
The Aeronautical Journal (2024), 128, pp. 2105–2125
doi:10.1017/aer.2024.32

RESEARCH ARTICLE

Altering flight stability characteristics of a
high-performance aircraft through wing strake
modification
H. Raza1 , A. Maqsood2 and J. Masud3

1School of Interdisciplinary Engineering and Science (SINES), NUST, Islamabad, Pakistan
2National University of Sciences and Technology, Islamabad, Pakistan
3Air University, Islamabad, Pakistan
Corresponding author: A. Maqsood; Email: adnan@sines.nust.edu.pk

Received: 14 August 2023; Revised: 28 January 2024; Accepted: 13 March 2024

Keywords: Longitudinal Stability; Computational Fluid Dynamics (CFD); Aerodynamics; Wing-Strake; Vortex Flow

Abstract
Changes in flight stability characteristics at the advanced stage of aircraft design are complex and require thorough
investigations. This paper examines the impact of wing strake modification on high-performance aircraft using
computational fluid dynamics (CFD). The dynamic behaviour is calculated using the forced oscillation technique,
while the effect of geometric variation on longitudinal stability characteristics is extensively studied. Steady-state
experimental data is utilised to validate the computational setup. Static aerodynamic coefficients, dynamic sta-
bility derivatives and the positions of aerodynamic and pressure centres are employed to quantify the changes.
Furthermore, the alterations in stability characteristics are correlated with flow physics. The results indicate a reduc-
tion in longitudinal static and dynamic stability at various flight conditions due to the proposed modification. This
deliberate reduction was necessary to accommodate the installation of a fly-by-wire system. The discussed design
changes have been effectively implemented on an in-service aircraft.

Nomenclature
M moment
L lift
D drag
q pitch rate
p roll rate
r yaw rate
y+ dimensionless distance for first cell
V∞ free stream velocity
q∞ dynamic pressure
VH horizontal tail volume ratio
lt distance from horizontal tail to CG
C̄ chord length
Kq reduced pitch rate
K reduced frequency
S wing area
MAC mean aerodynamic chord
CD drag coefficient
CL lift coefficient
CM moment coefficient
CMq + CMα̇

moment damping coefficient
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CLq + CLα̇
lift damping coefficient

�t time step
f oscillation frequency

Greek symbol
α angle-of-attack
α̇ rate of change of angle-of-attack
β sideslip angle
ρ density
ε wing downwash
ω oscillation velocity

1.0 Introduction
Changes in aircraft configuration in the design, development and up-gradation are commonplace in the
aerospace industry. Prototype evaluations should be conducted as soon as possible during the design
phase to save time, money and other resources. Verifying each new design quickly, inexpensively and
safely is essential. Historically, prototypes were developed for new aircraft designs before they were
tested. The entire manufacturing process and time are wasted if the prototype performs poorly. The prob-
lem of testing prototypes was solved through empirical and numerical techniques in the past. However,
both were flawed by the need for more accuracy. In addition to saving a lot of money and manufactur-
ing hours, these empirical and numerical methods could be more accurate in determining an aircraft’s
actual behaviour. Computational fluid dynamics (CFD) is the method that can accurately predict the
fluid behaviour of an aircraft. Furthermore, this method is cost-effective and takes relatively little time
to develop a new aircraft model.

Historically, Bryan introduced the notion of stability or aerodynamic derivatives in 1911 [1]. Based
on Nguyen’s study [2], dynamic derivatives of the aerodynamic model significantly affected the stability
characteristics of aircraft at high angles of attack and rates. The investigation of unsteady aerodynamics
effects on aircraft motion was done first by Jones and Fehlner [3] and dynamic stability derivatives of the
SDM under forced oscillation to find a proper experimental setup for a generic combat fighter performed
by Mehmet [4].

Dynamic stability coefficients in the past were occasionally assumed to be negligible or computed
as a small constant based on simple approximations of the static stability coefficients [5]. Increasing
complexity in modern designs and extreme flight conditions increase the importance of stable dynamic
characteristics. Especially for slender vehicles with fins, the damping derivatives significantly affect
the vehicle’s ability to respond at high speed and extremely high angle-of-attack [6]. Since Apollo and
Viking programs, predicting dynamic stability derivative has been challenging [7].

For the prediction of dynamic derivatives, the time-dependent motion must be able to compute
the aerodynamic response, which excites the applicable aerodynamics. Computing higher-order sta-
bility derivatives for general configurations and flow conditions is computationally challenging, as it
involves simulating an unsteady flow of a moving geometry. Therefore, dynamic stability derivatives
are calculated only at a few critical points using CFD or restrictive approximation methods and then
extrapolated to cover the desired range. The traditional technique of predicting dynamic derivatives, such
as wind tunnel testing, is expensive and complex. As aircraft designs continue to evolve, they become
more manoeuverable. Stability and control laws for an aircraft must be developed using a high-fidelity
aerodynamic database of dynamic derivatives.

For fighter aircraft, it is essential to have highly manoeuverable capabilities, and a stable aircraft
cannot do that. In all the discussions of vortex flows and induced lift, stability characteristics change
with the effect of the wing strake. A wing strake aligns the vortex flow, and its vortex combined with
the wing vortex creates a strong vortex which, at a high angle-of-attack, leaves the surface of the wing
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early and leaves a high-pressure region below the vortex on the surface of the wing, which pushes the
wing down and reduce the stability.

Many hybrid wing planforms have been studied with the idea of using them on supersonic transports
or combatants. Initially, wind tunnels and flight tests did the work on wing strake. Planform areas were
developed for use on supersonic fighters. Several fighter aircraft, including the F-16 and F-18, have
planform areas to improve flight performance. F-16 and F/A-18 aircraft have wing strakes that cause
vortex lift. The vortex lift occurs when captured vortices are generated from the sharply swept leading
edge of the wing. Although flow separating from the surface causes a decrease in the lift, due to the
induced lift effect, an extra lift is generated.

Morton [8] did a CFD analysis of F-16 aircraft. F-16 aircraft has a strake body, which induces insta-
bility at the subsonic regime. A similar effect was observed for F-18 aircraft, but with experimental
analysis [9]. Although a small amount of research is available on the wing-strake aircraft’s stability,
much research is done on the aerodynamics of wing-strake alone. Most of this research is performed
with the wing-strake arrangement on delta wings; one example is the work of Fujii [10], but there are
no stability calculations.

Lamar visited stability characteristics of wing-strake arrangements [11] in 1980; he used 16 analyti-
cally and empirically designed strakes. This efficiency analysis shows that using a leading-edge sweep
greater than 44o gives the extra lift. Luckring [12] shows that reducing leading-edge suction results in
delayed and smeared separation. This efficiency analysis also explains that increasing the wing area is
not as effective as adding a wing strake; a wing strake also causes an increase in drag but not as much
as it increases lift, which makes it a better choice than other lifting surfaces like canards.

The effect of wing-strake on a generic aircraft configuration was evaluated in [13], but stability char-
acteristics were not visited. CFD aerodynamic analysis of different strake configurations was performed
in [14]. Also, a lot of research on stability characteristics of aircraft is present in literature but only on the
standard dynamic model (SDM) like the work of Mehmet [4] through experimental forced oscillations,
and Ronch [15] through CFD is present.

Stability calculations through CFD on wing-strake arrangements are done by Carter [16], in which
many shapes of delta wings and strake configurations were compared in regards to their stability char-
acteristics. Carter [16] analysed the stability characteristics of 12 configurations of 5th generation delta
wings. It was concluded that adding a wing strake decreases the longitudinal stability of the aircraft.

Many aircraft use different strakes for various purposes, such as the Concorde SST’s nose strake
forward to the fuselage to control fuselage flow at high angles of attack [17].

In conclusion, for many reasons, stability calculation through CFD on wing-strake arrangement
incorporated on any specific aircraft body is a missing link in the literature.

2.0 Problem formulation
When the aircraft under consideration goes through a flight testing phase, it develops a need for design
improvement in two areas: supersonic drag reduction and pushing the aircraft’s aerodynamic centre for-
ward to take full advantage of the digital fly-by-wire flight control system’s capacity. For this refinement,
wing-strake or leading-edge extension is the best way forward.

It is improbable that any stability or aerodynamic calculation on the concerned aircraft is available.
But, in 2007, [18] provided insight into the aerodynamic advantages of wing-strake arrangement on
the aircraft model used in this study using the high-order panel method; however, dynamic behaviour
was absent. Dynamic behaviour of spin characteristics, yawing moments with elevator deflection, and
asymmetric behaviour using CFD were evaluated of this aircraft in 2016 by Masud et al. [19]; moreover,
the high angle-of-attack dynamics, yaw and pitch behaviour were also considered. Recently, in 2021,
[20] longitudinal steady state and 1 DOF forced pitch-up analysis was done through CFD analysis, which
gave this research its validation study.
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Figure 1. Aircraft geometry and description. Left modified and right original.

The wing-strake arrangement used in this work is a modified aircraft prototype. A comparison anal-
ysis was done with an original aircraft prototype to identify the effect of wing-strake arrangement on
flight stability.

Therefore, this study aims to perform comparative stability and aerodynamic analysis. Furthermore,
this study aims to analyse the impact of the wing-strake arrangement on the longitudinal stability of
the aircraft and explore the aerodynamic advantages resulting from this modification. Since precise
information regarding the centre of gravity (CG) for the given aircraft is not available, the analysis was
conducted based on an estimated location of CG. While this assumption may not provide the exact
information on the aircraft’s longitudinal stability coefficients, it does provide valuable insight into the
effect of the wing-strake arrangement.

2.1 Geometric description
The geometric modeling of two models for CFD simulations was made using R©. In the modified geome-
try, a more extensive strake configuration was added. The original geometry, which has a smaller strake
configuration, was also modeled. The parameters used to describe strake geometry are strake length
(Ls), strake sweep angle (φs), strake total area (As), and strake chord length (Cs).

In the absence of precise CG information pertaining to the aircraft in question, it becomes necessary
to employ an educated estimation regarding the CG’s probable placement. The centre point for both
prototypes is chosen to be at X/Lx=0.6143, Y/Ly=0, Z/Lz=0 (for reference, see Fig. 8). The details of
geometries are in Fig. 1.

After completing the geometric modeling, setting the case for CFD analysis is essential. To do that,
a spherical domain was created outside the aircraft model. By keeping the domain solid and hollowing
out the aircraft model.

In this study, both static and dynamic stability are emphasised. An outer rectangular domain was
created with a spherical domain inside to allow aircraft to move in the spherical domain, using the
sliding mesh technique.

https://doi.org/10.1017/aer.2024.32 Published online by Cambridge University Press

https://doi.org/10.1017/aer.2024.32


The Aeronautical Journal 2109

Table 1. Grid details of both aircraft’s configurations

Parameters Modified Original
No. of elements 28,291,641 24,463,653
No. of nodes 8,866,474 7,634,508
No. of layers (prism) 15 15

Modified configuration Original configuration

(a) (b)

Figure 2. Surface mesh of modified and original configuration.

Outer domain mesh

(a) (b)

Mesh near the surface of aircraft

Figure 3. Unstructured grid for inner and outer domains.

The meshing of geometry is an integral part of CFD calculations. A better mesh will ultimately yield
accurate stability derivatives. The best way to mesh complex geometries is to divide the geometry into
parts to facilitate meshing complex curves and surfaces. An unstructured grid was made with tetrahedral
elements. The grid details are illustrated in Table 1. In addition, prism mesh was formed near the surface.
The mesh was resolved in the modified configuration using the same settings as the original; the slight
difference in the surface mesh is because the modified model has a strake configuration, shown in Fig. 2.
Also, the inner and outer domain mesh is shown in Fig. 3.

2.2 Computational setup for validation studies
To validate the wing strake configuration (modified), experimental results were compared with those
obtained through CFD. The experimental results mentioned in [20] are conducted at Mach number 0.6,
with the moment coefficient calculated at the aircraft’s mass centre, which is about: X/Lx = 0.6, Y/Ly =
0, Z/Lz = 0 (for reference see the Fig. 8) in [20]. For a rigorous validation of the computational fluid
dynamics (CFD) findings, the centre point of the modified configuration was intentionally repositioned
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Lift coefficient

(a) (b) (c)

Drag coefficient Moment coefficient

Figure 4. Validation of modified configuration’s static state results with experimental.

to X/Lx = 0.6, Y/Ly = 0, Z/Lz = 0. This deliberate shift in the centre point allowed for a direct compar-
ison between the static CFD results of the modified configuration at Ma = 0.6 and the corresponding
experimental results (Fig. 4).

The results showed that the CFD results corresponssd greatly with the experimental results. The
most important parameter for stability studies is the moment coefficient, which closely resembles the
experimental results at a low angle-of-attack. This discrepancy could be due to the potential influence of
uncertainties in experimental data, as exact information regarding the experimental setup is unknown.

Still, as the angle-of-attack increases, the results correspond almost precisely. The results of the coef-
ficient of lift and coefficient of drag corresponded almost precisely. This means that the CFD setup is
accurate enough to determine the stability characteristics of the aircraft.

The validation study determined that the turbulence model best predicts the stability characteristics
with experimental studies is the Spalart Allmaras (SA) model.

2.3 Computational solver setup for static state analysis
For static CFD analysis of an aircraft, Ansys Fluent needs subsonic and supersonic flow conditions
defined in Table 2.

Pressure far-field boundary condition was applied at the outer domain. The pressure-based solver
was used for the subsonic flow regime, and the density-based solver was used for the supersonic.
The converged results determine the aerodynamic and longitudinal static stability characteristic of the
aircraft.

Due to the supersonic regime, a time-dependent simulation must be performed to incorporate that
unsteadiness.

2.4 Computational solver setup for dynamic analysis
For dynamic analysis, forced oscillations were performed using the sliding mesh technique.
Equations 1–3 calculated the parameters used for these calculations. These conditions allowed the air-
craft to oscillate about its centre as the solver calculated the coefficient of the moment and lift in the
form of sinusoidal curves. The parameters are given in Table 3 for Mach = 0.6, 1.4:

f = V∞k

πd
(1)

k = ωd

2V∞
(2)

�t = πd

NV∞k
(3)

https://doi.org/10.1017/aer.2024.32 Published online by Cambridge University Press

https://doi.org/10.1017/aer.2024.32


The Aeronautical Journal 2111

Table 2. Subsonic and supersonic boundary conditions attributes
for three different Mach numbers

Parameters Subsonic Supersonic
Mach numbers 0.15 and 0.6 1.4
Pressure 101,325 Pa 101,325 Pa
Temperature 288 K 288 K
Turbulence model Spalart Allmaras Spalart Allmaras
Time step size (�t) 0.002 s

Table 3. Dynamic calculation parameters

Parameters Subsonic Supersonic
Mach number 0.6 1.4
Time step size (�t) 0.0044 s 0.00188 s
Reduced frequency (k) 0.0855 0.0855
Oscillation frequency (f) 2.27 Hz 5.3 Hz
Oscillation amplitude 5o 5o

Where N = number of time steps (�t) for one oscillation, k is the reduced frequency, d is charac-
teristic length and f is the oscillation frequency. The value of k determines the degree of instability in a
system. If a system is highly unsteady and we use a low value of k to calculate dynamic stability, getting
a converged solution would take a lot of time. So, it is essential to calculate the value of k specific to the
system under harmonic motion.

The convergence of dynamic simulation is checked by analysing the sinusoidal curves of the coef-
ficients. For longitudinal stability, the sinusoidal curves of the coefficient of the moment will be
observed.

3.0 Results and discussion
3.1 Impact of static aerodynamic coefficients on aircraft’s stability
For longitudinal stability analysis, static CFD comparison of the coefficients CL, CD, and CM will evaluate
the aerodynamics and stability characteristics for both aircraft configurations (original and modified).

For Ma = 0.15, at around 25o AOA, the lift coefficient increases for modified and the maximum lift
increases by 5.728%. For Ma = 0.6, the increase in lift begins at 20o AOA, with a 6.0358% increase
in maximum lift. For Ma = 1.4, the increase in lift coefficient begins at around 10o AOA, with only a
2.8998% increase in maximum lift (see Fig. 5). Adding a strake to the aircraft generally increases lift,
consistent with the literature review.

The drag coefficient at Ma = 0.15, there is an increase in drag coefficient observed at 20o for modified.
At Ma = 0.6, there is an increase in drag coefficient observed at 15o AOA for modified, and finally,

at Ma = 1.4, there is an increase in drag coefficient for modified configuration and starts at 15o (See
Fig. 6).

For CM at Ma = 0.15, there is stability observed for original until 25o AOA; then there is slightly less
stability until 30o AOA. Looking at the modified curve, instability is observed until 25o AOA, and then
there is slight stability until 30o AOA, and then it becomes unstable again.

For Ma = 0.6, the original configuration is stable, but the modified configuration is unstable until 20o

AOA and then stable afterward.
With an estimated CG location, it is observed that the instability in the modified configuration is

primarily due to this CG shift. This relationship is evident in Fig. 4c’s CM validation curve, where
adjusting the CG point shifted the modified configuration from instability to static stability. These
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Ma=0.15

(a) (b) (c)

Ma=0.6 Ma=1.4

Figure 5. Lift coefficient for original and modified at different Mach numbers with a variation of the
angle-of-attack.

Ma=0.15

(a) (b) (c)

Ma=0.6 Ma=1.4

Figure 6. Drag coefficient for original and modified at different Mach numbers with a variation of the
angle-of-attack.

(a) (b) (c)

Ma=0.15 Ma=0.6 Ma=1.4

Figure 7. Moment coefficient for original and modified at different Mach numbers with the variation
of the angle-of-attack.

results emphasise the CG’s role in aircraft stability, especially in modified designs like the wing-strake
arrangement.

Finally, for Ma = 1.4, both modified and original configurations show stability until 30o AOA,
modified shows slight instability after 30o AOA (See Fig. 7).

So, adding a strake causes instability in aircraft.
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Aerodynamic Center

(a)

(b)

Slice position of aircraft

Figure 8. Aerodynamic centre position of aircraft and slice positions of aircraft.

Ma=0.15 Ma=0.6 Ma=1.4

(a) (b) (c)

Figure 9. Centre of pressure position of aircraft.

3.2 Aerodynamic centre and centre of pressure
The point of constant pitching moment or aerodynamic centre (Fig. 8a) and the point of concentration
of all forces or the centre of pressure (Fig. 9) moves aft of the aircraft when the aircraft is in supersonic
regime. This means that at the supersonic regime, both aircraft configurations are longitudinally stable,
the slight forward shift for modified configuration from the centre point (X/Lx = 0.6143 in Fig. 8b) at
subsonic regime indicates loss in stability.

3.3 Flow physics of aircraft in static state
Comparing the flow behaviour at different flight conditions together with coefficient curves can better
explain the aerodynamic and stability characteristics of aircraft, and a better conclusion can be drawn
on the difference in flight behaviour of both aircraft models.

Note that only those angles of attack will be considered, which shows some significant differences
in the flow behaviour of both aircraft models. Two types of visualisation techniques are used for static
analysis.

1. A significantly high angle-of-attack case for both aircraft models are compared side by side with
scales for length and half span of aircraft (Figs. 10 and 12). Half of the original configuration is
at the left of the scale, and half of the modified configuration is at the right of the scale.
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Figure 10. Flow visualisation at Mach = 0.15 and α = 30o. Left is original, and right is modified.

• To gain deeper insights into flow attachment and detachment on aircraft, the velocity flow field
at a surface offset of -0.0001m was analysed. This approach provides a clearer depiction of
shear layer dynamics and boundary layer behaviour, making it particularly advantageous for
identifying the onset of flow separation and understanding the extent of attached flow regions.
Additionally, this offset velocity contour directly visualises the flow field, capturing velocity
fluctuations near the surface and detecting subtle changes in the flow pattern. Although static
pressure provides good insights into pressure distribution on the surface, these advantages may
not be as apparent in static pressure contours on the surface because, under certain conditions,
static pressure contours on the surface may mask localised flow features due to their sensitivity
to pressure gradients.

• A total pressure iso-surface is created to visualise the vortex clouds.
• At different sliced aircraft planes, the vector field of Q-criterion was shown to analyse the

vortices’ attachments and detachments and the location of vortex breakdown.
2. To analyse the effect of the angle-of-attack on the coefficient of the moment (Figs. 11 and 13).

• Total pressure iso surface is compared side by side on half of both aircraft models to visualise
the formation of vortex clouds.

• Velocity flow field at -0.0001m offset of the surface.

3.3.1 Mach 0.15
For the Mach 0.15 case, at 30o AOA, the strake vortex is stronger than the wing vortex for modified due
to low speed. The wing vortex immediately combines with the strake vortex to form a stronger vortex,
and this strong vortex detaches from the surface at X/Lx � 0.68 (right side of Fig. 10).

The original configuration wing and strake vortices are almost the same strength. They combine
shortly after formation at X/Lx � 0.65 but are not as strong as modified. Unlike modified, this vortex
remains attached to the wing surface (left part of Fig. 10) and breaks down at around X/Lx � 0.8 away
from the wing surface.

In Fig. 11b, the high-velocity region (green region indicating attached flow) slowly approaches the
fuselage. Eventually, it vanishes from the wing as the angle-of-attack increases of the modified con-
figuration. A greater vortex-induced lift occurs at high α due to the powerful vortices (Fig. 11a).
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Vortex visualization with iso-surface of Total Pressure.

Flow visualization with velocity at (-0.0001 m) offset of the surface.

(a)

(b)

Figure 11. Flow visualisation at Ma = 0.15.

The leading-edge vortices increase suction on the surface of the wing strake and wing. This suction
delays the stall, so a strong vortex or a higher induced suction will result in a higher lift coefficient [21].

Additionally, the vortex breakdown at the rear part of the wing (aft of moment reference point) of the
modified configuration, which slowly increases as the angle-of-attack increases (blue region indicating
detached flow), decreases the induced suction. This leads to a loss in vortex lift [13] and can generate
some downforce. Conclusively, the strong vortices dominantly increase the lift coefficient, eventually
raising CLmax (Fig. 5a).

Also, this vortex lift at the front part of the aircraft (forward of moment reference point) and down-
force at the rear part may cause additional pitch moment, resulting in plausible instability of the modified
configuration.
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Figure 12. Flow visualisation at Mach = 0.6 and α = 20o. Left is original, and right is modified.

For the original, the attachment/reattachment line (transition region of green and blue in Fig. 11b)
moves towards the fuselage. The flow remains majorly attached to the wing surface, which indicates
that this configuration is likely to be more stable than the modified. Wing and strake vortex for original
are separate at low α or even at high α; they combine at above 30o AOA as shown in Fig. 11a, which
explains why original is unable to produce more lift at high α.

3.3.2 Mach 0.6
For the case of Mach 0.6, at 20o AOA, wing and strake vortices are separate and not very strong for
original, but the flow remains attached to the surface (green region of the left side of Fig. 12). The
vortices are shed after the wing at around X/Lx � 0.8.

For modified (right side of the Fig. 12), the vortex of the strake is strong. The wing vortex is weak, so
it does not increase the strength of the strake vortex much, which eventually dies down at X/Lx � 0.75
above the wing surface, which may cause an induced pitch moment that can cause static instability.

At low angles of attack, the vortex remains attached to the wing’s surface with a strake vortex com-
bined with the wing vortex. At 15o AOA, vortex shedding occurred at the top of the wing, resulting in
an additional pitch-up moment indicating plausible instability at low α.

After 20o, the AOA vortex becomes stronger and remains attached to the wing surface, which causes
an extra vortex lift on the wing. Vortex shedding moves away from the wing’s trailing edge will cause
the aircraft to become stable at high α (Fig. 13a and 13b).

For original, weaker vortices are formed at a low angle-of-attack; the small strake causes a vortex at
15o AOA. At 20o AOA (Fig. 12), wing and strake vortices separate and then begin to combine after 25o

AOA. The vortex breakdown does not occur at the top of the wing surface, and flow remains attached to
the wings. Also, the vortex strength is lower than modified, and the reattachment/detachment line moves
closer to the fuselage as the angle-of-attack increases. Contrary to that, the reattachment/detachment line
moves away from the fuselage for modified, meaning more potential and vortex lift (Fig. 13b).

3.3.3 Mach 1.4
For Mach 1.4, both aircraft configurations are statically stable because the induced vortex effect increases
at the static state and supersonic speed. The flow remains majorly attached to the body (Fig. 14).

https://doi.org/10.1017/aer.2024.32 Published online by Cambridge University Press

https://doi.org/10.1017/aer.2024.32


The Aeronautical Journal 2117

Vortex visualization with iso-surface of Total Pressure.

Flow visualization with velocity at (-0.0001 m) offset of the surface.

(a)

(b)

Figure 13. Flow visualisation at Ma = 0.6.

As previously discussed, flow attachment is a significant cause of stability. Also, a shock wave’s effect
may cause instability, but the shock wave effect is not as significant for this particular aircraft to cause
instability in a static state.

Looking at the velocity distribution on the offset surface. At low α, flow is attached to the surface.
Still, at 10o AOA flow starts to leave the surface for the modified configuration but not for the original
(See Fig. 14), which explains why the modified configuration is slightly less stable than the original,
which Fig. 5 indicate that start from 10o AOA.

3.4 Impact of dynamic aerodynamic coefficients on aircraft’s stability
The longitudinal dynamic behaviour of an aircraft is usually evaluated with the combined derivative
CMq + CMα̇

and CLq + CLα̇
under different flight conditions and frequency of oscillation of �α = 5o.
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Figure 14. Flow visualisation at Mach = 1.4. The left part of the velocity flow on the aircraft and the
bottom shock wave representation is original, and the right part of the velocity flow on the aircraft and
top shock wave representation is modified.

(CMq + CMα̇ 
) versus angle of attack α. (CLq + CLα̇ 

) versus angle of attack α.

(a) (b)

Figure 15. Damping coefficients at Ma = 0.6.

This study conducts a comparative analysis with damping derivatives for modified and original config-
urations at subsonic and supersonic regimes. It also uses different parameters like reduced frequency
and Mach number to identify their effect on the dynamic behaviour.

Mach 0.6 is treated as the subsonic Mach number to identify the subsonic dynamic behaviour of both
aircraft configurations. Table 3 gives the parameters used for this study.

The plot of CMq + CMα̇
vs α shows that at low angles of attack, both configurations exhibit stability,

and at high angles of attack both configurations show less stability. Generally, the original configuration
is more dynamically stable than the modified at different angles of attack at this particular reduced
frequency and oscillatory amplitude (see Fig. 15a).

The behaviour of CLq + CLα̇
at the same Mach number in Fig. 15b indicates that the modified config-

uration has a more negative damping lift coefficient. It is because vortex-induced flows are present in
modified due to a strake, which causes it to delay the response and takes more time to reach a particular
lift value at a particular angle-of-attack.

Ma = 1.4 is used for supersonic analysis for the longitudinal dynamic behaviour of the aircraft con-
figurations. The value of reduced frequency is kept constant for comparison, and other parameters are
calculated using this Mach number (Table 3).

While it is not ideal for the aircraft to move at supersonic speed and oscillate at a high angle-of-attack,
dynamic derivatives at high α are calculated for comparison with the subsonic flow.
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(CMq + CMα̇ 
) versus angle of attack α. (CLq + CLα̇ 

) versus angle of attack α.

(a) (b)

Figure 16. Damping coefficients at Ma = 1.4.

(CMq + CMα̇ 
) versus Reduced Frequency (CLq + CLα̇ 

) versus Reduced Frequency

(a) (b)

Figure 17. Damping derivatives with reduced frequency variation. At Ma = 0.6 and α = 20o.

First, CMq + CMα̇
observed in the Fig. 16a shows that the original configuration is more dynamically

stable than modified at low angles of attack, similar to the behaviour observed at Ma = 0.6. But the
state reverses at 15o AOA where modified becomes unstable, but original is still dynamically stable and
becomes unstable at 25o AOA. The damping coefficient values indicate less stability for both aircraft
configurations at supersonic speed than subsonic speed at this reduced frequency.

The damping lift coefficient’s behaviour is similar for Ma = 1.4 (Fig. 16b) and Ma = 0.6 with few
discrepancies.

3.5 Parametric analysis on dynamic damping derivatives
It is an acceptable approach to explain the parametric changes of aircraft’s dynamic behaviour side
by side for better understanding. First, the reduced frequency’s effect at Ma = 0.6 and α = 20o of both
configurations are analysed. Both configurations have similar damping coefficients at lower reduced fre-
quencies with negative signs, indicating stability. However, at a reduced frequency of 0.2, a noteworthy
deviation occurs where both configurations transition into an unstable state with positive damping coef-
ficient values. However, the modified configuration exhibits slightly greater instability (Fig. 17a). This
behaviour can be attributed to the aircraft’s inherent unsteadiness, which can cause a sudden loss of
stability. The strake-enhanced geometry is contributing slightly more to this effect.

Reduced frequency is proportional to the frequency of motion and the characteristic length divided
by the free stream air speed (k = ωc/V). It characterises the unsteadiness of the flow experienced by
the aircraft. A lower reduced frequency value is associated with greater dynamic stability, depicting
smoother and more predictable motion. Conversely, a higher value indicates a higher likelihood of
dynamic stability, potentially leading to less predictable and more oscillatory behaviour.
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(CMq + CMα̇ 
) versus Mach number (CLq + CLα̇ 

) versus Mach number

(a) (b)

Figure 18. Damping derivatives with mach number variation. At α = 20o.

The value of reduced frequency 0.2 acts as a critical value. Beyond that at a reduced frequency of
0.25, both configurations again exhibit stability, albeit the modified configuration remains less stable
than the original.

For lift damping, there is a slight difference in the behaviour. The lift damping shows similar abnor-
mality at k = 0.2 for modified as pitch damping (Fig. 17b). This abnormality is not very significant in
the original.

Now, consider the Mach variation curves calculated at a reduced frequency of 0.0855. Figure 18a
shows high instability at transonic speeds. Comparing the values of moment damping coefficients at
Figs. 15a and 16a, the aircraft should be dynamically stable at supersonic speeds.

With the change in Mach number, lift damping slightly increases until Ma = 1.0 for the original
configuration (Fig. 18b). For the modified, there is a drastic reduction in lift damping at the transonic
regime.

3.6 Flow behaviour with forced oscillations
With forced oscillation, the oscillatory motion perturbs the flow passing over an aircraft. To explain
this effect, consider the flow condition of α = 30o and Ma = 0.6 (Fig. 19). These figures visualise
vortex flow above the aircraft surface using the total pressure iso-surface. The right part of the fig-
ure shows modified’s flow behaviour, and the left side shows original’s flow behaviour. In this figure,
the vortex behaviour at different aircraft positions is formed using the Q-criterion and visualised with
vectors. These positions are X/Lx=[0.35, 0.5, 0.62, 0.73, 0.82, 0.98]. There is a pitch-up motion from
Fig. 19a–19c, and a pitch-down motion is from Fig. 19–19e.

The flow on the aircraft’s surface and the vortex flow on top of the surface is an excellent way to
explain the flow behaviour. The flow on the -0.0001m surface offset coloured with the velocity explains
when the flow leaves the surface and attaches back. The green part represents the flow attached to the
surface, and the blue part represents the detached flow. The portion where the green and blue parts merge
is where the flow attaches/detaches from the surface.

Total pressure iso-surface identifies the vortex formation, combination and separation (if it occurred).
For modified (on the right) vortex of strake and wing combine and form a strong vortex which
leaves the surface at a pitch down motion (Fig. 19c–19e) and then reattaches at a pitch-up motion
(Fig. 19a–19c), which causes the aircraft to be slightly unstable compared to original (left sides of
Fig. 19). As the vortex of wing and strake separates at a pitch up and then recombines at a pitch down
but essentially remains attached to the surface (right sides of Fig. 19), original becomes more stable
than modified. Finally, as the vortex breakdown of both configurations is happening away from the wing
surface, they are dynamically stable at this particular Mach number and reduced frequency.
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Angle of Attack=25

(a)

(b)

(c)

Angle of Attack=30

Angle of Attack=35

Figure 19. Dynamic flow visualisation at Ma = 0.6 and α = 30◦.
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Angle of Attack=30
(e)

(d)

Angle of Attack=25

Figure 19. Continued.

4.0 Conclusions
Comparing the static and dynamic stability of aircraft layouts at subsonic and supersonic speeds is one
of the study’s goals, which was accomplished through CFD analysis. The results of this analysis show
that strakes have several consequences on aircraft, which are consistent with experiments and literature.

The maximum lift of the modified configuration –which has the bigger strake – is larger at different
flow Mach numbers than the original configuration – which has a shorter strake – according to the
results of the static stability analysis. The original configuration appears more stable than the modified
arrangement, according to the moment coefficient. When comparing a subsonic aircraft to a supersonic
aircraft, it tends to be true that the two configurations become highly stable as they approach supersonic
speeds.

The dynamic longitudinal stability characteristics of the original configuration display a slightly
greater stability, as expected, accompanied by some discrepancies. Regarding the transition from the sub-
sonic to the supersonic regime, both aircraft configurations are more dynamically stable in the subsonic
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regime than in the supersonic regime. Lastly, a parametric study has also shown that the original config-
uration is more stable than the modified configuration when the Mach number and reduced frequency
change.

These observations conclude that the modified configuration demonstrates better manoeuvering capa-
bilities than the original configuration. For a fighter aircraft, manoeuverability is a significant design
consideration. The design changes have been effectively implemented on an in-service aircraft.
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APPENDIX
5.0 Detailed pitch damping derivatives calculation
The dynamic stability equations used in this work are described here. In harmonic pitching motion, pitch
rate q and angle-of-attack α is given by [22].

α(t)= αo + αAcos(ωt)

α̇(t)= −αAωsin(ωt)

q(t)= −αAωsin(ωt)

(4)

Accounting for the angle-of-attack and pitch rate, the time-dependent pitching moment is:

CM(t)= CMα
α + CMα̇

α̇k

ω
+ CMq

qk

ω

= CMα
αAcos(ωt) + CMα̇

−αAkωsin(ωt)

ω
+ CMq

−αAkωsin(ωt)

ω

= CMα
αAcos(ωt) − (

CMα̇
+ CMq

)
αAksin(ωt)

(5)

The derivatives of interest are:

CMα
= ∂CM

∂α

CMq = ∂CM

∂

(
qd

2V∞

)

CMα̇
= ∂CM

∂

(
α̇

2V∞

)

(6)

The values kq = qd

2V∞
is known as reduced pitch rate. Finally,

CMα̇
+ CMq = �CM

2kq

(7)

In Equation 5, higher-order terms are ignored because of the small perturbation theory. Small per-
turbation theory explains why we use the sum of derivatives in Equation 7. To understand that, q and α̇

are defined as:

5.1 Pitch rate (q)
The pitch rate of an aircraft is a rate of change of aircraft orientation concerning an inertial frame,
expressed in the body axis; it is attributed to the additional lift on the horizontal tail due to rotation
about the centre of mass.

CMq = −2atVH

lt

c̄
(8)

5.2 Rate of change of angle-of-attack (α̇)
The rate of change of aircraft orientation concerning the air-relative velocity, “lag of down-wash”. It is
an unsteady aerodynamic effect that is present in normal flight conditions.

CMα̇
= −2atVH

lt

c̄

∂ε

∂α
(9)
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The relation between q and α̇ is [23]:

α̇ = q − q̄S

mVcosβ
CL + g

cosαcosφcosθ + sinαsinθ

Vcosβ
− tanβ(pcosα + rsinα) − XT sinα

mVcosβ
(10)

For small perturbations, α̇ and q are practically equal because other terms have little effect on α̇, so
other terms than q are negligible.

Equations 8 and 9 depict the difference between α̇ and q. Which is why dynamic combined derivative
CMα̇

+ CMq cannot be separated easily. They can be separated either by evaluating CMα̇
with plunging

motion, or by evaluating CMq with flapping motion.
CMα̇

+ CMq is analogous to the damping coefficient in the spring-mass-damper system. The value
of this derivative means how much an aircraft can return to its original position. Unlike the damping
coefficient of spring-mass-damper, the negative value of CMα̇

+ CMq means stability, and a positive value
means instability the same way as the value of CM in static stability behaves. A more negative value
means the aircraft has more ability to come back to equilibrium. Similarly, more positive means aircraft
will drift away with perturbation.

Other then CMα̇
+ CMq another derivative which is important in stability analysis is CLα̇

+ CLq . This
derivative explains how much an aircraft can achieve the required lift under certain conditions. A neg-
ative value means it will quickly achieve the lift, while a positive value will diverge from the required
lift. A more negative value means achieving lift faster. A more positive value means high divergence.
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