 Dimensions and Weights of the DH Dyad 160 Engine
System as Supplied by E = Systems
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a lower SFC. Finally, in the area of cost, the number 6 engine cost

Lockheed about $1000 per unit due to high quality control costs.
The MC 101 A/A costs about $160 through Horstmann, but Lockheed Bound
that out of 70 engines only 36 usable powerplants could be assembled
that would meet performance specifications. The complete engine 7
system, on the other hand, costs $1200,

On this basis the Model 7 engine, the DH Dyad 160 as supplied

by E = Systems, was chosen,

'/»/!3



4.2.2.’4 Ehglne s‘lbsystems

There are several subsystems for the powerplant which must be

considered. These are:

A.

B.

C.

Ae Vibration isolating engine mount

Be Muffler

Ce Cooling

D. Fuel Tanks

E. Ignition
The engine mount is a standard item supplied with the engine,
It is illustrated in Figure 2.9 .
The muffler will be discussed in Section 4,2,3 ¢ The E - Systems
muffler will not be used, rather an in ~ house muffler will be
designed.s Performance of the muffler will be estimated in the
Acoustics section, with the horsepower loss taken as equal to
the E = Systems muffler. The muffler used on this RPV will be
mostly of fiberglas construction to keep weight down to a
pound or less.
Cooling of the engine must be adequate for ground run-up, yet not
overcool the engine in flight, Cooling of the electronies is also
required., Calculations have shown (see Appendix A.4.2) that
27.5 square inches of intake area provides sufficient air for
cooling all systems. The intake area must be distributed properly
in several intakes along the airframe, with about fifteen square

inches near the nose and 12,5 square inches near the engine.

Jeprt/



D.

The intakes will be in the form of NACA airscoops for minimum
drage Pressure losses through the airframe are removed by a
blower coaxial with the fan. Forced alr cooling is required due
to acoustic requirements (enclosed engine), The power loss due
to the blower is negligable (on the order of 0.1 horsepower or
loss)e A total system schematic is presented in Figure 2,10 .
Thermostatic control of engine compartment.temperature through the
the flow control helps provide adequate cooling under all loads.
The thermal control of the engine compartment also prevents
formation of carburator ice.

Fuel tank size is not consideraﬁle for the amount of fuel
capacity required. Preliminary estimations of fuel require-
ments set the capacity to 78 pounds or 13 gallorns. Due to
stability and control considerations, the tanks are placed

near the center of gravity of the aircraft. The tanks are sized
as shown in Figure 2,11 . The four wing tanks and the fuselage

tank are molded out of plastic and are intended to support the

- ~internal plastic fuel bags, which contain the fuel. Fuel is

taken up by a plastic pipe extending into the tanke. These pipes
have drilled walls so that, as fuel is drained, the flow will
not be blocked by the fuel bag. This system was picked for

lightness, simplicity, and performance. Since the fuel must

: flow to the engine when the aircraft is in any attitude, there

- F A
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Figure 2.10 Engine Cooling and Propulsor Schematic

In baard T‘;'{: [32:'20 4{:9:‘_954&/ Out board

H 2,0 3.0 '

al 3.l

1.5 1.5
All dimensions /n inches or degrees

Figure 2411 Fuel Tank Specifications
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should be no air in ths tank or possibility that the fuel will
not get to the pick-up.

Fuel is introduced to the fuel system through a valve near the
engine compartment. It travels up the engine fuel line to the
tanks, filling the bags. Removal of air from the bags is simply
done during the initial filling., Ths RPV is tipped nose down
and filled. The excess air is bled off with a small hand pump
and the system is purgede This initial purging shéuld last for
many filling operations, ie. the fuel system should not need
purging again.

Ee Ignition is cpacitative dischafge type, located in front of the

firewall, It is a standard item supplied by E =~ Systems.

The total engine installation is illustrated in Figure 2,12,

together with the systems discussed in the following sections.

L,2,2 Propulsor

be2,2.,1 Introduction

The propulsor for this RPV was affected by many considerations
which had little to do with performance. The location was fixed at the
rear of the fuseiage due to payload requirements, yet due to stability
and control considerations the propulsor had to be placed on the fuselage
centerline. This means that it must operate in an essentially turbulent

environment behind the wing and in the boundary layef of ths fuselage.
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These two factors can have a serious effect on the acoustic and
aerodynamic performance of the propulsor. The propulsor must be of
small diameter to fit under the tailboom, also not a good restriction
from the performance standpoint. Fowever, few propulsors operate in

ideal conditions, so that the requirements in summary are:

1, CQuiet.

2. Minirmmum drag,

3+ Efficlient at loiter.

Ik, Reasonably efficient at off-design conditions.

5¢ Low drag when no power is applied.

6. Must be located on fuselage centerline (Stability and eontrol).
7. High thrust at low speed (Landing and take-off).

8, Close to powerplant,

9. lLocated at rear of fuselage (Missions).
4424242 Choice of Propulsor

As was seen in the previous section, the choice of propulsor systems
were éart of the powerplant selection as well., The final two pro-
pulsor systems were internal combustion engines with either a propeller
or a ducted fan. Full scale trade - offs for ducted fans against
propellers are well shomn!3 in Figure 2,12 . In the case of the
propulsor, since both ducted fans and propellers require a reasonable

fuel weight, the determining factors are minimum size and noise.
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Today 1980 Time Period

Q-FAN/ QFAN/
Propulsor/ Q-FAN/ Rotary Rotary
Reciprocating  Reciprocating  Combustion  Combustion

Fan diameter 6.5 3.0 3.0 25
Stp 285 387 387 145
Tip speed/tpm $15/2700 640/4060 640,3060  626/4500
Weight 53 680 466 550
Cost, $ 6879 10290 7130 7920
Cruise thrust at 0.33
- Mach No. 316 329 329 364
. Cruise thrust specific
fuel consumption 0.439 0.573 0.573 0.595
PNdB/a—<¢ 103 85 8s 85

NOTE: Performance does not include engine cowl or installation losses. Q-FAN
performance includes duct and external losses.

A Performance Comparison of Ducted l_?ans and
Propellers for a General Aviation Aircraft



In both of these areas, the full scale ducted fan is clearly superior.
Therefore the ducted fan propulsor was chosen,

There are two parts of the ducted fan system, the duct and the
fan, While rather obvious, the relations between the two and how they
should be optimized for high performance are not. In the analysis, it
was decided to find the optimum shroud designslu for different radii
and then chose the shroud based on its performance. The fan was de-

215316 .t the loiter condition.

signed for maximum efficiency

Initial sizing of the shroud was based on 12,1 pounds thrust ro-
quired at loiter., It was found that for a reasonable pressure ratio
of 1,02 at 5000 feet altitude, a small fan of 5 inch radius is required
with a 3 inch radius hub.

However subsequent increase in estimated drag also increased the
required radius., A study was performed for shroud chords of 5.5 to
10 inches, radii from 5.52 to 7.2 inches, and two different coning
geonetries to determine the optimum shroud. The results of the analysis
are shown in Figures 2.13 and 2,14 . Obviously the straight duct offers
the bewt performance despite some tuning problems. Performance of the
straight duct at loiter is best shown by Figure 2,15 .

Since the fan must operate with the shroud, and is a erucial portion
of the efficiency, the fan must be considered at this point. Due to
the small radius and low rotative speed the tip radius is an important
parameter in fan performance., Fan efficiency increases with radius and

ratative speed. However, efficiency decreases with inereased forward
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Thrust = Pounds Force

Required loiter Thrust

15

Rotor Thrust
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Shroud Thrust |
b

¥

528 576 6.2% c.72 7.2
Fan Radius « Inches

Figure 2,13 Coned Shroud Optimum Performance and Radius
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Flgure 2.14 Straight Shroud Optimum Performance
and Radius
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Figure 2.15 Straight Shroud Performance, Loiter Condition

Radius (in.)| Fan Thrust (1b.) Shroud Induced
Velocity (fps)

5.04 9.0 141,871

528 5.0 251,403

5452 742 | 264,89

5476 10,7 1254337

6.0 12,1 118,298

o2l 1347 1194575

6.48 12,0 119.836

6472 11.9 121,619

6.96 14,2 112,568

742 12,8 116,617
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Figure 2,16 Fan Performance Relative to Shroud Internal

Conditions

.2 Pitch (ft.) Sl.lnu95“c7é 18.27524 CT& .1900533‘?
.2339939 46.08577 13.98929 224706
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velocity with thrust, rotative speed, and radius constant, Therefore
a large radius and moderate shroud induced velocity is desirable. On
this basis the 7.2 inch radius optimm shroud and fan were chosen

as the largest and most efficient that could fit under the tailboom.
h,2,2.3 Propulsor Performance

Before designing the fan a blade airfoil had to be chosen which
would give the most efficient design. This small of a fan operates
in a very critical Reynold's Number regime which makes choice of
the proper airfoil very important, but proper data on the airfoil
at the desired condition very sparse. The analysis for airfoil
selection is presented in the Appendix, and resulted in choiee of
the NACA 2412 for the blade section.

A fan was designed for the loiter condition which performs as
shown in Figure 2.16 . At the loiter condition, allowing 0.35 horse-
power for electrical generation and drag at full gross weight (15
pounds force), the required shaft horsepower is 5.0 hp.at an SFC
of about 0.7 .

Total performance is entirely adequate except in the landing
and take =~ off condition, as shown in Figure 2,17 and 2,18.., Thrust
of the ducted fan is high, but not enough to offset the high drag
and provide good climb capabilty. In engineering development of this
system, it 1s recommended that one extra inch of fan radius will pro-

vide the necessary low speed performance with no loiter or dash speed

] s~



Figure 2,17 Overall Propulsor System (Shroud and Fan) Performance
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performance losses.

be243 Acoustics
1142¢3.1 Introduction

Acoustic performance of this RPV is every bit as important as the
other performance characteristics of the aircraft., There are enly a
few requirements of any acoustic modification to the system:

1., Light weight,

2. Reasonable volume,

3. Low power loss.

4, Effective.

5, Aircraft undetectable (acoustically) at 5000 feet above the

ground level.

There are three noise mechanisms involved in the system: the
noise produced by the aircraft, the transmission path of the noise,
the sensitivity of the listener-’. The subsections will first concern
the sources of noise and then take into account the other two noise

factors.

It is interesting to digress at this point and note that Northrop

'is presently developing a drone which carries audio detection equip-

mant18. This equipment uses two microphones to detect range and
bearing, as well as the identity, of selected targets, The drone
then homes in on the target, be it a tank, troop carrier, or whatever,
and destroys it. RPVs, it seems, can be quiet but also can take

advantage of noisy ground troops.
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Lhe24,3.2 Engine Noise

Projections of engine noise ars based on experimental work by
Shimovetz and Smith”. Of particular interest is the piston engine
testy, described in Figure 3.1 and shown in Figure 3.2 + The engine
was statically tested in an anechoic chamber with a propeller load and
#n acoustically treated ring cowl. It must be noted that the cowl was
open front and back for proper cooling airflow and not very long
(about as long as the engine in the axis of rotation of the prop).
The wnmuffled tests effectively include engine exhaust noise, most
casing noise, and propeller noise, Since the propeller was the domi-
nant nolse source and results were umcorrected, any projections from
this experimental work will be extremely pessimistic. Tests were
performed at 4500, 5500 and 6500 RPM, the last corresponding to the
loiter condition of this RPV, Therefore results for the unmuffled
piston engine at 6500 RPM wers used as basic engine noise for the
projections.

Even though casing noise (including carburator noise) was
effectively included in the analysis, in the actual vehicle steps
are taken to eliminate that noise., The entirs engine is enclosed
and cooling air is channeled through at least a foot of acoustically
treated duct, which should attenuate the noise below consideration
when compared to other noise sources, |

Noise in the tests was found to be dependent on power output.

For the engine tested, the horsepowsr output was hbout 3 horsepowsr

\«,
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as shown in Figure 3.3 . Increass in spectral sound power is pro-
Jected at 6 dB for a doubling for horsepover, however it must be noted
that during loiter the RPV engine will actually be operating at 5
horsepower, so the increase is pessimistic. The test spectral sound
power is shown in Figure 3.4, along with the RPV projected noise
spectrum from its engine.

In the tests directivity of the exhaust in both muffled and
unmiffled configurations was found to produce a 6 dB decrease in
sound power if the exhaust was directed away from the microphone.

On the RPV, the exhaust will be directed skyward to produce the
same projected attentuation. Therafore the untreated engine

(or unmuffled) installation in the RPV correspoinds to the sound
power of the test engine without muffler, operating at 6500 RPM,

Muffling of the exhaust is an important factor in quieting the
engine, In the tests, several mufflers were tried (Figure 3.5).

It is projected that a muffler of over twice the size‘ cf muffler D
will produce comparable quieting of 27 dB, This is pessimistic since
volume required for a certain attentiation is roughly dependent on
power output, and doubling the size actually quadruples the volume.
The final corrected sound power spectrum for the engine with the

projected muffler design is shown in Figure 3.6 .
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4.2.3.3 Fan Noise

Ducted fans in the large scale offer many acoustic advantages
over open propellers. They are inherently mnre quiet., However in
this system the fan is operating in a turbulent environment and is of
a very small size, Only one set of tests for a fan of this‘size was
ﬁound21. These were static tests of a .seven inch diameter fan with a
hub-to-tip ratio of 0.432 , Since the operating C, of the blades
was typlcally above 0.5, the tost fan was considered similar to the
RPV fan, even though it was probably inherently noisier. At 5440 RPM
and with a grid installed, maximum spectral sound pressure level was
80 dB in the far field (4,35 rotor diameters upstream). The grid had
a mosh size of 1,126 inches and a mesh rod diameter of 0,22 inches, and
was placed 3.5 fan diameters upstream of the fan, This more than
adequately simulates the flow conditions of general turbulence caused
by the wing and other fuselage protrusions. Exveriments were conducted
on turbulent boundary layers on the hub as well, which showed that
the boundary layer has a marked effect on the fan noise. Therefore
the blower fan design was adapted to provi&e suction for boundary
layer control. The required specifications for the blower are-
given in the Appendix,

Due to the fact that the test rotor was 10 bladed and results
were not presented in conventional octave bands, it is difficult to
make a straight - forward projection of the RPV fan noise., However,

a uniform SPL of 65 dB can be pessimistically assumed across the
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spectrum at the far field 3 feet from the fan. It must also

be noted that the test results shown are for noise directly in front of
the fan, which is very pessimistic when considering directivity and
sideline noise, An SPL of 65 dB at 3 feet corresponds to a sound

power level of 75 dB.
b,2,3,4 Alrcraft Aerodynamic Noise

Tests of full-scale aircraft have produced a method<? for predicting
alreraft noises These methods were applied to the RPV and resulted

in a prediction of aerodynamic noise for this RPV of 93 dB sound

power level. Using the method's non-dimensional plot for the aerodynamic
nolse frequency spectrum, Figure 3.8, the RPV aerodynamic noise prediction

is then as shown in Figure 3.9, after the maximum amplitude frequency of

779486 Hz is found.

442,305 Detectability

The detectablility of the RPV can be found once the total noise
generation 1s surmed up, Figure 3.10 , Using the methodology of

Shimovetzzo

the detectabllity at any distance can be related to the
noise of the véhicle, the transmission loss, and the listener®s sen-
sitivity. The first two estimations are fairly fixed, but the listener's
sensitivity is extremely variable. Detectability of sounds varies

in different environments, as can bé seen from the experimentally

derived data in Figure 3,11 , The curves represent the level at which
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a noise will have a 50% probability of detection (but nét recognition)
with a 1% alarm rate. This data was compiled for a sample group
composec of young adults, presumably the portion of the general popu-
lation with the best hearing. Note that the hearing threshold usually
extends well below detectability in any realistic environment, including
the desert. If any tone produced by the RPV equals or exceeds the levels
shown, there is a 50% possibility it will be detected (but not necess=
arily recognized).

Using accepted methods for transmission loss in air and distance
attenuation, then the nolse of this RPV at any sltitude may be found.
The noise spectrum and overall noise level of the RPV is presented
in Figure 3,12 and minimm 505 detection altitudes are compiled in
Figure 3.13 .
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Figure 313 Detectability of RPV

Altitudes at which thers is a 50% probability of detection

of RPV noise {but not necessarily recognition) at a 1%
alarm rate.

Environment Altitude

Country-Side 3900 feet

Arid 2900 feet

Near Urban 650 feet

PR



L3 Power Generation and Storage

ko361 Introduction

There are only a few requirements for electrical power generation

and storage. These are:

Power Generation
1. Adequate power for average power requirement plus a margin.
2. Light weight,
3¢ Small volume.
4, Close to powerplant.

5. Adequate cooling.

Power Storage
1. idequate power for emergency engine shut-down and safe landing.
2+ Small volume.
3. Light weight,

Le3e2 Choice of Power Generator

Electrical power for all the systems of the RPV is provided by
the engine., To best estimate the powsr required, a similar RPV system
was studied, the Lockheed Aquila. Payloads, engine, and control
power requirements are alik98’9. The Aquila, in fact, requires much
more electrical power in the telemetry portion of the system since

microwave transmission is used. This RPV uses vhf-uhf transmission

which is more efficient., Therefore it would be reasonable, perhaps

/~iZf ¢



Figure Lol

Batteries Included in Emergency Power Supply

Study
Voltage | Weight (1b) | Energy-te-Weight | Power-to-Weight

Jouls/1b Watt/1b
1 6 0.6 6,48 X 100 9
2 12 1.9 6482 947
3 6 1.3 8464 12
N 8 149 7.88 10,95
5 6 2.4 8.1 11.25
6 12 445 85l 12
7 6 246 9.97 13.85
8 6 3e3 9.82 13.64
9 12 1647 10435 14,37
10 1.25 0,05 346 12,5
11 1.25 0.05 346 12,5
12 1.25 0,144 3.75 13,02
13 1425 0.3375 14,27 14.8
14 1.25 0.3375 4,27 14.8
15 1,25 | 0.3375 1,28 b i
16 1.25 0.1t 3.0 10,42
17 1425 0.05 3.6 12,5
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even a bit pessimistic, to include the Aquila's 600 watt alternator

design in this RPV., Shaft horsepower allowance for electrical power

generation in the Aquila was 0.35 horsepowerg, and this is also a

pessimistle figure., The alternator is located in front of the fire-
wall in the intake air plenum. Size of the alternator is about 6 inches

in diameter and 6 inches in length, and it weighs about 6 pounds.
b33 Choice of Power Storage

Two battery types and three brands of batteries were studied for
this application. These types are listed in Figure 4,1 with their
relevant statisticse. Batteries 1 through 9 are Gel/Cell type B (re-
charging optimized) rechargable cells. Batteries 10 through 14 are
Eveready nickel-cadmium cells and 15 through 17 are Ray-0-Vac nickel-
cadmium cells, The Gel/Cells are the best type of battery of the
group for energy storage and energy delivery (work) per unit weight,
Of this group several conbinations were studied for the Best overall
welght providing the necessary power storage. The optimum configura-
tion had a weight of 8.9 pounds, and a volums of 117.7 cubic inches.
Performance was 30 volts at up to 9 ampere/hours peak load with
cooling. The batteries are distributed in the air plenum in front
of the firewall to best provide adequate forced convective cooling.

One of the good benefits of providing an emergency power pack
that is rechargable is that, should peak power demand exceed ths
alternator rating, the batteries can take up a substantial portion

J1 7



of the load. The batteries can also provide voltage stabilization
in the power supply circuitry by acting as capacitors. In addition,
for peak climb performance or any other critical flight regime, the
alternator can be switched cut of the circuit so that full power can
be applied to the propulsor.

DY



Lh Costs
Gl Introduction

When thecapabilities and low cest of RPV systems are seriously
considered, it is obvious that the RPV is the only real way to accome
plish many tasks, Whether carrying out tactical, intelligence, com-
munications, or navigation functions for the military, or performing
any number of civilian tasks, the RPV is proven to be most cost effec-
tive. There are many. important missions which only the RPV can perform,

The fairly slow growth of modern RPVs is definitely not caused
by lack of need. Rather, the modern RPV, equipped wlth sophisticated
electronics, has been restrained in capability until very recently.
Lowered cost and the necessary capability of the electronics subsystems
have been acheived in only the past few years.

Most RPV development has Ween for military application, which is
unfortunate. There is a large untapped market for civilian - type
RPVs which will be discussed later. Costs of all RPV subsystems are
dropping rapidly, and civilian acquisition of RPVs is possible by more
and more businesses, government agenvies, and people. It is satill
too ‘early to talk about a chiken in every pot and an RPV in every
garage, but in a very short time the friendly neighborhood policeman
may be checking the citizen's car speed (and taking his license number
for his ticket) by RPV.

In the following sections the cost of this particular RPV system

will be estimated. Cost - effectiveness for several missions wlll then
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be discussed relative to this system, where the cost advantages of

some performance traits of this RPV will also be indicated.

holy,2 Cost of System

The RPV system proposed is a sophisticated system. Many expen-
sive electronics packages are used to provide adequate sensing, control,
and payload capability for a multitude of missions. This can best be

seen by listing the costs of materials for this RPV:

Engine $ 1200

Production Airframe 3000

Autopilot 10000
Servos 260
Flap Servo 15
Telemetry 10000
Transponder 500
Alternator 25
Power Supply 70
Batteries 100
Min, TV Camera 2500
Total $ 27670

Many of these costs are projections based on similar units, For ine
stance the production airframe is estimated from the cost of the

- &)
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Aquila airframes, which is also of Kevlar over a metal structure.
Whenever costs were extimated, thgy wore taken at the highest reason-
able value,

This last is essentially a listing of subsystem costs and pro-
duction airframe cost. Since research and development costs on RPVs
are a substantial part of the overall cost, merely assuming that they
are "hidden" in the difference between this price and the price due
to production quantity discounts is unrealistic. While the price for
the telemetry and autopilot is well above the most inexpensive sub-
systems of this type available, it is best to retain the original figures
as materials costs instead, and combine the total with engineering,
manufacturing, development, and tooling costs, This is a very inflated,
double - counting way of predicting production costs, but in view of
cost overruns on some aircraft, the effects of inflation (although
the cost of high~-technology items is coming down), and allowing for
inclusion of more sophisticated and expensive subsystems dueing
development, overestimation seems the best strategy.

There are many methods of estimating cost for RPVs, These are
usually based on a particular statistical analysis of costs and the
characteristics parameters of the airframe and production. One of these
methods is the method of Cost Estimating Relationships (CERs) which have
been applied to RPVSZB. Using this method, six cost areas can be

predicted with fair accuracy.

!
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A. Engineering Hours
Includes:
1., Design studies and integration.
2, Engineering for aerodynamic models and mock-ups, engine test.
3. Test engineering, laboratory work on subsystems and static test
items, and development testing.
L, Release and maintenance of drawings and specifications.
5. Shop and vendor liason.
6. Analysis and incorporation of changes.
7. Material and process specifications.

8 ™ Relj.abﬂityo

. Be Tooling
Hours for tool design and planning, production test equipment, check-
out of tools, maintenence of tooling, normal changes, and production

planning.

C. Manufacturing Labor
Those hours necessary to machine, process, fabricate, and assemble the
major structure of the RPV, and to install purchased parts, government-

furnished aeronautical equipment, and off-site menufactured assemblies.

Also quality control functions.

De Materials

Manufacturing materials cost is defined as the cost of the raw mate
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erlal, hardware, and purchased parts necessary for the fabrication and

assembly of the RPV airframes.

E. Development Support

Defined as the nonrecurring manufacturing effort undertaken in support

of engineering during development. Includes cost of manmufacturing labor

and material for mock-ups, test parts, static test items, and other
items of hardware that are needed for airframe design and development

work e

F. Flight Test
Costs incurred by the contractor to carry out flight tests, except
for the cost of the RPV itself. Includes engineering planning, data
reduction, manufacturing support, instrumentation, spares, fuel, oil,
facilities rental, and insurance., Costs incurred by the military

are not included.

Usually flight testing is conducted in 3 phases:
(I) Subsystem development test and evaluation.
(II) System development test and evaluation.

(III) System operational test and evaluation,

#or the most part only phase I is performed by the contractor.
Most ¢f phases II and III is borne by the military,

If this particular RPV system were only to be developed for the

/=15



civilian sector, it is likely that flight test cost and per unit cost
would be much higher, wven though the cost of subsystems in the aircraft
might be less. On the other hand, experience gained in developing a
muiti-missmon RPV for the military would be directly applicable to
civilian versions.

Applying the method of CERs to this particualr RPV system, the
costs would break down as follows for a production run of 1000
aircraft:

Engineering $ 2,845,997
Tooling 519,551
Manufacturing Labor 6,723,495

Materials 55772,994
Devel, Support 300,497
Flight Test 116,881

Total $ 16,279,419

This includes cost of 32 flight test vehicles and 8 developmental
articles. These quantities are comparable to the Aquila program's
36 total airframes for a program that has nearly completed the system
operational tdst and evaluation flight test phase. Obviously, the state
of the art has advanced since the Aquila was developed, and the numbers
are pessimistic,

The quantities developed by the CERs used are for 1973 dollars.

Since then, a period of rampant inflation has drastically effected
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2% chow that the

wages and costs. The Bureau of the Census figures
factor of inflation from 1973 to 1976 was 1,273 . Accaunting for
6% inflation in the last two years increases the correction factor
to 1,43 o The current projected costs are now:

Engineering $ 4,069,776

Tooling 742,958

Manufacturing Labor 9,614,598

Materials 8,255,381

Development Support 429,710

Flight Test 167,140

Total $ 23,279,563

This figure is entirely too optimistic, as can Be seen from the dow
unit aircraft cost (for the 1000 units produced) of only $23,279 .
This is due to the fact that the CERs resulted from a survey of 1960's
drones and RPVs which had become operational by 1973. These were of
current technology (approximately) in everything but the electronics
and payloads areas. Since Materials cost is well estimated in the
first tabualtion of total parts cost, that may be substitited into
the CER analysis,

This is much more realistic for a progi#am of thls magnitude.
However, the modified total cost of $ 43,800,982 is not quite the
total cost, since ground handling equipment (AGE) and spare parts

are not included in the CER analysis., In the CER survey of production
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systems, it was found that this cost was about wqual to 25% of the
combined costs of engineering, tooling, manufacturing labor,and
material. For this RPV the additional cost amounts to $ 10,801,033 .
Total program cost is then estimated at § 54,602,015, a relatively
small total cost for 1000 aircraft. Unit cost is $54,602 . A break-

down of costs follows:

% Total Cost
Engineering 7 45%
Tooling 1.36

Manufacturing Labor 17.61
Materials 5247

Development Support 7.87
Flight Test 0.31

AGE and Spare Parts 19,78

Engine 2420
Airframe 55
Autopilot 18.3
Servos 0.5
Flap Servo 0.03
Telemetry 18.3
Transponder 9.16
Alternstor 0,046
Power Supply 0.13
Batteriles 0,18
Min, TV Camera 0.46



This breakdown shows that electronics account for 46.58% of the
total program cost. A modest reduction in electronics cost would have
a major effect on program and unit cost, For instance, if a relatively
simple ground based computer and direction finder, together with
fairly inexpensive telemetey and on-board instruments were used, the
cost would drastically drop. Given a reasonable cost for this sort
of system of about $ 1500, the program cost would drop to about
$ 36,102,000 and wnit cost would drop to about $ 36,102 . This is
a decrease of 34%. In-house development of electrical systems would
easily be cheaper than outside purchase.

Even given the high electronics cost for this system, overall
cost is small compared to other RPVs with lower performance. The
Aquila RPYV, for instance, had a total program cost of $ 15 million
through the operational flight test phase for 32 vehicles. Projected
cost for a production vehicle were on the order of $ 100,000 , Even
allowing for ground equipment costs (Control van about $500 k, launcher
or recovery net about $100 k), the $ 55 million figure for production
of 1000 vehicles is a very good, inexpensive program cost. This RPV
is mich more flexible than any other current or projected RPV, and is
inherently more cost-effective in any applicable role when compared

to other RPVs, thanks to its low cost.
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L4,3 Cost Effectiveness of System
It is best to discuss the cost-effectiveness of RPVs in general
before presenting the pros and cons of this system in detail., However,
during the general portion of the discussion it would be appropriate to
compare the costs of this RPV system to the assumptions for the studies,
Since this RPV is intended for military applications, the cost-

effectiveness in those roles will be presented first.

A. Military Cost Effectiveness

It is necessary to establish that this RPV is cost-effective in
military roles. Presently all missions except target practice are flown
entirely with manmned aircraft., One of the missions which RPVs are well
suited for is reconnaissance and surveillance,

A comparison of recommaissance aircraftZS, Figure U4.1, shows
the relative performance of operational mamned aircraft and the now-
defunct Compass Cope RPV, Note that mome of these craft cost less than
a million dollars per unit, and the greatest on-station time is 12 hours,
Figure 4.2 shows how costs of these systems compare under continuous
use in areas of tension.,

The strike role of the RPV as a highly accurate laser target de-
signator is an extremely effective and important one. As can be seen
in Figure 4,3, the RPV in conjunction with the GBU~15 glide bomb or
the SUU-54 guided bomb provides excellent standoff range for the
manned launching aircraft, with a near-guarenteed strike under fair

conditions,
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RF-4C 1749 2.85 2.05 0.80 4.51 3.14  35.0
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* Includes FSD & 100 RPV Buy
** adjusted for longer sorties
Figure 4.1 Cost and Performance of Reconaissance Aircraft
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RF-4&L 5,460 9 3 12 95.5 12,0 57.6 165.1
A-10 3,633 3 1 4 35.4 4.0 8.8 48.2
Aircraft Comparison,
Squadron Size and Cost
o 200 n.mi. radius o 24 hours on station

Figure 4.2 Cost Effectiveness of Reconnaissance Aircraft

/=160



Strike Alternates -- Lstimated Costs
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Another strike role incolves "harassment® of enemy missle radar
installations by long=endurance RPVs fitted with explosives. These
types of systems are currently under vigorous develppment, and a key
factor is the cheap "throwaway"™ RPV concept. Northrop is currently
developing such a harassment dronel9, with a projected cost of
$ 10,000 per unit., One of the main scenerios in the Luropean area is
an attack consisting mainly of tanks provided with air cover by radar-
guided ground-to-air missles, In this scenerio ECM and harrassment
drones have been studied for the first three days of engagement,
Figure 4.# dramatically shows the cost effectiveness of a mixed
tank strike force as the RPVs free aircraft for tank strike and
disable missle sites.

Another scenerio relavent to the European area is the total air-
field disruption task, where airfields are knocked ocut to effectively
ground the enemy air force. An example area was picked for this
study (Figure 4.5) which was representative of most possible combat
situations. The present tactical situation is shown in Figure 4.6,
and comparison of manned only and manned plus strike RPVs is shown.
Agg%n, there is a dramatic difference in attack capability, and the
RPV becomes a highly effective way to accomplish the task and reduce
expensive attrition.

Attrition of RPVs themselves have been considered in thes RPV
strike role., Although the modeled RPV was sized to deliver 500 pound

bombs and be reusable, it is highly possible that smaller RPVs could

VR T



Total Airfield Disruption Task

~ X% -
TOTAL
CONFLICT
® Twelve sirbase Strike zoncs ] .
representative of total E. §
Gesman capability, BERLIN tv

ST

® Northem sector Stnke
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® Ausrbases wilf be struck in
36C107 groups to take matymum
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® Simuitancous Stnke of sli {45) Mj
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® Total mirfickd disruption requirs = 236
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Figure 405
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Tactical Forces

Airbase Strike Comparison

@ The USAF Five Year Plan building 1o 26 wings. primarily
through addition of F~15.-16.and A-10
® Five active wings air superiority ~ 360 A 'C
o Six active wings close support = 432
® Four active wings deep interdiction = 258

Each mission augmented by active and reserve multi-purpose
aircrafi.

® Eight TAC fighter wings deploved 1o Europe (Five U.S. Army Div.y
twenty three day reinforcement capability + 1o TAC Air Wmgs

+ 10 U.S. Divistons

APPROXIMATELY 300 USAF FIGHTERS AVAILAELE FOR
TANK STAGING AREA/AIRFIELD HARRASSEMENT ATTACKS

Figure 4.6

@ Mix of ARPV and manned aircraft

* 480 ARPV’s
¢ 236 F4 sorties ¢

e 240 Cover aircraft (cap, WW, Flak surpressors).

@ ARPY Strike alone
* 720 ARPV's
@ Use of ARPV’s alone release the following manned
aircraft sorties for combat:

e 236 F-4
¢ 240 Cover aircraft

TOTAL 476 EQUIVALENT AIRCRAFT AVAILABLE
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deliver smaller bombs more accurately, resulting in the same sort of
kill rate per delivery. Characteristics of the weapons systems studied
are shown in Figure 4,7 . Studies of total 10 year costs and resouree
costs are presented in Figures 4.8 and 4.9, where the areas show
where the most cost-effective vehicle stands in relation to area and
losal attrition rates. It must be noted that both the glide bomb

and stand off missle usually require some sort of target designation,
The RPV is clearly more cost effective than manned systems, and would
be much more desirable for laser target designation assuming that both
the RPV and the manned aircraft are exposed to the same area attrition
2ates., Considering the detectability, it is more likely that the RPV
would survive.

Last, but not least, is there really a need for RPV systems?
Figure 4,10 shows the tactical roles that RPVs can assume?’. Tt has
already been shown that RPVs are more cost effective than non-RPV
weapon and delivery systems, but if enough aircraft to perform the
mission are already in the inventory, there is really no need for some
other system in addition to the current inventory. The effectiveness
of the manned air fleet in Europe has already been indicated. However,
on an overall basis by task, it can be seen in Figures 4,11 through
L.,15 that something is necessary to augment the manned force. RPVs
in the various military roles which they accomplish most effectively
are one of the best solutions,

The RPV designed, of course, does not fill all the roles that

PN



Analytical As@umptions

Relative

Vehicle System unit $  Unit vehicle $ vutnerability
RPV's

1 Tgt/sortie 1.149M 0.330M 1

2 Tgt'sortie 1.41M 0481M 1

4 Tgt/sorte 1.835M 0.723M 1

Giide bomb 0.120M 0.100m 0.75

Stand off nussile 0.225M 0.190M 0.75

Supersonic SOM 0.573M 0.550M 0.05

Manned Strike a.0M 6.0M 1

{6 1gt/sortiel

Manned carnier 2.0M 2.0M 0.05-0.1

(6 tgt/sortie} (X % area Py)

How Big Should A RPV Be

?

- T

TOGW 3335 LBS 4940183 7500 LBS
EMPTY 1 410 LBS 2AXLES 3200188
2 o[
ovstE®
cosY
PER \03_
RPV
1S MILLION} //V/(H\CILE//
[ [ s ,
* §2 Bilhion buy 1 2 3 4
® 500 Lbs P/Litarget TARGCETS PER SORTIE
.
Figure 4.7
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Strike Weapon Options
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® Based upon total 10 year costs {(EACH TARGET)

Figure 4,8

Strike Weapon Options
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RPVs can support. However, it has broader capability and better
performance than any other RPV and as such has the best chance of

participating in the next TACAIR procurement cycle (Figure 4.16).

Bs Civilian Cost Effectivemess

There are a multitude of missions in the civilian sector which
are currently performed by manned aircraft, that can also be accomw
plished with suitable RPVs, Sosr of these applications are shown
in Figure 4,17 « A study was conducted28 of some of these missions.
Study of cost effectiveness was conducted in a very thorough manner,
as the example of security for high~value property mission shows,
Figure 4,18 . A few of the many possible applications have been
reviewed in this on-going study, and these are presented in Figure
4,19 . Many missions show a cost decrease of 30%4 to 80% for the RPV
over the present systems, During the course of the study, most of the
potential users were interviewed, and the desirable RPV characteristies
were found, Figure 4,20 .

It can be seen that this multi-mission RPV, with its low cost,
is well suited to many of these civilian roles, It is quiet, with a
long endurance and large payload capacity. Speed is quite sufficient
for any mission, with an emergency power system to assure safe landing

if the engine faills,

o

o —

e e . e ety <



9 AGENCIES

® PILOTS e SEARCH AND RESC
® CHEMISTS [- WILDFIRE DETECTI%i 18 AGENCIES
® OWNERS o LAW ENFORCEMENT ® POLICE CAPTAINS
o PROJECT OFFICERS ¢ SURFACE RESOUACE SURVEY ® FLYING OFFICERS
A s FISHING LAW ENFORCEMENT

SSOCIATIONS » OIL SPILL DETECTION * SECURITY CHIEFS
SR : ICE MAPPING e PROGRAM MANAGERS
S ASHICULTUR ) . F.S}isoonwc ® SENSOR SPECIALISTS
* VILDFIAE FIGHTING ij

3 >

)
Z
Rl
<
A
e
¥
3.
Aerial spraying %
O
-
Large~area surveillance
16 AGENCIES
® CHIEF PILOTS 27 AGENCIES
» PIPELINE OPERATORS \,(}‘ ® POLICE CAPTAINS
e FLYING OFFICERS s » FLYING OFFICERS
® SECURITY CHIEFS
® SECURITY FIRMS
VP OF MARKETING
- BRANCH CHIEF
*+ PIPELINE — » PROGRAM MANAGERS

® SECURITY EQUIPMENT SPECIALISTS
® SECURITY ASSOCIATION

-
e

e

(e SZCURITY OF HIGH.VALUE PROPERTY

® SURFACE MINE PATROL

s OIL SPH L CLEAN - UP DIRECTION

¢ VIILDFIKE MAPPING

#» ICE FLOE SCOUTING

» SFRAY SLOCK MARKING AND TRACKING
® GROUND TRUTH VERIFICAYION

o HIGHWAY [ ‘.
+ BORDER } A
o POWER LINE
» WATERWAY/SHORELINE J"
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i Senal
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Figure 4.17
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Summmary of system requlrements for
security of high-value propercv

Mission Description

1. Patrol remote highways for acc.dents, strandad
motorists, wanted vahicles, or unsafe road conditions.
2. Foliow wanted vehicles
3. Direct ground units to the scene of a prohlem.
System Capabilities
1. Patrol anywhere within a 241 km (150 mi) radius of the
control station.
2. Oporate 8 h/day, 365 days/y, covering 1127 km {700 mi)
of highway per day,
3. Fly preplannea daily patrols, with in-flight redirection as
desired.
4. Provide reai-time visua! imagery.
5. Opurate at or below 244 m (800 f1) AGL.
6. Distinguish motor vehicles by type, styls, maie
{rasolution = 0.5 - 1.0 mrad).
7. Follow a particular vahcle.
8. Locate ground objscts well encugh to diract greund units
9. Keep any point under continuous surveiliance.
10. Communicate to peogta on tne 3round.
11. Keep the highway in the sensor heid of view with 2
minimum ot operator attention,
12, Provide a permanant record of imagary.
13. Be wperabla by & singls operator with minimum training.
14. Operation 2t night and/or in bad weathsr s desirebia.
15. Be less costly than » manned-aircralt system.

S

“
S

high-valce proverty mission

tem comnmarisons for securitv of

S
SYSTEM SYSTEM REQUIREMENTS
FACTORS
HELICOPTER FIXED WING APV
AIRCRAFT 2 1 2
GROUND CONTROL VOICE VOICE" GSCIN
GUARDHOUSE
PERSONNEL® )
FLIGHT PILOT AND PILOT AND NONE
PILOT O3SERVER | OBSERVER
CROUND NONE NONE OPERATOR
ALERT LOCATION LOCAL AIRPORT PAD NEAR
| GUARDHOUSE
ENDURANCE 33KA 9.7 HA 10HR
{20-MIN RESERVE)
MAINTENANCE CONTRACTED

"TWO CREWS PER DAY

Total annual cost comparisons for
security of high-value property mission

COST FACTQORS

HELICOPTER

FEXED WING APV

ANNUAL FIXED COSTS

DEPRECIATION
INSUtANCE
HANGAR

ANKUAL INSPEZTION
PERGONNEL

$155.000

$118,000

$74,000

ANNUAL DIRECT OPERATING
COSTS

FUEL AND Ot
PERIGDIC INSPECTION
MAINTENANCE

381,000

$54,0G0

$51,000

JATAL

| G — JRE—

$235,99

$172,000

$125,000

Figure 4.18
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Weight summaries for example nissions

Surmary of civil RPV weights, relative

costs, and market size

CIVIL RPY APPLICATICONS

10TAL ANNUAL®

NUWAER QP

g ary GROS WEIGWT COSTOnBrERTNCE POTeNTIAL APY
SECURITY OF HIC-WAY PATROL AISSION CONFICLAATION . bl (PERCENT) ST
HIGH VALUE Ry
WEIGHT GROUP PROPERTY MISSION RPYV RELAY APV SECURITY OF miGm vALUE ##OSEATY ) ASTARY minG ” e -n 700
[T Ub) AL RE MAPRING ROTAMY NG » iem . w
L Af OB TAC i
AIRFRAME 138 (304 195 3 340 75} wSSiCN APy HING CARARD ws I -® o
RELAY APV NG CANARD s [t
PROPULSION 29 t6o) 27 "n 31 1204
PiSminG CAN ENFOBCEMENT FIRED WING “ tras -8 -
ELECTAICAL 59 "y 50 tin 5o tny
GrwaY PATAOL
FLIGHT CONTROLS 54 (12 45 Do se  Gm Mssiom BpY FxED winG " iy -n 1500
DATA LINK 27 (s} 27 18) 15.9 (s Ktiav ary 51610 WinG ros o
PAYLOAD PPN PATROL
ATC YRANSPONDER - - - - °9 (pd) MISSION Ry PINED WING » urm 1% -
NAVIGATION - - 1.6 i3 14 (a RELAY RPY #INED wiNG N 121
SENSOAS 8.3 (1o 32 in 14 i3 ACRICULTURAL SPRG 7 ING LOY AING MONOPLANE |11 [P0 -1% -
OTHER 36 L] as 1101 ~ -
S SERAE STORAM ALSEALCM Bial0 wING 2 HALS —- -y
EMPT ¢ WEIGHT 675 149 485 fwon 726 {150
FUEL 73 1) 54 5 s 170)
YoraL Y0
TAKEOFF GAOSS WEIGHT 748 16%) wa (168 043 4230

Figure 4.19

SRELATIVE TO LOCALLY MANNED AIRCRAFT .NEGATIVE SIGN INOWCATTS APY ADVANTAGE
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Examples of civil RPV technology challenge

PROPULSION
5. 60hp ENGINES
® 500 he MTBO
 MORE DUAABLE SMALL ENGINES
e LIGHTER BIG ENGINES
o MORE EFFICIENT COOLING SYSTEMS
o THRUST VECTOR CONTROL

AERODYNAMICS
e STABILITY AND CONTROL OF UNUSUAL
CONFIGURATIONS
* LOW REYNOLDS NUMBER DATA BASE AND METHODS
(02-10x108)
AIRFOIL
HIGH LIFT
e EFFICIENCY OF SMALL PROPELLERS,
DIAMETER = 3- 8m (1.0- 2.6 f1)
» SHROUDED PROPELLERS
o ELECTRONICALLY STABILIZED VEHICLES
® LOW DRAG COULING AND VENTILATION SYSTEMS

NAVIGATION AND IN.FLIGHT CONTROL
e TIEINWITH EXISTING AIDS
® LINKS TO ATC
» COL LISION AVOIDANCE
® POSITIVE -CONTROL COMMAND LINKS
& LOW-COST MULTI-RPV CONTROL
o MIXED VIOEOQ AND TELEMETRY

LANDING AND TAKEQFF
e V/STOL STABILITY AND CONTROL
e NOVEL METHQODS
STOWED AUTOGYRO
SACRIFICIAL EXTREMITIES
SELF-POWERED LAUNCH SYSTEMS

MINIMUM.OAMAGE ABORT
* PARACHUTE BACKUP
« STOWED-AUTOGYRO BACKUP
® MULTEENGINE vs SINGLE ENGINE
» PREPROGRAMMED EMEHGENCY LANDING LOCATIONS

ALL SYSTEMS
* LOW COST (ESPECHIALLY IMAGING SENSORS)
e FLIGHT QUL LITY AT LOW END OF PERFORMANCE
SPECTARUM
e ESTABLISH DESIGN PRINCIPLES AND CRITERIA

Figure 4,20
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