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 The conceptual design of hypersonic air vehicles relies on computational methods to 
produce estimates of aerodynamic, structural, thermal protection, and propulsion design 
requirements. Solving the design optimization problem presented by these competing 
requirements using traditional low-fidelity vehicle models and flow simulations is inadequate 
because these models and flow simulations represent the underlying physics of the combined 
disciplines too poorly to be dependable. In order to assess the potential of using physically-
accurate flow simulation tools and high-resolution geometry modeling tools in the conceptual 
design stage, the sensitivity of a hypersonic air vehicle's lift-to-drag ratio to geometric variations 
was calculated using a computational framework developed for this project. The framework is 
unique in its integration of modern design tools such as parametric vehicle geometry models, 
Eulerian flow simulations with automated volumetric mesh generation and refinement, Kriging 
response surface generation, and global sensitivity analysis. The sensitivity of a hypersonic 
vehicle’s lift-to-drag ratio to changes in two planform parameters was completed and 
demonstrated the capabilities of the framework to perform global sensitivity analyses. When the 
design space was extended to nine geometric parameters, the initial application of the framework 
failed and the results of the global sensitivity analysis were inconclusive. The global sensitivity 
analysis failed due to the sparse sampling of the design space, the large range of each design 
parameter, the large interaction effects between design variables caused by the non-linearities of 
hypersonic flow, and the interpolation imposed by the Kriging response surface in a case with 
greater design parameter interactions than were expected. 

 

Keywords: hypersonic, sensitivity analysis, Cart3D, OpenVSP, Kriging 
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Nomenclature 
 
AFRL   Air Force Research Laboratory 
a∞ Freestream speed of sound, 

a RT�� ��  
b  Wing span 
c  Chord length 
cr  Root chord length 
CAD  Computer aided design 
Cart3D   CFD software  
CFD  Computational fluid dynamics 

LC   Coefficient of lift, L
LC

q S�
�  

,LC �   Lift-curve slope, LC
�

�
�

 

D  Drag force 
GHV  Generic Hypersonic Vehicle 
GUI   Graphical User Interface 
HiFire Hypersonic International Flight 

Research Experimentation 
Program 

L  Lift force 
L/D  Lift-to-drag ratio 
LHS   Latin hypercube sampling 
MATLAB Matrix Laboratory, a numerical 

programming language 
M∞ Freestream Mach number, 

M V
a�
�

�

�  

OpenVSP Open Vehicle Sketch Pad 
q∞ Freestream dynamic pressure,

21
2

q V��� ��  

R  Specific gas constant 
S  Planform reference area 
Si First-order sensitivity index for 

the ith model parameter 
STi  Total sensitivity index for the ith 

model parameter 
T∞  Freestream temperature 
V∞  Freestream velocity 
α  Angle of attack 
Γ  Dihedral Angle 
γ  Ratio of specific heats 
θ Kriging response surface 

smoothing parameter 
θ  Wing mounting angle 
ρ∞  Freestream density 
φ  Fin rotation angle 
 
Subscript 
0  Baseline parametric value 
f  Fin parameter
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1) Introduction 

a) Background and Motivation 
 
 Research into hypersonic air vehicles is being undertaken in the United States, Europe, 

and elsewhere owing to the promise of allowing routine and inexpensive access to space [1].1 

Additionally, the U.S. military is also looking towards hypersonic air vehicles as a means to 

strike time-dependent targets before they are hidden away [2]. However, various technical 

challenges in vehicle systems such as control, structure, and propulsion continue to impede the 

development of practical hypersonic air vehicles that can perform routine operations. The 

individual challenges of each of these systems are compounded by interactions between these 

systems, e.g. the interaction of the structural system and the propulsion system in the vehicle’s 

engine mounting. These interactions have two effects on the design of the air vehicle. First, the 

interactions of air vehicle systems lead to conflicting constraints for a proposed vehicle design. 

For example, while one design may meet a specified aerodynamic performance objective that 

same design may fail to meet a second structural objective. Second, the interaction of these 

systems can lead to unanticipated phenomena later in the development cycle that result in cost 

overruns or catastrophic failures in full-scale tests. 

Overcoming both of these challenges requires the use of design methods that provide the 

designer with detailed information to aid in the ranking of design factors by their impact on the 

vehicle’s performance [4]. High-resolution flow simulation schemes in the form of modern CFD 

(computational fluid dynamics) tools provide the designer with more detailed and accurate 

foresight of performance throughout the flight envelope. Global SA (sensitivity analysis) 

                                                 
1 Hypersonic refers to flight above five times the speed of sound. For reference, the SR-71 Blackbird, the fastest 
manned airbreathing typically flew at three times the speed of sound. 
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methods provide the designer with a means to rank design factors based on upon their influence 

on the vehicle design. This factor ranking provides partial solutions to both of the 

aforementioned problems by providing the designer with deeper insight into the vehicle’s 

characteristics. Both methods provide specific advantages to solving the problems of conflicting 

design constraints and predicting otherwise unanticipated phenomena. 

In the case of conflicting design constraints, factor ranking provides the designer a means 

to identify which factors should be optimized in order to achieve the performance objectives. 

Factor ranking addresses unanticipated phenomena by providing the designer a means to identify 

which factors play a large role in the vehicle’s performance and may need to be constrained in 

later designs to avoid undesirable operating characteristics. However, factor ranking from 

sensitivity analysis based on a low-fidelity model might be misleading, especially when the 

design cruise condition is hypersonic. Strong shock waves, real gas effects, and high thermal 

loads that are missed by the simulations will result in poorly optimized and possibly dangerous 

designs.   

High-resolution flow simulations must be carried out along with factor ranking to provide 

a solution to the problems of vehicle optimization with conflicting design constraints and 

avoiding unanticipated phenomenon. In the case of conflicting design constraints, high-

resolution flow simulations provide the capability to assess designs not so severely hampered by 

the limitations or assumptions inherent to low-fidelity flow simulations. This affords designers 

more flexibility to explore novel vehicle designs early on, and thereby improve the chance of 

uncovering configurations that offer better performance. High-resolution flow simulations also 

allow the designer to model complex flow physics that may reveal unanticipated phenomena 

before these phenomenon force costly design changes. 
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Factor ranking and high resolution flow simulations are not new aerospace design tools; 

however, they commonly are not combined for studying conceptual air vehicle designs due to 

conceptual designs requiring the assessment of possibly thousands of design trade studies. 

Typically this volume of design trade studies are managed through rules-of-thumb, low-fidelity 

flow simulations, and coarse vehicle models. 

 Rules-of-thumb accommodate the numerous design iterations in the conceptual design 

phase by allowing many designs to be analyzed in a short amount of time [5]. In this context, 

rules-of-thumb refer to aerodynamic performance models based upon distillations of data 

obtained over the years through wind tunnel tests and flight tests. For example, a well-known 

rule-of-thumb from aerospace engineering is the area rule, which comes in transonic and 

supersonic versions [6].2 The transonic area rule states that the cross-sectional area of an air 

vehicle should vary smoothly from fore to aft in an effort to reduce drag as the speed of sound is 

approached. The supersonic version is similar in form, but involves projections of the cross-

sectional area in an effort to reduce wave drag that arises only at supersonic velocities. Rules-of-

thumb, such as the area rule, are often amalgams of empirical knowledge and conceptual insight 

into the underlying flow physics, but they do not provide the quantitative physics-based 

information necessary for optimizing the aerodynamic configuration of a particular design in 

order to achieve new performance capabilities. Additionally, when rules-of-thumb are used to 

extrapolate beyond their historical bases, they can fail without warning [7].  

Low-fidelity computational models can provide a broader range of applicability and more 

detailed information than rules-of-thumb, as well as more timely simulations than physics-based 

models. A hypersonic example of a low-fidelity model is the modified Newtonian sine-squared 
                                                 
2 Transonic flight is the region from approximately 0.8 to 1.0 times the speed of sound. Supersonic flight is the 
region from one to five times the speed of sound. 
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model. While this model admits rapid solutions, it is not based upon the differential equations 

that are accepted to represent a fluid’s flow, but upon a somewhat misguided physical model that 

happens to approximately match the actual flow results observed at high hypersonic speeds [8]. 

Furthermore, the Newtonian model is only justified for simple shapes [9]. Low-fidelity models 

are justified only in the benign operating regimes in which the physics is simple enough to admit 

mathematically convenient simplifications, such as ideal flow models of low speed aerodynamics 

or high hypersonic speeds around simple shapes. 

Although they may provide faster computational solutions, the restricted validity of rules-

of-thumb and low-fidelity models commonly result in new vehicle designs that tend to be deviate 

only slightly from previous designs; consequently, the drawbacks of the old designs become 

incorporated into the new design. These tools’ restricted validity has two related and potentially 

unfortunate consequences for the design of hypersonic vehicles: (1) extrapolation from previous 

design configurations is relatively poorly informed in the early design stages and therefore risky, 

and (2) design choices are biased against innovative configurations and designs which may 

provide advances towards the objectives of hypersonic flight.  

 Conceptual design of hypersonic vehicles using computational models has been pursued 

primarily using coarse vehicle models. An example of a coarse vehicle model used in previous 

work can be found in Ref. 10. Such models are not representative of an operational vehicle and 

therefore lack sufficient geometric detail to accurately predict the practical performance of 

realistic configurations [10-12].  

These design studies, while assessing the interaction of structural, aerodynamic, and 

aerothermal design of a vehicle, neglect the physical fidelity of the vehicle and computational 

models used in favor of producing results in a timely manner [12]. This neglect is merely a 
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product of the computational tools available at the time the previous work was completed. New 

computational tools can combine the rapid parametric design surveys of previous works with 

more accurate and dependable physics-based simulations. This is the main purpose of the present 

study. 

Typical design studies of hypersonic vehicles rely upon rules-of-thumb, low-fidelity flow 

simulation tools, and coarse vehicle models. The use of these tools can lead to design decisions 

being made that may not be able to assess the aerodynamic interactions among the whole range 

of design variables, thereby limiting the knowledge available to the designer when the design is 

subject to conflicting constraints. Additionally, the use of low-fidelity tools can lead to 

unanticipated phenomena occurring later in the design process, possibly after prototype 

production and testing has already begun.  Reducing the shortcomings and pitfalls inherent to the 

design tools used for hypersonic air vehicle design is an essential step towards overcoming the 

technical challenges associated with hypersonic flight. Doing so will support the practical goals 

of designing less expensive and more dependable hypersonic air vehicles. 

b) Purpose 

The purpose of this research was to determine the feasibility of integrating high-fidelity 

geometry modeling tools and physically-accurate flow simulations in the conceptual design of air 

vehicles. The feasibility of these tools was evaluated by performing a global sensitivity analysis 

of the vehicle’s aerodynamics to changes in the vehicles geometry.  
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2) Methodology 
To achieve the technical goals of this research, a framework was developed that was 

capable of rapidly translating changes in a vehicle’s geometry to changes in the vehicle’s 

aerodynamic performance. The framework consisted of four components as shown in Figure 1. 

 

 

The framework was designed to require as little human intervention as possible at all 

stages including design space generation, volumetric mesh generation, and flow solution 

convergence monitoring. The framework was designed to avoid any expectation of the user 

having expertise in the fields of mesh generation or flow simulation. Additionally, the 

framework was developed to use open source software where feasible to avoid costly licensing 

issues. The framework was also developed to allow future integration with other analysis tools 

such as finite element modeling or aerothermal modeling. 

a) Detailed Vehicle Geometry Modeling 
 
 The creation of a large design space of high-resolution geometry models is crucial to the 

performance of sensitivity studies of sufficient detail. High resolution geometry models, as 

Figure 1. Sensitivity analysis framework overview 
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opposed to coarse geometry models, are necessary to capture the detail of a proposed design in 

order to compute more accurate flow solutions later in the framework. 

 OpenVSP was used to create the vehicle models and design space [14]. OpenVSP is an 

open-source parametric geometry modeler designed for the Windows operating system capable 

of generating high-resolution models capable of export to computational fluid dynamics (CFD) 

tools. The components and parameters used in OpenVSP reflect the typical component 

definitions used in the aerospace engineering community, e.g. the fuselage of an aircraft is 

represented by a “fuselage” component. An example showing the creation of a wing and the 

available parameters is shown in Figure 2.3  

 

Figure 2. Example multi-section wing in OpenVSP. The right most pane shows the sliders for adjusting the wing’s 
geometric parameters of span, tip chord, and root chord, as well as other parameters used to define the wing’s planform 
and cross-section. 

                                                 
3 The parameters by which one can define a wing include aspect ratio, taper ratio, and area. 
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The use of common aerospace nomenclature for components and parameters is in 

contrast to other computer aided design (CAD) tools, which would require a fuselage to be 

pieced together from a series of cylinders and cubes. The nomenclature used by OpenVSP is 

similar to that of the aerospace engineering community and this overlap increases the speed of 

detailed model generation when compared to CAD tools such as AutoCAD [15]. This speed 

meets the requirement for rapid turnaround for exploring many design iterations in the 

conceptual design stage.  The parameter based definition of components in OpenVSP also allows 

the user to create higher resolution models when compared to other CAD tools [15].   

The rationale for choosing OpenVSP is also because of OpenVSP’s capabilities for 

output to CFD codes. OpenVSP provides the functionality to compute the internal features and 

intersections of a model’s components in order to create a watertight model suitable for export to 

a variety of CFD programs.4 The exported models discard the quadrilateral representation of the 

model’s surface and instead use a triangular representation to facilitate the application of CFD 

codes to the model. The output of triangular based meshes is merely a result of the majority of 

CFD tools requiring triangular surfaces for volume mesh generation [16]. 

The speed at which a single model in OpenVSP can be generated by hand already lends 

itself to the creation of a large design space of models. The creation of the many models needed 

to explore a design space was accelerated and automated through the use of two key features of 

OpenVSP: (1) design files and (2) batch file execution. Plain-text design files in OpenVSP allow 

the user to specify the component parameters of a baseline model which he/she would like to 

change. These parameters can then be modified in any text editor. The modified design file can 

then be loaded into OpenVSP to generate a new geometry model. Batch file execution allows the 
                                                 
4 Watertight refers to the absence of open curves on the model. Simply put, if the model were filled with water, no 
leaks would be present. 
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user to execute OpenVSP commands without starting the graphical user interface (GUI). 

Bypassing the GUI enables the user to compute and export a mesh suitable for CFD analysis 

from the command line. Combining design files and batch file execution allows the user to 

change a baseline model through a modified design file and generate a new model without 

accessing the GUI of OpenVSP. The combination of these two features greatly accelerates the 

creation of the geometry models needed for a conceptual design studies where numerous design 

possibilities must be evaluated. A flowchart showing the process from baseline model to 

modified model is shown in Figure 3. The automation of design file modifications and model 

generation was accomplished through a MATLAB script. 

 

 

 

Figure 3. OpenVSP model modification workflow 
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b) High Fidelity Flow Simulation 
  
 To fulfill the objective of producing physically accurate results in the conceptual design 

stage, the flow around a given air vehicle geometry was simulated more accurately than is 

commonly the case in current conceptual design tools (e.g., low-fidelity computational models). 

Cart3D was selected to meet this objective. Cart3D is an Euler flow solver suitable for 

simulating steady-state inviscid, subsonic-to-hypersonic aerodynamics in the conceptual and 

preliminary design stages [17]. 5,6,7  Cart3D utilizes advanced volumetric grids and a number of 

high-resolution CFD techniques to increase the rate of convergence and ensure physically 

accurate solutions are computed reliably with minimal intervention by the user.  

 Cart3D’s flow solver is not capable of simulating some of the features of hypersonic flow 

such as real gas effects and chemically reactive flows that are encountered at higher hypersonic 

speeds.  However, based on previous applications of Cart3D it was determined that the modeling 

of these effects would not be necessary. Previous work completed by AFRL involving the 

prediction of HiFire and X-51 aerodynamic loads in the hypersonic regime used Cart3D without 

modifications to account for real gas effects or chemically reactive flows [18-20].8 Cart 3D was 

used in the development of the HiFire vehicle to determine its outer mold line from a large 

database of flow simulations. The X-51 development program used Cart3D to compute the 

aerodynamic loads throughout the trajectory to facilitate structural sizing. These examples 

highlight the applicability of Cart3D to the hypersonic regime. 

                                                 
5 Steady-state refers to the time-independence of the flow parameters. An example of steady flow would be an 
airplane established in cruise. 
6 Inviscid refers to the case where the velocity of the fluid close to the body does not vary from the flow directly 
above it. 
7 The author would like to acknowledge Mr. Don Garner and Ms. Linda Adlum for their assistance in the 
installation, setup, and technical support of Cart3D. 
8 HiFire and the X-51 are two hypersonic air vehicles which have undergone flight testing in 2012 and 2013, 
respectively. 
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 The advanced volumetric grids used by Cart3D utilize automated adaptive refinement 

and unstructured Cartesian body fitting. Adaptive refinement decreases the volumetric cell 

volume in regions of high spatial curvature such as the wingtip while unstructured Cartesian 

body fitting reduces the computational complexity commonly associated with volumetric mesh 

generation. The use of these two grid methods decreases the computation time and memory 

requirements of the volumetric grid while still retaining the necessary resolution for physically 

accurate solutions [21]. The algorithms by which Cart3D handles the intersection of the 

volumetric grid cells and the solid boundary allow the volume grid generation to be automated 

and completed in a short period of time [22-23]. The automated generation and adaptive 

refinement of Cart3D’s volumetric meshes met the objective of the framework to require as little 

human intervention as possible. Additionally, the automated mesh generation used by Cart3D 

makes it particularly suited for use by vehicle designers that are not expert in mesh generation. 

 The volumetric mesh in Cart3D can also be adapted to ensure the accuracy of output 

aerodynamic forces and aerodynamic coefficients through the included adjoint-based mesh 

adaptation capability. Adjoint-based mesh adaptation in Cart3D is another grid refinement 

method that creates smaller volumetric cells to improve the accuracy of the output aerodynamic 

forces [23]. The adjoint-based mesh adaptation built into Cart3D allows the user to specify 

aerodynamic results of interest, e.g. lift and drag, and minimize the error resulting from coarse 

cells in the output aerodynamic loads. Volumetric cells that contribute to this error are identified 

and refined to minimize this error in the integrated quantities. The details of the algorithm that 

identifies these cells and measures their contribution to the error in aerodynamic force and 

moment coefficients can be found in Ref. 24. Adjoint-based mesh adaptation allows a user with 

limited expertise in grid generation to generate a high resolution volumetric grid that ensures an 
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accurate solution. The limited expertise required helps to fulfill the research objectives by 

providing a CFD analyses that can be setup and executed in a timely manner. Figure 4 is an 

example of the adjoint-based mesh adaptation that shows the coarse volumetric mesh for a 

hypersonic vehicle before and the refined volumetric mesh after the final round of adjoint-based 

mesh adaptation. The upper left insert in Figure 4 shows the initial coarse volumetric mesh. 

 

Figure 4- Results of adjoint-based mesh adaptation. The additional mesh resolution in the vicinity of the leading edge of 
the wing is necessary to resolve a shockwave that forms at hypersonic speeds. 

 

 Cart3D also uses a number of high-resolution CFD techniques to capture shockwaves 

accurately, reduce computation time, and minimize high frequency errors.9 Cart3D accomplishes 

these tasks through the use of flux-limiting functions and multigrid methods. A theoretical 

discussion of flux-limiting functions and multigrid methods can be found in Ref. 25. The two 

                                                 
9 The errors referred to here are spurious spatial oscillations that often occur in flow solutions with discontinuities 
such as shockwaves. 
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aforementioned techniques ensure accurate numerical solutions at high Mach numbers while 

limiting the computational cost.  

A limiting feature of Cart3D is the omission of viscous effects from its solution.10 Other 

CFD methods such as a Reynolds-averaged Navier-Stokes solver or a Direct Numerical 

Simulation of the Navier-Stokes equations would include viscous effects and turbulence. These 

other flow solution methods could provide more accurate models of certain flow features; 

however, this increase in physical fidelity would require much greater computational time and 

resources. The use of these other flow solution methods would also require greater numerical 

modeling insight from the user. These traits make these high-fidelity methods unsuitable for the 

conceptual design stage, where a large design space must be assessed. The modular nature of the 

framework would allow a designer to implement these higher-resolution flow solution schemes 

should they be desired. In addition, one of the goals of the framework was to allow use of the 

framework by designers that are not experts in the intricacies of current CFD methods.  

c) Post-Processing of Results 
 

Cart3D includes CLiC, a force and moment extraction program that resolves the pressure 

distribution on the air vehicle into body-centered forces. CLiC provides the ability to specify 

moments about points, lines, or along the boundary of a vehicle component such as a rudder. 

These forces are then written to a text-file that was used in the generation of the surrogate model.  

                                                 
10 Viscous effects refer to aerodynamic phenomenon such as a boundary layer. A boundary layer is a layer of fluid 
near the vehicle’s body where the velocity varies nonlinearly. The inclusion of a boundary layer leads to more 
accurate predictions of aerodynamic loads. 
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d) Surrogate Model Generation 

While Cart3D may be able to generate flow solutions more rapidly than previous inviscid 

flow solvers, the computation time required still prohibits the analysis of every possible design 

permutation. In order to overcome this computational limit, a surrogate model of the vehicle’s 

aerodynamic response was generated. This surrogate model allowed the interpolation of the 

vehicle’s aerodynamics at design cases that were not directly simulated using Cart3D.  

To generate the surrogate model, the DACE toolkit for MATLAB was used [26]. DACE 

was chosen due it’s availability as open source software and the variety of surrogate modeling 

methods it provides. For this research, a Kriging method was chosen to generate the surrogate 

model.  

Kriging models the correlation between data points as a normal distribution. A full 

development of the Kriging method can be found in Ref. 27. As a result of this correlation 

method, Kriging models provide a measure of the uncertainty in the surrogate model across the 

design space. The designer is then able to determine if more samples of the design space are 

needed if the level of uncertainty is outside acceptable limits. Additionally, Kriging exhibits 

better curve fitting than methods such as a cubic spline [27-28]. A simple comparison illustrating 

this difference is shown in Figure 5. 
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The analytical function in Figure 5 was: 

 ( ) sin(9 ) sin(5 ) sin(3 ) sin( )f x x x x x� � � �  Eqn. (1) 

The sample points used for both interpolation methods were generated using MATLAB’s 

pseudorandom number generator to generate eight values of x on the interval 1 1x	 
 
 . While 

this example may be simple, it showcases the benefits of a Kriging method when compared to 

simpler interpolation methods such as cubic spline. 

e) Sensitivity Analysis Method 

The sensitivity analysis of the vehicle’s aerodynamics was performed using an Extended 

Fourier Amplitude Sensitivity Test (eFAST). A detailed explanation of the algorithm for eFAST 

can be found in Ref. 29. eFAST is variance based sensitivity analysis that is capable of 

calculating the first order and total sensitivities of a model. A first order sensitivity is a measure 

of the variation of model output that can be ascribed to the variation in a single model input. A 

Figure 5. Comparison of interpolation methods. 
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total sensitivity is a measure of the variation of model output that can be ascribed to effects that 

include but are not limited to a specified model input. An example of these effects would be the 

interaction of two or more model inputs such as the interaction of a wing’s leading edge sweep 

and a wing’s airfoil section. For example, six sensitivity indices could be calculated for a model 

that takes three inputs: three first order ( 1 3 3, ,S S S  ) and three total sensitivity indices 

1 2 3, ),( T T TS S S . 

The sensitivity indices take values ranging from zero to one. A model input with a high 

sensitivity index indicates a factor that is responsible for a large degree of variation in the model 

output while a model input with a low sensitivity index indicates a factor that is responsible for 

very little of the variation in the model output. For example, if were interested in a model that 

predicted the range of an airplane, one would expect the wing geometry to have a high sensitivity 

index while the choice of interior upholstery would have a low, if not zero, sensitivity index. 

An additional feature of sensitivity indices is their ability to predict the interaction of 

model inputs based on the summation of the first order sensitivity indices. If the summation of 

first order sensitivities is exactly one, the model is known as an additive model.  A non-additive 

model would be a model where the variance in model output is not solely the summation of the 

variance in the model inputs. 

f) Hypersonic Vehicle Model   

The vehicle chosen for the sensitivity analysis was the Generic Hypersonic Vehicle 

(GHV) provided by AFRL. A three view rendering of the GHV is provided in Figure 6.  
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The GHV similar to many hypersonic vehicles contains an integrated scramjet flow path, 

a wave-riding fuselage, and deflectable control surfaces. These features differentiate the GHV 

from previous coarse hypersonic vehicle models where the integration of the propulsion system 

and control surfaces was neglected [9-10].  

The GHV geometry provided by AFRL was manually imported into OpenVSP by fitting 

OpenVSP components to the point-cloud model. For example, the wing geometry from AFRL 

was imported into OpenVSP where an OpenVSP multi-section wing component was overlaid. 

The parameters of the OpenVSP multi-section wing were then manually manipulated until the 

geometries coincided. The results of this process are shown in Figure 8. For clarity, the vehicle 

model provided by AFRL will be referred to as AFRL_GHV while the model that was created by 

the author in OpenVSP will be referred to as USNA_GHV. 

Figure 7. Three view of GHV as provided by AFRL 
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This manual importing process provided a very good level of agreement between the fins 

and wings of the OpenVSP GHV model. However, features of the AFRL_GHV’s inlet and 

nozzle were unable to be modeled to the same level of detail as the wings and fins. The 

assessment of the model fit was based on a qualitative assessment performed when the finished 

components were overlaid on top of their source components. 

Figure 8. Comparison of the AFRL_GHV model, (a) through (c), and USNA_GHV model manually 
imported into OpenVSP, (d) through (f).  

(c) (f) 

(b) (e) 

(d) (a) 
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OpenVSP’s fuselage component is limited to modeling planar cross-sections and does not 

grant the user the capability to manipulate the Bezier curves that define fuselage cross-sections. 

As a result of these limitations, OpenVSP was unable to properly model the AFRL_GHV inlet. 

A detailed view of the AFRL_GHV inlet highlighting the non-planar inlet is shown in Figure  

and 10. The inlet as modeled in OpenVSP is shown in Figures 11 and 12. The AFRL_GHV 

empennage, like the inlet, had to be changed from the AFRL_GHV specifications in order to 

meet the limitations of OpenVSP. Figure 8 (c) highlights the change from the original 

specification of a semiellipse and pentagon empennage to an entirely elliptical empennage. 

 

Figure 11. USNA_GHV inlet modeled in 
OpenVSP showing the planar cross section 

Figure 12. USNA_GHV inlet modeled in 
OpenVSP showing the limitations of the 
cross-section manipulation available to the 
user. 

Figure 10.  AFRL_GHV Inlet. The 
red line in Figure  connects the pink 
dot and the cusp, circled in red. 

Figure 9. AFRL_GHV Inlet. The red 
line connects the leading edge and the 
cusp of the inlet. The cusp is circled in 
Figure  
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g) Design Space Creation and Sampling 
The design space for the sensitivity analysis contained models with parametric variations 

chosen by a Latin hypercube sampling (LHS) scheme. LHS methods seek to ensure the sample 

space is sampled uniformly in each design variable with as few samples as possible [27]. The 

goal is to solve the fewest necessary models to infer a quantitative relationship between the 

design variables and the aerodynamic performance metrics of interest. Using as few simulations 

as possible is essential to computationally efficient computations when the design space is large 

and multiple design parameters are specified, as is the case in the conceptual design stage.  An 

example of a LHS sampling for two design variables, ζ1 and ζ2, is shown in Figure .  

 
 

  

Figure 13. Example of 2D Latin hypercube 
sampling  
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h) Combined Sensitivity Study Framework 
 

The tools and methods previously outlined were combined in a framework in order to 

conduct rapid sensitivity analyses of a hypersonic vehicle’s aerodynamic response. MATLAB 

was used to integrate the separate aspects of the framework. The process of model generation to 

flow solution is illustrated in Figure 14. 

 

Figure 14. Geometry model generation and flow solution components of sensitivity study framework 

The flow solution framework followed these steps (see Figure): 

1) Volumetric geometry generation using the surface geometry from OpenVSP 

2) Volumetric mesh refinement in areas of high curvature such as the leading and 

trailing edge.  

3) Adjoint-based mesh adaptation. The volumetric mesh will be further refined to 

reduce the error in the aerodynamic outputs of interest. 

4) Export the flow solution to the post-processing software for analyses of computed 

aerodynamic forces and moments. 

5) The above steps will then be repeated for all vehicle designs in the design space.
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3) Results and Discussion 

a) Validation of SA Framework 
 

The framework outlined in previous sections was validated by performing a simple 

sensitivity analysis of the ONERA M6 wing’s lift curve slope, ,LC � . This validation was carried 

out to ensure the framework was capable of computing simple global sensitivities in a simplified 

flow regime. The ONERA M6 wing was chosen due its wide- spread use as a CFD validation 

tool. The geometry of the ONERA M6 wing is shown in Figure 9. The design parameters for this 

validation study were the leading edge sweep angle, LE�  and  the thickness to chord ratio, /t c , 

also shown in Figure 9. The baseline values for these parameters were 31° and 0.0977, 

respectively. The design space was bounded to the region:  

0.06 / 0.
1

1
5

4
5 4LE

t c
�

 


 �
�              Eqn. (2) 
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Figure 15. ONERA M6 wing geometry 
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The design space was sampled at the following 16 points the LHS scheme described in §2.g:  

Table 1. ONERA validation study sample points 

Sample /t c  LE�  

1 0.071033 20.0 
2 0.129700 44.0 
3 0.060367 38.0 
4 0.103033 36.0 
5 0.124367 22.0 
6 0.119033 42.0 
7 0.065700 40.0 
8 0.097700 30.0 
9 0.081700 34.0 

10 0.113700 32.0 
11 0.108367 16.0 
12 0.135033 26.0 
13 0.087033 18.0 
14 0.092367 24.0 
15 0.076367 28.0 
16 0.130000 17.0 

 

The coefficient of lift was computed at 1 ,2 ,3 ,4 ,5� � � � � � �   and a Mach number of 0.86 using the 

flow solution method described in §2.b. ,LC � was calculated by a least-squares regression of the 

specified angles of attack and the calculated coefficient of lift. The surrogate model was then 

calculated using the values of ,LC � and the design space samples.  The model took the form of: 

 , , ( , / )L L LEC C t c� � ��   Eqn. (3) 

The model and its associated uncertainty function were evaluated at 1600 points uniformly 

sampled in the region given by Eqn. (2). The resulting evaluations and the sample points used to 

generate the model are presented in Figures 16 and 17.  

 



26 
 

 
 

 

 

As expected, the uncertainty in the surrogate model occurred in regions of the design 

space where there were not samples taken and the curvature in the model was changing. This 

behavior is to be expected from the LHS sampling scheme and highlights the well observed fact 

that LHS schemes sample the design space such that samples are clustered together [30].  The 

model is also smoothly varying indicating that the calculated model is free from errors in 

parameter determination. These two results provide a validation for the framework up to the 

calculation of sensitivity indices. 

Using the surrogate model it is possible to qualitatively predict the global sensitivities of 

the model. As one traverses along the leading edge sweep axis, one encounters many contour 

lines indicating a rapidly changing ,LC � . This is in contrast with the trend observed along the 

/t c axis where the model does not exhibit much variation. From Figure 16, it is also clear that 

the contours are nearly parallel to the /t c axis at higher leading edge sweep values. This 

assessment gives a qualitative expectation of how the calculated sensitivities should be ordered. 

Figure17. Surrogate model uncertainty  Figure16. Surrogate model of CL,α 
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The calculated sensitivities using the surrogate model are shown in Table 2: 

            Table 2. Sensitivity indices of the ONERA M6's lift curve slope 

 t/c ΛLE  

Individual Effects 
(S1, S2) 

0.1326 0.6562 0.7888 

Total Effects (ST1, 
ST2) 

0.3317 0.8667  

 

The calculated first order sensitivities indicate the model is non-additive which is to be expected 

when compared with historical models that predict a multiplicative relation between the 2D wing 

characteristics, one of which is /t c , and leading edge sweep such as that provided by Anderson 

[31]. Additionally, the calculated sensitivity indices confirm the qualitative assessment of the 

model’s sensitivity performed earlier.  

 The sensitivity analysis framework performed as expected for the simple case of the 

ONERA M6 wing. This validation study demonstrated the framework provided an automated 

means to determine the total and individual sensitivities of the ONERA M6’s lift curve slope to 

variations in leading edge sweep and thickness to chord ratio.  

b) Two-Parameter Sensitivity Analysis 

The USNA_GHV model had a total of over 100 design variables; however, incorporating 

all of these design variables into a sensitivity analysis would be too computationally expensive 

for the purpose of testing and initially testing the functionality of the current framework. 

Additionally, performing a two-parameter sensitivity analysis provided a means to visually 

assess the Kriging model response surface.  

1
i

n

i
S

�
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To simplify the design space, only design variables on the wing were chosen for analysis, 

as these parameters were predicted to have a noticeable impact on the USNA_GHV's /L D  ratio. 

/L D  ratio was chosen as it is an important metric in determining the theoretical range of the 

vehicle. The wing of the USNA_GHV has three distinct wing sections along the span, Figure: 

 Inboard (Section 1): 0 / 0.1587y b
 �  Eqn. (4) 
 Middle (Section 2): 0.1587 / 0.3114y b
 �  Eqn. (5) 
 Outboard (Section 3): 0.3114 / 1y b
 
  Eqn. (6) 

 

As a proof-of-concept, only the span, b, and dihedral, Γ ,of the outboard section of the 

wing were allowed to vary. The range of the design variables was chosen such that the extrema 

were equidistant from the baseline USNA_GHV values 

 3,0 3 36.5 , 10 [ 16.5 , 3.5 ]� � � �� � 	 �� � � �� � 	 �  Eqn. (7) 

 3,0 3 317.399 in, 3.4798 in [13.9192 in,20.8788 in]b b b� � � � � �  Eqn. (8) 

Figure18. USNA_GHV wing. The section breaks are denoted by the red lines 



29 
 

 
 

 

The design space was sampled 27 times using LHS as described in §2.g. The resulting design 

space is shown in Figure. 

Each surface mesh generated by OpenVSP had approximately 180,000 triangles; this was 

necessary to ensure the vehicle's surface and the flow domain were discretized with similar 

resolution after adjoint adaptation of the initial grid (as described below).The GHV was designed 

to cruise at Mach 6 and at α=0°. This cruise condition was used as the freestream conditions for 

Cart3D. Studies of the sensitivity of the GHV to variations in α and β were not performed in 

order to simplify the design space. Cart3D was setup to execute nine levels of adjoint-based 

mesh refinement for each vehicle model. The lift and drag coefficient of the USNA_GHV were 

specified as the driving functionals for the adjoint-based mesh refinement. This led to each flow 

Figure19.  Two Parameter Design, 27 Samples 
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simulation starting on a mesh of approximately 9000 volumetric cells and ending on a mesh with 

approximately 3 million cells. A comparison of the starting and final meshes for a representative 

flow solution is shown in Figures 20 and 21. Although it is not visible in Figures 20 and 21, the 

scramjet flow path was retained in the vehicle model. 

 

Figure 20. Initial Cart3D volumetric 
mesh. Shown are only 2-D slices of the 3-D 
mesh 

Figure 10. Final Cart3D Volumetric Mesh 
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The lift and drag coefficients from Cart3D were used to calculate the /L D  ratio for each 

vehicle configuration. A Kriging response surface was fit to the computed /L D  ratios using the 

method described in §2.d. The resulting response surface and the associated model variance are 

shown in Figure 22a and 22b, respectively. 

The response surface generated using this initial data set will be referred to as the 27-point 

response surface. The response surface in Figure 22a has a local maximum in the vicinity of the 

sample at (-0.6025, 17.13). This maximum seemed abnormal given the curvature of the response 

surface in the rest of the design space. Three more samples of the design space were chosen at 

the points (-0.5167, 17.14), (-0.6026, 18.2), and (-0.6026, 18.2) to ascertain whether the sharp 

rise seen in the response surface was a computational artifact. Additionally, the sample at           

(-0.6025, 17.13) was removed from the data set. The response surface using the modified design 

space is shown in Figure 23 and will be referred to as the 29 point response surface. As expected 

the local maximum in the vicinity of (-0.6025, 17.13) was a computational artifact. 

Figure 22. 27-point Kriging response surface 

(a) 27- point Kriging response surface (b) 27- point Kriging response surface variance 
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In order to evaluate the effects of the computational artifact on the global sensitivity indices, the 

global sensitivities of the surrogate model were computed using the response surface generated 

from the 29-point sample and the 27-point sample. Due to the random method at which points 

are sampled from the surrogate model using the eFAST method, the sensitivity indices were 

computed 3000 times using 2000 samples of the surrogate model. The resulting sensitivity 

indices are shown in Figures 24 and 25. The median of these separately computed sensitivity 

indices is shown in Table 3 in order to provide a metric for quantitative comparison. The percent 

difference in Table 3 is calculated as 

 

 27 29

29

|%Diff 100 |* S S
S
	

�  Eqn. (9) 

 
       

 

 

(a) 29- point Kriging response surface (b) 29- point Kriging response surface variance 

Figure 23. 29-point response surface 
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Table 3. Comparison of the median sensitivity indices using the 27 and 29-point 
response surfaces 

 

 

 

 

 Si ,27  Si ,29  % Diff. ST ,27  ST ,29  % Diff. 
Γ  0.171 0.212 19.34% 0.257 0.229 12.23% 
b 0.737 0.769 4.16% 0.824 0.793 3.91% 

Figure 25. Computed sensitivity indices using the 29-
point response surface 

Figure 24. Computed sensitivity indices using the 27-
point response surface 
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While the ranking of the parameters based on their sensitivities did not change based on 

which data set was used for their calculation, the absolute value of the sensitivities did change. It 

is conceivable to imagine a scenario where the sensitivity indices were much closer in magnitude 

and a small change in the magnitude of the sensitivity indices resulting from a computational 

artifact would lead to a different factor ranking. Such a scenario is more likely to occur in higher-

dimensional design spaces where visual identification of computational artifacts is not possible. 

Two approaches could be taken to alleviate this problem. First, multiple response surface 

methods could be calculated and compared to determine if any artifacts are skewing the response 

surface. Second, a response surface methodology that does not interpolate the sample points 

exactly but instead performs a regression of the design points could be used to mitigate the 

influence of poorly converged CFD cases on the response surface. 

c) Detailed Sensitivity Analysis of the USNA_GHV  

Nine parameters where chosen for a detailed sensitivity analysis of the USNA_GHV:  

1. Wing mounting angle: θ 
2. Dihedral angle of inboard wing section: Γ1 
3. Dihedral angle of middle wing section: Γ2 
4. Dihedral angle of outboard wing section: Γ3 
5. Wing span of inboard wing sections: b1 
6. Wing span of middle wing sections: b2 
7. Fin rotation angle: φ 
8. Fin Span: bf 
9. Fin root chord: crf 
 

The range for each parameter is shown in         Table 4 and the parameters are shown on 

the USNA_GHV in Figures 26-28. 
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        Table 4. Detailed USNA_GHV sensitivity analysis design parameter range 

Parameter Baseline Value Lower Bound Upper Bound 
θ 0.0° 2.0° 0.4° 
Γ1 -26° -36° -16° 
Γ2 -23° -33° -13° 
Γ3 -6.5° -16.5° 3.5° 
b1 4.010 in 3.000 in 4.430 in 
b2 3.860 in 3.000 in 4.414 in 
φ 60° 40° 65° 
bf 10.0 in 9.0 in 12.0 in 
crf 39.876 in 30.000 in 41.676 in 

 

 

 

Figure 26. USNA_GHV with design parameters annotated, top view 

Figure 28. USNA_GHV with design parameters annotated, left view 

Figure 27. USNA_GHV with design parameters annotated, front view 
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90 samples of the design space were taken. This value was determined to be appropriate from the 

literature that recommends the number of samples be ten times the dimensionality of the design 

space [27].  

Coefficient of lift (CL), coefficient of drag (CD), and lift-to-drag ratio (L/D) were 

calculated using the computational framework. Lift and drag were specified as functionals to 

drive the solution-based volumetric mesh adaptation. Three of the sample’s flow solutions did 

not converge and were not used in the subsequent sensitivity analysis. Right now there is no 

indication as to what caused these three cases to not converge. The three cases do not exhibit any 

unique geometric features that might have caused their surface meshes to be non-watertight.  The 

remaining 87 flow solutions were fed into the previously described sensitivity analysis 

framework where the sensitivity indices for CL, CD, and L/D were calculated 3000 times using 

2000 samples of the design space for each sensitivity index calculation. The results are shown in 

Figures 29-31. 
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Figure 30. Individual and total sensitivities of 
USNA_GHV's CL 

Figure 29. Individual and total sensitivity indices of 
USNA_GHV’s  L/D ratio 

Figure 31.  Individual and total sensitivities of 
USNA_GHV's CD 
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The large number of outliers and the skew of the distribution of sensitivity indices 

suggested possibly improper tuning of the parameters that compose the surrogate model. In 

particular, DACE creates a Kriging surrogate model using a user-supplied initial value for a 

correlation parameter, θ. DACE then optimizes the correlation parameter to reduce the likelihood 

estimate of the model, the details of this optimization and the likelihood estimate can be found in 

Ref. 27. This optimization scheme should arrive at the final value of θ regardless of the initial 

guess. To determine if the surrogate model was the cause of the unexpected distribution of 

sensitivity indices (Figures 29-31), the sensitivity analysis was performed again using different 

initial values of θ to examine the effect on the sensitivity indices with different initial values and 

hopefully reign in the variation seen in sensitivity indices and improve the quality of the 

surrogate model. For economy of space, Figures 32-34 only present the sensitivity indices for CL. 

The distribution of sensitivity indices is similar for the other aerodynamic parameters. 
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Figure 34. Individual and total sensitivity of USNA_GHV CL, θ = 1 

  

Figure 32. Individual and total sensitivity of USNA_GHV CL, θ = 10 

Figure 33. Individual and total sensitivity of USNA_GHV CL, θ = 0.1 
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The large variance in the sensitivity indices that results from the user’s initial guess of θ 

cast doubt on any simple factor ranking or qualitative assessment of interaction effects of the 

design factors. From these results, there can be no clear conclusion drawn as to which parameters 

are most influential on the aerodynamics of a hypersonic vehicle. Additionally, the interaction 

effects of the design parameters vary wildly with the initial choice of θ, thereby preventing any 

conclusion being drawn as to the interaction of these design factors. 

Four factors are currently believed to currently contribute to these inconsistent results: 

1. The sampling method used to generate the design space  

2. The range of design parameters sampled 

3. The choice of Kriging as the surrogate modeling tool 

4.  The apparently high interaction between the aerodynamic effects of the design 

parameters caused by non-linear hypersonic flow effects. 

The combination of these factors led to the poor performance of the sensitivity analysis 

framework observed above. The sampling method contributed to the poor performance by 

spreading the samples across the design space. While this spreading was desirable in trying to 

economically survey the whole design space, the sparse sampling combined with the large 

parameter ranges led to a sample set that was found after the fact to not adequately capture the 

complex interaction among the geometry design variables in this strongly non-linear hypersonic 

flow application. The too-sparse sample set led to the Kriging surrogate model over-emphasizing 

the importance of unlikely combinations of the design variables across apparently overly wide 

sampling intervals. The resulting surrogate model was in effect over-fitting sparse 

multidimensional data in an application that produced much greater design-variable interactions 
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than were expected ahead of time. This was finally recognized through the sensitivity indices 

being unduly influenced by the initial choice of the smoothing parameter. 

Future work will focus on completing a detailed build-up of parametric variations to 

assess the appropriate sample size and parameter range necessary for a detailed sensitivity 

analysis. The method used herein contains too much uncertainty due to the large parameter 

ranges and sparse sample size. However, if physically-accurate flow solutions are to be 

integrated into the conceptual design process, large parameter ranges and sparse sampling 

schemes must be retained in order to minimize the computational burden from physically-

accurate flow simulations. It would be naïve to blindly increase the number of samples and 

decrease the parameter ranges as this would require excessive computational resources and limit 

the potential for truly innovative vehicle designs to emerge. Rather, future work should seek to 

minimize and cope with the uncertainty introduced by the requirements of sparse sampling and 

large design parameters by incorporating and evaluating regression methods into future iterations 

of this framework.  

4) Conclusions 
A highly automated computational framework for the conceptual design of hypersonic air 

vehicles was developed and demonstrated by performing a detailed sensitivity analysis of a 

hypersonic air vehicle. The framework incorporated high-fidelity geometry modeling tools and 

physically-accurate flow simulations. However, the high-fidelity geometry modeling tools were 

unable to model complex geometric features that are present on the AFRL_GHV and will be 

present on future vehicles. While the high-fidelity geometry modeling tools provide an 

advantage over legacy methods in modeling complex vehicle geometries, work should be 
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undertaken to ensure they are capable of modeling the most general classes of vehicles. 

Additionally, future work should focus on creating tools that can translate point-cloud type 

vehicle models into parametric vehicle models in order to increase the interoperability between 

computational codes. The creation of these tools would also serve to reduce the error that occurs 

when point-cloud models are translated by hand into parametric models as was the case with 

importing the AFRL_GHV into OpenVSP. 

 The framework performed exceedingly well in the simple case of determining the 

sensitivity of the USNA_GHV’s L/D ratio in the case of only two geometric parameters varying. 

The Kriging model did predict a local maximum that was later determined to be a computational 

artifact. This local maximum was an anomaly and not indicative of a failure of the framework. 

Future iterations of the framework should include some means to automatically identify such 

anomalies and modify the surrogate model accordingly.  

Despite the framework’s performance with two geometric parameters, in the more 

rigorous case of nine geometric parameters, the framework failed to produce consistent results. 

The combination of a sparse sampling scheme, large parameter ranges, and the use of simple 

Kriging for response surface analysis led to an inconclusive detailed sensitivity analysis of the 

USNA_GHV. The strong non-linearities exhibited by inviscid hypersonic flow led to the 

creation of response surfaces that do not accurately capture the underlying physical phenomenon 

and the interaction effects among design variables. Instead, the models created using simple 

Kriging exhibit a large degree of variation that is captured by the inconsistent nature of the 

results from the sensitivity analysis. Future work will seek to gain a deeper understanding of 

appropriate parameter ranges and sampling density. Additionally, other surrogate modeling 
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methods such as Regression-Kriging will be investigated in order to alleviate the uncertainty but 

retain the computational efficiency associated with sparsely sampled design spaces.
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Glossary 
 

Aerodynamic Loads: the forces and moments exerted on a body resulting from differential 
pressures and shear forces on the body. Example aerodynamic loads include lift and drag. 

Aerothermal Effects: the heating of a fluid medium resulting from compression or expansion of 
the medium. These effects become a significant consideration at hypersonic velocities. 

Computational Fluid Dynamics (CFD): the use of computers to predict the flow parameters 
and forces an air vehicle would experience in flight. 

Computational Framework: an assembly of various software programs into a unified 
configuration that enables the output of one piece of software to be used as an input into the next 
piece of software in the framework with little human interaction.  

Conceptual Design Phase: the first design phase of an air vehicle. The goals of this phase are 
typically determining the geometry, performance, and weight of air vehicle. Of primary concern 
is determining if the vehicle is capable of meeting the specified performance requirements. 
Examples of performance requirements include range, maximum velocity, and landing distance. 

Control Surfaces: surfaces on the air vehicle which are capable of altering the direction of 
flight. Examples include ailerons, rudders, and elevators. 

Design Space: the collection of numerous air vehicle designs in which each design varies 
slightly from the other designs. 

Empennage: the aft section of an aircraft. The empennage typically houses the horizontal and 
vertical tail. 

Hypersonic: the flow regime that exists above Mach 5. Characteristics of hypersonic flows 
include aerodynamic heating, chemically reactive flows, and thin shock layers. 

Leading and Trailing Edge: the forward and aft edges of a wing. 

Mach Number: the ratio of a velocity to the speed of sound in the medium. For example, a 
vehicle traveling at Mach 5 is traveling at five times the speed of sound. 

Planform: the projected area of a wing or aircraft on a surface horizontal to the wing or aircraft. 

Preliminary Design Phase: the second design phase of an air vehicle. This phase is concerned 
with more detailed analysis of the air vehicle’s performance. Additionally detailed analysis of the 
necessary systems, e.g. internal structure, will be completed.  
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Response Surfaces: a mathematical approach which allows the correlation of input variables to 
output variables. In the case of two input variables and a single output variable, the response 
surface would take the form of a three dimensional surface similar to those in undergraduate 
courses in multivariable calculus. 

Sensitivity Analysis/Studies: the quantification of the degree to which a change in an input 
variable impacts a given output variable. Sensitivity analysis is concerned with answering 
questions such as how much does the lift (output) of an air vehicle change as the wingspan 
(input) is changed. 

Subsonic: the flow regime that exists below Mach 1.  

Supersonic: the flow regime that exists above Mach 1 and below Mach 5. Characteristics of 
supersonic flows include the presence of shock layers and the presence of drag caused by the 
generation of shockwaves. 

Surface Mesh: a computer representation of the air vehicle’s exterior used in CFD to define the 
boundary of the air vehicle and the air flow. 

Volumetric Grid: the collection of polyhedra surrounding a vehicle and filling the space during 
CFD. These typically take the form of cubes. 
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