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ABSTRACT 
The reconfiguration design framework applied to a high-speed unmanned combat 

aerial vehicle (UCAV) enables a single platform to perform across a wide flight 

regime with large differences in cruise conditions (Mach 0.5 – Mach 0.85). By using 

two sets of modular wings (high-speed and low-speed) with a common fuselage body 

and powerplant, reductions can be made in development and manufacturing costs. 

Traditional aircraft design methods were employed to determine initial wing 

geometries, while constraining the wing root geometry to both variants. Low fidelity 

calculations were used to calculate aerodynamic coefficients, lending themselves to 

selecting appropriate tip airfoils for both variants while sharing the same root airfoil. 

A simulation model of cruise conditions for each variant was created to evaluate 

aerodynamic performance in Computational Fluid Dynamics (CFD) software. Results 

show the low speed variant operates at peak performance during cruise. The high 

speed variant displayed normal shock wave formation in the spanwise direction. 

Future work includes adjustments to the wing geometry and airfoils, as well as shock 

wave interactions at the boundary layer. 
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I INTRODUCTION 

Literature Review 
Current developments in military aircraft are primarily technology driven with the goal 

of maintaining air superiority. Technological advancements have shown to delay 

progress in the application and development of new aircraft, with costs also 

compounding on this delay. Unmanned aircraft presents an opportunity to potentially 

fill roles previously reserved for manned aircraft, with the goal of reducing cost driving 

these technologies (1).  

By it’s simplest definition, an unmanned combat aerial vehicle is an unmanned vehicle 

assuming the role of a fighter platform with the goal of maintaining air superiority. 

Where the UCAV mission deviates from other UAV platforms can be found primarily 

in it’s mission phases. The UCAV mission requires high speed flight as well as loiter 

performance during one or several different mission phases, lending to smaller and 

lightweight geometries. A UCAV structure must have a high strength-to-weight ratio, 

with a larger wing loading and control surfaces for better maneuverability and higher 

speed performance compared to its commercial UAV counterparts (2). Similar concepts 

such as the high altitude long endurance (HALE) platforms prioritize weight reduction 

and high aspect ratio wings to cruise at very high altitudes, over long periods of time 

(3). The UCAV design methodology doesn’t deviate from traditional aircraft design 

principles, however there are exceptions primarily concerning instrumentation and 

furnishings to assist and accommodate a pilot or crew. (4).  

Every UCAV design must be simulated using computer tools such as computational 

fluid dynamics (CFD) that provide high-fidelity predictions about the aerodynamic 

efficiency of the design. While CFD provides accurate results, the computational 

demands required for a compete aircraft configuration may be prohibitive. Thus, using 

reduced order models (ROM) to reduce computational complexity while retaining 

dominant flow phenomena have their advantages. These techniques can also be applied 

to build flight mechanics models for agile air vehicles, or to improve the model’s design 

and performance for prototyping and testing (5).  
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Computational models of existing UCAV designs have been developed, in the absence 

of wind tunnel model experiments or access to experimental data. Modifications to the 

external geometry of the MQ-1 Predator UCAV show large reductions in local drag up 

to 96% and 0.5% globally (6). CFD simulations for this investigation were numerically 

graded by judging mesh quality and convergence time with guidelines shown by Roache 

(7).  

Multi-level optimization strategies have been utilized to organize the UCAV design 

process by breaking down aerodynamic design objectives to respective geometric 

constraints. For aerodynamic efficiency, design constraints such as aerodynamic and 

stability coefficients are implemented in a surrogate model to run CFD simulations and 

change appropriate design variables using an automated system. In an effort to minimize 

drag, elements contributing to the wing geometry are used as design variables with total 

wing volume being one of the constraints in an effort to minimize structural weight as 

well (8). 

Estimates of aerodynamic performance are found largely by empirical methods and 

historical data. Maxime et al. (9) have improved on traditional methodologies and 

procedures typically used to provide aerodynamic performance estimates. These 

traditional methodologies like DATCOM (United States Air Force Data Compendium) 

have had success but fail to provide a few key parameters, the author noting zero-lift 

angle of attack and contributions from the engine nacelles among others. An in-house 

code developed titled Fderivative has enabled Maxime et al. (year) to fill these 

knowledge gaps using alternative numerical methods and additional parameter capacity 

to give more accurate predictions of aerodynamic performance and stability (9).  

Blended Wing Body (BWB) configuration aircraft have been under consideration as a 

potential design for commercial transport aircraft in recent decades. Aerodynamic 

optimization methodologies that couples low and high fidelity analysis tools to produce 

a 300 passenger design. Maximum lift-to-drag ratio, zero-lift moment coefficient among 

others are design constraints that reduce computational cost. CFD software is used 
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iteratively throughout to make adjustments to the planform shape of the wing and body 

(10).  

A known disadvantage of the BWB design is that it is more difficult to maintain positive 

longitudinal stability as well as low-speed performance. The traditional tube and wing 

(TAW) aircraft design delegates it’s in-flight functions across several forms; the 

primary lifting surfaces being the wings, stability from wings and tail configurations 

etc. The BWB design shares many in-flight functions across few forms; the body and 

wing sharing responsibilities as lifting surfaces as well as stability among others. 

Multiple factors contribute to aerodynamic performance, giving the BWB a distinct 

advantage in optimizing parameters such as lift coefficient and form drag (11). 

Objectives 

The pursuit of a multi-purpose UCAV with broad mission capabilities is the goal of this 

thesis. Two separate missions are being considered for this design: a high-speed variant 

and a low-speed variant. Making this UCAV design worth considering, these missions 

must be distinct enough to warrant a wide range in performance characteristics. For the 

purposes of this thesis, “high-speed” will be considered Mach 0.85 during the cruise 

portion of the mission where the aircraft spends the majority of its time. Following that 

“low-speed” is considered Mach 0.5, respectively. Fundamental aircraft design 

principles will be used to form the basic configurations of this UCAV to include initial 

sizing, wing design, propulsion selection among others. These fundamental design 

principles are followed concurrently with low-fidelity calculations that establish 

baseline aerodynamic and stability coefficients that are continuously iterated 

throughout. Computer-aided drafting (CAD) models of each configuration will be 

generated, with only the external geometry (to include the center body and all lift 

producing surfaces) considered. Using these CAD geometries, high fidelity analysis will 

be conducted using computational fluid dynamics software to most-accurately predict 

the aerodynamic performance of each model in the absence of an appropriate wind-

tunnel facility. The main objective of the CFD simulations is to validate the 
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aerodynamic performance of both UCAV variants in cruise by operating near the 

vehicle’s maximum lift-to-drag ratio in order to maximize flight range.   

 

Switchblade: Wide-Mission Performance Reconfigurable UAV 

The design methodology purposed by Maldonado, et al. (10) forms the framework that 

enables such a design to successfully capture the performance requirements of 

prospective missions. Interchangeable wing sets are the modular airframe components 

that populate the “parent” and “child” variants in the reconfigurable performance design 

framework. As the design engineer conducts first-order sizing and performance analysis 

(as it relates to mission requirements) for each variant, power and stability coefficients 

reveal the parent-variant which holds the highest demands. The propulsion and stability 

demands of the child-variant are fulfilled as a result. Several constraints make the 

parent-child variant relationship possible, namely the wing root and airframe 

components between the two configurations. The conceptual design proposed by 

Maldonado is the Switchblade, which is a fixed-wing UAV that has high-speed (HS) 

and low-speed (LS) variants that are both capable of vertical take-off and landing 

(VTOL). Reconfigurability comes by way of modular wing sets and vertical VTOL tail 

wing in addition to vertical stabilizer fins. The common fuselage between variants 

exposes the wing-root constraint, where both wing sets must share a root-airfoil shape 

as well as chord length. Compromising between mission requirements such as long 

range or endurance must be made as well as considering the stability demands of a 

blended-wing body (BWB) center body. Modularity aside, a foundational characteristic 

of broad-mission performance is the stark difference in mission requirements and cruise 

conditions between variants. As noted previously, the common fuselage and wing-root 

expose a constraint in which design considerations need to be made to accommodate. 

Wing design as it relates to planform shape and tip airfoil selection shows large 

differences between the two variants. Constraining the root airfoil and chord length, the 

wings were designed to loft linearly from the root and tip. A higher aspect ratio wing 

with thicker tip airfoils were chosen for the LS variant, lending itself to greater 



Texas Tech University, Mitchell Wilt, May 2022 

6 
 

aerodynamic efficiency (L/D). These design choices produce a high-lift wing suitable 

for missions that require longer endurance. A leading edge sweep almost three times 

greater than that of the LS variant was chosen for the HS wing, with a smaller aspect 

ratio and span 0.5 m less than the LS variant. These characteristics produce less lift-

induced drag in cruise flight best suited for high speeds (10). 
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II UCAV DESIGN 

Wing Design 

Airfoil Selection 
Airfoil selection is based on a number of factors and consideration of the flight regime 

of an aircraft as given by the cruise Mach number, Mc. Both variants encounter 

compressible flow (above M = 0.3), while the high speed variant Mc =0.85 is considered 

to operate in the transonic flow regime. The airfoils selected for this variant must 

therefore avoid the formation of local shock waves and delay the onset of drag 

divergence beyond the cruise Mach number by reducing the thickness of the airfoil and 

adding sweep to the leading edge of the wing. For both variants, the calculated design 

lift coefficient at cruise conditions must lie within the ‘drag bucket’ of the airfoil drag 

polar in order to minimize the drag coefficient and maximize the lift-to-drag, L/D ratio 

which represents the aerodynamic efficiency of the airfoil and wing. The lift coefficient 

is found with the equation 1 below,  

 

𝐶𝐶𝑙𝑙 =  
𝑊𝑊
𝑞𝑞∞ 𝑆𝑆

 (1) 

 

Historical trends have shown that a design 𝐶𝐶𝑙𝑙 value of 0.3-0.4 is common for a wide 

range of low and high subsonic speed aircraft. In choosing appropriate airfoil shapes for 

both wing sets, consideration needs to be given to the cruise Mach number and 

calculated design 𝐶𝐶𝑙𝑙 as well as the root and tip airfoils for both variants. The NACA 6-

digit family of airfoils are specifically designed for higher subsonic compressible flow 

speeds and to provide a given design lift coefficient at the maximum L/D of the airfoil. 

The breadth of this thesis did not permit time given to airfoil shape optimization, nor 

does it lie in the scope of work. The shape and leading edge of these airfoils tapers the 

magnitude of the pressure distribution across the chord from the leading edge to the 

trailing edge (11) and avoids a dramatic rise in the velocity of the flow on the suction 

surface.  
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 Airfoil selection is the first step in overcoming the primary reconfigurability constraint, 

which is the shared root airfoil. Root airfoils have shown trends to be up to sixty-percent 

thicker than the tip airfoil without large additions to aerodynamic drag partially due to 

effects from the fuselage (12). High aspect ratio wings such as those found in the LS 

variant tend to benefit from thicker airfoils, with stall being delayed at higher angles of 

attack due to a larger nose radius. Lower aspect ratio wings such as those on the HS 

variant find use in airfoils with sharper leading edges. Although separation occurs at 

these sharper edges, vortices form in highly swept back wings at the leading edge that 

are then forced back downward into the boundary layer, energizing the flow still 

attached and counteracting this drag to due to separation. Cruise conditions for the high 

speed variant will be used in selecting a root airfoil, because of higher Reynolds 

numbers in cruise and propensity to produce more drag.  

The NACA 5-digit series catalog of airfoils was chosen to select an appropriate tip 

airfoil for the high speed and low speed variants. It’s shown that base drag coefficient, 

𝐶𝐶𝑑𝑑0 trends upward with increasing thickness, in this case represented by 𝑡𝑡 𝑐𝑐�  which is 

the ratio of thickness to chord. A thinner airfoil with less camber than the root airfoil 

was chosen for the tip of the high speed variant in order to minimize base drag and 

reduce lift in the wingtip region to provide a more efficient spanwise lift distribution. 

 
1: Airfoil Data 

Variant Location Airfoil T/C Cd0 

LS Tip NACA 65-210 0.10 0.0045 

HS Tip NACA 64-208 0.08 0.009 

- Root NACA 651-412 0.12 0.01 

 

Geometry 
The design of each wing set begins by identifying the performance characteristics 

desired during cruise conditions, and other possible phases of the mission that are 



Texas Tech University, Mitchell Wilt, May 2022 

9 
 

critical to maintain flight performance. The low speed (LS) variant demands a wing that 

produces a higher lift-curve slope with a higher aspect ratio in order to maximize cruise 

efficiency and endurance. The mission of the high speed (HS) variant requires a high 

cruise speed and stall angle, akin to that of a fighter jet which it would accompany. In 

fulfilling these demands the first variable to consider is the aspect ratio, 𝐴𝐴 = 𝑏𝑏2

𝑆𝑆
. A high 

aspect ratio wing produces more lift per unit area, and has favorable performance in 

combating induced drag, 𝐶𝐶𝐷𝐷𝑖𝑖 = 𝐶𝐶𝑙𝑙2

𝜋𝜋𝜋𝜋𝜋𝜋
= 𝑘𝑘𝐶𝐶𝑙𝑙2. However, a low aspect ratio wing can be 

designed with considerably higher leading-edge sweep and will delay the stall angle of 

attack by inducing flow over the suction (top) surface of the wing from wingtip vortices. 

Moreover, highly swept wings generate a low form factor which reduces total drag. 

These attributes are desired for a high-speed aircraft.  

Wingtip vortices are created when high pressure air on the underside of the wing escapes 

around the tip and is induced into the low pressure flow across the upper surface. This 

mechanism produces vorticity or rotating flow which appears as vortices that are shed 

from the wingtip and lead to a dramatic disruption in the pressure distribution as well 

as increased induced drag.  This disrupted pressure distribution lowers the pressure 

difference between the lower and upper surfaces of the wing leading to lower lift 

produced. The longer wingspan of the high aspect ratio wing by nature creates a larger 

distance between wing tips, thus reducing the wing area that is affected by wing tip 

vortices. In contrast, a lower aspect ratio wing of the same wing area will experience 

more intense wingtip vortices due to the higher chord length at the wing tip and thus lift 

per-unit span The Oswald Span Efficiency Method is used to account for induced drag 

assuming a non-ideal lift distribution, or non-elliptic. This is accomplished by 

introducing the Oswald efficiency factor, e which for subsonic and transonic cruise 

conditions is approximated as 0.85. The mission profile that is required of the HS variant 

would demand a higher stall angle, which can be described as the angle of attack that 

corresponds with the inflection point of the lift-curve slope 𝑑𝑑𝐶𝐶𝑙𝑙
𝑑𝑑𝑑𝑑

, where 𝛽𝛽 = �1 −𝑀𝑀𝜋𝜋𝑒𝑒𝑒𝑒
2. 
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𝑑𝑑𝐶𝐶𝑙𝑙
𝑑𝑑𝑑𝑑

=  
2𝜋𝜋𝐴𝐴

2 + �4 + (𝐴𝐴𝛽𝛽)2 �1 +
tanΛ𝑡𝑡/𝑐𝑐

2

𝛽𝛽2 �

 
(2) 

 

It can be shown by plotting this equation that a lower aspect ratio will decrease 𝑑𝑑𝐶𝐶𝑙𝑙
𝑑𝑑𝑑𝑑

, and 

experimentally moves the inflection point and peak of the curve to a higher angle of 

attack. Historical trends were used to determine a baseline aspect ratio and iterated until 

suitable cruise performance can be assumed (12). The wing sweep of each wing set can 

be visualized as the angle the leading edge of the wing makes to a projected horizontal 

line normal to the center of the fuselage. This sweep angle is critical in determining the 

effective Mach number 𝑀𝑀𝜋𝜋𝑒𝑒𝑒𝑒. The effective Mach number describes the flow normal to 

the leading edge of the wing, found by 𝑀𝑀𝜋𝜋𝑒𝑒𝑒𝑒 =  𝑀𝑀𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜋𝜋 cosΛ𝐿𝐿𝐿𝐿. Two dimensional 

compressible flow theory shows that there is a subsonic free stream Mach number at 

which the flow over the airfoil reaches sonic speeds locally, called the critical Mach 

number 𝑀𝑀𝑐𝑐𝑐𝑐. If the free stream Mach reaches 𝑀𝑀𝑐𝑐𝑐𝑐 for a given airfoil shape, there is 

potential for weak shock waves to form locally. These weak shock waves produce an 

adverse pressure gradient on the surface of the airfoil, partially separating the boundary 

layer and contributing to wave and pressure drag. The primary constraint in the 

reconfigurability concept is the common root airfoil shared by both wing sets, and 

optimized for both wing sets at vastly different cruise conditions while also sharing a 

similar wing thickness close to the fuselage. High aspect ratio wings at lower cruise 

speeds benefit from thicker airfoils to delay stall, while low aspect ratio wings at high 

speeds with thin airfoils are desirable to reduce form drag. With these thickness and root 

chord length values being relatively equal, sweeping the wing for the HS variant 

becomes an optimal solution. From sweeping the wing in a dramatic fashion for the HS 

variant, the components of the flow across the wing can be characterized as those normal 

and parallel to the leading edge, 𝑉𝑉∥ and 𝑉𝑉⊥. Using the graphic below, it can be seen that 

the contribution of 𝑉𝑉∥ can be neglected and 𝑉𝑉⊥ contributing as the effective Mach 



Texas Tech University, Mitchell Wilt, May 2022 

11 
 

number across the wing. Thus by varying the wing sweep between variants, the 

geometric characteristics at the root are maintained. 

 
1: Wing Sweep Effect on Mach Number 

2: Wing Geometry 

Variant Span, b 
[m] 

Wing Area, S 
[m2] 

Aspect 
Ratio, A 

Leading 
Edge 
Sweep, Λ 
[deg] 

Taper Ratio, 
λ 

LS 8.50 9.75 7.425 15 0.45 
HS 4.24 4 4.5 45 0.25 

 

V-Tail Design 
Two elements that drive the design for the tail configuration are stability in maneuver 

and drag reduction. The fuselage of the UCAV takes the form of a modified blended-

wing body (BWB), which historically are not outfitted with a horizontal tail 

configuration in favor of vertical stabilizers or no tail at all (13). The tail configuration 

also provides supplementary control surfaces to the main wing. The choice of a v-tail 

configuration was founded primarily on reducing interference drag. In opposition to a 

conventional T shaped tail with two horizontal surfaces and one vertical, the v-tail has 

only two. The driving parameters for any tail configuration are the horizontal and 
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vertical wetted areas S, and angle between the tails Г. Wetted surface areas are 

decided based from historical trends and computed values (12) are listed in table 2.3 

3: V-tail Geometry 

Moment 
Arm, [m] 

Aspect 
Ratio 

Wetted Area 
,[m2] 

Span, [m] Separation 
Angle, [deg] 

2.52 1.20 0.947 0.753 45 

 

 

Fuselage 
The fuselage component of the UCAV design does not share the same restraint as the 

wing geometries, so the primary considerations made are shape and size. An airfoil 

shape is considered for the profile geometry of the center body. A larger radius 

towards the leading edge is desired for future considerations of an inlet or room for 

internal components. A flat bottom would allow more freedom for internal component 

configuration, as well as a reflexed shape to counter-act the negative pitching moment 

produced by the wings. With those considerations made, the Eppler 335 airfoil was 

selected, with details given in table 2.4. A blended-wing body geometry shows 

favorable aerodynamic characteristics compared to traditional tube style shapes. The 

center body of a blended-wing configuration contributes as lifting surface of the 

airplane, reducing overall wing loading and maximizing internal volume (13). Solid 

works parametric CAD software was using to create the center body geometry with 

the Eppler 335 airfoil maintaining the cross sectional profile, and spline curves. 

4: Fuselage Airfoil Data 

Airfoil Thickness,% Camber,% 
Eppler-335 12.6 2.3 
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Propulsion 
The selection of the propulsion system is largely based on the maximum and cruise 

performance requirements of an aircraft. For a reconfigurable UAV with multiple 

variants, the variant with the highest propulsion demands is designated as the parent 

variant, from which the propulsion selection and analysis can be completed. Both 

variants share a common fuselage and V-tail configuration, with a separate wing design 

for the low speed (LS) and high speed (HS) variant. The base drag coefficient associated 

with the HS variant is around 3% higher than the LS variant at cruise, primarily being 

attributed to the higher skin friction coefficient of the HS variant compared to the LS 

variant. This can be seen by 𝐶𝐶𝐷𝐷0 = 𝐶𝐶𝑓𝑓𝑆𝑆𝑤𝑤𝑤𝑤𝑤𝑤𝐹𝐹𝐹𝐹
𝑆𝑆

 where 𝐶𝐶𝑒𝑒𝑤𝑤𝑡𝑡𝑡𝑡𝑡𝑡 = 0.455
log (𝑅𝑅𝜋𝜋)2.58 is the turbulent 

2: High Speed (left) and Low Speed (right) CAD models - Isometric View 

3: High Speed (left) and Low Speed (right) CAD Models – Top View 
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skin-friction approximation for Re over one million, assuming a Blasius flat plate 

boundary layer. Together with the higher base drag coefficient and cruise speed, the HS 

variant produces a drag of 1884 N which is approximately 17% more drag than the LS 

variant. The required thrust is obtained from the total drag, where thrust is assumed 

equal to drag in steady cruise. Therefore, the HS variant is designated as the parent 

variant. Thrust requirements for the child LS variant, since it is lower, is self-satisfied 

by the HS parent-variant. A single turbofan engine was selected as the propulsion 

platform. The F404 manufactured by General Electric was identified as an engine with 

suitable thrust capabilities as well as reference information. Engine scaling methods 

were done using semi-empirical calculations provided by Corke (14) and shown below. 

Overall, the length and weight of the F404 reference engine were reduced by almost 

fifty percent. Reference thrust values, 𝑇𝑇𝑐𝑐𝜋𝜋𝑒𝑒 is considered sea-level thrust corrected for 

cruise altitude and Mach number. 

 

5: Engine Scaling 

 
𝐷𝐷

= 𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟 �
𝑇𝑇𝑟𝑟𝑟𝑟𝑞𝑞
𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟

�
1/2

[𝑖𝑖𝑖𝑖] 

𝑇𝑇𝑇𝑇𝑇𝑇

= 𝑇𝑇𝑐𝑐𝜋𝜋𝑒𝑒𝑇𝑇𝑇𝑇 �
𝑇𝑇𝑐𝑐𝜋𝜋𝑟𝑟
𝑇𝑇𝑐𝑐𝜋𝜋𝑒𝑒

� [𝑙𝑙𝑙𝑙𝑟𝑟] 

�̇�𝑚

= �̇�𝑚𝑐𝑐𝜋𝜋𝑒𝑒 �
𝑇𝑇𝑐𝑐𝜋𝜋𝑟𝑟
𝑇𝑇𝑐𝑐𝜋𝜋𝑒𝑒

� �
𝑙𝑙𝑙𝑙𝑚𝑚
𝑠𝑠
� 

𝑊𝑊𝑇𝑇𝑇𝑇[𝑙𝑙𝑙𝑙𝑟𝑟] �
𝑇𝑇
𝑊𝑊
�
𝑇𝑇𝑇𝑇

 

18 2909 38.62 2800 1.039 
 
 

Loads and Static Stability 
Static load distributions across the fuselage were analyzed to establish a static margin. 

Components listed in the table 2.6 below are distributed across the fuselage where they 

are normalized and averaged as point loads. The UCAV longitudinal stability faces the 

same constraint as the wing design, which is that both variants share a wing root chord 

position. Despite having the same point load distribution across all components inside 

𝑇𝑇𝑐𝑐𝜋𝜋𝑟𝑟
= 𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑙𝑙[𝑙𝑙𝑙𝑙𝑟𝑟] 

𝑇𝑇𝑐𝑐𝜋𝜋𝑒𝑒[𝑙𝑙𝑙𝑙𝑟𝑟] 𝑇𝑇𝑐𝑐𝜋𝜋𝑟𝑟
𝑇𝑇𝑐𝑐𝜋𝜋𝑒𝑒

 𝑊𝑊

= 𝑊𝑊𝑐𝑐𝜋𝜋𝑒𝑒 �
𝑇𝑇𝑐𝑐𝜋𝜋𝑟𝑟
𝑇𝑇𝑐𝑐𝜋𝜋𝑒𝑒

� [𝑙𝑙𝑙𝑙𝑟𝑟] 

𝐿𝐿

=  𝐿𝐿𝑐𝑐𝜋𝜋𝑒𝑒 �
𝑇𝑇𝑐𝑐𝜋𝜋𝑟𝑟
𝑇𝑇𝑐𝑐𝜋𝜋𝑒𝑒

�
1/2

[𝑖𝑖𝑖𝑖] 

810 3062 0.264 593 82 
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the fuselage, the weight of the LS wing set is more than double that of the HS variant, 

placing the longitudinal center of gravity 𝑥𝑥𝐶𝐶𝐶𝐶 =
∑�𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐𝜋𝜋𝑐𝑐𝑡𝑡 𝑤𝑤𝜋𝜋𝑐𝑐𝑤𝑤ℎ𝑡𝑡 ∙ 𝑥𝑥 �𝑝𝑝𝑝𝑝𝑖𝑖𝑝𝑝𝑤𝑤 𝑙𝑙𝑝𝑝𝑙𝑙𝑙𝑙 ∙ 𝐿𝐿�

∑𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐𝜋𝜋𝑐𝑐𝑡𝑡 𝑤𝑤𝜋𝜋𝑐𝑐𝑤𝑤ℎ𝑡𝑡
 closer 

to the tail. The wing center of pressure was found using graphical methods, and the 

mean aerodynamic chord (MAC) by 𝑀𝑀𝐴𝐴𝐶𝐶 =  2
3
𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡

1+𝜆𝜆+𝜆𝜆2

1+𝜆𝜆
. The static margin is a 

measure of longitudinal stability, which for the LS variant, 𝑆𝑆𝑀𝑀 =  𝑥𝑥𝐶𝐶𝐶𝐶−𝑥𝑥𝐶𝐶𝐶𝐶
𝑀𝑀𝜋𝜋𝐶𝐶

= 0.03, and 

for the HS variant, SM =0.424. The low positive values indicate that the UCAV variants 

have a marginal amount of positive longitudinal stability, typical of maneuverable 

fighter aircraft.  

6: Load Summary 

𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳 𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻 𝑴𝑴𝑳𝑳𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑳𝑳𝑻𝑻 [𝒍𝒍𝒍𝒍] 𝒙𝒙�𝒔𝒔𝑴𝑴𝑳𝑳𝒔𝒔𝑴𝑴 𝒙𝒙�𝑻𝑻𝑴𝑴𝑳𝑳 

 
 
 
𝒙𝒙�𝑻𝑻𝑳𝑳𝑴𝑴𝑴𝑴𝑴𝑴 𝒍𝒍𝑳𝑳𝑳𝑳𝑳𝑳 

 
 
 
𝑴𝑴𝑳𝑳𝑴𝑴𝑻𝑻𝑴𝑴𝑴𝑴 [𝒍𝒍𝒍𝒍 ∙ 𝒇𝒇𝑴𝑴]  

    
  

Fuel 834 0.3 0.44 0.37 -128.277 
Payload 600 0.08 0.26 0.17 -212.286 
Structure 1365.6 0 1 0.5 -32.5143 
Engine 780 0.65 0.97 0.81 223.229 
Wing Struct. 945 0.617 0.643 0.63 100.35 
Tail Struct. 53.795 0.8 1 0.9 20.2372 

    
Moment 
Sum: -29.2614 
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III CFD SIMULATIONS 
Analytical calculations and empirical or historical data has been the primary means of 

determining low-fidelity results of aerodynamic performance, sizing and loading. 

Computational Fluid Dynamics (CFD) techniques provide a more accurate picture of 

those characteristics determined previously. They serve as a middle step between 

initial calculations and wind-tunnel testing (5). The scope of this thesis does not 

involve the use of wind tunnel testing however it is an integral part of the aircraft 

design process. Wind tunnel testing provides the most accurate measure of 

aerodynamic data, especially for separated flows (16). CFD software platforms 

simulate heat, mass and momentum transfer phenomena using discretized flow 

domains. These phenomena are modeled using their respective governing equations 

and solved numerically (22). The CFD software used for this thesis is Ansys Fluent. 

Geometry 
The variant geometry must be prepared adequately prior to the meshing discretization 

that follows building the fluid domain. CAD software like the ones used in this design 

have the potential to produce infinitesimally thin edges, skewing mesh cells and 

increasing mesh computation times (19). A variable fillet was applied to each wing set 

along the trailing edge and the edge that follows the back side of the fuselage to the 

tail. Meshing times aside, this practice also best represents the aircraft after 

manufacturing. Half of the full UCAV platform was used for each variant geometry 

during CFD validation, the goal of which is to reduce the computational cost of 

meshing and solving. 

 

The extent of the domain shows variation in calculated lift and drag values, variable 

with body lengths in front of and behind the aircraft (19). Researchers have 

recommended that 50 body lengths separate the fuselage and the inlet and outlet of the 

flow domain. Ansys licensing for this particular set up did not permit more than 25 

body lengths, which resulted in 160 feet in front of and behind the fuselage shown in 
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figure 3.1. The cross section of the fluid domain models a half-ellipse, creating a bullet 

shape in three dimensions. Half geometries were used to reduce computational 

expense of meshing the fluid domain and solving. 

 
4: CFD Fluid Domain 

 

Meshing 
Finite volume methods are used to discretize the fluid domain created by the 

geometry, this is done by Ansys FLUENT software specifically the watertight 

geometry workflow. Varying shapes are available to use as the control volumes, a 

combination of polygonal and hexagonal were chosen for these simulations for 

accuracy and speed of solving time (22). The entire domain is broken down into small 

control volumes, or mesh cells, for the governing equations to evaluate. Mesh cell size 

was varied throughout and decided by how important flow activity is rated in that 

region. Across the lifting surfaces, it is recommended that at least 100 cells were 

placed in the chordwise direction (23). For the sake of reducing steps the smallest 

chord length, cr was used as the cell size to cover the entire UCAV geometry. This 

face sizing has been proven by Goetten et al by mesh independence studies as 
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adequate (18). Both variants averaged 6 million cells in the fluid domain, with details 

shown in table 3.1. 

7: Mesh Cell Sizes 

Variant Min. Cell Size [m] Target Cell Size [m] Max Cell Size [m] 

LS 0.0005 0.007 5 

HS 0.0005 0.003 5 

 

 
5: Fuselage Mesh 

Turbulence Model 
High Reynolds number flow regimes such as the UCAV in cruise conditions (Re > 

1x106) can be considered entirely turbulent, which can be accounted for via several 

models in Ansys Fluent. Two very common turbulence models are the κ-ϵ and κ-ω 

formulations, which use the addition of a turbulent dynamic viscosity term μT to close 

the Reynolds Averaged Navier-Stokes (RANS) equations (25). Solving for μT close to 

the wall in the viscous sublayer of the boundary layer is computationally expensive 

and typically requires a very fine mesh in the region. The Spalart-Allmaras (SA) 

turbulence model was chosen to model the turbulence of these simulations. The SA 

model has seen use in the past couple decades in the aerospace industry for modeling 

external flows prior to wind tunnel testing. The one equation model (eq. 4) solves for a 
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new kinematic viscosity term, 𝜈𝜈� = 𝜈𝜈𝑇𝑇
𝑒𝑒𝑣𝑣1

=
𝜇𝜇𝑇𝑇 𝜌𝜌�

𝑒𝑒𝑣𝑣1
 where 𝑟𝑟𝑣𝑣1 is a viscous dampening 

function (24). 

 
𝜕𝜕𝜈𝜈�
𝜕𝜕𝑡𝑡

+ ∇ ∙ (𝑢𝑢𝜈𝜈�) = 𝑐𝑐𝑏𝑏1𝑆𝑆𝜈𝜈� +
1
𝜎𝜎

[∇ ∙ (𝜈𝜈𝜈𝜈�)∇𝜈𝜈� + 𝑐𝑐𝑑𝑑2(∇𝜈𝜈�)2] − 𝑐𝑐𝑤𝑤1𝑟𝑟𝑤𝑤 �
(𝜈𝜈�)
𝑑𝑑
�
2

 (4) 

Case Setup 
Compressible flow conditions were assumed for both LS and HS cases and accounted 

for when defining the simulation flow physics. Constant density cannot be assumed 

for external flow Mach numbers exceeding 0.3, where ratios between static density 

and flow density begin to rise above one (26). This relationship can be seen by 

equation 5 and plotted by figure 3.3 where M is the Mach number and γ is the ratio of 

specific heats. To combat this, density was modeled assuming the air is an ideal gas 

and dynamic viscosity defined using Sutherland’s Law (eq 6). Where 𝜇𝜇𝑐𝑐𝜋𝜋𝑒𝑒 =

1.716𝑥𝑥10−5 𝑘𝑘𝑤𝑤
𝑐𝑐∙𝑐𝑐

, 𝑇𝑇𝑐𝑐𝜋𝜋𝑒𝑒 = 273.15 𝐾𝐾 and 𝑆𝑆 = 110.56 𝐾𝐾. 

 
6: Mach Number Compressibility Effects 

 

𝜌𝜌0
𝜌𝜌

= �1 +
𝛾𝛾 − 1

2
𝑀𝑀2�

1
𝛾𝛾−1�

 (5) 
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𝜇𝜇 = 𝜇𝜇𝑐𝑐𝜋𝜋𝑒𝑒 �
𝑇𝑇
𝑇𝑇𝑐𝑐𝜋𝜋𝑒𝑒

�
3
2� 𝑇𝑇𝑐𝑐𝜋𝜋𝑒𝑒 + 𝑆𝑆
𝑇𝑇 + 𝑆𝑆

 (6) 

 

Inlet and outlet boundary conditions were set as pressure far-fields, with parameters of 

Mach number (0.5 and 0.85 for LS and HS, respectively) and gauge pressure of 29.8 

kPa. Flow direction was broken down into cartesian components which varied based 

on the angle of attack 𝑢𝑢𝑥𝑥 = 𝑢𝑢∞ cos𝑑𝑑, 𝑢𝑢𝑦𝑦 = 0 and  𝑢𝑢𝑧𝑧 = 𝑢𝑢∞ sin𝑑𝑑 where 𝑑𝑑 is the angle 

of attack. 

Each variant was simulated flying at cruise speed (MLS=0.5; MHS=0.85) through 

angles of attack ranging from -2 degrees through 10. Although most of these angles 

are outside the potential cruise conditions for either variant, it produces a volume of 

data necessary to formulate the lift-curve slope and drag polar plots. Forces acting in 

the unit normal directions were found in the X and Z directions, and aerodynamic 

forces acting axially and normally to the free stream are calculated by equation 7 and 8 

(26). 

L = N cos𝑑𝑑 − 𝐴𝐴 sin𝑑𝑑 (7) 

D = N sin𝑑𝑑 + 𝐴𝐴 cos𝑑𝑑 (8) 
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IV RESULTS AND DISCUSSION 
Creating non-dimensional lift CL and drag CD coefficients after the CFD simulations 

resulted in some interested discoveries on the aerodynamic performance of the UCAV. 

The LS variant drastically outperforms the HS variant in regard to aerodynamic 

efficiency, which can be judged by the ratio of peak lift to drag. A high aspect ratio 

wing is expected to produce more lift, without dramatic consequences suffered by 

wing-tip vortices. No major changes to the wing geometry or airfoil selection are 

necessary. Results of this can be seen graphically in figure [FIGURE].  

 
Predictions made using analytical calculations prior to CFD testing showed that the 

design lift-curve slope, 𝐶𝐶𝐿𝐿,𝑑𝑑=0.0514 for the HS variant. Results from the simulation 

show a much higher slope at 𝐶𝐶𝐿𝐿,𝑑𝑑= 0.0921, a difference of 44.1%. These large drag 

values are addressed later. Modifications to the planform geometry of the wing can be 

made, recalling the analytical equation for 𝐶𝐶𝐿𝐿,𝑑𝑑, and reducing the aspect ratio. Low 

aspect ratio wings, shown by a lower 𝐶𝐶𝐿𝐿,𝑑𝑑 will tend to stall at a higher angle than a 

higher aspect ratio wing such as the LS variant. 

8: Simulated and Analytical Lift Coefficient and Lift-curve Slope 

  Simulated Analytical % Difference 
LS lift curve slope 0.086 0.074 14.4% 

LS Lift Coeff 0.531 0.407 23.4% 

HS lift curve slope 0.092 0.051 44.1% 

HS Lift Coeff 0.348 0.310 10.9% 
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7: Lift Curve Slope 

 

 
8: Lift to Drag Ratio 
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9: Drag Polar 

 

Observations of the Mach and Pressure contours on the upper surface of the HS wing 

show a normal shock wave that stretches in the spanwise direction, parallel to the 

leading edge of the wing, pictured in figure 3.7 and figure 3.8. 

 

 
10: HS Mach Number Contour 
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11: HS Pressure Coefficient Contour 

 

By examination of figure 3.8 it can be seen that there is a dramatic increase in static 

pressure immediately following the shock wave. The initial design method to mitigate 

this is by sweeping the wing, reducing the effective Mach number and increasing the 

critical Mach number in cruise. However by inspection of the Mach contour, the flow 

speed accelerates beyond cruise (M = 0.85). There are two potential culprits that 

require future investigation. 

When lofting the wings using CAD software, the two lofting planes that represented 

the root and tip airfoils lie parallel to the flow direction. During lofting, all airfoil 

shapes lie in the same direction between the two parallel planes. In essence the free 

stream is flowing over the airfoil at an angle of 0 degrees. Recalling the equation for 

effective Mach number 𝑀𝑀𝜋𝜋𝑒𝑒𝑒𝑒 =  𝑀𝑀𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜋𝜋 cosΛ𝐿𝐿𝐿𝐿, at an angle of 0 degrees would 

negate a portion of the effect of wing sweep. 

The NACA 5 and 6 series of airfoils were chosen with varying thickness and camber 

for the wings, however tip airfoils may need to be considered. Supercritical airfoils are 

specifically designed to minimize wave drag caused by shock wave formation by 
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forming a flat top surface. Flow separation after the shock wave shows accelerates 

drag production, shown by the high drag values in figure 3.5 (27). More attention 

given to correct the HS variant, as the LS performs exactly as predicted at max L/D.  
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CONCLUSION 
The conceptual design of mult-flight regime unmanned combat aerial vehicle was 

performed, with the purpose of using a single platform to perform in vastly different 

flow regimes. This reconfigurable design accomplishes this by the use of modular 

wing sets designed to fly at peak aerodynamic performance in their respective cruise 

speeds. A low speed variant which flies in cruise at M = 0.5 is fitted with a high aspect 

ratio wing, capable of producing a large amount of lift and performing optimally, 

maximizing range and efficiency. This was validated by CFD data, showing that the 

experimental maximum lift-to-drag ratio coincides with the analytical lift coefficient. 

A high-speed variant was designed to fly at M = 0.85 during cruise, well into the 

transonic flow regime. The high speed wing was highly swept back to avoid normal 

shock formation on the top of the wing. CFD simulations show that normal shock 

waves form, drastically increasing the static pressure towards the trailing edge of the 

wing. Future work to resolve this includes orienting the wing lofting to reflect the 

leading edge sweep. Airfoil selection is under review as well, with the potential to 

investigate supercritical airfoils. Shock wave interactions at the boundary layer will be 

investigated, noting changes in flow properties in this area. 

Special care needs to be given to shock wave formation during the conceptual design 

phase. The transonic flow in the free stream is quickly accelerated, leading to shock 

formation and large increases in drag. 
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