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An efficient supersonic air vehicle (ESAV) has been analyzed with a low-fidelity panel
and a high-fidelity Euler method to conduct multi-fidelity parameter studies by varying
flow conditions and geometric parameters. Flap deflections were also implemented into
the high-fidelity model, and were analyzed for force and moment controls on the vehicle.
An extensive verification and validation in this paper is laying the foundation for a multi-
fidelity, multidisciplinary analysis and optimization of this vehicle in future work.

Nomenclature

AR = aspect ratio
CD = drag coefficient
CL = lift coefficient
CMX

= x-axis moment coefficient
CMY

= y-axis moment coefficient
CMZ

= z-axis moment coefficient
N = number of nodes in a mesh
α = angle of attack (◦)
Λ = sweep angle (◦)
λ = taper ratio

I. Introduction

To push the bounds of aircraft performance, aircraft makers must also be willing to push the conventional
bounds of what a high performing aircraft looks like. This requires the analysis of unconventional aircraft
configurations for which little to no historical data exists. Therefore, leading edge aircraft cannot depend on
historical statistics for sizing. New aircraft configurations can benefit from computational analysis in the early
stages of development to predict their performance and feasibility. As computational analysis becomes more
important in the development of new leading edge aircraft, it is important to employ modeling methods
that capture the complicated and often coupled physics of flight as accurately as possible with minimal
computational cost. A multi-fidelity analysis method, which uses a variety of models at different levels of
fidelity, benefits from the accuracy of high-fidelity models and the low computational cost of low-fidelity
models. Examples of low- and high-fidelity model pairs for rigid aerodynamic analysis include a panel
method and an inviscid Euler analysis, or using a coarser and finer mesh. Many studies have been conducted
to analyze the accuracy and efficiency of multi-fidelity analysis methods.1–5 Studies are also being done to
evaluate different optimizing strategies that take advantage of a multi-fidelity analysis approach.6–8 The
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goal of this research is to set up a geometrically parameterized, multi-fidelity model of an efficient supersonic
air vehicle (ESAV), with rigid aerodynamic and controls analysis capabilities that can be combined with a
structural model in the future to be able to perform multi-fidelity multidisciplinary analysis and optimization.

As previously mentioned, computational analysis is imperative for the early stages of development for new
unconventional aircraft. The ESAV is one such example, which features an aircraft with swept lambda wings,
that is created to perform in the subsonic and supersonic regimes.9 The combination of a unique configuration
and a complex flight envelope means that this aircraft cannot benefit significantly from historical databases
of previous aircraft, and therefore would benefit greatly from computational models that can capture the
aircraft’s unique behavior and controls for analysis and optimization. The aircraft has been tested in a
subsonic wind tunnel at varying angles of attack10 and controller configurations, and this data can be used
for the validation of the low- and high-fidelity computational models.

In this paper, a multi-fidelity approach will be used to analyze the rigid aerodynamics of an efficient
supersonic air vehicle (ESAV), including thorough validation and verification. For the high-fidelity analysis,
an outer mold line (OML) of the aircraft is created in Engineering Sketch Pad (ESP),11 as seen in Figure 1, a
surface mesh and volume mesh are generated using AFLR4 and AFLR3,12,13 respectively, and the resulting
flow field and forces are found using the inviscid Euler method in FUN3D.14 For the low-fidelity analysis,
a set of airfoil cross sections are generated in ESP at key span-wise locations, as seen in Figure 2, and
the Automated STRuctural Optimization System (ASTROS)15 is used to generate panels and compute
solutions. All analyses were fed by the Computational Aircraft Prototype Synthesis (CAPS),2 which connects
parameterized geometries to meshing and analysis tools to allow for a large amount of analyses with variations
in meshing, flow conditions, and geometric parameters to be run efficiently and effectively. The analysis
approach is then extended to a parameterized model of the aircraft for a study of the parameter space for
varying geometric and flow parameters. Finally, a set of control surfaces is implemented for the high-fidelity
case, and tested for validation and verification purposes before being modified and analyzed once again in
the geometric parameter space.

II. Rigid Aerodynamic Analysis

The baseline ESAV model shown in Figure 1 represents a half-span, outer mold line model of the full-
span aircraft which was employed in subsonic wind tunnel testing.10 This high-fidelity, parametric model
was analyzed using inviscid FUN3D simulations at subsonic and transonic conditions with varying sweep,
taper, and aspect ratios. For the low-fidelity analysis, a set of airfoil cross-sections were generated in ESP at
key span-wise locations across the half-span wing, as seen in the center of Figure 2, and ASTROS was used
to generate panels internally to compute solutions. The cross sections are given at the wing tip, the wing
break point between the inboard and outboard wing sections, and at an artificial root, extending the wing
all the way to the centerline. Both the low- and high-fidelity models were run through verification tests,
validation tests at the subsonic level, and analyzed at a sweep of the angle of attack and Mach number flow
conditions. Finally, both models were run for varying geometry parameters for a multi-fidelity study of the
parameter space.

Figure 1. High-fidelity: Outer mold line (OML) of ESAV at various view angles. The geometry represents the model
used in wind tunnel testing.10
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(a)

Figure 2. Low-fidelity: Panel model of ESAV.

II.A. Verification and Validation

Verification and validation of the baseline rigid aero models was performed to ensure a good model and
meshing strategy is being used for the process. Convergence histories were monitored and grid convergence
studies were conducted to verify the employed meshes were adequate. The rigid aero models were also
validated against subsonic wind tunnel data. These tests were performed before extending the uses of the
model outside of the scope of flow conditions and geometric parameters used in the wind tunnel.

II.A.1. Verification

The verification process consisted of monitoring convergence histories and performing grid convergence stud-
ies. Sample convergence histories for the high-fidelity model are shown in Figure 3, in which the residuals
were driven down by four orders of magnitude. This practice was maintained for each run analyzed in this
paper. While certain runs were unable to converge this deep they will be pointed out and they usually have
an oscillating nature that prevents convergence. As seen in Figure 3, the subsonic cases tended to converge
more easily than the transonic cases, which can be expected since the transonic region faces more complex
flow features due to the introduction of shock waves.

(a) Subsonic Mach 0.137 case. (b) Transonic Mach 0.9 case.

Figure 3. Typical convergence histories for inviscid Fun3D runs.

The surface and volume meshes were generated for the FUN3D model using AFLR4 and AFLR3,12,13

respectively. The meshing is automated by providing an OML model and some meshing input parameters,
such as the minimum spacing between nodes, which is based on the reference length, and the scaling factor for
the reference length. The scale factor (SF) determines the maximum length of a side of a mesh element based
on the reference length of the aircraft, and can be used to increase or decrease the number of nodes relatively
uniformly throughout the mesh. The grid convergence studies performed in this paper used varying SF
values to test for convergence, while holding all other meshing parameters required for AFLR4 and AFLR3
constant. Figure 4 shows the surface meshes for the baseline mesh density, which had a SF of 1, and a denser
mesh with a SF of 0.5.

Scale factors tested ranged from a SF of 4, which resulted in a very coarse mesh with roughly 180,000
nodes, to a SF under 0.2, which resulted in a dense mesh of nearly 5,000,000 nodes. The baseline model
using a SF of one contains about 500,000 nodes. Figure 5 shows the grid convergence studies for the lift and
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(a) Meshing scale factor of 1 (Baseline). (b) Meshing scale factor of 0.5.

Figure 4. Surface meshes of varying density representing the ESAV model.9

drag of the high-fidelity model at the wind tunnel test Mach number, 0.137, and a five degree angle of attack.
The independent axes, is the number of nodes, N raised to the power of (-2/3), since the inviscid FUN3D
analysis is second order accurate, and there are three spatial dimensions. The figure shows a trend-line
through the data with a SF of 1 or less, which demonstrates a grid independent solution starting at the
baseline mesh used for this paper. Coarser meshes with a SF greater than 1 are displayed, but not included
in the trend-line, since they exhibit significant changes in the lift and drag coefficients, and are therefore too
coarse to use for analysis.

(a) Lift Coefficient. (b) Drag Coefficient.

Figure 5. Grid convergence studies for the baseline model at Mach 0.137 and a five degree angle of attack. The
trend-lines in the grid convergence study include meshes with a SF value of 1 or lower (baseline mesh density or
denser).

The figure on the left of Figure 5 is the grid convergence study for the lift. The trend-line shows that the
continuum value of the lift coefficient is 0.3203, which is less than five percent off from the values obtained
on the baseline mesh. Similarly, the figure on the right predicts a drag coefficient of 0.0136 for a mesh with
infinite nodes, which is roughly a thirteen percent difference compared to the baseline analysis.

II.A.2. Validation

The data in the low- and high-fidelity models was validated against subsonic wind tunnel data10 at Mach
0.137 through a sweep of angles of attack, as seen in Figure 6. The inviscid FUN3D test closely models the
trends and overall values of the wind tunnel results, with a slightly steeper lift curve slope. This results
in a slightly lower predicted lift coefficient at negative angles of attack, and a slightly higher predicted lift
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coefficient at higher angles of attack, which is important to note for tests later in this paper that analyze the
aircraft at a fixed five degree angle of attack. While the high-fidelity calculated drag is consistently lower
than the overall values gathered in the wind tunnel, the trends are very similar across all angles. When
adjusted for the drag due to viscous effects, by shifting the inviscid FUN3D results so that the drag matched
the wind tunnel drag at zero angle of attack, the “total” drag comes very close to the results acquired in the
wind tunnel.

The low-fidelity ASTROS analyses predict lift and drag coefficient values and trends very similarly to
the high-fidelity FUN3D runs, although the low-fidelity case results in a lower prediction of drag and a less
steep drag coefficient curve. This trend will also be seen in section II.B, where the lift and drag coefficients
are less sensitive to changes in the flow condition in ASTROS. The trends found in the low-fidelity model
will be important in future work for multi-fidelity optimization processes that create surrogate models using
a small number of high-fidelity model data points, and the trends found using many low-fidelity data points.

(a) Lift. (b) Drag. (c) Modified “total” drag.

Figure 6. Validation data for baseline ESAV vehicle at Mach 0.137. Tests were validated against subsonic wind tunnel
data.10

II.B. Parametric Sweep of Flow Conditions

The wind tunnel model has a thickness-to-chord ratio that is unrealistically large for supersonic flight, and
thus will be reduced to a thinner airfoil for all non-verification and non-validation analyses in this paper.
This change results in a less than two percent decrease in lift in the subsonic case, and a thirteen percent
increase in drag at the low subsonic flight conditions. While the drag increase is noteworthy, the change in
lift is minimal, and general trends for the lift and drag at the subsonic conditions remain unchanged, as will
be seen in this section.

After verifying and validating the original model at the subsonic experimental flight conditions, the
modified baseline model is analyzed next at varying Mach numbers and angles of attack to analyze how
the model performs in subsonic, transonic, and supersonic flight conditions. The lift and drag for the flight
envelope are shown in Figure 7, where the blue surface represents the high-fidelity inviscid FUN3D analysis,
the pink surface represents the low-fidelity panel method run in ASTROS, and the circles represent the
wind tunnel data. It should be noted, that the wind tunnel data is for the original, thicker airfoil. As
expected, the high-fidelity predicted lift coefficient increases with angle of attack across all Mach numbers,
and also increases with increase in Mach number, peaking in the transonic region, and then decreasing in
the supersonic region. The low-fidelity data shows similar results for lift, though the predicted peak Mach
number differs. The predicted lift coefficient peaks at a higher Mach number, near Mach 1 in the low-fidelity
model, whereas the high-fidelity model has the lift peaking closer to Mach 0.9. As noted from Figure 6, the
low-fidelity model predicts lower overall values for the drag coefficient, and the low-fidelity drag analyses are
less sensitive to changes in angle of attack. The low-fidelity drag analyses are also less sensitive to changes
in Mach number, while still maintaining the general trends found in the high-fidelity analyses. As a result,
both fidelity models calculate the maximum drag at similar flow conditions–high Mach number and angle of
attack– but FUN3D calculates a much higher drag coefficient value in this case.

II.C. Parametric Sweep of Geometric Conditions

After performing an analyses on the flight envelope for varying Mach numbers and angles of attack for
the baseline model, a parameter study was performed to analyze flight performance for varying geometric
parameter values at a constant Mach number and an angle of attack of five degrees for both the low-
and high-fidelity models. The geometric parameters modified were sweep, taper, and aspect ratio, and
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(a) Lift Coefficient. (b) Drag Coefficient.

Figure 7. Rigid aerodynamic results for baseline model at varying Mach numbers and angles of attack for inviscid
FUN3D (blue) and the ASTROS panel method (pink) analyses. The circles show the experimental data recorded at
the subsonic flight conditions.10

the extreme cases of each parameter can be seen in comparison to the baseline model in Figure 8. These
extreme configurations are the corners of the parameter space, which is analyzed in this paper, and will be
used as bounds for the optimization in future work. Each geometric parameter was swept to values higher
and lower than the baseline values, so that the baseline was near the center of the parameter space. To
bring consistency to the parameter space, the model maintains constant planform areas in the outboard and
inboard portions of the wing, and the y-directional span is set to a constant value. This results in longer root
chord lengths at smaller aspect ratios, and narrow outboard sections of the wing at higher aspect ratios, as
seen in Figure 8. While some of these configurations do not seem feasible at first glance, the extreme values
for each parameter will allow for versatility in the optimizer, and appropriately applied constraints should
drive the aircraft to a feasible optimal configuration. For example, the optimizer will most likely drive the
configuration away from a high aspect ratio aircraft with narrow outboard wing sections when the structural
model is implemented due to deflection constraints on the optimizer.

As seen in Figure 8, the surface meshing tool, AFLR4, was able to construct similar meshes around each
aircraft configuration, and this was accomplished by using the same set of meshing parameter inputs into
AFLR for each aircraft configuration. AFLR4 and AFLR3 were run for each case, independently re-meshing
the surface and volume for each set of geometric inputs, as opposed to morphing the mesh with each change
in geometry. This indicates that a single set of meshing input parameters will most likely work for all
configurations to be tested, since the meshes were successfully created at the most extreme points in the
parameter space. Although the volume meshes are not shown, AFLR3 generates volume meshes outward
from the surface mesh, so high quality surface meshes usually result in valid (inviscid) volume meshes for the
FUN3D runs. Several grids are also shown for different configurations of the ASTROS model in Figure 9.
These meshes demonstrate the robustness of the low-fidelity model, which was also able to successfully mesh
each configuration in the parameter space. The robustness of the meshing tools is crucial for the comparison
of different configurations in the parameter space study, as well as for the efficiency and effectiveness of future
optimization work, since modifying the meshing parameters for each run would be extremely cumbersome.

Results for the multi-fidelity rigid aerodynamic parameter study are shown in Figures 10 and 11 for the
lift and drag coefficients, respectively, for a subsonic and a transonic case at five degrees angle of attack.
Isosurfaces and slices in the parameter space capture the trends in lift and drag throughout the parameter
space for each analysis. Figure 10 shows that lift increases significantly with increases in aspect ratio and
sweep. There is also a slight increase in lift with the decrease of taper ratio. These trends are similar for
both the subsonic and transonic case, although the transonic case results in a larger range of lift coefficient
values and smoother isosurfaces.

When comparing the low- and high-fidelity models, the high-fidelity model results in smoother isosurfaces,
showing a steadier trend in lift change with change in geometric parameters. However, the low-fidelity model
still manages to capture the same trends in lift with respect to geometric parameters. It is interesting to
note that the low-fidelity model predicts lower lift than the high-fidelity model does for the subsonic case,
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(a) Sweep 30 degrees, Ta-
per 0.3, Aspect Ratio 2.

(b) Sweep 60 degrees, Ta-
per 0.3, Aspect Ratio 2.

(c) Sweep 30 degrees, Ta-
per 0.7, Aspect Ratio 2.

(d) Sweep 60 degrees, Ta-
per 0.7, Aspect Ratio 2.

(e) Baseline model. (f) Sweep 30 degrees, Ta-
per 0.3, Aspect Ratio 6.

(g) Sweep 60 degrees, Ta-
per 0.3, Aspect Ratio 6.

(h) Sweep 30 degrees, Ta-
per 0.7, Aspect Ratio 6.

(i) Sweep 60 degrees, Ta-
per 0.7, Aspect Ratio 6.

Figure 8. Sample FUN3D models of aircraft with varying geometric parameters.

but predicts higher lift than the high-fidelity model for the transonic case. For the subsonic case, the low-
fidelity model has a minimum lift and maximum lift coefficient of 0.209 and 0.423, respectively, whereas
the high-fidelity model has minimum and maximum lift coefficient of 0.211 and 0.439, respectively. For the
transonic case, the low-fidelity model has a minimum lift and maximum lift coefficient of 0.226 and 0.552,
respectively, whereas the high-fidelity model has minimum and maximum lift coefficient of 0.156 and 0.523,
respectively. Therefore, it should be noted that the low- and high-fidelity values differ more greatly with the
transonic case.

Figure 11 shows the trends in drag with changes to the geometric parameters for the high-fidelity model
for the subsonic and transonic flight conditions. Similarly to the lift results in Figure 10, drag increases
significantly with increase in aspect ratio and decrease in sweep angle, and there is a slight increase with the
decrease of taper ratio. The subsonic and transonic cases show similar trends, although the transonic case
once again produces smoother isosurfaces, and therefore more consistent trends. While some low-fidelity runs
produced results similar to those of the high-fidelity model, the low-fidelity drag analysis is not included, due
to the inconsistent nature of the results and the lack of trends. This will be important to know for future
optimization runs, since multi-fidelity optimizers use trends found in the low-fidelity models.
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Figure 9. Samples of the ASTROS panel model for the aircraft with varying geometric parameters.

(a) High-fidelity lift for subsonic flight. (b) High-fidelity lift for transonic flight.

(c) Low-fidelity lift for subsonic flight. (d) Low-fidelity lift for transonic flight.

Figure 10. Lift coefficient isosurfaces for a geometric parameter sweep of a subsonic case and transonic case using low-
and high-fidelity analysis. The lift coefficient values for the subsonic isosurfaces are 0.25, 0.3, 0.39, and the lift coefficient
values for the transonic isosurfaces are 0.2, 0.3, 0.4.

III. Flight Controls Analysis

The ESAV model is an aircraft lacking common control surfaces, which reduces the weight and drag
of the aircraft at the cost of removing the control for pitch and yaw. While the aircraft still maintains
conventional flap controls, there is a lot of research being done on potential additional controllers.1 For the
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(a) High-fidelity drag for subsonic flight. (b) High-fidelity drag for transonic flight.

Figure 11. Drag coefficient isosurfaces for a geometric parameter sweep of a subsonic case and transonic case at high-
fidelity. The drag coefficient values for the subsonic isosurfaces are 0.013, 0.015, 0.017, and the drag coefficient values for
the transonic isosurfaces are 0.012, 0.022, 0.029.

purposes of this paper, only the flaps will be analyzed with the inviscid FUN3D model, and a focus will be
on the pitching controls. The ESAV control surfaces were tested in a subsonic wind tunnel using the model
shown on the left in Figure 12. As seen, the wind tunnel model utilized two large control surfaces on both
the leading and trailing edge of the wing that extended across the entire inboard and outboard spans. The
wind tunnel model only used control surfaces on one wing, and each flap was tested at a sweep of positive
and negative deflections, to capture the effects each flap had on the aerodynamic forces and moments. The
FUN3D model on the right in this figure shows the parameterized OML of the aircraft with these flaps
implemented, and shows the annotations used to reference each flap in the following figures and analysis.
For example, the leading edge inboard flap is denoted as LE IB. Each flap will be tested in FUN3D with
varying deflection between positive and negative thirty degrees. Figure 13 demonstrates what the model
looks like with all the flaps deflected at various angles, although the wind tunnel tests were primarily run
by deflecting only one flap at a time. It should be noted that the figure on the left in Figure 12 shows the
wind tunnel model with a different nose attachment than the one used for the FUN3D model. However, the
wind tunnel tests run for these flaps did use a nose attachment similar to the one modeled here.

(a) Wind tunnel control surfaces.10 (b) Parameterized outer mold line with control surfaces.

Figure 12. ESAV control surfaces.

Since the FUN3D analysis utilizes a half-span model, replications of the full model wind tunnel tests
are the result of two FUN3D analyses: one half-span run with no deflection, to simulate the wing of the
wind tunnel model without control surfaces, and one half-span run with the same control deflections as the
wind tunnel model wing with control surfaces. This post-processing method depends on the assumption
that there is little interaction of the flow over the two sides of the aircraft. These half-span tests use a
half-span reference area for calculating their coefficients. Therefore, to find the coefficients for the whole
span model, the coefficients of the half-span models must be halved to account for twice as much wing area
in the full-span model. For the lift, drag, and pitching moment coefficients, the final coefficient value is
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Figure 13. Verification and validation controls model with deflected surfaces.

the average of the respective coefficient for the two half-span runs. For the yaw moment and roll moment
coefficients, the sign for the coefficient changes depending on which side of the aircraft the wing is on, so
the final coefficient value is the difference between half the respective coefficient from the deflected half-span
model and half the respective coefficient from the non-deflected half-span model yielding the following two
equations where R is a placeholder:
For lift, drag, and pitch:

CRtotal
= CRdeflectedWing

/2 + CRnon−deflectedWing
/2 (1)

For yaw and roll:
CRtotal

= CRdeflectedWing
/2 − CRnon−deflectedWing

/2 (2)

III.A. Verification and Validation

Since the OML used in Section II.A did not include flap cutouts, the results here vary slightly when compared
to the computational model shown in Figure 12 with no flaps deflected. The implementation of the flaps
on the outer mold line, with no deflection in any flaps, resulted in less than one percent reduction in lift
and less than ten percent reduction in drag in the baseline computational model, when compared to the
baseline model used in Section II.A at subsonic conditions and a five degree angle of attack. However, the
inclusion of flaps in the model increases the complexity of the model significantly, and therefore verification
and validation work for each flap is crucial to ensure FUN3D models the physics of the control surfaces
correctly. As previously mentioned, the effects of each individual flap was tested in a subsonic wind tunnel
at a variety of angles of attack.16 For the purposes of this paper, the controls will be analyzed at varying
deflection angles, with the angle of attack held constant at five degrees, using the wind tunnel Mach number
of 0.137. Each wind tunnel test was compared to FUN3D runs using a scaling factor of 1, the baseline mesh
density, and a scaling factor of 0.5, which is a higher density mesh, as described in Section II.A.1. A grid
convergence study was performed for the positive thirty degree deflection angle for each flap. This angle was
chosen since that deflection produced more extreme results in each case than lesser deflection angles.

Figure 14 shows the effects of the leading edge inboard LE IB flap at various deflection angles on the
aerodynamic forces and pitching moment. The wind tunnel tests show that the LE IB flap has little effect on
lift, and this property is captured in the computational results as well. Inviscid FUN3D slightly overestimates
lift, and significantly underestimates drag, due to lack of viscous effects, as expected based on the results of
the five degree angle of attack case in Figure 6. FUN3D also overestimates the pitching moment coefficient.
However, while the numerical values for the coefficients do not match up, the FUN3D runs capture the
derivatives of the lift, drag, and pitching moment coefficients very well, and the derivatives play a crucial
role in the analysis of controls and stability of the aircraft. For the baseline mesh density case (SF of 1) the
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absolute maximum percent error in lift is 16%, for adjusted ”total” drag (see Section II.A.2 for description)
is 7%, and the percent error for pitching moment derivative is 45%. For the denser mesh case (SF of 0.5) the
absolute maximum percent error in lift is 16%, for adjusted ”total” drag (see Section II.A.2 for description)
is 10%, and the percent error for pitching moment derivative is 39%. While the pitching moment derivative
may seem off by a high amount, the trends seen in the wind tunnel are captured well by the computational
model. The rolling moment, which is not shown, does not match the coefficient values or the derivatives, and
the yawing moment matches trends slightly, but with overestimated coefficient values (which are an order
of magnitude lower than for the pitch). This is possibly due to the fact that rolling and yaw moment rely
more on the interaction between both wing halves, and therefore, simply combining two half models is not a
good approach for roll and yaw. It should also be noted that the two most negative deflections did not fully
converge by four orders of magnitude, due to oscillations.

(a) Lift. (b) Drag. (c) Pitching moment.

Figure 14. Effects of leading edge inboard flap with varying deflections at Mach 0.137 and angle of attack of 5 degrees.

Figure 15 shows similar results for the deflection of the leading edge outboard (LE OB) flap. The wind
tunnel tests show that the LE OB flap has little effect on lift, drag, and pitching moment, and the inviscid
FUN3D model once again captures this trend. For the baseline mesh density case (SF of 1) the absolute
maximum percent error in lift is 20%, for adjusted ”total” drag (see Section II.A.2 for description) is 7%,
and the percent error for pitching moment derivative is 122%. For the denser mesh case (SF of 0.5) the
absolute maximum percent error in lift is 16%, for adjusted ”total” drag (see Section II.A.2 for description)
is 13%, and the percent error for pitching moment derivative is 138%. While the pitching moment derivative
may seem off by a high amount, the trends seen in the wind tunnel are captured well by the computational
model. A grid convergence study was performed for the thirty degree LE OB flap deflection and is shown in
Figure 16 for mesh verification purposes. This study shows that the model converges well, and therefore, the
inaccuracies in the analysis are likely not due to mesh coarseness. Since the coefficient values in this study
are small, the FUN3D runs for these flap settings were converged by six orders of magnitude, as opposed
to the original four orders to ensure deep convergence. All cases converged well with the exception of the
negative thirty degree deflection.

(a) Lift. (b) Drag. (c) Pitching moment.

Figure 15. Effects of leading edge outboard flap with varying deflections at Mach 0.137 and angle of attack of 5 degrees.

The next flap studied was the trailing edge inboard flap (TE IB), with results given in Figure 17. The
wind tunnel results show that the deflection of this flap had a much higher impact on lift, drag, and especially
the pitching moment than the previous two flaps, as would be expected from a trailing edge flap. The inviscid
FUN3D results capture this effect as well, with a slope in pitching moment similar to the wind tunnel data,
although there is a slightly steeper lift curve slope for the deflection angle. For the baseline mesh density case
(SF of 1) the absolute maximum percent error in lift is 30%, for adjusted ”total” drag (see Section II.A.2 for
description) is 35%, and the percent error for pitching moment derivative is 32%. For the denser mesh case
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(a) Lift. (b) Drag. (c) Pitching moment.

Figure 16. Grid convergence study on aircraft with LE OB flap deflection of 30 degrees at Mach 0.137 and angle of
attack of 5 degrees.

(SF of 0.5) the absolute maximum percent error in lift is 130%, for adjusted ”total” drag (see Section II.A.2
for description) is 32%, and the percent error for pitching moment derivative is 32%. While the pitching
moment derivative may seem off by a high amount, the trends seen in the wind tunnel are captured well
by the computational model. As mentioned in a previous flap analysis, the predicted roll and yaw moment
coefficient values and derivatives do not match those of the wind tunnel data. Once again, this could be due
to the fact that the assumption made that there is little interaction between the flows on both sides of the
wing is a poor assumption.

(a) Lift. (b) Drag. (c) Pitching moment.

Figure 17. Effects of trailing edge inboard flap with varying deflections at Mach 0.137 and angle of attack of 5 degrees.

The trailing edge outboard flap results, exhibited in Figure 18, are very similar to those of the TE IB
flap. Once again, FUN3D calculates a slightly higher derivative for the lift and drag, but a similar derivative
for pitching moment. This flap also has more of an effect on pitch than the leading edge flaps, as expected
due to the distance in the x-direction between the flap and the center of moment. For the baseline mesh
density case (SF of 1) the absolute maximum percent error in lift is 30%, for adjusted ”total” drag (see
Section II.A.2 for description) is 35%, and the percent error for pitching moment derivative is 32%. For the
denser mesh case (SF of 0.5) the absolute maximum percent error in lift is 130%, for adjusted ”total” drag
(see Section II.A.2 for description) is 32%, and the percent error for pitching moment derivative is 32%.
While the pitching moment derivative may seem off by a high amount, the trends seen in the wind tunnel
are captured well by the computational model. Another grid convergence study was performed for this flap
at the thirty degree deflection setting, as shown in Figure 19. Although the studies do not show a clear
linear fit for the lift coefficient, the actual values do not change significantly as the mesh becomes denser.
Therefore, we once again conclude that the mesh density does not have a significant effect on the results,
and the baseline density is acceptable.

IV. Conclusion and Future Work

Robust computational models have been created for low- and high-fidelity rigid aerodynamic analysis,
and high-fidelity controls analysis. The low-fidelity model was the panel method in ASTROS, and the high-
fidelity model was the inviscid Euler method in FUN3D. These models have been verified through common
computational techniques, and validated using subsonic wind tunnel data. The rigid aero models predict lift
and drag coefficients that match the wind tunnel data well at the subsonic flight conditions. When sweeping
the angle of attack and Mach number, the low-fidelity model captures the general trends of the high-fidelity
model, but is less sensitive to these changes. When sweeping some geometric parameters for subsonic and
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(a) Lift. (b) Drag. (c) Pitching moment.

Figure 18. Effects of trailing edge outboard flap with varying deflections at Mach 0.137 and angle of attack of 5 degrees.

(a) Lift. (b) Drag. (c) Pitching moment.

Figure 19. Grid convergence study on aircraft with TE OB flap deflection of 30 degrees at Mach 0.137 and angle of
attack of 5 degrees.

transonic conditions, the low-fidelity model captured the general trends for the lift coefficient, but could not
capture the trends for the drag coefficient. Finally, control surfaces were implemented into the high-fidelity
inviscid FUN3D model and validated against subsonic wind tunnel data. Overall, the predicted values for
lift, drag, and pitching moment did not match the wind tunnel values, but the derivatives of these coefficients
were similar. The roll and yaw moment coefficients did not consistently match the values or the trends from
the wind tunnel data. This may be due to the decision made in Section III to perform the post-processing
by combining the data from two different half-span models for each flap deflection case rather than to run a
much more computationally expensive full-span model.

The performed work is the foundation for a multi-fidelity multidisciplinary analysis and optimization
study in the near future. Progress is being made on developing a structural model to incorporate into the
process, so that coupled aerodynamic and structural phenomenon can be captured in the analysis. The
controls model will also be adapted to use flaps that do not extend out to the entire span, such as those
shown in Figure 20. The more conventional size of the flaps in the new controls configuration will allow for
a more realistic structural model and trim deflections. After a successful implementation of these models,
an optimizer will be used to find a configuration that optimizes the range of the aircraft. Trim, deflection,
and other necessary constraints will be implemented to maintain the integrity of the model.

Figure 20. Sample partial span flaps.
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