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SUMMARY 

A computerized aircraft synthesis program has been used to assess the effects of various vehicle 
and mission parameters on the performance of an oblique, all-wing, remotely piloted vehicle (FWV) 
for the highly maneuverable, air-to-air combat role. The study mission consists of an outbound 
cruise, an acceleration phase, a series of subsonic and supersonic turns, and a return cruise. The 
results are presented in terms of both the required vehicle weight to accomplish this mission and the 
combat effectiveness as measured by turning and acceleration capability. This report describes the 
synthesis program , the mission, the vehicle, and results from sensitivity studies. 

An optimization process has been used to establish the nominal RPV configuration of the 
oblique, all-wing concept for the specified mission. In comparison to a previously studied conven- 
tional wing-body canard design for the same mission, this oblique, all-wing nominal vehicle is lighter 
in weight and has higher performance. The nominal configuration is used as a base point for 
sensitivity studies to determine those parameters, both vehicle and mission oriented, which have the 
most significant effect on the RPV weight and combat performance. Variations were made in 
vehicle geometry, aerodynamics, and component and payload weights. Mission parameters varied 
were cruise altitude and Mach number, combat altitude and Mach number, and combat radius and 
number of combat maneuvers. Areas requiring further study and areas where possible payoffs can 
result from advancements in technology are suggested. 

INTRODUCTION 

Remotely piloted vehicles (RPV) are of considerable interest for military use as a possible 
complement to manned aircraft for several missions. To date, such vehicles are being considered pri- 
marily for reconnaissance and electronic surveillance missions. Studies suggest that RPV's could parti- 
cipate in more advanced roles such as air-to-ground strike and air-to-air combat, with greater effi- 
ciency and at lower cost than manned aircraft. A research program at Ames Research Center is 
directed toward strengthening the technology base required for advanced highly maneuverable air- 
craft, including RPV's, in the air superiority role. One phase of this research program involves com- 
puterized vehicle studies of several RPV configurations for air-to-air combat missions. The main 
objective of these studies is to identify critical areas where significant performance improvements 
may result from additional research. 

The first configuration considered in these computerized studies was a relatively conventional 
wing-body-canard design. Reference 1 presents preliminary sensitivity and tradeoff information on 



vehicle size, weight, and combat performance for this concept. The results indicate that a relatively 
high performance RPV can be developed for the air-to-air combat mission with a gross weight 
considerably less than that of advanced manned aircraft. In an attempt to further improve combat 
effectiveness, a second configuration has been studied consisting of an oblique wing mounted on an 
engine nacelle (hereafter called an oblique all-wing RPV). This design should offer several possible 
advantages, such as higher turn rates due to very low wing loadings and increased aerodynamic 
efficiency through drag reductions as a result of both wing yaw with Mach number and the absence 
of large bodies and tails. In addition, this design should have lower structural weights because of 
load relief since most of the vehicle weight is distributed in the wing. Several other features, such as 
low observables including low radar cross section and small size and related gross weight, make this 
concept even more attractive as a highly maneuverable RPV. 

In the present study, a computerized aircraft synthesis program (ACSYNT) has been used to 
assess the effects of various vehicle and mission parameters on the performance of an oblique, 
all-wing, highly maneuverable RPV for air-to-air combat. The study mission consists of an outbound 
cruise, an acceleration phase, a series of subsonic and supersonic turns, and a return cruise. The 
results are presented in terms of both the required vehicle weight to accomplish this mission and the 
combat effectiveness of the resulting configuration. This report describes the selected mission, 
vehicle, and synthesis program, together with preliminary results from sensitivity and trade studies. 

DESCRIPTION OF MISSION 

Many combinations of range and maneuvers are required by an air-to-air combat vehicle. To 
accomplish the present study, a typical offensive mission (called nominal mission) was chosen 
(fig. 1 ). The RPV is ground launched using either a zero-length rocket assist technique or a catapult 
system. (Another possibility would be to launch from an aircraft.) Following launch, the vehicle 
accomplishes the specified mission (fig. 1) and returns to its base with 22.7 kg (50 lb) of fuel 
reserve. The RPV is recovered on the ground with a net or arresting gear and pad. (Details of the 
launch and recovery systems are not reported here.) It is assumed that two Sidewinder class missiles 
are carried throughout the mission and are not launched. 

The sensitivity of the vehicle weight and combat performance to the cruise altitude, cruise 
speed, combat radius, combat altitude, combat speed, and number of combat turns is shown later. 

DESCRIPTION OF VEHICLE 

The RPV configuration studied has an oblique wing (which can be yawed from 0' to 68") 
mounted on an engine nacelle (fig. 2). The geometry summary and weight statement for the 
nominal configuration are also given in figure 2. 

This concept represents an attempt to incorporate several technologies for high combat perfor- 
mance into a single vehicle. First, because of the RPV approach itself, there is no acceleration 
constraint associated with having an onboard pilot. Secondly, the all-wing design not only results in 
low wing loadings and therefore higher turn rates, but also has reduced drag levels because of the 
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absence of large bodies and tail surfaces. he yawed wing has a programmed sweep angle with 
number so that the wing is always at its ‘optimum” sweep angle 3). Thus, the configu 

h numbers and low induced 
is sufficiently low to avoid 

divergence usually anticipated with forward swept wings. Additionally, this flying-wing concept has 
relatively low structural weights due to load relief since most of the vehicle weight is distributed in 
the wing. Another important feature of this design is the low visual and radar cross section that 
results from its small size. 

ag ratios primarily because of low wave drag at high 
ch numbers. The aspect ratio of the study configur 

Finally, basic to the success of this all-wing concept is the use of advanced active control 
technology to provide stabilization and control of the aircraft. The configuration is designed to have 
essentially neutral stability and, therefore, zero trim drag is assumed in the analysis. The vehicle is 
envisioned as being electronically stabilized and aerodynamically controlled by use of surfaces along 
the wing trailing edge and at the wing tips. A detailed description of the control system used on the 
study vehicle is beyond the scope of this report, but it should be noted that this is an area that 
requires additional research, particularly for oblique, all-wing configurations. 

To capitalize on the concepts just discussed, a nominal configuration has been established as 
shown schematically in figure 2. The wing, which is of conventional aluminum structure, is sized to 
contain the fixed equipment and the total fuel supply for the mission. For the nominal configura- 
tion, 55 percent of the wing volume is assumed to be available for these two items, and the effect of 
changes in this percentage value is shown later. The exact weight of the fixed equipment (avionics, 
electrical systems, sensors, etc.) required for the air-to-air combat mission is difficult to assess at this 
time; on the basis of current technology, a nominal weight of 227 kg (500 lb) is used. The electro- 
optical sensor system can be mounted in several locations on the vehicle, but, for the present study, 
it is mounted in the wing leading edge and rotates in conjunction with the engine nacelle. 

The engine nacelle is mounted below and free to rotate in yaw relative to the wing (fig- 2). 
This angle of wing yaw is programmed as a function of flight speed (fig. 3). The engine used in the 
present configuration is a study turbojet with afterburner (described in ref. 2.). A fixed geometry, 
normalshock, air-induction system is used since the upper limit on the speed of this RPV is about 
Mach 1.6 to 1.8. The weights of the engine, afterburner, engine controls, fuel system, and inlet 
system are included under “propulsion” in the weight statement. The vehicle payload of 145 kg 
(320 lb) consists of two infrared seeking missiles of the Sidewinder class mounted on the sides of 
the nacelle. (Note that the weights of payload attachments and residual fuel and oil are included 
under “residual load” in the weight statement.) 

The effects on weight and performance of varying many of the vehicle characteristics about 
the nominal configuration are shown later. These characteristics include wing loading, thrust/weight 
ratio, load factor, wing geometry, fixed equipment weight, and weapon systems weight. 
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Synthesis Program 

The computerized synthesis program used in this study on RpV’s is the latest version of the 
Ames program for aircraft synthesis (ACSYNT). Figure 4 is a block diagram of this modularized 
program. The ACSYNT program provides geometrical, mass, and performance information for a 
vehicle concept as well as sensitivity information. Each module consists of one or more subroutines 
which are described below as they apply to the RPV study. 

Control program- The control or executive program (fig. 4) controls the sequence and infor- 
mation transfer for all the other modules and handles the input to and output from the entire 
synthesis program. Inputs include various vehicle definition parameters, mission specification, and 
several initial assumptions required to start the program. Outputs from the program include com- 
puted vehicle characteristics such as component weights and geometry, fuel requirements for the 
various phases of the mission, aerodynamic and propulsion system characteristics of the configura- 
tion, and combat performance parameters. Both data listings and computer graphics presentations 
are used to display the results. 

Convergence module- This module begins with an assumed vehicle gross launch weight. From 
the discipline modules such as geometry, aerodynamics, propulsion, and trajectory, the aircraft 
weight is calculated for the input mission. If the calculated launch weight is the same as the assumed 
weight, the vehicle is said to be converged and the analysis is terminated. If the calculated weight is 
not in agreement with the assumed value, values of launch weight are updated until a closed vehicle 
is obtained. 

Optimization module- This module iteratively changes the major vehicle design variables (such 
as wing area, aspect ratio, and thickness/chord ratio) to maximize or minimize a preselected 
measure of vehicle performance subject to prescribed bounds on the vehicle and mission parameters. 
In the current study, the “optimum” configuration was obtained by minimizing gross vehicle launch 
weight with an upper bound on wing volume available for fuel and fixed equipment. The optimiza- 
tion algorithm used is based on Zoutendijk’s method of feasible directions; the method and com- 
puter program are described in references 3 and 4. 

Sensitivity module- Once an optimum vehicle has been defined, it is of value to assess the 
effect that changing a single design parameter (e.g., aspect ratio) has on the vehicle weight and 
performance while holding all other design parameters fixed and allowing the vehicle only to change 
in size and weight. The sensitivity module directs these computations and provides both data listings 
and computer graphics presentations of sensitivity results. 

Geometry module- On the basis of input configuration parameters, some fixed and some 
assumed, the geometry subroutine defines and sizes the vehicle to be used by the remaining modules 
of the program. The wing, engine nacelle, and vertical control surface are initially sized in this 
module. The characteristics of these components are updated at each pass through the program. 
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The wing is sized on the basis of an input wing loading and shape parameters; an additional 
constraint of having sufficient volume for fixed equipment and fuel is also applied. A given per- 
centage of the total wing volume is allotted to these two items. For the present RPV configuration, 
a nominal value of 55 percent is used which was estimated on the basis of a preliminary wing 
layout. The effects of changes in this percentage value are shown later. 

The nacelle geometry is determined in this module from the engine and inlet dimensions and 
the size of the surrounding structural members. A vertical control surface is not shown in figure 2 
since a detailed stability analysis has not been accomplished. However, to unt for the possibility 
of such a surface, the present study includes increments in weight and drag that are functions of the 
wing size and several other input shape parameters. 

Aerodynamic module- This module consists of a procedure to calculate the aerodynamic 
characteristics of a configuration for a given mission altitude and Mach number schedule. The 
aerodynamic characteristics of the nacelle-mounted missiles are also estimated. The calculation 
procedures use both theoretical methods and empirical information. Results from this module have 
been calibrated with a small amount of existing wind-tunnel data on a similar configuration for a 
limited angle-of-attack range (ref. 5) and have also been compared with data on other highly 
maneuvering aircraft configurations. 

The friction drag estimates are based on Frankl and Voishel’s extension of vonKhrmin’s 
mixing-length hypothesis to compressible flow (ref. 6).  An empirical form factor correction based 
on a correlation in reference 7 of a large amount of data is added to the skin friction drag. For the 
wing, the skin friction is based on a reference length that is modified according to the sweep angle 
(fig. 3). 

The wave drag of the oblique wing (A4 > 0.9) is calculated using a procedure similar to that of 
reference 8 with adjustments based on a correlation with wind-tunnel tests (ref. 5) and with more 
elaborate prediction methods (ref. 9). This calculation technique gives the wave drag as a function 
of Mach number, wing thickness, wing sweep, and wing aspect ratio. Tlre wave drag of a vertical 
control surface (mentioned previously as a possibility) is calculated using a modified empirical 
procedure (ref. 7) obtained by correlating a large amount of data. A procedure similar to that in 
reference 10 is used to calculate the wave drag of the nacelle cowl. 

The lift is calculated using a linearized technique (ref. 1 1) that depends on Mach number, wing 
sweep, an efficiency factor (e), and a correction factor for three-dimensional effects based on the 
aspect ratio of the wing in the swept position. Drag due to lift at subsonic speeds is a function of 
the lift coefficient, efficiency factor (e), and aspect ratio of the swept wing (ref. 11). At supersonic 
speeds, the drag due to lift is calculated with the method described in reference 12. 

The drag of the weapons and attachments is calculated using an empirical relationship that is a 
function of Mach number and missile size. This method is based on a correlation of data obtained in 
the wind tunnel for similar missiles and methods of attachment. 

Propulsion module- The propulsion section of the synthesis program uses an engine similar to 
the engine of reference 2 - a turbojet with afterburner, with maximum turbine inlet temperature of 
1900°F. A four-stage compressor is driven by a single-stage turbine and the compressor pressure 

5 



ratio at sea-level static conditions is 5 : 1. The engine and afterburner are sized on the basis of a 
specified vehicle thrust/weight ratio. Then the values of thrust, fuel consumption, and air flow are 
calculated for any altitude, Mach number, and power setting. The following power settings are 
available: maximum afterburning, intermediate (1 00 percent rpm), maximum continuous, 90, 70, 
and 50 percent maximum continuous. The latter power settings are used for throttling during the 
cruise phase. The basic engine thrust and fuel consumption are corrected for installation losses 
associated with the inlet and nozzle. The propulsion system characteristics are programmed to allow 
the use of a wide range of engine sizes, power settings, altitude, and Mach numbers. The engine 
characteristics are considered to be state of the art, and no performance improvements are used that 
might be considered advanced propulsion system technology. 

Trajectory module- From information generated in the aerodynamic and propulsion modules, 
this module computes the fuel used in each segment of the specified mission, thus establishing the 
total fuel requirements. In addition, combat performance parameters for the vehicle are determined 
at both supersonic and subsonic Mach numbers. These parameters are specific power levels, maxi- 
mum sustained turn rate, and maximum instantaneous turn rate. An explanation of these perfor- 
mance parameters is given later. 

Muss properties module- After the vehicle is sized, the structural weight is calculated by 
relationships derived from correlations of existing data for the weights of the various vehicle 
components. The wing weight is a function of load factor, aspect ratio, effective taper ratio, 
maximum thickness/chord ratio and structural material. For this study, the wing weight is not 
penalized for divergence (usually a problem with an oblique-wing design) since other studies suggest 
the aspect ratio is sufficiently low. The weight of the vertical surface is estimated on the basis of its 
size and a weight per unit area determined for the wing. Empirical relationships that are a function 
of nacelle size and engine maximum thrust are used to calculate the nacelle and the wing-nacelle 
pivot weights. Finally, in conjunction with data generated in other modules, the mass properties 
module compiles a total vehicle weight statement. 

Methods similar to those described in references 13 and 14 .have been used as a guide in 
developing the mass properties module. Wherever possible, the results are calibrated against the 
weights of actual aircraft components or with results from more elaborate prediction methods. 
However, because of the limited information on the design of oblique, all-wing configurations, it is 
suggested that a more detailed wing and wing pivot structural analysis be initiated. 

Design Philosophy 

There are varied opinions as to the philosophy of design for a superior aircraft in air-to-air 
combat. For example, the designer may choose to provide high acceleration or high Mach number 
capability as contrasted to a lower speed design with greater maneuverability. Consideration must 
also be given to other factors such as the weapon system capability and operational environment of 
a threat aircraft. Because of the differing philosophies, a brief description of the approach used here 
may be in order before proceeding to the results. 

There are several, often conflicting, performance objectives for a lowcost RPV for air superior- 
ity. The design philosophy for the combat RPV in this preliminary study is to minimize gross 
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weight while maintaining a turning performance advantage over future threats, and to accept the 
acceleration capability of the resulting designs. A level of maximum instantaneous turn rate or 
maximum load factor capability is provided so that the level of performance is considerably higher 
than that of any known or planned manned fighter but low enough to keep the structural weight 
(and therefore vehicle gross weight) and cost at reasonable values. 

Also, the sustained turn rate capability at M = 0.9 is selected to provide a reasonable incre- 
ment over that of any advanced aircraft; experience has shown that high-maneuvering engagements 
tend to occur at high subsonic speeds because both the sustained and maximum instantaneous turn 
rates usually are a maximum here (ref. 15). Sustained turn rate is an important factor because of its 
strong effect in determining the vehicle propulsion system size. A relatively modest level of sus- 
tained turn rate is chosen for the nominal configuration to keep the resulting thrust/weight ratio, 
and therefore the engine and vehicle cost, relatively low. However, the acceleration capability of the 
vehicle is a function of the available thrust and a lower thrust/weight ratio will result in lower 
acceleration capability. A reduced level of acceleration performance may be acceptable for the 
present vehicle since defensive breaks followed by highspeed dashes to escape an opponent (for 
pilot or aircraft safety) may be less critical for an RPV. Therefore, the defensive ability of the RPV 
under study is given little consideration, with superior offensive capability being the primary objec- 
tive. Note that if an adversary with a superior acceleration capability is fortunate enough to use this 
advantage to escape, the mission of the combat RPV - that is, to gain control of the airspace - is 
still essentially accomplished. 

RESULTS 

Form of the Results 

The majority of the sensitivity results are presented in four forms: the effects on vehicle 
weights and on vehicle volume of variations in specified parameters, effects of various parameters on 
vehicle combat performance, and sensitivity factors derived from the weight and performance 
characteristics. 

Vehicle weight- The effect on vehicle weights of varying a specific vehicle or mission param- 
eter is presented in the format of figure 5(a), where wing loading is the parameter illustrated. 
Structural weight, propulsion system weight, and fuel weight (all in kilograms (lb)) are given along 
with the vehicle gross weight. A sketch, on the same figure, indicates effects of changes in the 
parameter on vehicle size and shape. Generally, a sketch is shown in each plot for configurations 
with the maximum, minimum, and nominal values of the parameter. These sketches have a common 
scale to allow a quick comparison of vehicle sizes and shapes as a result of changes in configuration 
and mission parameters. The nominal configuration is usually identified by either filled symbols or 
tic marks. 

Vehicle volume- Because the fuel and fixed equipment are located entirely in the wing, the 
configuration volume characteristics as affected by changes in a specific vehicle or mission param- 
eter are presented as a second form of the results (e.g., fig. 5(b)). Curves of the volume required for 
fuel plus fixed equipment and for the total wing volume are shown. In addition, the ratio of the 
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volume required for fuel plus fixed equipment to the total wing volume is presented. For the 
present study and on the basis of preliminary wing layouts, an upper limit of 0.55 is placed on this 
ratio (as indicated by the boundary mark shown in the figure). implies that excursions of a 
particular design parameter beyond this limit (with all other parameters held constant) are not 
considered reasonable configurations, and both the weight and performance plots should be viewed 
with this in mind. 

Vehicle combat perfomzance- Effects on vehicle combat performance of changes in a par- 
ticular parameter are presented in the format of figure 5(c), where Performance is measured, for a 
given Mach number and altitude, in terms of specific power (Ps) in m/sec (ftlsec) plotted versus 
turn rate (8) (deg/sec). Three important areas on these performance plots should be described. 

First, the PS level at zero turn rate (Ps ) indicates the acceleration or rate-ofclimb capability 
of the vehicle. This is important in the prepositioning phase of the engagement before the 
adversaries are in close contact and a margin in PS at 1 g can be used to gain a speed or altitude 
advantage over an opponent. Also, an acceleration advantage can be important (particularly for a 
manned aircraft) for defensive purposes or escape. Second, the PS = 0 point is the maximum 
sustained turn rate capability of a vehicle and involves neither a loss nor a gain in vehicle energy. A 
given number of maneuvers to be performed at PS = 0 is specified in the input mission. 
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The final important area on the performance plot is the maximum instantaneous turn rate 
capability of a vehicle, which is usually accomplished at the expense of large losses in vehicle energy 
(negative specific power). For manned aircraft, the maximum instantaneous turn rate often is 
limited by pilot tolerance. For the present study of RPV’s, the vehicle is allowed to maneuver to its 
design load factor or lift limit (whichever occurs first) since there is no pilot onboard the aircraft. In 
several cases, the combat performance presentation includes a second figure (fig. 5(c) concluded) 
that supplements the plots of PS versus turn rate. Such a figure usually is included when a param- 
eter appears to have a large effect on both the vehicle weight and combat performance. Refer- 
ences 15 through 17 provide a complete discussion of the implications of specific power and turn 
rate in air-to-air combat. 

Sensitivity factors- Results of the trade studies are summarized in terms of sensitivity factors 
for both the weight and combat performance characteristics. A sensitivity factor is defined as the 
percentage change in gross weight or performance resulting from a percentage change in the design 
parameter divided by the percentage change in the design parameter. The sensitivity factors are 
calculated about the parameter values of the nominal configuration. With a gross weight ( W g )  trade 
as an example, the sensitivity factor is defined as 

change in Wg/nominal value of Wg 
sensitivity factor = 

change in parameter/nominal value of parameter 

where the parameter may be W/S, T/W,  etc. The sensitivity factor may be positive or negative (or 
0); if it is positive, the vehicle gross weight or performance increases as the parameter value 
increases. The magnitude of the effect a given design parameter has on the vehicle weight or 
performance is indicated by the magnitude of the sensitivity factor. 
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ominal Configuration 

Following the design philosophy previously described, a nominal confi 
the sensitivity and trade studies is established in this section. An ultimat 
selected which results in a reasonable structural weight and allows sufficient combat performance 
over that of any planned manned fighter. y use of this value and with the optimizer coupled to the 
synthesis program, minimum gross weight (W ) vehicles are obtained for a range of wing volume 
ratios (volume required for fuel plus fixed equipment ratioed to total wing volume) for the nominal 
mission. For each value of the volume ratio, the optimizer is allowed to select the optimum 
combination of wing loading (W/S), thrust/weight ratio (T/W), wing thicknesslchord ratio, and wing 
aspect ratio with all other parameters held constant. These parameters were expected to have a 
significant effect on vehicle weight and combat performance. 

g 

The results of this optimization process are presented in figure 6. Figure 6(a) shows the mini- 
mum vehicle weights for a range of wing volume ratios and, as expected, these results indicate that 
the vehicle gross weight can be decreased if a greater portion of the wing volume is used for fuel and 
fixed equipment. As previously mentioned, a value of 55 percent for this volume ratio has been 
selected for the nominal study configuration on the basis of preliminary wing layouts, resulting in a 
gross weight of 2175 kg (4795 lb) (as indicated by tic marks in fig. 6(a)). 

Figure 6(b) shows the value of the previously mentioned vehicle parameters required to pro- 
vide a minimum gross weight configuration for each of the levels of wing volume ratio. To provide 
higher wing volume ratios and therefore reduced vehicle gross weights, the vehicle W / S  increases and 
T/W decreases, while only minor changes occur in wing aspect and thickness/chord ratios. 

The combat performance at 9144 m (30,000 ft) is presented in figure 6(c) for the optimized 
vehicles with various values of wing volume ratio including the nominal. As this ratio is reduced, 
both the Ps level for 1-g flight (zero turn rate) and the sustained turn rate are increased as a result 
of the decreasing W/S and increasing T/W shown in figure 6(b). The values of maximum instanta- 
neous turn rate (fig. 6(c)) of 22.6 and 16.9 deg/sec at M = 0.9 and 1.2, respectively, result from the 
ultimate load factor of 11 selected for the nominal configuration. The combat results are presented 
in greater detail in figure 6(c) concluded for both M = 0.9 and 1.2 For the configurations consid- 
ered, the optimized configurations have maximum angles of attack (limited by load factor) up to 
about 13". These relatively low angles result primarily from the low wing loadings and the combat 
altitude of 9144 m (30,000 ft). The acceleration times from M = 0.9 to 1.6 vary between about 66 
to 78 sec for the various configurations. 

As a result of the optimization studies shown in figure 6, a nominal study configuration was 
selected, and complete vehicle and performance characteristics for this configuration are presented 
in figure 2 and in table 1. To accomplish the same mission, the resulting gross weight of 21 75 kg 
(4795 lb) for the all-wing design is approximately 272 kg (600 lb) lighter than the wing-body RPV 
of reference 1. (Both configurations have an ultimate load factor of 1 1 .) In addition, an important 
result is that the sustained turn rate at  M = 0.9 of 18.9 deglsec ( N z  = 9.2) for the present con- 
figuration is very high compared to any advanced manned aircraft and is considerably higher than 
that of the wing-body RPV in reference 1 (12.6 deglsec). The sustained turn rate at M = 1.2 for the 
present vehicle is also slightly better than that of the configuration in reference 1. These high levels 
of combat performance for the all-wing design can be attributed primarily to the low value of 
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optimum launch wing loading of 1.1 1 kN/m2 (23.1 psf). The optimum value of T/W at launch of 
1.12 (1 2 9  at the beginning of combat based on sea-level static thrust) is of a modest level compared 
to some advanced fighters. A wing thickness/chord ratio of 0.096 and a wing aspect ratio of about 
6.2 resulted from optimization studies for the nominal configuration shown in figure 2. The weight 
statement (fig. 2) indicates a fuel fraction of about 36 percent; a breakdown of this fuel usage is 
shown in table 1. For the combat phase of the mission, the greater fuel consumption occurs during 
the three supersonic turn maneuvers. Also, the climb and cruise portions of the mission account for 
over half the total fuel used. Table 1 also shows a total of 4.5 min of combat at maximum power 
for the nominal study configuration and mission. 

Vehicle Parameter Sensitivities 

General- This section presents the sensitivity of the weight and combat effectiveness of the 
nominal configuration to changes in wing loading, thrustlweight ratio, and ultimate load factor. 
Figure 5(a) shows the effects of a variation in wing loading on the vehicle weights and relative size. 
The gross weight decreases rapidly with increasing W/S primarily because of an improving wing 
weight fraction and a decreasing drag level associated with a smaller wing. The sketch shows the 
relative size of the various configurations considered. The nominal configuration (filled symbols in 
fig. 5(a)) is not selected as that having the least gross weight because of the volume constraint 
associated with this all-wing concept (fig. 5(b)). To maintain a volume ratio of 0.55 or less, the wing 
loading is limited to the nominal value of 1 .I 1 kN/m2 (23.1 psf) or below. However, wing loadings ' 
much below the nominal value result in a significant increase in gross weight (fig. 5(a)). Combat 
performance as affected by changes in wing loading is shown in figure 5(c). Increasing the wing 
loading results in a loss in sustained turn rate at M = 0.9 but does provide reduced acceleration 
times (fig. 5(c) concluded). Again, because of the volume constraint, the wing loading is limited to 
1.1 1 kN/m2 (23.1 psf). Because of this, the maximum angle of attack (limited by load factor) is 
about 12" for the combat altitude of 9 144 m (30,000 ft). Again, note that the turn rate capability 
of this vehicle is very high compared to that of a manned aircraft and is also superior to the RPV 
discussed in reference 1. 

The effects of variations in vehicle takeoff thmst/weight ratio (T/W) are shown in figure 7. The 
configuration gross weight increases significantly with higher T/ W due to the cascading effects of 
increases in propulsion system weight and size. At lower T/W, the increased gross weight is associ- 
ated with greater fuel usage due to longer combat times resulting from the lower T/W. The increas- 
ing weight together with the volume constraint (fig. 7(b)) lead to a nominal value of T/W of 1.12 
(filled symbols). As noted previously, this value is lower than that proposed for most advanced 
manned fighters. Figure 7(c) shows that T/W has a very significant effect on the combat perfor- 
mance of the vehicle. An increase in T/W results in higher values of sustained turn rate, increased 
levels of Ps for 1-g flight, and reductions in acceleration times. However, these improvements 
in combat performance are accompanied by increases in vehicle gross weight (as indicated before). 

Levels of maximum instantaneous turn rate higher than those associated with the nominal 
configuration can be achieved by increasing the ultimate load factor. The effect of changes in this 
parameter on vehicle weight and combat effectiveness is shown in figure 8. The vehicle gross weight 
increases with increasing N z  primarily because of higher structural weight fractions (fig. 8(a)). 

ult 
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Figure 8(b) shows that, without changing other vehicle parameters, the load factor cannot be below 
11 because of the volume constraint. Since the RPV is allowed to maneuver to its structural limit in 
the present study, very high levels of maximum instantaneous turn rate can be reached at the higher 
values of ultimate load factor (fig. 8(c)). This results in reductions in specific power at maximum 
instantaneous turn rate, but only minor changes in the other combat performance parameters. Even 
though it is not a realistic configuration volumewise, the vehicle cannot accomplish a sustained turn 
at M = 0.9 for N z  below about 9.5 since it will always gain energy (fig. 8(c) concluded). That is, the 
vehicle reaches its structural limit before the Ps is reduced to zero for this Mach number and 
altitude, again indicating the high maneuvering performance of this configuration. The use of 
advanced materials can result in sizeable payoffs for vehicles with high ultimate load factors (pre- 
sented later when reductions in wing weight are considered through the use of composite materials). 

Wing geometry- Figure 9 shows the results of variations in wing aspect ratio which indicate 
that the nominal value of 6.2 gives about the minimum weight vehicle (fig. 9(a)). To meet the 
volume constraint (fig. 9(b)) for the particular configuration involved, the aspect ratio must be 
below 6.2 or above 8.2. Configurations with the higher aspect ratio tend to give better supersonic 
performance and lower acceleration times because of decreased wave drag, but these vehicles have 
larger wing spans and higher weights, thereby complicating the ground handling problem. 

Figure 10 shows the effects of variations in wing maximum thickness/chord ratio. Increasing 
the t /c  of the wing beyond the nominal value of 0.096 (filled symbols in fig. 1 O(a)) results in higher 
gross weights primarily because of the increased fuel fractions associated with the higher supersonic 
drag of the thicker wing. This same increased drag at supersonic speeds results in decreased combat 
performance for the vehicles with higher values of t/c (fig. lO(c)). Thus the wing thickness/chord 
ratio for this particular configuration is established by the minimum value required to meet the 
volume constraint (fig. 1 O(b)). 

Aerodynamics- Figure 11 shows the effects of numerically imposing a +lo-percent change in 
liftcurve slope about the nominal value over the entire mission. The plotted value is lift-curve slope 
divided by the liftcurve slope of the nominal configuration. Changes in tEe liftcurve slope have 
little effect on the weight and performance of the present vehicle primarily because the very low 
wing loading of this all-wing design results in low operating lift coefficients for the mission being 
considered. Therefore, a 1 0-percent change in liftcurve slope does not represent a very significant 
increment in angle of attack. Also, these CL values are low on the drag polar, where a change in 
lift-curve slope results in little change in CD (very small compared to Co ), leading to essentially no 
effect on vehicle weight or performance. 0 

Figure 12 presents the effects of an assumed +lo-percent change in zero-lift drag coefficient 
about the nominal configuration. The vehicle gross weight appears to be very sensitive to changes in 
this parameter (fig. 12(a)) because of its strong effect on fuel usage during the mission. Increased 

significantly reduces the sustained turn rate and specific power for l-g flight at supersonic 
speeds (fig. 12(c)). 

Figure 13 shows the effects of numerically imposing a +IO-percent change in drag-due-to-lift 
coefficient about the nominal configuration throughout the mission. The effect of this parameter 
on the vehicle gross weight (fig. 13(a)) is not as significant as a change in CD . However, increasing 
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the drag-due-to-lift coefficient results in a significant loss in sustained turn rate and a reduction in 
Ps for maximum instantaneous turn rate (fig. 13(c)). 

Figure 14 presents the effects of a 530-percent change about the nominal value of the drag of 
the weapons (consisting of two missiles and their attachments). T h i s  spread in the drag level is repre- 
sentative of that noted from wind-tunnel data on similar weapons and mounting methods. The 
results show an increase in the gross weight of the vehicle with increasing weapon drag (fig. 14(a)), 
but only minor effects on the combat effectiveness (fig. 14(c)). 

As previously indicated, the calculation procedure used here requires as an input an aero- 
dynamic efficiency factor ( e ) .  This factor is used to calculate both the lift and the drag-due-to-lift 
coefficients. A nominal value of 0.85 is used and the effects of changes in this value are shown in 
figure 15. Reducing this factor results in an increase in gross weight (fig. 15(a)), a loss in sustained 
turn rate, and a loss in Ps at maximum instantaneous turn rate (fig. 15(c)). 

As is typical of most parametric variations on this configuration, those changes in aerodynamic 
parameters that result in a larger vehicle (size and weight) tend to lessen the volume constraint 
problem. 

Weights- Figure 16 shows the effects of a variation in fixed equipment weight (avionics, 
electro-optical sensor, electrical systems, etc.) from 45 to 340 kg (100 to 750 Ib). The nominal value 
of 227 kg (500 lb) was selected on the basis of a survey of the weights of various components 
anticipated as being required to accomplish the RPV combat mission. This value is felt to be 
conservative on the basis of future projections for miniaturization of this kind of equipment. The 
vehicle gross weight and size are reduced with reduced fixed equipment weight (fig. 16(a)), but the 
vehicle combat performance is degraded somewhat at  the supersonic Mach number (fig. 16(c)). 

For the above variation in fixed equipment weight, the density of packaging the components 
into the wing was assumed constant at  48 1 kg/m3 (30 lb/ft3 ). The effects of varying the density of 
the fixed equipment for a constant weight of 227 kg (500 lb) is shown in figure 17. In this case, 
increasing the fixed equipment density only affected the volume constraint (fig. 17(b)) since all 
other parameters were held constant. If the configuration were optimized for the higher values of 
fixed equipment density, a smaller and therefore lighter weight vehicle would result. 

The effects of a change in wing weight from the value associated with the all aluminum 
structure of the nominal configuration are shown in figure 18. A 20-percent increase and a 
40-percent decrease from the nominal wing weight was considered, and should cover almost any 
material or method of construction. The relatively high reduction of 40 percent was used as a lower 
value since there are indications that a wing weight savings of as much as 35 percent may be realized 
through the use of composite materials and improved structural arrangements. As shown in fig- 
ure 18(a), the gross weight of the configuration is reduced significantly with a decrease in wing 
weight, but there is a slight loss in combat performance at M = 1 -2 (fig. 18(c)). 

Figure 19 presents the effects of variations in payload weight from 36 to 227 kg (80 to 
500 lb). The payload consists of two missiles, one mounted on each side of the nacelle. As previ- 
ously indicated, the nominal configuration carries two infrared seeking missiles, each weighing 
72.5 kg (160 lb) (a total of 145 kg (320 Ib)). As the weight of the weapons is varied, their size and 
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drag are appropriately taken into account. An empirical procedure based on available data is used to 
estimate the drag level of each missile size. Of course, each weapon system and mounting scheme 
should be investigated in the wind tunnel to establish the exact aerodynamic penalty. The vehicle 
gross weight obviously increases with heavier weapons, but its combat performance is only slightly 
affected (fig. 19(c)). 

Mission Parameter Sensitivities 

Cruise Mach number and altitude- Figure 20 shows the effects of lowering the cruise Mach 
number (both out and back) below the nominal value of 0.9. There is only a slight advantage in 
vehicle weight to cruising at a lower speed. The combat performance is not affected by changing 
cruise Mach number (fig. 20(c)). The vehicle gross weight seems to be more affected by variations in 
cruise altitude (out and back) (fig. 21(a)). As the cruise altitude is increased up to 15,240 m 
(50,000 ft), the gross weight decreases continuously. Improved cruise performance is obtained at 
higher altitudes because of the very low wing loading of this configuration. A cruise altitude of 
13,716 m (45,000 ft) is used for the nominal mission. The combat performance is affected only 
slightly by cruise altitude (fig. 2 1 (c)). 

Combat altitude and Mach number- Figure 22 shows the effects of changes from the nominal 
combat altitude of 9144 m (30,000 ft) on vehicle weight and combat performance. The minimum 
gross weights occur for altitudes between about 9144 to 12,192 m (30,000 to 40,000 ft); above or 
below this, the vehicle weight increases significantly (fig. 22(a)). Combat altitude also has a very 
significant effect on the combat performance of the RPV (fig. 22(c)). Because of reduced engine 
performance with increasing altitude, both the specific power for 1-g flight and the sustairied turn 
rate (and the corresponding sustained load factor) decrease steadily with increasing combat altitude 
for the combat Mach number of 1.2. For N = 0.9, these performance characteristics differ slightly 
in that, for altitudes below about 7925 m (26,000 ft), the vehicle reaches its limiting load factor 
before Ps is reduced to zero (for maximum power); therefore, the sustained turn rate equals the 
maximum instantaneous turn rate (fig. 22(c) concluded). The acceleration time greatly increases for 
combat altitudes above about 10,668 to 12,192 m (35,000 to 40,000 ft) because of the aforemen- 
tioned loss in engine thrust with increasing altitude (fig. 22(c) concluded). This configuration has 
sufficient lift to maintain a constant maximum instantaneous load factor of 11 at all altitudes 
shown for both Mach numbers. To accomplish this, the angle of attack varies from approximately 7 
to 30" for the altitude range considered in figure 22(c) concluded. (Note that the analysis is based 
on linear theory and, at the higher values of lift, the expected nonlinear curves could lead to angles 
of attack higher than those shown.) Thus it is apparent that, for this oblique, all-wing configuration, 
the aerodynamic characteristics (as well as the characteristics of the air-induction system) need to 
be investigated to high angles of attack in the wind tunnel since the prediction methods used for 
these nonlinear conditions are not well developed. 

Figure 23 shows the effects of increasing the supersonic combat Mach number above the 
nominal mission value of 1.2. Up to approximately 1.5, there is little effect of supersonic combat 
Mach number on vehicle weight (fig. 23(a)); above this, the gross weight begins to increase. The 
combat performance for both the M = 0.9 and the supersonic legs of the mission is shown in 
figure 23(c). The major changes occur for the supersonic combat Mach numbers. Therefore, fig- 
ure 23(c) concluded presents only the variations in combat effectiveness for vehicles designed for 
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different supersonic combat ach numbers. For the upper Mach numbers, the vehicle again cannot 
perform a sustained turn at maximum power without gaining energy because of its high 
performance. 

The effects of decreasing the subsonic combat Mach number below the nominal mission value 
of 0.9 are presented in figure 24. A decreasing gross weight is noted with decreasing Mach number 
and there are some significant changes in combat effectiveness. Since figure 24(c) indicates that the 
major performance changes occur at the subsonic Mach number, figure 24(c) concluded presents 
only the subsonic combat results. As the Mach number is reduced, there is a loss in Ps for the l-g 
flight condition, but an increase in both sustained and maximum instantaneous turn rates (fig. 24(c) 
concluded). 

Combat radius and maneuvers- Figure 25 shows the effects of variations in the combat radius 
from 185 to 741 km (100 to 400 n.mi.). As the range increases, the vehicle gross weight increases 
and the vehicle size increases since the total fuel supply is carried internally in the wing. The 
nominal vehicle weighs 2175 kg (4795 lb) for the 370 km (200 n.mi.) mission; to double this 
combat radius to 740 km (400 n.mi.), the RPV would weigh approximately three times as much 
(some 6676 kg (14,719 lb)). The use of external fuel tanks or air launch becomes more attractive 
for the longer range missions. The changes in combat performance (fig. 25(c)) are associated with 
the relative weights of the vehicles upon reaching the combat area; that is, for the same takeoff 
thst/weight ratio, the vehicle flying the longer range mission uses up more fuel and therefore has a 
relatively higher T/W (and slightly higher performance) upon reaching the combat zone. 

The results in figure 25 are expanded to include the additional effect on RPV gross weight of 
variations in the number of supersonic and subsonic combat turning maneuvers (fig. 26). The 
nominal curve (repeated from fig. 25) is for three supersonic (M = 1.2) and four subsonic (M = 0.9) 
turns of 360" at Ps = 0. For the nominal configuration (tic mark), this results in a total combat 
time at maximum power of about 4.5 min (including acceleration time from M = 0.9 to 1.6). As the 
number of turns is reduced, the vehicle becomes lighter for any given range (fig. 26). For example, 
considering curve D (one supersonic and one subsonic turn) for the.370 km (200 n.mi.) range, the 
vehicle weight is about 1665 kg (3670 lb) and the total combat time is on the order of 2.4 min. 
Thus, the range and turning maneuver requirements can effect the gross weight of the RPV 
significantly. 

Sensitivity Factors 

The effects of variations in both vehicle and mission parameters on the RPV weight and 
combat performance have been presented. The range of the individual parameters was large enough 
to exhibit the overall, nonlinear sensitivity characteristics. Another method of presenting the results 
is in terms of sensitivity factors based on local slopes about the nominal configuration. (The 
sensitivity factor was defined previously.) 

The sensitivity factors as determined previously are presented in table 2 for both vehicle and 
mission parameters (for M = 0.9 and 1.2 at 9 144 m (30,000 ft)). The gross weight sensitivity factors 
are given for variations in all vehicle and mission parameters and, where signficant changes in 
combat performance were noted, sensitivity factors that show this are also presented. The first 
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column in the table lists the parameter (P) being varied and the other columns show the sensitivity 
e arrows indicate the desired direction of the sensitivity factors, that is, it is desirable to 

have the gross weight and acceleration times decrease and the three combat performance factors 
increase. If a se tivity has a sign that indicates movement in the desired direction, then an increase 
in the parameter is beneficial and conversely. A brief survey of table 2 shows that the following 
parameters have a sensitivity factor greater than 1, indicating a signficant effect of that parameter 
on either weight or combat performance: 

Gross weight - W/S,  CD 
0 (W,> 

Acceleration time - W/S,  T/W, (AR)wing, (f/c)wing 
(Act) 

Specific power at 1-g flight (6 = 0 )  - W/S,  T/W, ( A R ) ~ ~ ~ ,  (t/clWing, 

Sustained turn rate (Ps = 0) - T/W, (AR)wing, (t/c),ing, combat altitude, 

(PSI g) 

(8,) supersonic combat M 

combat altitude, combat M 

Specific power for maximum instantaneous turn rate - W/S, T/W, NZult, (M)wing, 
( t / ~ ) ~ i ~ ~ ,  combat altitude, supersonic combat M 

The configuration parameters that appear most frequently are changes in vehicle wing loading, 
thrustlweight ratio, wing aspect ratio, and wing maximum thickness/chord ratio. Combat altitude 
and Mach number have a particularly significant effect on the combat performance of the vehicle. 
Again, note that the sensitivity factors indicate only the local effects about the nominal configura- 
tion point and that the parametric trade curves presented previously should be consulted for 
detailed effects. 

CONCLUDING REMARKS 

A computerized aircraft synthesis program has been used to assess the effects of various vehicle 
and mission parameters on the performance of an oblique, all-wing, remotely piloted vehicle (RPV) 
for the highly maneuverable, air-to-air combat role. The results are presented in terms of both the 
required vehicle weight to accomplish a specified mission and the combat effectiveness as measured 
by turning and acceleration capability. e 

By use of an optimization process, a nominal configuration has been established which has a 
mininum gross weight of 2 175 kg (4795 lb) and has sufficient internal wing volume for fuel and 
equipment to accomplish the study mission. In comparison to a previously studied conventional 
wing-body canard design for the same mission (as well as compared to advanced manned fighters), 
this oblique, all-wing concept is lighter in weight and has higher performance. A prime factor 
attributing to the high maneuvering performance of this concept is its low optimum wing loading of 
1.1 1 kN/m2 (23.1 lb/ft2 ) at launch. 
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Compared to advanced manned fighters, a relatively modest optimum thrust/weight ratio of 
1.12 (at launch) is used which tends to reduce the weight and there 
system, but results in some reduction in acceleration performance. An assessment of the effects of 
this reduced acceleration capability on the overall RPV combat performance should be made from 
combat simulation studies. 

The principal results of sensitivity studies that use the nominal vehicle as a base point are: 

1. The configuration characteristics that effect the vehicle weight and combat performance 
significantly are wing loading, thrustlweight ratio, wing aspect ratio, and wing maximum thickness/ 
chord ratio. Combat altitude and combat Mach number strongly influence the maneuvering perfor- 
mance of the vehicle. Additional studies are needed to better assess the amount of maneuvering 
time required of an air-to-air combat RPV. These studies should account for the characteristics of 
the weapons system and the capabilities of the opponent. 

2. Of the aerodynamic characteristics considered in the sensitivity studies, changes in the drag 
coefficient at zero lift have the greatest effect on the weight of this all-wing concept. 

3. Increasing combat altitude resulted in excursions to relatively high angles of attack (up to 
30"). Thus, it is apparent that methods of high angle-of-attack aerodynamic analysis need further 
experimental verification, particularly wind-tunnel tests of the aerodynamic and inlet characteristics 
over a wide range of angle of attack and Mach number for this type of configuration. 

4. Advances in technology that lead to reduced structural weights and lower fixed equipment 
weights are shown to reduce the RPV gross weight, but tradeoffs against cost and a slight perfor- 
mance degradation should be considered. 

5. The results indicate that increased combat performance can be designed into this oblique, 
all-wing RPV by any of several methods such as increasing thrust/weight ratio, lowering wing 
loading, increasing limiting load factors, as well as changes in several other vehicle parameters, or a 
combination of these. However, these improvements in performance generally are at the expense of 
significant increases in vehicle gross weight and therefore in cost. Thus, studies should be pursued to 
assess the level of combat performance required in a highly maneuverable RPV. 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field, Calif., 94035, February 27, 1974 
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