Computational Aerodynamics Study of Competing Conceptual Designs for Advanced Tactical Fighter Aircraft
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Figure 13. Comparison of Pressure coeflicient at subsonic and supersonic Mach. (a) Subsonic
8° AOA; (b) Subsonic 24° AOA; (c) Supersonic 2° AOA; (d) Supersonic 6° AOA;

The shock waves are generated over the aircraft surface as flow becomes sonic, that is, M = 1.0. The primary implication of this
shock is an increase in the static pressure of the air. This can be seen from the color legends in supersonic regime as the absolute value
of negative pressure is dropped from 3 to 0.7. Figure 13 also presents the pressure distribution at supersonic speed at Mach 1.4 and
2° AoA. The most impressive C » distribution over the leading edge is observed in C-1 configuration. A large negative pressure can be
seen over the wing surfaces of C-2 and C-3 configurations. The effect of poorly shaped blended nacelle is drastic at supersonic velocity
as the flow is largely affected span wise over the C-3 wing. Concept-0 wing also has appreciable lift distribution over the surface.
Canard of C-3 has a larger sweep angle as compared to C-2 and thus appears to be more effective at supersonic speeds. Due to the
formation of shock waves, a high pressure can also be seen over the leading edges of V-tail surface, that is, smoothened out as the flow
moves downstream the surface. Large region of relative high pressure can also be seen over the V-tail of C-0 configuration. One of the
notable features in C-3 configuration is the shape of its nose surface, which results in improved G, distribution. At supersonic state at
6° AOA, it is evident that C-1 has the best pressure distribution across the leading edges, followed by C-3 configuration. Meanwhile, it
is also improved on the leading edges of other configurations as well. Concept-1 has the best canopy shape due to its sleek design, the
same was observed for all flight conditions. Moreover, C-1 appears to have the best exhaust design in terms of aerodynamic efficiency,
as compared to other configurations for all simulated flight conditions. However, due to a sharp fairing and shock wave interaction,
a slight high-pressure region can be observed in the mid fuselage section just ahead of blended engine nacelle. Regions of high
pressure can also be seen in the mid fuselage region for different aircraft. The pressure distribution is slightly improved on the V-tail
of C-0 aircraft. Concept-0 and C-2 have the highest pressure at the engine inlets, while the lowest is seen on the C-1 configuration.

The eddies are the swirling of fluid that are generated when a turbulent flow passes an obstacle in its path. An eddy is not a
property of fluid, but a violent swirling motion caused by the position and direction of turbulent flow. The eddy viscosity is the

proportionality factor describing the turbulent transfer of energy as a result of moving eddies, thus giving rise to tangential stresses.
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At 10° AoA, the small eddies are seen on the wing tips, indicating downwash from the wing. The eddies can also be seen on the
downstream of the engine exhaust. As the AoA is increased, the magnitude of vortex shedding is also especially increased, which
is visible in Fig. 14. At post-stall AoA, there is a decrement in the magnitude of eddy viscosity, primarily due to flow separation.

At 50°, it is clear that the flow is separated completely from the surface of the aircraft.
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Figure 14. Visualization of eddy viscosity at various AoA. (a) Concept-0; (b) Concept-1; (c) Concept-2; (d) Concept-3.
Concept-1 is found to have smallest eddies shedding from the wingtips at 10° AoA as compared to other configurations.
The eddies are somewhat delayed and found to be emitting from the mid-chord wing surface at 20° AoA. However, they are strong
in magnitude and strongly affect the flow over the vertical tail. In the post-stall regime, Fig. 14 indicates the interaction among
the vortices, especially in the reattachment of secondary wingtip vortices. At 50°, the aircraft appears to be stalled completely.
Concept-2 appeared to shed the strongest eddies than all other configurations. In Fig. 14, the strong eddies can be seen
shedding from the wingtips at 10° AoA. As the AoA is increased to 20° AoA, the flow eddies grow in size and strength, producing
at a location near to the quarter-chord of the wing. At 30°, the strength of eddy viscosity is somewhat reduced, except in the
canard region, mainly due to the flow separation. At 50°, the strength of eddy viscosity is dissipated, except in the canard section.
The eddy viscosity is high at 10° AoA as compared to the other configurations, particularly in the engine exhaust region.
The stronger eddies appear on the wing surface in the mid-chord region at 20° AoA. The eddies become stronger as they travel
along the surface and diminishes when moving away. Figure 14 shows that the 30° is the post-stall regime as strength of eddies
is decreased due to separation. At 50°, the flow appears to be separated completely on the aircraft, except on the nose section.
The flow topologies of the configurations at different AoA are illustrated by a common iso-value of Q-criterion in Fig. 15.
Q-criterion is a flow visualization tool that highlights the vortex-based areas where the magnitude of the vorticity tensor ()

exceeds the magnitude of the strain rate tensor (S) and is expressed by Eq. 2:

Q = (I - 1Isl?) @
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Figure 15. Visualization of the vortex core at a common value of Q criterion at various
flow angles. (a) 10° AOA; (b) 20° AOA; (c) 30° AOA; (d) 50° AOA.

From the figure, the major contribution of vortex generation at low to moderate AoA can be observed due to the pressure
difference between upper and lower surfaces of the wing. The formation of forebody vortices, canard vortices and the wing tip and
leading edges vortices majorly affects the aerodynamics of the configurations. At 10° AoA (refer Fig. 15), the vortices of significant
magnitude appear on the upper surfaces of C-1 and C-3. Concept-1 vortices are mainly due to its delta wing configuration, but are
restricted to the wing tips only. The flow near the root chord of the wing seems to be unaffected as the flow moves along the surface.
However, the vortices on C-3 indicate that it is disturbing the air flow on the surface of the wing because of canard surfaces. Concept-0
and C-2 have smaller magnitude of vortices mainly on the edges of the surfaces. Concept-2 has the minimum magnitude of vortices.

From Fig. 15, it can be observed that the vortices on the C-0 and C-2 remain small and restricted as compared to C-1 and C-3 at 20°
AoA. However, canard of C-2 appears to be significantly affected by the vortices. Reynolds-averaged Navier-Stokes simulation has captured
the interaction of canard, forebody and wing vortices in C-2 and C-3. Vortex core generated by the nose of the aircraft C-0 and C-2 moves
downstream and ends near the quarter chord of the wing root. Concept-3 again has the largest magnitude of vortices. The vortices formed
at the nose are larger in magnitude as compared to all other configurations. The vortices formed near the canard severely affect the canard
surfaces and remain significant until the mid-chord of the wing root. The wing surface is also affected by the vortices, mainly at the
leading edge, especially near the mean aerodynamic chord. There are no significant vortices near the nose of the C-1 aircraft even at 20°
AoA. The vortices are significant only at the leading edges of the front delta and weaken as it approaches to the quarter chord of the wing root.
The vortices also diminishes as they travel downstream along the leading edges of the wing. The horizontal stabilizer is slightly affected by the
vortices. The vortices also appear only on the junction of wing vertical tail, but they are smaller in magnitude due to small pressure difference.

At the post-stall AoA (50°), it can be observed that C-1 is relatively less affected by the vortices than the other configurations. Concept-0
and C-2 have similar planforms and nose-shape, yet the effect of vortices is larger on C-2, especially in the trailing edge of wing. Canard surfaces
of C-2 and C-3 are extremely affected at this AoA. Concept-1 has a remarkable nose shape as the vortices are very low in magnitude, even
at the post-stall AoA. There are significant vortices at the front delta wing, suggesting to be completely affected. At a very high AoA, Fig. 15

indicates that excessive vortices are formed in the nose region of C-0, C-2 and C-3 configuration with the highest for C-3. Concept-0 has
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less vortices along the edges of its wing as compared to other configurations, but still, they are substantial. The flow around the nose is found
to be better for C-1 configuration due to its superior nose shape, yet, due to delta wing configuration, the wing is largely affected by the

wing tip vortices. Concept-3 nose shape does not appear to be optimal, as it is generating larger region of vortices that indicates more drag.

Leading-Edge Suction Analogy-Based Vortex Lift Estimation
Based on the vortex lift concept using leading edge suction analogy, an empirical study is conducted for estimating the lift

coefficient for delta wings at low AoA. The mathematical formulation of Polhamus method is expressed in Eq. 3:

C, = Kp sina cos?a + K, cosa sin*a 3)
where K, and K| are proportionality constant for potential and vortex lift. K i dependent on the wing aspect ratio. On the contrary,
the value K is nearly constant and is usually taken as 7.

The subject models have triangular wings with aspect ratios ranging from 2 to 2.6. Therefore, the force constants are evaluated
through Egs. 4 and 5, presented by Maybury et al. (2001):

Kp = 1.3934R — 0.141AR? (4)
K, =3.157 — 0.020AR + 0.021 AR? (5)

where AR represents the aspect ratio. The values of these constants are presented in Table 4 for each concept.

Table 4. Lift proportionality constants.

Concept-0 Concept-1 Concept-3
AR 2.0030 AR 2.3113 AR 2.5215
K, 2.2245 K, 2.4664 K, 2.8180
K, 3.2012 K, 3.2230 K, 3.2401

The plots of the analytical and numerically computed value of the wing lift coefficients are depicted in Fig. 16 for each
configuration. Among the given aircraft configuration, C-1 wing resembles the delta wing configuration and it can be observed

from Fig. 16 that numerically calculated lift coefficient follows the analytical estimate curve closely for the given values of K, and K,
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Figure 16. Comparison of analytical and numerical lift coefficient. (a) Concept-0; (b) Concept-1; (c) Concept-3.
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Post-Stall Estimation of Lift Coefficient

The numerical results are achieved till 60°, after which the solution largely oscillates and diverges. To predict the further behavior of the

lift coefficient with variation in AoA, the curve fitting techniques were highlighted by Duquette (2007). Among these techniques, Duquette

suggested the post-stall method by Viterra and Corrigan for accurate estimation of C, between the stall angle (0. ,,;) and 90°. Therefore, the

method was implemented in the current research work, and Egs. 6, 7, 8 and 9, presented in the research by Duquette (2007), were used.

2
C, = AlsinZ2a JECEE

sina

C
Al = D.;{AX

Sin@sean

A2 = (CL,stall = Cpmax * SiNAgequ * Cosastall) cos29stall

Comax = 111 + 0.0184R

Based on these formulations, Eqgs. 10, 11, 12 and 13 were derived for the conceptual aircraft.

2
C, = 0.57303sin2q + 22222052, (¢ )

sina

C, = 0.57580sin2a + 221807¢0s, (¢ 1y

sina

€, = 0.57758sin2a + 222504, (¢ )

€, = 0.57770sin2a + 227297, (¢ 3)

(6)

(7

(8)

(10)

(11)

(12)

(13)

It is notable to mention that these equations are applicable for the angles beyond 60°. The behavior oflift coefficient between the

angles —10 and 90° are presented in Fig. 17 for each configuration. This data is useful for modeling agile maneuvers of Advanced

Tactical Fighter (ATF) for performance analysis and studying complex trajectories, such as cobra maneuvers.
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Figure 17. Lift coefficient trend based on CFD runs and post-stall method.
(a) Concept-0; (b) Concept-1; (c) Concept-2; (d) Concept-3.
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Contribution of Components
Fuselage

Figure 18 shows the fuselage contribution towards lift, drag and lift-to-drag ratio at different AoA at a subsonic Mach No. of
0.6. Due to fairing on the C-0 configuration, lift on the fuselage region is found to be more as compared to other configurations.
However, the drag encountered by it is also higher as compared to the other configuration at near and beyond stall AoA. This suggests

an improvement in the geometry shape of fuselage in order to attain less drag and consequently a higher L/D ratio.
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Figure 18. Aerodynamic contributions of Fuselage at Subsonic Mach. (a) Contribution in
overall lift and drag. (b) Contribution in lift-to-drag ratio and pitching moment.

Concept-1 configuration has nominal lift at all AoA and has a relative less amount of drag. Better fairing on the surface and
streamlined shape of the fuselage resulted in the highest L/D among other configurations. Concept-3 has generated less lift due to
the high-pressure region generated in the mid-fuselage section ahead of fairing. This has affected the aerodynamic performance,
as L/D is lower for C-3 at all AoA before stall.

Wing

The primary function of a wing is to generate sufficient lift in order to sustain flight and thus the most important component of an
aircraft. The wing planform is the shape of the wing viewed directly from the above, coming in different configurations with each having
its own advantages and disadvantages. Figure 19 compares the aerodynamic characteristics w.r.t AoA of the wing of different aircraft
configurations in subsonic flight of Mach 0.6. Concept-0 configuration consist of a trapezoidal wing with a significant taper-ratio. The lift
coeflicient is found to be less than other aircraft at all AoA. However, as this configuration is much closer to the ideal elliptical wing,
the drag coefficient is less than other aircraft, and lift-to-drag (L/D) ratio was highest for C-0 configuration. Concept-0 configuration is
marginally unstable as coefficient of moment increases slowly with AoA before stall. However, beyond stall it is found to be fairly stable.
The stallis achieved at moderate AoA. After stall, the flow is found to remain attached only in the small portion of leading edge at 30° AoA.
At50°, the flow is completely detached from the upper surface of the wing, leaving a large separation region suggesting a high pressure drag.
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Figure 19. Aerodynamic contributions of Wing at Subsonic Mach. (a) Contribution in
overall lift and drag. (b) Contribution in lift-to-drag ratio and pitching moment.
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In C-1 configuration, the wing planform is double-delta with sweep forward trailing edge. Lift coefficient is found to be more
than C-0 configuration with relative higher drag. However, due to its delta wing configuration, stall is delayed to nearly 20° AoA.
As there is a rapid decrease in the lift coefficient, the post-stall effect is found to be dramatic. The lift-to-drag ratio is low at low
AoA; however, it is improved as the AoA is increased and was found slightly higher than C-3. It can also be seen that the wing of
C-1 configuration is the most unstable configuration from the moment coefficient curve. Cm increases almost linearly with the
AoA and results in higher slope than other configurations.

Concept-3 is a cropped delta wing aircraft. The lift coefficient is found higher for C-3 than all the other configurations
throughout all AoA. However, the coeflicient of drag can be observed to be higher as well. This decreases the overall aerodynamic
performance of the wing as lift-to-drag ratio is not as impressive as C-0, but it is similar to C-1. The stall angle is slightly higher
than C-1. Concept-3 wing is also unstable; however, the behavior is benign relative to C-1.

Vertical Tail

The tail in C-0 is in the form of V-tail with large surface region. In Fig. 20, the coeflicient of lift is the highest, suggesting large
nose-down moment being generated by the tail. This is true only till moderate AoA. The lift coefficient drops exponentially as the
AoA is increased from 8° and remains very low till 25°, signifying the inefficiency of tail in between these AoA. Since there is no
horizontal stabilizer, a negative lift coefficient that can be seen in Fig. 20 further indicates a destabilizing nose-up moment being
generated, which can also be seen in the right figure as an increase in the coefficient of moment. The lift-to-drag ratio is notable
at low AoA. However, there is a sudden drop in L/D ratio as the AoA is in 20-25° range. Concept-1 has twin vertical tail, which is
inclined at very small angle. The coeflicient of lift is very small and slightly increases with the AoA. Nonetheless, it starts dropping
at nearly 15° AoA. In the post-stall regime, the coefficient of lift remains nearly constant throughout showing stabilizing effect on

the aircraft. The coefficient of moment is marginally negative throughout all the AoA.
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Figure 20. Aerodynamic contributions of Vertical tail at Subsonic Mach. (a) Contribution in
overall lift and drag. (b) Contribution in lift-to-drag ratio and pitching moment.

The lift-to-drag ratio is impressive only at small AoA. There is a drop in L/D ratio to negative values as the AoA is between
15-25° range. There is a V-tail configuration in C-3 configuration, which is smaller in size. There is no horizontal stabilizer present
in the aircraft. The lift-coeflicient is small and mostly negative before stall. The coeflicient of moment is slightly negative throughout
all AoA. The lift-to-drag ratio shows poor aerodynamic efficiency of the vertical tail with highest value of 2~2.5. Overall, the lift-

to-drag ratio is not impressive at all AoA, which indicates the need for modification in the design of V-tail of the C-3 aircraft.

Canard,/Horizontal Tail

Figure 21 depicts the aerodynamic characteristics of horizontal surfaces of C-1 and C-3 configurations. A sweepback canard
is present in C-3 configuration ahead of the wing. Canards are located ahead of the CG intentionally in order to destabilize the
aircraft for greater maneuverability, especially at high AoA. From the C, , curve, the canard is seen to be generating lift efficiently
till 30° AoA. As the angle is increased from 30°, the lift coefficient starts to drop, suggesting it to be stalled. The lift-to-drag ratio
is very high at low AoA, reaching a value of 28 before dropping at moderate AoA. The canards are found to have positive moment
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coefficient through all the AoA. The horizontal tail is present in C-1 configuration only just aft of the wing. The primary role of
the horizontal tail is to provide longitudinal stability to the aircraft. Atlow AoA, the lift coefficient of horizontal tail is not notable,
thus indicating poor performance at those angles. At moderate to high AoA, there is a sudden increase in the lift coefficient before
retaining a nearly constant value. Moment coefficient is found to be very small and slightly negative at moderate-high AoA. The lift-
to-drag ratio is not very impressive as well. A redesign of the horizontal stabilizer is suggested to ensure better performance under

vortex shedding from the wing.
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Figure 21. Aerodynamic contributions of Horizontal Tail / Canard at Subsonic Mach. (a) Contribution
in overall lift and drag. (b) Contribution in lift-to-drag ratio and pitching moment.

CONCLUSION

Computational fluid dynamics is known to be a very useful tool in the aerodynamic analysis of aircraft. It not only provides
deep information about the flow, which helps in the design optimization, but is also very cost-effective as compared to experimental
techniques. However, for complex analyses, computational cost increases exponentially, yet significant less than wind tunnel
operational cost.

Due to the unavailability of aerodynamic data on the fighter aircraft at different Mach numbers, CFD model was validated
against ONERA M6 wing and UCAV SACCON, which provides fairly accurate results for 3D flows. However, many complex
flow phenomena, like interaction of downstream vortices with the surface, post-stall aerodynamics, interference etc., need better
benchmark for the CFD validation. In order to gain confidence in the CFD model, mesh sensitivity is checked and tight convergence
criteria is employed in order to have minimum numerical errors. Computational fluid dynamics analysis provides key aerodynamic
performance and stability parameters about the four conceptual designs (C-0, C-1, C-2 and C-3).

The comparison of aerodynamic performance parameter, which is a ratio of the lift-to-drag (L/D) of different aircraft in
subsonic and supersonic flight regimes, has been studied and presented in this study. The highest wave drag is observed for the
configuration C-0 wing to the abrupt changes in area distribution. However, the latter concept is the only among the four models
symbolizing a positive static margin based on the CG location. Concept-1 performs the best in terms of drag behavior and lift to
drag ratio in both flow regimes. Additionally, the highest supersonic lift and drag are observed in the configuration C-2. In subsonic
regime, all configurations are longitudinally statically unstable. By carefully analyzing the shift of neutral point in moving from
subsonic to supersonic flight regime, the aircraft becomes more statically stable. Also, each configuration exhibits flat surface
behavior of C; at very high AoA.

Furthermore, the areas in which improvements can be made in order to further enhance its flight capability were also
identified from the flow visualization over the four aircraft. It is highly recommended to add engine fairing in C-3 concept and
repositioning of its canard surface, so that the effects of vortices on the wings are minimized. The reshaping of the canopy should
also be considered. Concept-1 fuselage appears to have slightly better aerodynamic features, as it shows higher values of L/D at
normal flying AoA. Concept-1 seems to have lowest drag in the supersonic regime, yet it is recommended to redesign blended
engine nacelle. The features that are suggested to be improved in C-0 are wing leading edge, engine nacelle fairing and vertical tail.
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