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Abstract

This thesis presents the analysis and development of 2 modular unmanned research vehicle
(MURYV) to support aeronautical research for the Air Force Institute of Technology. The MURYV is
proposed as a test vehicle to permit experimental efforts beyond the restrictions of pure analytical
and wind tunnel research, yet less costly and more accessible than full-scale flight tests. A classical
systems approach was applied, in concert with a conventional aircraft design process, which em-
phasized system level needs and objectives in the design of MURV subsystems. The primary design
drivers were the need for adequate data acquisition for anticipated experiments, structural and
functional modularity to permit simple reconfiguration, and focus on a set of unique experiments
relating to fighter-like supermaneuverability. The supermaneuverability experiments dictated that
the general arrangement of the MURV baseline design would resemble a typical modern fighter
aircraft configuration, the recommended baseline being a turbojet-powered delta wing design with
canards, single vertical tail, and control-configured ventral fins. Modularity implications resulted in
the design of a flexible, digital flight control system with primary functions distributed between the
vehicle and a remote pilot/control ground station, and a fuselage design which allows for relocation
and replacement of wings and tails or canards. The data acquisition system is fully integrated with
the flight control system and the remote ground station. The MURYV is capable of flight speeds
apptoaching 260 knots for altitudes up to 20,000 feet, and has fuel to fiy for well over 30 minutes.
Several follow-on studies are identified which are necessary to complete the design and bring the

MURYV to an operational status.
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PRELIMINARY DESIGN OF A MODULAR UNMANNED RESEARCH

VEHICLE

I. Introduction

This volumue contains the technical development of the MURV design. Once the free-flying
vehicle concept was selected, the design of the MURV evolved to the point where subsystems were
identified. For each subsystem a subset of the MURV Objective Hierarchy was identified and used
to tefine subsystem objectives and measures of effectiveness, see Volume One, Figure 2.2 . The
systems approach was then applied to generate and select the best design for each subsystem.
Chapters One through Ten describe the development of each of the subsystems from their incep-
tion. Interacting subsystems were developed by coordinating the definition of requirements and
addressing the important interface considerations for each subsystem design. The resulting prelim-
inary designs were described in Volume One, Chapter Five. Chapter Eleven describes the process

that led to the selection of the preliminary design configuration, MURV-320.
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II. Vehicle Configuration Development

This section presents the criteria and analyses which led to the preliminary definition of a ve-
hicle size and alternate MURV configuration options. The primary influencing factor in defining the
size for the MURV was the mission definition developed in Section 4.4 of Volume One. Among the
design criteria applied in synthesising the configuration options were those applied in the Concep-
tual Design Phase. In Preliminary Design, a greater number of influencing factors were considered
in the design of the external arrangement and subsystems, and to greater detail. A typical example
is the fuselage shape. Initially designed to represent the long, slender shape of a supersonic body, it
subsequently became heavily influenced by concerns for modularity and maintainability. Tradeoffs

such as these became the rule for defining the external shape of the MURV.

Initial size estimates for the vehicle had to be made before the shape could realistically be
defined. The first subsection decribes how the required sizing parameters were defined for this
phase. Once the size was known, the external shaping work was initiated. This effort is the subject

of the second subsection.

Selection of the recommended configuration is not described here, however. Several factors
which influenced this decision are discussed in other chapters of this volume, such as modularity
and flight controls integration. To avoid repetition, and to demonstrate the influence of the other
design disciplines on the decision criteria, the decision making process for selecting a single aitframe

is not discussed until all other vehicle subsystem descriptions are presented.

2.1 Vehicle Sizing

As applied here, vehicle size refers to the values of three specific vehicle sizing parameters:
takeoff gross weight (TOGW), thrust-to-weight (T/W), and wing loading (W/S). TOGW is the
most familiar parameter of the three, as it gives a direct indication of the physical size of an aircraft.

Thrust-to-weight and wing loading do not indicate the absolute size of an aircraft, but they say

2-1




mote about its performance. Each was estimated in conjunction with design and performance

constraints which evolved from the system needs and objectives.

2.1.1 Estimating TOGW Though TOGW is a relatively simple parameter to calculate and
understand, it is perhaps the most difficult of all design parameters to control. Several aircraft in
recent history, particularly fighters, have had significant problems with increases in gross weight,
mostly unforeseen at the beginning of the development program. The F-16 Falcon had its birth
in the USAF “Lightweight Fighter Program” in 1972, whose aim was to reverse the fighter design
trend of heavier, more expensive airframes [43:7-20}. The early development of the USAF F-111
had weight problems so severe that a special “Super Weight Improvement Program™ was needed
to try to shed gross weight. When that program proved insufficient, a second “Colossal Weight
Improvement Program” was then started [90:14]. The USAF F-15 Eagle went into service with a
56,000 pound gross weight limitation, and now, modified as an F-15E Strike Eagle, has a maximum
gross weight of 81,000 pounds. History indicates that, whether intended or not, the weight of an
aircraft grows throughout development and, as in the case of the F-15E, can grow substantially
after deployment. With these sobering facts in mind, we went about the task of estimating the

takeoff gross weight of the MURV, fully intent on maintaining as realistic an estimate as possible.

The gross weight of a vehicle is the sum of all its individual component weights. The compo-
nent weiglts are often grouped into common categories, such as operating empty weight, expend-
able or store weights, payload weight, and fuel weight, or Wi, g, Wsr), Wpy, and W, tespectively
(83:5-7]. Payload weight includes any equipment which is temporarily carried internally, and is not
part of the basic structure or equipment of the aircraft. This would generally include items such
as cargo, passengers, internally loaded bombs and missiles, and, most applicable to the MURV,
experiment-unique test equipment. Store weight includes any items carried externally, such as
wing-mounted or fuselage-mounted bombs and missiles, and wing-mounted or fuselage-mounted

pods and pylons. Fuel weight is simply determined from the amount of fuel carried on-board. No
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external stores of any kind were considered in the Preliminary Design Phase. Therefore, no store

weights or external fuel weights were assessed in estimating the takeoff gross weight for the MURV.

Wog is further broken down into empty weight, Wg, and weight for trapped fuel and oil,
Wrro. Wrro accounts for the fact that there is always a small amount of fuel that is trapped in the
fuel tank and/or oil sunken into a drain reservoir that cannot be used, and is not normally removed
during routine maintenance. Empty weight includes the basic structural weight of the vehicle and
the weight of all fixed equipment; that is, equipment which stays in or on the vehicle under normal
circumstances. This includes components such as the engine, control surface actuators, fuel lines,
standard guidance and control equipment, antennae, and on-board computers which are part of

the basic vehicle design.

These weights are related as follows:

TOGW = Wog + Wg + Wpp, + Wsto (2.1)

where,

Woe = Wg + Wrro (2.2)

To estimate the gross weight, an iterative procedure was used which is based on historical data of
the takeoff gross weight and empty weight of many aircraft of various types, from home-built single

engine airplanes to supersonic-cruise transports and bombers [83:7-48].

The method requires preliminary estimates of TOGW to converge on a solution for Wg,
which is calculated in two separate ways. When the two calculated values for Wg are within an

acceptable range, the final TOGW is the estimated value used in the last, converging iteration.

An example of the procedure is given below. The description of each step is a summary of the
procedure given in detail in Reference [83]. This example represents the first attempt at sising the

MURYV according to weight estimates available at a very early stage in the development process.
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1. Estimate the total payload weight, Wpp. In estimating the payload weight, consideration
was given to the additional equipment that might be needed in performing a variety of experi-
ments. The first estimate came from a comparison of the XBQM-106 research vehicle, operated
by AFWAL/FIGL at Wright Patterson AFB. The XBQM-106 has a payload capacity of about
30 pounds, and is used only for flight control experiments [65]. Since the MURV is expected to
perform a broader range of experiments, a greater payload capability was necessary. Therefore, the

initial estimate of payload weight capacity was established at 50 pounds.

2. Estimate the required fuel weight, Wr. The fuel weight estimate was based on assuming
the engine would operate at maximum power for thirty minutes at sea level. This did not reflect
any particular experiment’s test requirement, other than to specify a maximum flight duration.
For most experiments, this amount of fuel would permit a flight time of considerably longer than
thirty minutes since the engine would probably not operate at maximum power throughout the
flight. Also, because fuel consumption decreases as altitude increases, the assumption of sea level

operation caused the initial estimate to be even more conservative.

The amount of fuel required for this simplified mission depended on the fuel consumption
characteristics of the selected engine. For this initial iteration, the engine had not yet been se-
lected. One of the candidates was a prototype engine developed by Microdynamics Corporation of
Indianapolis, Indiana; this engine was used in the initial weight estimate. To maintain consistency
throughout the Preliminary Design Phase, the Microdynamics engine’s weight, size, thrust, and

fuel flow were used in all calculations of MURYV sizing and performance.

The maximum gross thrust produced by the Microdyne engine is quoted at 70 pounds, with
a fuel flow rate of 65 pounds per hour at sea level. Even though the engine weighs only 10 pounds,
with a payload of 50 pounds plus the weight of instrumentation and structure, a reasonable thrust-
to-weight was not achievable with only one engine. Therefore, a twin-engine configuration was

used, resulting in a total fuel flow rate of 130 pounds per hour. Therefore, the fuel required for




operating thirty minutes at sea level under full power was 65 pounds.

3. Estimate a value of gross weight, TOGW,,,. The initial value for TOGW was rather
arbitrary since the method converges to a solution after several iterations of TOGW estimates. For

the first iteration, TOGW was estimated at 150 pounds.

4. Estimate the weight of trapped fuel and oil, Wrpo. Roskam suggests that this weight is
often neglible in initial estimates for gross weight [83:7]. Howevet, to maintain conservatism in the

weight estimates, five pounds was allocated for trapped fuel and oil.

5. Ca uvlate a tentative value of empty weight, Wg,_ .. Wg, ., was calculated by combining

Equations 2.1 and 2.2 and solving for Wg,_ ,:

Weg,... =TOGW, ., — Wgp — Wpp — Wrpo

Using the weights previously defined, the initial estimate of Wg,_ , was

Wg,..., = 150 — 65 — 50 — 5 = 30 (Ib)

This is the weight dedicated to all structure and fixed equipment in the vehicle. This value appeared
to be far too low since the engines alone weighed over 20 pounds. The results of the first iteration

of this procedure would determine whether this observation was at all accurate.

6. Calculate the empty weight of the vehicle, Wg. The calculated value of Wg was found from
the data base provided with the method. As previously mentioned, the data consisted of TOGW
correlated with Wg for several types of aircraft. To find the best estimate of empty weight for the
MURYV, the most applicable data base had to be selected from among fourteen different classes of
aircraft types, ranging from homebuilt models to supersonic cruise aircraft. Among the various
classes, none were ideally suited for the MURV application. A composite aircraft data base was
somewhat applicable since the MURV structure was expected to be composed of a high percentage
of composites. The scaled-fighter data base seemed appropriate also, since that is what the MURV

is designed to be. With no readily available means of combining the data bases, we decided to
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estimate the MURV empty weight as the arithmetic average of the values for composites and scaled

fighters.

The relationship between estimated gross weight and calculated empty weight for any of
these aircraft types was estimated by a log-linear regression curve-fit of the data. The estimating

relationship relating TOGW to Wg_,,_is

log TOGW, .« — A)

W = log (BT

(2.3)

where and A and B are constants for the regression curve-fit applied to the particular data base.

For composite aircraft, these constants were
Acomp = 0.8222 B oy = 0.8050
and for scaled-fighters
A,y =05542 B,y = 0.8654

Substituting these constants into Equation 2.3 and combining gave the equation for the calculated

empty weight of the MURV

1 _1/log TOGW -0.8222 _1/log TOGW — 0.5542
Wg... = = [log l( o8 ) + log ‘( 8 ) (2.4)

0.8050 0.8654

where the first term represents half the empty weight estimate for composite aircraft and the second
term is half the empty weight estimate for a scaled-fighter aircraft. For the initial TOGW estimate,

the average Wg_, was found to be 61 pounds.

7. Compare Wg, ., to Wg_, Comparing this to Wg,_ ., a percentage difference was cal-
culated, where the difference in the estimates was normalized by the average value. For the first
iteration, Wp, . was 30 pounds and Wg__,. was 61 pounds. The resuiting percentage difference was
68.1%. Since Wg,__, was too low, another iteration was required with a higher TOGW estimate,

and the procedure was repeated beginning at Step 3.
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This process was repeated until the two weight estimates were within 2.0%. This occurred for
the values shown in Table 2.1, which documents the initial weight estimate for the MURV. These
weight estimates were used to determine the initial values of T/W and W/S at takeoff for the early

stages of the configuration development.

Table 2.1. Preliminary Weight Breakdown Estimate for the MURV

Item Symbol | Weight

(Ibs)

Empty Wg 90

Payload Wpr 50

Fuel Wp 65

Trapped F/O Wrro 5
| Total [TOGW T 210}

2.1.2 FEstimating Takeoff Thrust-to- Weight, T/W The value of T/W was intentionally re-
stricted for the Preliminary Design Phase to that resulting from designing the MURV for two

Microdynamics prototype engines. This restriction was employed for the following reasons:

Engine Scarcity. There simply are not very many small-scale turbojet or turbofan engines avail-
able which are also feasible for installation into the MURV. The comparison of such engines is
presented more fully in Chapter III of this volume; it is sufficient at this point to mention that
most candidates were either cost-prohibitive or sise-prohibitive. The five that were found to
be feasible constituted a fairly small range of thrust capability, though the differences in fuel

required for thirty-minute operation at full power were significant.

Consistency. Since the preliminary gross weight estimates had been performed assuming a par-
ticular engine, it was advantageous to continue to use that engine throughout the Preliminary
Design Phase for the purposes of configuration development only. This did not impair the
evaluation of other candidate engines for use in the MURYV since the vehicle configuration

was developed with the intent that any of the candidate engines could be installed.
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Simplicity. With several airframe options and five feasible engine options, the matrix of air-
frame/engine configurations was excessive for performing a truly discriminating analysis. By
using only one engine design throughout this phase, a more complete analysis of the external
configurations was performed. By selecting two engines for a more complete airframe/engine

analysis, we were able to devote more attention to analysing the preferred engines.

Going forward with this philosophy, the preliminary T/W used for configuration development
was found from the assumptions made in the first estimate of TOGW, previously described. From
Table 2.1 the initial TOGW estimate was 210 pounds. The installed thrust estimate was provided

by the propulsion subsystem evaluator, and was estimated as 57 pounds per engine, so that

257

T
— = =0.5
w 210 43

This served as the first estimate for thrust-to-weight for the MURV. This value was used in sub-
sequent preliminary sizing studies and performance estimates. As the gross weight was refined for
each configuration option, the thrust-to-weight changed, but was forced to change by the same
amount for all configurations. In this way, though the final value for takeofft T/W differed from

0.543, it was constant among all candidate airframe designs.

2.1.3 Estimating Wing Loading at Takeoff, W/S With preliminary estimates of engine
thrust and vehicle weight available, the wing was sized to be compatible with thcse parameters,
and within the constraints identified for takeoff and landing on the 600 foot runway at the Jefferson
Proving Ground in Indiana. The wing loading was constrained by the landing requirement, as
shown in Figute 4.2 of Volume One. The desired wing loading was found by establishing a goal

stall speed, V., and for a given value of C__ _, W/S was calculated. The relationship of these

[2(w/5)
Vi = ] — 2.5
‘ oCr.... (2.5)
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Rewriting, and solving for wing loading yields:

w 1
—s- = EV‘}CPCLW;.- (2'6)

Assuming that the approach speed, V,,,, is Vi, = 1.2V,

w V.zl.BPCLm..
S T T (2)(1.49) (2.7)

A goal approach speed of 65 miles per hour was selected to give the operator a reaction time similar
to that of driving an automobile. The maximum lift coefficient was estimated to be 1.6, based on

a review of historical aerodynamic data for similar configurations [83:91].

With these values for Cy,_ , and V,,, the wing loading required was 12.0 pounds per square
foot (psf). This value had to be compatible with the constraints depicted in Figure 4.2 of Volume
One. There exists a range of solutions for uy and Cp which meets the landing distance constraint
for the values of W/S and Cp_ __ selected. Note that the Cp value in the constraint plot is that for

approach, not Cy,_ ... A typical value for approach lift coefficient is about eighty percent of ¢y,

{83:10-15]. In this case, C, was 1.28. The possible combinations of u, and Cp which meet the

ket

landing constraint for these parameter values are shown in Figure 2.1.

Within the accuracy of these calculations, any of the combinations of u,, Ci .., and Cp from
Figure 2.1 were acceptable for the MURV design. For a wing loading estimate of 12.0 and the
initial gross weight estimate of 210 pounds, the wing planform area needed to meet the landing

constraint and allow an approach speed of about 65 miles per hour was 17.5 square feet.

2.1.4 Summary of Preliminary Sizing Parameters The preliminary sising parameters are
suimmarised in Table 2.2. These values were the initial sizing parameter values for the MURV
conceptual external arrangements options. The development of these designs is described in the

following section.
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Figure 2.1. Solutions for x, and Cp which Meet Landing Constraints

2.2 Ezternal Arrangement

As was described in the Conceptual Design Phase, only concepts which had typical modern
fighter characteristics were considered in the design of the external arrangement for the MURV.
This meant that the wing planform and control surfaces had to have geometric shapes similar to
those of typical modern fighters, and that the engine/airframe integration design features had to
have the appearance of a fighter. The complete development of the wing planforms and geometries

is presented liere; however, the only propulsion system components discussed are those which affect

Table 2.2. Preliminary MURYV Sizing Parameters
[ Parameter |  Value |

TOGW 210 lbs
T/W 0.543
W/S 12.0 psf
B 17.5 ft
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the external shape and arrangement of the MUURV, namely the air inlet and exhaust nozsle. All

g other external components are developed, such as the fuselage, vertical tail, and where applicable,
horizontal tail or canard.

The approach taken to determine the external arrangement was to create a series of con-

¢ figuration options which were representative of typical modern fighter designs. The configuration

items of interest were the fuselage shape, wing planform, wing sweep angle, and control surface

o arrangement and geometry. After reviewing dozens of fighter designs [33];(75];(84];{95], three basic

configuration layouts appeared more prevalent in fighter designs than all others

Conventional: Trapezoidal wing planform with aft horizontal tail and vertical tail.
Wing/Canard: Delta wing planform with forward canard and vertical tail.

Tailless: Delta wing with vertical tail; no horizontal tail or canard.

A MURV conceptual design was created for each of these three fundamentally different con-

figurations, and were given the following designations:

MURYV-1: Delta wing; forward canard; vertical tail.
MURYV-2: Trapezoidal wing; aft horizontal tail; vertical tail.

MURYV-3: Delta wing; tailless; vertical tail.

The objective in evaluating three concepts was to select the one that was optimal for initial
deployment of the MURV. Optimality was determined according to the objectives and measures of
effectiveness discussed in Chapter IV of Volume One. In selecting the MURV airframe configuration,
a subset of the complete list of measures of effectiveness was used containing those that were most
critical to the aerodynamics, stability, and modularity of the MURV. These criteria are applied in

Chapter XI, where the discussion of the selection process for the airframe is presented.




The configurations were developed with the snpermanenverahility experiments as the primary
design influence however, several limitations were placed on the candidate designs to isolate the

benefits of each configuration and to simplify the iterative design process. The limitations were:

No high-lift devices; i.e., no flaps, slats, etc. ...

e No ailerons, elevators, or trim tabs.

No speed brakes.

No ventral fins.

The design of these additional control surfaces was delayed until a single airframe was selected as the
baseline configuration, at which time the various applicable control sutfaces, wing, and tail/canard

configuration were optimized.

2.2.1 Refined TOGW Estimate Since much of the information on the subsystem designs
(flight computer, data aquisition system, sensors, etc.) was yet unknown, we assumed their weights
and centers of mass were located equivalently for each of tiie three configurations. This assumed that
all of the configurations would have similar electronic hardware components distributed throughout
the veliicle in a similar pattern. Additionally, all three had identical engine, inlet, fuel system, and
engine installation weights but at different station locations. The final consideration involved
the “technology level” of the materials used for the load carrying structures. The techn.logy
level gave an indication of the percentage of weight of the vehicle structure devoted to composite
materials. The most promising composite material for use in the MURV is KEVLAR. “Developed
by the DuPont Company, KEVLAR has the highest strength-to weight ratio of any commercially
available fiber™ [61:216]. Inherent to this high strength-to-weight ratio is a considerable sa-ings
in weight compared to fiberglass or aluminum structures. Because specific internal structure was
not defined at the time of this analysis. an average technology level of 80% was assumed; i.e., we

assumed a weight reduction of 20% below standard aluminum structure. We did not attempt to
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model actual wall thicknesses or strength of the sttucture, but used empirical methods to estimate
the component weights and total vehicle weight. The methods are a function of many variables,
but most significantly of the geometry of the major structural components (fuselage, wing, amd

empennage).

2.3 Wing Planform Development

The review of modern fighter configurations led to establishing a range of wing aspect ratios
and leading edge sweep angles consistent with most modern fighters. Aspect ratio, AR, is the ratio
of the square of the wing span, 4, divided by the wing planform area, S, and is a measure of the
stubbiness of a wing. A high aspect ratio wing (AR greater than about five or six) will be long
and thin like that of a Lockheed U-2, whereas a low aspect ratio wing (AR less than about four)
appears short and stubby like a Lockheed F-104. From the range of aspect ratios found for most

modern fighters, the MURV aspect ratio was restricted between 2.5 and 3.5 [84:142-148].

The leading edge sweep angle, Ay g, can theoretically be selected from the maximum design

Mach number of the aircraft, M,,.,, by making use of the following relationship

AL > cos-‘( ) (deg) (2.8)

mar

Using this relation, the Ay p calculated will be such that when the aircraft is at maximum Mach,
the component of air velocity approaching the leading edge of the wing at normal incidence is just
at sonic speed [60:280~283]. The purpose is to keep the wing leading edge in subsonic flow, and
therefore lower drag, through as wide a Mach range as possible [75:Ch 7,13-15). This criteria would
indicate that an aircraft designed to Mach 2.0 should have a leading edge sweep of at least 60°. In
practice, wing sweep angles are generally less than that calculated by Equation 2.8. In designing
the MURV, we restricted the range of potential leading edge sweep angles from 45° to 65°. This

would give the MURYV an appearance of a fighter designed for a maximum Mach of 1.4 for the 45




degree sweep and 2.4 for 65 degtees. The sweep angle for eaclt concept was chosen to be consistent

with other modern fighters of similar wing planforms.

To calculate the aerodynamic performance of the wing (lift and drag), a nominal wing cross-
section shape and maximum thickness had to be established. Both the wing cross-section and

thickness effect the lift curve slope Cr ., Cy and the angle-of-attack for Cy .., ac, _ [75:Ch

mar?
7,1-13). Since all three wings were designed with the same cross-section and to the same thickness,
the values of the measures of effectiveness computed for each MURV were not skewed in favor of any
particular design. The wing section, as it is normally referred, was selected from an extensive list of
documented wing sections {77:484](75:App G,3-6]. The section aerodynamic characteristics depend
on the wing thickness, t/c. A nominal thickness of 10% was chosen as a compromise between wing
weight and aerodynamic performance. The section selected for the MURV was the NACA 64 series

airfoil. This was chosen for its high lift curve slope and zero moment about its own aerodynamic

center. These and other section characteristics are shown in Table 2.3.

Table 2.3. MURV Wing Section Characteristics (NACA Series 64 Airfoil)

Cp... | 1.17-1.2
ar-=0 0.0
Cr.. 0.104
Cum, . 0.0

With the NACA 64 Series airfoil, the MURV has the inherent aerodynamic capability to
generate high lift without the assistance of high lift devices such as flaps and/or slats. This does
not negate the need for high lift devices; it does, however, alleviate the design requirements of such
devices by relying on the wing to provide more lift at moderate angles-of-attack, which results in

lower drag.

Table 2.4 summarizes the range of wing design parameters considered for the MURV.

2.3.1 Common Components The unique traits of each concept are its wing and control

surface design and location. In order to identify the benefits of one over another, the impact of the




Table 2.4. MURV Wing Design Parameters
| Parameter [ Range |

W/S 12.0 psf

S 17.5 ft*

ALg 45-65 deg

AR 2.5-3.5
Airfoil Type || NACA Series 64

t/c 0.1

unique elements had to be separated from all other influences. This was accomplished by designing
the three configurations with a majority of common components, such as the inlet and fuselage.
The only significant differences between the configurations were the wing design and location, and

control surface design and position (aft tail versus canard).

In implementing this philosophy it became clear that not all other design parameters could
remain the same for the three designs. For example, there were slight differences in c.g. location
and inlet/engine placement; these were changed to normalize the stability parameter, Cp_, as much
as possible. But the major aerodynamic and stability design parameters, such as the wing loading,
and thrust-to-weight remained approximately the same for all three designs. This is explained in

further detail in the discussion of each MURV design.

The design philosophy and development of each concept is given in the introductory remarks
to each design. The descriptions of the design discuss only those components which were unique

to that configuration.

2.3.1.1 [Inlet/Nozzle Design Once the restriction on engine type was determined, en-
gine air inlets and exhaust nozzles had to be designed and integrated into the configuration, as
well. For the MURV to be capable of performing supermaneuvers, the engine must operate at full
capability throughout the ranges of angles-of-attack and sideslip expected. For maneuvers such as
the Herbst maneuver, this could result in angles-of-attack greater than 70°. This places severe de-

mands on the inlet design. Inlet efficiency degrades at higher angles-of-attack, and may be so poor




as to cause engine surges or stalls [75:Ch 16,15-18]. One primary cause for the loss in efficiency
is from aerodynamic disturbances created when the airflow entering the inlet cannot negotiate
the severe change in flow direction, and flow separation is induced, which results in higher drag.
Placing the inlet under the belly of the fuselage alleviates this problem somewhat by allowing the
flow to be “straightened-out™ by the fuselage before it enters the inlet. To take advantage of this
phenomenon, all MURV concepts were designed with inlets located under the fuselage. The inlet
size and shape was held constant as well, since these are dictated by the engine airflow demand and
the arrangement of the internal fuselage voluine, both of which were fixed elements of the three

designs.

The exhaust nozzle was designed to allow gradual curvature from the main fuselage cross-
section diameter to the exhaust nozzle exits. This was done to minimise the chance of flow sepa-

ration on the nozzie contour, or boattail, hence reducing the drag.

2.5.1.2 Fuselage Design The fuselage was designed to have the appearance of a su-
personic fighter, yet be modular in construction and easy to access and maintain. The parameters
which determined the fuselage shape were the maximum diameter, d,.., and fineness ratio, !/d,

where [ is the fuselage length and d is the average diameter.

The fineness ratio was selected to be consistent with that of a modern supersonic fighter.
The main factor in selecting the fineness ratio is the effect on drag {75:Ch 8,5-7]. The fuselages of
supersonic fighter aircraft have fineness ratios from about eight to ten, so the MURV fuselage was

designed to a fineness ratio of 9.0. This resulted in a fuselage length of about ten feet.

The maximum dianeter was established by the size of the engines; that is, the maximum
fuselage diameter occurred at the engine combustor cross-section. d,.., was set for a side-by-
side placement of two Microdynamics prototype engines, and allowance for clearance and cooling
air between them and the sidewalls. This resulted in a maximum diameter of 13.5 inches. The

corresponding maximum height was chosen to allow room for engine accessories, and for flexibility




in wing and tail/canard mounting locations. This set the height to 12.3 inches.

2.3.1.8 Vertical Tail Section 4.5 of Volume One discussed the stability and control
objectives applied during the Preliminary Design Phase. Recall that the longitudinal stability
parameter, C)r , was used as the differentiating factor. A vertical tail with sero dihearal (oriented
at 90° from horizontal) has a negligible effect on longitudinal stability. In fact, no term is included

for the vertical tail in the expression for Cp, [75:Ch 21,7)

Cu. = Cr, 2 (1- 5+ Cn, (29)

where

Cp,, = slopeof Cp versus o for wing

X = distance from wing a.c. to aircraft c.g.

¢ = wing mean aerodynamic chord

CLw, = slope of Cp versus o for tail

0—‘2,‘; = change in tail downwash angle per change in o

v, = horizontal tail (canard) volume

Cym, = change in inlet moment coefficient per change in a

Since the vertical tail design (for zeto dihedral) does not influence the longitudinal stability,
its design did not have an impact .-n the measures of effectiveness for stability; therefore, all three

MURYV concepts were created with the same vertical tail volume, V,.

The tail volume value was selected to be representative of a typical fighter design. Vertical

tail volume is given by

- S 2

Vo= % (2.10)

These terms are identical to those explained in Section 4.5 in Volume One, except here the moment

arm distance, z,, is the vertical distance from the vertical tail aerodynamic center to the aircraft
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c.g. Roskam [84:191-207] provides an historical data base of tail volume coefficients for several
® aircraft types, including fighters. From this data base we determined that an appropriate vertical
tail volume for the MURV was 0.08. We redefined the vertical displacement to be twice the fuselage

height to normalize the moment arm distance between all the concepts. Recall that the fuselage

® height was 12.3 inches, or 1.03 feet. The tail area required for a tail volunie of 0.08 was found as:
S, = 0.68¢
® The area required to maintain a constant tail volume depended on the length of the wing mean

aerodynamic chord. To alleviate this dependency, a nominal value for & was chosen to be three
feet. This gave a tail area of 2.04 square feet. When the particular value for ¢ was known for
¢ each concept, the actual tail volume was computed. Though it differed slightly between MURV-1,

MURV-2, and MURV-3, it did not effect the decision making process.

All other performance measures concern the “point performance” of the MURYV concepts, with

¢ the exception of range. Point performance calculations assume that the vehicle can be represented as
a point mass, and include capabilities such as maximum speed, range, and endurance. The measures

shown in Volume One, Table 4.9 represent point performance parameters, with the exception of

® Cu.,. The only effect of the vertical tail was in its contribution to TOGW and drag. Since all tails
had the same area, S,, and were assumed to be made of the same material, they all contributed

equally to the vehicle weight and drag estimates.

The shape of the vertical tail was common as well. The aspect ratio, AR, leading edge sweep
angle, Arp,, and taper ratio, \,, were the same for all three concepts. The following values were

set for these parameters based on the historical data base from Roskam:

AR, = 1.04

ALg, = 45°

o A, = 0.32
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Table 2.5 summariges the vertical tail sizing parameters.

Table 2.5. MURV Vertical Tail Sizing Parameters
[ Parameter [ Symbol ]| Value ]

Area Sy 2.04 ft?
Tail Volume Ve 0.08
Aspect Ratio AR, 1.04
Sweep Angle ArE, 45°
Taper Ratio Ag 0.32

2.3.1.4 Canopy A canopy was added to give the appearance of a fighter and to provide
additional internal volume, if needed. The canopy would be removable if it was not required for a

particular experiment.

2.3.1.5 Summary of Common Components The inlet, nozsle, fuselage, and vertical
tail were made common to all three designs to separate the effect of the wing/tail/canard concept

from that of the subsystems. The design of these components is summarised in Table 2.6.

Table 2.6. Common Component Design Summary

[ Component ]| Design Factor [ Implementation |

Inlet aerodynamic located under
efficiency fuselage
Nozzle aerodynamic shallow
efficiency boattail angle
Fuselage e supersonic design l/d=9
e engine integration dyuzr = 13.5
Vertical equivalent tail constant tail
Tail volumes area (2.04 t?)
Canopy similarity with —
full-scale fighter

In addition to these geometric similarities, the longitudinal stability was normalized as much
as possible by placement of the inlet, engine, and internal fuel tank. The specific longitudinal
stability parameters are presented within the sections relating to each design. Cpy, was the longi-
tudinal stability parameter used as a measure of eflectiveness, and is discussed in greater detail in

Chapter XI of this volume.
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2.4 The Three Concepts

Aiier establishing liic common conmiponents, the unique wing and tail/canard configurations
were developed. For each alternative, the overall design philosophy is stated, followed by a descrip-
tion of the development of its unique elements. Table 2.8 at the end of this chapter summarises

the design and shape parameters for all three MURV design alternatives.

All three were created and analyzed using a computer program contracted for the USAF
Wright Aeronautical Laboratory’s Technology Exploitaion Directorate, AFWAL/TADX, called the
Interactive Design and Analysis System, or IDAS [58]. Appendix D gives a brief overview of
the input required to examine a configuration using this program. The point to be made here is
that, during the process of entering a configuration into the program, some geometric parameters
were altered slighly due to the graphical interpretations made by IDAS. For this reason, the wing
areas and some of the lengths were not exactly the same as intended, though the differences were
negligible in the final analysis. For example, the wing areas for MURV-1, MURV-2, and MURV-3
were set to 17.07, 17.08, and 17.38 square feet, respectively, whereas the goal wing area was 17.5

square feet.

Slight differences arose in estimating the TOGW for the three concepts as well, due to the
finer level of detail required by IDAS. The weight calculations were more detailed, requiring weight
estimates for several subsystems still undefined. Although MURV-1 and MURV-2 were estimated
at the goal gross weight of 210 pounds, the TOGW for MURV-3 was five pounds higher than the

goal.

The combined effect of these differences was that the wing loading for the three concepts
went from a goal value of 12.0 to 12.3, 12.3, and 12.36, respectively. These discrepancies did not

significantly impact the analysis of the performace capabilities, however.

2.4.1 MURV-1 Design MURV-1 was designed with a delta wing and a forward canard.

The Saab Viggen and the anticipated X-31 are examples of delta wing/canard designs. The main
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advantages of this type of configuration are in minimizing drag at crunise and high angle-of-attack
by avoiding the additional drag penalty of elevatcr trim deflection, axz2 to allow for reduced static
stability at maneuvering conditions by using the canard as a control surface, not a stabilizing
surface. This results from the fact that the wing acrodynamic center is aft of the c.g., thus the
airplane is inherently stable when the canard does not produce lift. As the canard is deflected
and produces lift, the aerodynamic center moves forward, and the aircraft becomes increasingly
unstable, yet more maneuverable; thus, the canard is used to control the level of longitudinal

stability of the aircraft.

An advantage of a canard over a conventional horizontal tail design is that the canard will not
be affected by the wing’s wake at high angles-of-attack as a tail can be. At such extreme conditions
adequate control power is necessary to avoid loss of vehicle control and, if it does not exist, might
result in the loss of the vehicle. Since the MURYV is expected, and in fact specifically targeted, to

perform such maneuvers, a canard design was very promising.

2.4.1.1 Wing Design Figure 2.2 shows the wing planform for MURV-1. The wing
shape was determined by the leading edge sweep angle, ALz, aspect ratio, AR, and taper ratio, \.
The sweep angle of 55° was selected as representative of a Mach 1.6-class delta wing fighter, and
the aspect ratio of 2.74 gave a wing span of about 8 feet, which was chosen as a compromise of
minimizing the wing span for transportability and maximizing it for aerodynamic efficiency. Note

that A,z and AR fall within the ranges identified in Table 2.4.

The ratio of the wing tip chord to the root chord lengths was 0.28. For this value of A and

the root chord length, ¢,, the mean aerodynamic chord length, & was calculated as

o2 14+ N+ N2
Cc = Ecr(T.\_) (211)
For MURV-1, é was found to be 3.6 feet.
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2.4.1.2 Canard The canard was mounted at the top of the fuselage for this particular
drawing bnt, like the wing, ~ould be mounted high or low. The high mnunting heve coincides with
the low wing mounting to minimize aeredynamic disturbances between the canard and wing. The
leading edge sweep angle was set at the minimum value of 45° to maximize the canard effectiveness,
and the aspect ratio is approximately 2.68. The canard volume coefficient, V., was set at 0.14. The
optimal value is the subject of a trade study described in Chapter XI. The current value affected
the decision criteria only through the canard weight and drag. These are relatively insensitive to

small changes in canard planform area and moment arm.

2.4.1.3 Configuration Figure 2.2 shows the MURV-1 concept in three views. An airfoil
section had been selected and the wing thickness established, as per Section 2.3. The engines were
placed well aft to allow for integration of the inlet into and through the fuselage. An internal fuel
tank sized to hold 65 pounds of fuel was inserted into the fuselage approximately at the c.g. to
minimige the c.g. movement as fuel is burned.The figure shows a low wing mounting configuration,
but the location can be either high or low due to the modularity features of the fuselage (see

Chapter VII of this volume). From Equation 2.10 the vertical tail volume was found to be 0.07.

2.4.2 MURV-2 Design MURV-2 was designed to represent the more conventional wing/horizontal
tail design, as seen on the F-15, F-16, and F-4 aircraft. This design uses the horisontal tail to trim

out the aircraft pitching moment created by the wing, thus stabilizing the pitching motion.

A penalty associated with this type of configuration is that, at certain high-a attitudes, the
air coming across the tail is often disturbed by the wing. At extreme conditions, the tail can lose
all ability to stabilize the aircraft pitching motion. Therefore, an important design decision was
whether to mount the tail in the same plane of the wing, above it, or below it. For MURV-2, the
tail was located below the wing to minimize the effect of the wing wake to the tail aerodynamic

power. Like MURV-1, the fuselage structure was designed for modularity so that the tail and/or
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Figure 2.2. MURV-1 Configuration
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the wing could be mounted high ot low on the fuselage.

2.4.2.1 Wing Design The wing was sised according to Table 2.4. The wing planform
is shown in Figure 2.3. As mentioned previously, the wing section and thickness were designed to
be the same as for MURV-1, but the leading edge sweep angle was reduced to 45°. The aspect
ratio of 3.2 was within the range specified in Table 2.4, and is representative of conventional fighter
designs of this type. For the wing area of 17.08 square feet, the span was 8.1 feet. The root chord
length was 3.6 feet, and the taper ratio, A, was 0.32. The mean aerodynamic chord, &, was found

from Equation 2.11 to be 2.83 feet.

2.4.2.2 Horizontal Tail The horizontal tail was mounted at the bottom of the fuselage
here but, as with MUnV-1, could be mounted high or low. The low mounting was chosen to
minimize the interference of the wing wake with the tail aezodynamics. The leading edge sweep
angle was set at 45°, just as for the wing, and the aspect ratio is approximately 2.8. The tail
volume was set originally at 0.3. The optimal value was not determined explicitly at this stage
of the design, but was analyzed parametrically in Chapter XI. The tails were kept as far aft on
the fuselage as possible to extend the moment arm and reduce the tail size needed for a given tail

volume.

2.4.2.3 Configuration Figure 2.3 shows the conventional MURV-2 design in three
views. For this design, the engine was moved slightly forward to keep the c.g. in an acceptable
location, since the wing was moved well forward compared to MURV-1. The engine exhaust nozsle,
or tailpipe, had to be extended about 14 inches to account for the more forward engine position.
The internal fuel tank was moved forward so that it was centered approximately at the aircraft
c.g. From Equation 2.10, the vertical tail volume which resulted fromt the mean aerodynamic chord

length was 0.07.
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o
2.4.3 MURV.-3 Design MURV-3 was designed with a delta wing similar to that of MURV-1,

L ] but with iio canard or houiisuntal taill. The Mirage 2000 and General Dynamics/Convair F - 106
and F - 102 are examples of delta wing, tailless designs. The main advantages of this type of
configuration are in the drag and weight reduction realized with no other control surface. It also

o is an inherently stable design in the longitudinal mode, since the wing aerodynamic center is aft of
the c.g., thus no stabilizsing surface is required.

All control is performed by movable surfaces on the wing, either at the leading or trailing

o edge. The trailing edge must be capable of providing a negative camber shape to the wing to
generate a positive pitching moment, otherwise leading edge devices are required.

e 2.4.3.1 Wing Design Figure 2.4 shows the wing planform for MURV-3. The wing
shape is similar to that of MURV-1 except the leading edge is swept slighty more (60°) and the tip
chord is 7.08 inches (A = 0.12). The aspect ratio is similar to MURV-1 as well {(2.64}), resulting in

PY a wing span of 7.83 feet. Again, note that all geometric parameters fall within the limits defined
in Table 2.4.

For A\ = 0.32 and a root chord of 5.07 feet, the mean aerodynamic chord length, &, was

) calculated as 3.73 feet.

2.4.3.2 Configuration Figure 2.4 shows the MURV-3 concept in three views, with the

airfoil section and wing thickness established as per Section 2.3. As in the design of MURV-2,

¢ the engines were moved further forward than for MURV-1 to lo-ate the c.g. properly. The figure
shows a low wing mounting configuration but, here also, the location can be either high or low.

Obviously, there is no canard or horizontal tail volume to calculate for this design, but the vertical

o
tail volume was calculated to be 0.06.

The exhaust nozzle extension of 14 inches was required here as in MURV-2, and the inlet

° duct shows a slight overlap with the internal fuel tank. Though the overlap could be avoided, it
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makes the point that the inlet duct design was more restrictive on MURV-3 than for the other two

candidate designs.
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Figure 2.3. MURV-2 Configuration
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Figure 2.4. MURV-3 Configuration
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2.5 [Integrated Range and Mission Performance

The mission described in Section 4.4 of Volume One was executed with the goal of determining
the measures described in that section. The inputs that prcduced the results are described in
Appendix D. The results are listed in Table 2.7. The range and endurance are for a full throttle
cruise at Mach 0.3 at 6000’ above sea level. The maximum Mach number, M,,,,, was determined
by accelerating from Mach 0.2 to maximum velocity at 6000, and the rate of climb and time to

climb were based on climbing from 1000’ to 6000’ at full power.

These measures showed that MURV-1 was slightly better than the other designs, except for
MURV-3's slight edge in range and endurance. Although the differences were too small to use these
measures to differentiate between the options, the measures did show that all three alternatives
have adequate performance in terms of range and velocity, since they all are able to reach a Mach
number approaching the M = 0.6 recommended in Volume One, Section 4.4, and all are able to

cruise for well over 30 minutes.

Table 2.7. Mission Performance Results

[ Measure || MURV-1 | MURV-2 | MURV-3 || Units |
Range 157 155 158 nautical miles
Endurance 48.5 48.0 48.8 min
M,z .406 .402 .405 —

Rate of climb 78.0 76.6 76.4 ft /sec
Time to climb 1.51 1.48 1.50 min |

2.6 Maneuver Performance

The energy maneuverability of the three concepts was computed to assess their maneuvering
capabilities throughout their respective flight envelopes. According to Nicolai, energy maneuver-
ability represents “...{the] aircraft’s ability to change its energy state” [75:Ch 3,21]. The energy
state of an aircraft is defined by the balance of its potential and kinetic energies. Potential energy

(PE) is a function of weight and altitude while kinetic energy (K E) is a function of weight and




velocity

wv?
E=PE+KE=Wh+ (2.12)
Specific energy is the total energy per unit weight
V2
=h+ — 2.13
e + 29 ( )

and is a constant for a given throttle setting and aircraft configuration [75:Ch 3,21-22]. Since
maneuverability represents the dynamic change in energy, the time rate of change of e was needed.

Differentiating Equation 2.13 with respect to time yields the specific excess power, or P,

p _de_dh Vadv

T E T & Ty (2.14)

where dV/dt is the acceleration in the direction of the velocity vector. To make a comparison of
the P, values for the different concepts, it had to be expressed in terms of the fundamantal forces
acting on the vehicle which create the accelerations; that is, P, had to be expressed in terms of
lift, drag, thrust, and weight. Figure 2.5 shows a simplified free-body diagram of the longitudinal
forces acting on an aircraft, where v is the flight path (climb) angle, and it is the angle of the
thrust vector with respect to the aircraft horizontal reference line (labeled WCL in the figure). For

all MURYV concepts, it was 0°.

Since the drag acts along the velocity vector, the acceleration in the direction of the velocity

vector is found from Newton’s Second Law as

av
mor =Tcosa - D - Wsiny (2.15)

Multiplying by V and dividing by W

Vdv T - D)V
—g—ﬁ = L—CCEOW—)- — Vsiny (2.18)

Substituting Equation 2.16 into Equation 2.14, and noting that % = Vsiny

(Tcosa — D)V

P, = W

(2.17)

2-30




HRL

[75:Ch 3, 2

Figure 2.5. Free-Body Diagram of Aircraft Forces

which relates the time rate of change of energy, P., to the forces acting on the aircraft. P, varies
throughout the flight envelope as T', D, V, and W change. When P, =0, T = D, and the aircraft
has no excess thrust to climb or accelerate. As a increases, the lift and drag increase as well,
so that to maintain a constant speed and altitude, the thrust must equal or exceed the higher
drag. Therefore, P, represents a measure of the ability of the aircraft to maneuver at high angles-
of-attack, accelerate at a constant altitude, and climb at a constant speed, where a higher value
means greater capability.

We computed the P, values of the three concepts throughout their respective flight envelopes.
Maneuver conditions were examined by determining P, for increased angles-of-attack by recalcu-

lating the weight while pulling n gs, often referred to as a load factor of —em n, as W, = nW.

Figure 2.6 shows contours of P, versus Mach number and altitude for the three concepts at load
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factors of 1,3 and 5. The outermost contour of each chart is for P, = 0, and represents the sustained
speed and altitude limits at that load factor. The basis of comparison was the relative extent of
the flight envelopes and the magnitude and pattern of the P, contours. Note that there is no
significant difference in any of the contour levels and patterns at comparable flizht conditions. This

was expected since all three candidates were designed to the same T/ W and wing loading levels.

2.7 Summary

This section has described the development of the size and shape for three fundamentally dif-
ferent MURYV concepts. The size was quantified by the gross weight (TOGW), wing loading (W/S),
and the thrust-to-weight ratio (T/W). These parameters were constrained by the requirement to
takeoff and land at the 600 foot runway at Jefferson Proving Ground, Indiana. All three concepts

were sized to the same wing loading and the same engine thrust.

The shapes were representative of three major classes of fighter configurations: (1) delta
wing with canard (MURV-1); (2) trapesoidal wing with tail (MURV-2); (3) delta wing with no
tail/canard (MUEL."-3). Though the wing and control surface layouts were different, all three were
designed with common fuselage, inlet, and nozzle components. The Integrated Design and Analysis
System program was used to help create and analyze the designs. Table 2.8 summarizes the primary

design parameters for the three MURV concepts.

The dynamical similarity parameter, [Ips, was computed for each of the three designs. The
valnes are shown in Table 2.8 below. Note that, though MURV-2 has the greatest dynamic similarity
with with respect to a full-scale F-16, all three designs are similar to within one order of magnitude
(ITps < 10). This suggests that, so long as the MURV dinieusions are not drastically reduced, it
and all configuration variations of it will produce dynamic data which can be applied, with propet

judgment and caution, to full-scale aircraft.

The airframe concept represents a single component of the MURV system, though perhaps the
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Table 2.8. MURV Concept Design Summary
| Parameter || MURV-1 | MURV-2 | MURV-3 |

TOGW (lb,) 210 210 215
Length (ft) 10.00 10.00 10.00
Span (ft) 7.80 8.10 7.83
Height (ft) 2.97 2,97 2.97
T/W 0.543 0.543 0.53
W/S (psf) 12.30 12.30 12.36
Sw (ft°) 17.07 17.08 17.38
Apg (deg) 55 45 60
AR 2.74 3.20 2.64

Z (ft) 3.60 2.83 3.73
Vise 0.143 0.340 —

v, 0.07 0.09 0.06
Mps 6.825 5.976 8.163

most visible. The sections which follow present the development of the remainder of the subsystems,
such as the engine, flight control system, and data acquisition system. Criteria telating to many of
these areas were applied in selecting a single airframe to carry into the next phase of the external
configuration development, described in Volume One, Section 5.1. Therefore, the description of
the decision making process for the airframe selection is given in Chapter XI at the end of this
volumie. The aerodynamic and stability analyses of these configurations are presented as part of

that p