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An experimental investigation was conducted on the aerodynamics of an NACA0012 airfoil wing with triangular
planform geometry undergoing steady and axial accelerations at Re  3 ⋅ 105 as a model of an unmanned combat air
vehicles encountering unsteady environments at pre- and poststall angles of attack (Marzanek, M., and Rival, D.,
“Separation Mechanics of Non-Slender Delta Wings During Streamwise Gusts,” Journal of Fluids and Structures,
Vol. 90, Oct. 2019, pp. 286–296.). Ensemble-averaged flowfields, forces, moments, and surface-pressure distributions
were measured in the Optical Towing Tank for Energetics Research facility at Queen’s University. To characterize
the evolution of the flowfield coherent structures around a wing under axial gusts or accelerations, a Lagrangian
flowfield analysis including the finite-time Lyapunov exponent (FTLE) was conducted. Results indicate that axial
acceleration can induce a dynamic flow reattachment at the poststall angle of attack, and clear FTLE ridges extend
from the wing surface and travel down the chord as reattachment progresses. A distinct signature in the surfacepressure distribution tracks closely with the location where the FTLE ridges meet the wing. The timing of how this
surface-pressure distribution moves aft is shown to correlate with the relatively large-scale fluctuation in the pitching
moment. The current work reveals the correlation between FTLE and surface pressure, which further hints at a
potential approach of dynamic estimation by using Lagrangian coherent structures.
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wingspan, m
coefficient of drag
coefficient of lift
coefficient of pitching moment
coefficient of surface pressure
wing chord, m
dimensionless axial acceleration strength
area of wing, m2
dimensionless travel distance
initial velocity/towing speed, m/s
instantaneous velocity/towing p
speed,
m/s

dimensionless velocity mode, u2  v2 ∕U∞
velocity components, m/s
angle of attack, deg
sweep angle, deg
vorticity components, s−1
dimensionless vorticity
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Introduction

ELTA wings are triangular-shaped lifting surfaces [2], and, in
past decades, they have been found to have applications in
maneuvering combat aircraft and supersonic aircraft. In early investigations, research was focused on the slender delta wing [3,4], while
wings of relatively high aspect ratio were not widely studied [5]. One
reason for this is that maneuvering combat aircraft or supersonic
aircraft wings are generally designed with large sweep to reduce
supersonic wave drag [6]. Recently, however, with more and more
low-aspect ratio wing applications on unmanned combat aerial
vehicles (UCAVs) and micro air vehicles (MAVs), a need for further
understanding of the nonslender (low aspect ratio) delta wing configurations has risen.
For a nonslender delta wing, the surrounding flow structure is
dominated by separated and vortical flows [7]. At low angle of attack,
the flow around a nonslender delta wing features a pair of counterrotating leading edge vortices, which are similar to those on slender
delta-wing planforms. For a slender delta wing, the velocity field is
conical, and initiated near the wing apex. As expected, the flowfield
less strictly obeys a conical pattern for nonslender delta wings [8].
The flow structure around nonslender delta wings is also more
complex at low attack angle, and it exhibits Reynolds number
(Re  cU∕v, where c is the chord length, U is the freestream speed,
and v is the kinematic viscosity of the fluid) sensitivity. The primary
vortices form close to the wing surface, which consequently leads to a
stronger interaction between the primary vortices and the suctionside wing surface [9,10]. This strong interaction further results in
the formation of a so-called dual-vortex structure, which was
experimentally confirmed by Taylor et al. [11] and Wang and Wang
[12]. The dual-vortex structure is formed due to the splitting of the
primary vortex (of each side) into two separate regions of same-sign
vorticity above the oppositely signed secondary vortex. Such structure occurs only at specific attack angles and Reynolds numbers [13].
Another noticeable phenomenon is that vortex breakdown occurs
at a relatively small angle of attack for nonslender delta wings. Many
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researchers have focused on vortex breakdown and found that the
location of vortex breakdown approaches the apex of the wing with
an increasing Reynolds number [11,14] and that a larger sweep angle
results in a higher vortex breakdown onset angle [12]. Thus, to
observe vortex bursting, nonslender delta wings at small incidences
are widely studied, while flow structure around high attack angle
nonslender delta wings needs further investigation.
As reviewed by Gursul et al. [15], vortex breakdown does not prevent
flow reattaching on nonslender delta wings. Instead, flow reattachment
is possible even if the breakdown position reaches the apex. At higher
attack angles, the flow is separated and completely stalled. According to
Polhamus [16], vortex lift becomes a smaller contributor at lower sweep
angles, and no evidence correlates the onset of vortex breakdown and
lift drop. Therefore, it can be inferred that the physics of flow reattachment/separation are a critical factor in flow-control strategies for nonslender delta wings at moderate to high attack angles [15].
The previously mentioned discussions and results are mostly limited
to low/moderate attack angles and are for steady translations in which
the flow over a nonslender delta wing at different attack angles never
changes its upstream condition. Studying the flow evolution of nonslender delta wings encountering gusts is important for certain circumstances, however, such as an unmanned aerial vehicle taking off or
landing in unsteady environments. In brief, applications for large attack
angle tactical maneuvering makes this study critically important.
Dominated by separation, the flow over a nonslender delta wing has
high unsteadiness at large angles of attack. To obtain a further insight
into the time-varying structure of these unsteady flows, coherent structures are a key component [17]. Lagrangian methods can be applied on
unsteady flows to identify coherent structures that reveal dynamic
phenomena [18]. Lagrangian coherence structure analysis (LCS) is a
Lagrangian method based on quantities calculated along fluid particle
trajectories. FTLE is one method of LCS analysis that uses the maximizing ridges of the scalar finite-time Lyapunov exponent field, as
described by Haller [19]. One distinct advantage of FTLE is its insensitivity to short-term anomalies in the velocity field. It has been shown
to be robust and relatively insensitive to imperfect velocity-field data, as
long as the errors remain small in a particular time-weighted norm [20].
Previous work, such as Green et al. [21] and Huang and Green [18], has
shown the effectiveness of identifying vortices using FTLE. Lipinski
et al. [22] applied FTLE method on two-dimensional computational
fluid dynamics (CFD) airfoil data. Mulleners and Raffel [23] used
FTLE on experimental two-dimensional pitching airfoil data to detect
the onset of flow separation. FTLE was also applied on numerical
results of a pitching flat-plate airfoil by Brunton et al. [24]. Krishna et al.
[25] used FTLE to investigate the generation and decay of the leading
edge vortex (LEV) of a hovering flat-plate wing. Nagarada Gade and
Vengadesan [26] studied coherent structures of hovering tandem wings
using FTLE. Rockwood and Green [27] applied FTLE to identify the
vortex shedding in the two-dimensional (2-D) cylinder wake. Kumar
et al. [28] used FTLE to analyze the three-dimensional (3-D) wake
structure downstream a pitching panel. González et al. [29] and Shuaibin et al. [30] extended FTLE to compressible flow regime so that wave
dynamics can be extracted by FTLE. FTLE can perform well for both
finely resolved computational data and experimental data, and either on
2-D or 3-D data.
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In this paper, the goal is to investigate flow structure and behavior
around a nonslender delta-wing planform under steady translation and
axial accelerations at high angle of attack and relatively high Reynolds
number. Steady case results of the aerodynamic performance and flow
structures during the separation/stall progress are all used as a baseline
to compare axial accelerations. A more detailed investigation of the
steady flow structure can be found in Marzanek and Rival [1], Burelle
et al. [31], and Tu [32]. Comparison of velocity, vorticity, and FTLE
combined with surface-pressure distribution is applied on both steady
translation and axial accelerations data.

II.

Experimental Apparatus and Methods

Experiments combining ensemble-averaged force, surface pressure,
and planar particle image velocimetry (PIV) took place in the towing
tank facility in the Optical Towing Tank for Energetics Research lab at
Queen’s University, and a detailed description of the experimental
apparatus and results can be found in Marzanek and Rival [1], Burelle
et al. [31], and Marzanek [33]. The tested delta wing has a NACA0012
airfoil cross section with chord c  30 cm, span b  60 cm, and 45°
sweep and was selective laser sintered (SLS) from nylon plastic
material. The tank has a square test section that is 1 m wide, 1 m deep,
and 15 m long. For the steady translation experiments, the wing moved
at Uo  1 m∕s with corresponding Reynolds number at 300,000.
For the streamwise gust experiments, axial accelerations ramped
from Reynolds number 300,000 to 450,000 (U∞  Uo  1 m∕s to
U∞  1.5 m∕s) over the range 1 ≤ g ≤ 6, where g  sgust ∕c is the
distance over which the acceleration took place, normalized by the
chord; distance traveled is denoted by s  s∕c, as shown in Fig. 1a.
These tested Reynolds numbers have realistic practical use, since a
typical Reynolds number range for MAVs is Re  104 –105 , and for
UCAVs is Re  105 –106 [14].
Ensemble-averaged PIV measurements were conducted at three
spanwise planes z∕c  0.1; 0.3, and 0.5 as shown in Fig. 1b. The
PIV windows were stationary in the towing tank, and the wing was
translated through them. In the wing-fixed figures to follow, this may
appear as moving data window boundaries. Particle images were captured at 1500 Hz using a Photron SA4 camera with 1024 × 1024 pixel
resolution. The field of view size was 40 cm × 30 cm. The spatial
resolution is 1.1 × 1.1 mm in the x and y directions. A 40 mJ/pulse
Photonics laser with a sheet thickness 1.5 mm was synchronized to the
camera frame rate. PIVand pressure measurements were taken simultaneously and ensemble averaged over 20 runs for each field of view. As
shown in Fig. 1c, an array of 16 pressure taps was located on the wing
surface between 0.2c ≤ x ≤ 0.8c with a 0.2c gap and between 0.1c ≤
z ≤ 0.7c with a 0.2c gap to record ensemble-averaged surface-pressure
data. Omega PX409 bidirectional differential pressure transducers and
Omega PX419 absolute vacuum transducers were used for measuring.
The surface-pressure coefficient Cp is calculated by using a cubic
interpolation over the spatial domain of the taps and the instantaneous
freestream velocity throughout the gust [1].
An ATI Nano 25 six-axis force sensor was mounted at the center
chord as shown in Fig. 1c. Steady-state forces were averaged over
five runs with sample rate 1000 Hz and 10 chords of travel distance.
Force measurements of the acceleration translation were averaged
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Fig. 1 a) Acceleration profile, b) schematic of field of view, and c) force transducer and pressure taps locations.
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The coefficients of lift, drag, and pitching moment on a steadily
translating wing as a function of angle of attack are shown in Fig. 2.
For angles of attack from 5° to 35°, coefficient of lift reaches its
maximum at an attack angle of 20°, with static stall occurring at an
angle of attack between 20° and 25°. Coefficient of drag increases as
angle of attack increases. Coefficient of moment, measured at the
center chord, becomes increasingly negative with a higher angle of
attack. It is clear to see that 20° and 30° are sensitive cases since they
are prestall and poststall attack angles. A description of the flow
structures at these two angles would provide significant information
of the flow separation and reattachment. Hence the flow visualization
experiments were focused on 20° and 30° for both steady translation
and axial acceleration.

(2)

Maximizing ridges in the scalar FTLE field represent strong
material stretching among nearby particle trajectories, which are
associated with LCS and can effectively identify boundaries of
coherent structures [34,35]. This calculation can be done by numerically integrating particle trajectories initialized at t0 in either positive
or negative time. These scalar fields are referred to as positive-time
1
0.8

Results

A. Steady Translation

The FTLE field is then defined as
FTLET x0 ; t0  
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FTLE (PFTLE) and negative-time FTLE (NFTLE), respectively.
Positive-time calculation reveals regions where flow undergoes local
Lagrangian stretching, and negative-time calculation indicates
regions where flow is locally attracted. Therefore, their respective
maximizing ridges are candidate repelling and attracting material
lines in the flowfield, which can delineate the boundaries between
distinct regions in a flow [36], for example, the outer boundaries of
vortices. To obtain and visualize these maximizing ridges, the scalar
FTLE fields are thresholded at 60% of the field maximum value. In
terms of visualizing the FTLE ridges from the computed scalar field,
it is found that the threshold does not change the position or the shape
of FTLE ridges but only affects the thickness of ridges [27]. Hence,
FTLE can facilitate objective and insightful investigation of vortex
dynamics and the flow behavior in highly unsteady flows.
More details on the parameters chosen for FTLE calculation are
described in the next section, where the FTLE results are presented.

over 25 runs. Lift, drag, and pitching moment were presented in
the standard nondimensional form of CL  L∕1∕2ρU2∞ S,
CD  D∕1∕2ρU2∞ S, and Cm  M∕1∕2ρU2∞ Sc, where L, D,
and M are lift, drag, and pitching moment respectively, ρ is the
density of water, U∞ is the freestream velocity, S is the area of wing,
and c is chord length. The vorticity fields were nondimensioned
as ωi  ωi c∕U∞ .
Finite-time Lyapunov exponent (FTLE) analysis, which was
described by Haller [19], was used on the ensemble-averaged steady
and unsteady flowfield data. It is a scalar quantity calculated at each
point in space x0 that measures maximum separation rate among
neighboring particle trajectories initialized near that point. At each
point in the flowfield data, the flow map ϕx0 ; t0 ; T is calculated as
the vector location of the corresponding trajectory initiated at x0 ; t0 
at its final location over an integration time T. The gradient of the flow
map ∂ϕx0 ; t0 ; T∕∂x0 is used to construct the Cauchy–Green strain
tensor, and the maximum eigenvalue of the Cauchy–Green strain
tensor is the coefficient of expansion σ T :
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Time-averaged aerodynamic forces during steady translation [1].

Fig. 3 3-D streamlines derived from previous ensemble-averaged velocity fields data during steady translation [32,33]. Adapted with permission from
[32].
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Figure 3, which shows the 3-D leading-edge streamlines derived
from previous ensemble-averaged stereoscopic PIV data [32,33], is
represented here to give a general sense of the three-dimensional flow
structures at pre- and poststall angles of attack. Note that dashed-line
rectangles represent spanwise borders of the experimental dataset. At
α  20 deg (Fig. 3a), a pair of spanwise counter-rotating vortices
emanating from the leading edge can be clearly observed. Here,
“conical” is used as a descriptive geometry term to describe this
3-D structure. The apexes of these conical-shaped vortex structures
are not at the apex of the delta wing, and instead they appear near
z∕c  0.3. Inboard, streamlines appear attached to the wing surface. The 3-D streamlines potentially indicate that for round leadingedge delta wings, the vortex sheet structures may not initiate at the
apex of delta wings. This may be due to the fact that the rounded
leading edge does not ensure that the flow separation onsets right at
the leading edge (such as an Eppler 387 airfoil separates near onethird chord when α  4 deg, shown by Lipinski et al. [22]). Figure 3b
shows the leading-edge 3-D streamlines at α  30 deg. Streamlines
separate from the leading edge and do not clearly reattach. The 3-D
streamlines present some conical-shaped swirling, but it is not clearly
formed compared with 20° (Fig. 3a).
Figure 4 shows quantities computed from ensemble-averaged
PIV in the three spanwise planes located as shown in the schematic
in Fig. 1b. The Eulerian flow structure of these cases was also
described in more detail in Marzanek [33] but is presented briefly
here for comparison with the FTLE results. The contour slices
of velocity deficit in the wake of the steadily translating wing at
α  20 deg are presented in Fig. 4a and show that at this attack
angle the flow is separated at the farthest outboard plane, while still
attached near the centerline of the wing. This is consistent with the
ensemble-averaged 3-D streamlines at α  20 deg (Fig. 3a), where
the streamlines mostly stay attached to the wing surface between
z∕c  0 and z∕c  0.3. Figure 4d shows a velocity deficit at 30°.
Large low-speed regions (dark blue contour) are presented in all
three spanwise planes, indicating that the flow is fully separated
across the span. Consistently, the ensemble-averaged 3-D streamlines at 30° (Fig. 3b) depart the wing surface and do not reattach
downstream. It is worth noting that no rolled-up structures are
observed, which may be caused by the full separation at the poststall
angle of attack or the averaging smoothing of nonperiodic vortical
structures.
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Figure 4b shows dimensionless spanwise vorticity distribution at
20°. In the z∕c  0.1 plane, a high-magnitude negative vorticity
region (purple) is attached to the wing surface. In the z∕c  0.3
plane, negative vorticity feeds into a separated leading-edge shear
layer. A similar vorticity distribution can be found in the z∕c  0.5
plane. The leading-edge shear layers in the two outboard planes do
not form large-scale rolled-up structures, because the leading-edge
vortex pair is not a purely spanwise 3-D structure. The lack of the
other two vorticity components ωx and ωy complicates the 3-D flow
structure reconstruction in the chordwise and streamwise directions.
Figure 4e presents the dimensionless spanwise vorticity distribution
at 30°. The leading-edge shear layer separates from the wing surface
in all three planes.
Corresponding FTLE results with a flow map time integration of
0.13 seconds are shown in Figs. 4c and 4f. For the steady translation,
the wing travels one-third of the domain in the horizontal direction
during this integration time. In theory, a longer FTLE integration time
and more integration steps would yield a more distinctive FTLE field
and sharper FTLE ridges, but that would require longer PIV data
temporal length and more computation time. In practice, we take a
proper number of integration steps such that the FTLE field remains
unchanged compared to the FTLE field with more integration time
steps. Integration time should also not be too long, as in practice
particle trajectories may leave the finite flowfield with an overlong
integration time length. Those particles that travel through the boundary and leave the domain are kept at the boundary, as there is no
freestream flow (the wing moves through the domain). Furthermore,
to avoid fluid particles traveling through the wing during the FTLE
integration, the wing was treated as a solid body in the calculation, so
that particles initiated inside the wing were given the uniform wing
velocity, and particles were not allowed to cross the wing boundary.
The integration in the current work was done using 200 integration
time steps, and temporal convergence of the flow map and FTLE
calculation using this time step was established. Red lines are negative (attracting) FTLE ridges, and they are isolated in the 3-D
domain by thresholding 60% of the maximum value of the whole
FTLE scalar field in each data plane. In this case, NFTLE ridges can
be used to detect the separation profile, which can be thought of as a
material line that attracts and ejects particles along the material
separation point [37]. The surface-pressure coefficient is shown as
a flooded contour on the wing, under the NFTLE ridges.

Fig. 4 Quantities computed from ensemble-averaged PIV in three spanwise planes at α  20 deg (first row) and α  30 deg (second row). First
column: velocity magnitude normalized by the freestream; second column: dimensionless spanwise vorticity; third column: NFTLE ridges (red
curves) superimposed with surface pressure.
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B. Flow Topology During Axial Acceleration

Coefficients of lift, drag, and pitching moment during an axial
acceleration as a function of dimensionless wing traveling distance s
are shown in Fig. 5. Recall that s  s∕c, which is the dimensionless
wing travel distance. The acceleration, or gust, strength is represented
by g  sgust ∕c, which is the dimensionless wing travel distance
during the gust. Lower g therefore indicates a faster, or stronger,
acceleration. In all aerodynamic force plots, corresponding steady
coefficients are presented as dotted black lines, and have been
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calculated using the “current” wing velocity (as the wing velocity
changes during the acceleration). This way, the steady coefficients do
not change over the acceleration time. At α  20 deg with g  1,
CL , CD , and Cm increase their magnitudes and reach turning points at
s  0.6, 0.4, and 0.4, respectively. During the settling period after
the gust, aerodynamic force coefficients decrease their magnitudes
and converge to steady state after s  1. With the weaker acceleration g  2, CL , CD , and Cm present limited magnitude changes.
For both accelerations, CL is slightly higher than the steady value in
the postgust period. At α  30 deg, a similar pattern was followed
during the gusts but with a greater magnitude increase for both
acceleration cases. With the stronger axial acceleration g  1, CL
and CD ramp up again a small magnitude during the postgust period.
Compared with the case at α  20 deg with g  1, Cm at
α  30 deg with the stronger axial acceleration presents a greater
fluctuation before s  2.0. For g  2, CL and CD continue to
slowly increase magnitudes in the postgust period. All aerodynamic
coefficients for α  30 deg are much higher than the steady-state
values. Eventually, they will gradually converge to the dotted black
lines around s  8, as shown with more detailed force results with
longer temporal history for 1 ≤ s ≤ 12 presented in Marzanek and
Rival [1], Burelle et al. [31], and Marzanek [33]. This indicates that
the unsteady effects induced by the axial acceleration have a longer
duration at α  30 deg.
The instantaneous velocity fields in Fig. 6 show the flowfield
evolution during the accelerated axial gust motion as the wing
travels from s  0.00 to s  1.10 at α  20 deg, g  1. The
flow stays attached in the z∕c  0.1 plane and the z∕c  0.3 plane
throughout the acceleration. With this stronger acceleration g  1,
the small velocity-deficit region near the leading edge observed
in the baseline steady translation (Fig. 4a) is not present in the
z∕c  0.3 plane, and the flow in the z∕c  0.5 plane exhibits a
reduced wake size compared to the steady translation. The corresponding dimensionless spanwise vorticity ωz sequence is the
second column. At s  0.6, the leading-edge shear layer rolls up
into a large-scale coherent structure in the z∕c  0.5 plane. Then,
the high concentration of negative vorticity dissipates after the
acceleration ends at s  1.
The third column in Fig. 6 shows the NFTLE ridges with surfacepressure distribution during the acceleration of g  1 at
α  20 deg. We again used 200 flow map integration time steps,
corresponding to an integration time of 0.13 seconds. In the cases
where g  1, this integration time is approximately 60% of the
gust time. Similar to the FTLE setup for the steady translation,
particles tending to leave the domain were kept stuck to the

When the wing is steadily translated with an angle of attack of 20°
(Fig. 4c), the NFTLE ridges do not enclose a coherent area, which
implies the absence of a coherent leading-edge vortex in the spanwise
direction. In the z∕c  0.1 plane, the NFTLE ridges adhere to the
suction-side surface. Further outboard, in the plane z∕c  0.3, the
NFTLE ridges partially depart from the wing surface from the leading
edge, and reattach near the midpoint of the local chord. This is
consistent with the small velocity-deficit region shown in the z∕c 
0.3 plane in Fig. 4a, and we infer this as a separation bubble. In the
z∕c  0.5 plane, they clearly depart from the surface indicating that
the flow is fully separated at this location. Consistently, the pressure
coefficient distribution shows stronger suction at the inboard leading
edge, which is observed in the relatively strong magnitude of negative
pressure coefficient (cyan) tending toward a relatively weaker magnitude of negative pressure coefficient outboard/downstream (dark blue).
When the wing is steadily translated with a 30° angle of attack
(Fig. 4f), the NFTLE ridges at all three planes depart from the suctionside surface, which means that the flow is detached across the span.
Additionally, small-scale roll-up structures in the shear layer
observed in the NFTLE ridges can be observed in all planes. Corresponding static surface pressure exhibits a uniform and relatively
weak magnitude (dark blue) distribution. The pressure distribution is
consistent with the loss in lift, since weaker magnitude of the negative
pressure coefficient means weaker aerodynamic force in the vertical
direction upwards.
NFTLE ridges also revealed similar fully separated flow with
small-scale rolled-up structures in the shear layer around a twodimensional wing at high angles of attack in work done by Mulleners
and Raffel [23]. Moreover, different from the 20° case, at 30°, the
velocity deficit, spanwise vorticity, and NFTLE ridges do not vary
strongly along the span. We would therefore argue that for nonslender
delta wings, the flow structure deviates further from the conical shape
at higher angles of attack and becomes more similar to the flow
around a two-dimensional wing at high angles of attack.
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Fig. 6 Response to axial acceleration at α  20 deg with g  1: left, velocity magnitude normalized by the freestream; center, dimensionless spanwise
vorticity; and right, surface pressure and NFTLE ridges (red curves) all shown.

boundary, and the wing was treated as a solid body in the integration. For g  2, this integration time is slightly greater than 30% of
the gust time. The same integration parameters were used for the
α  30 deg case, which will be discussed next. Compared to the
α  20 deg steady translation (Fig. 4d), the NFTLE ridges adhere
to the wing surface instead of partially departing the surface in the

z∕c  0.3 plane. Through the accelerated motion from s  0 to
s  1.0, the flow in the z∕c  0.1 plane and the z∕c  0.3 plane
appears to remain fully attached during the accelerated motion,
since the NFTLE ridges tightly adhere to the surface. NFTLE ridges
downstream of the trailing edge are relatively straight. The flow in
the z∕c  0.1 and z∕c  0.3 planes remains attached even after the
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gust at s  1.10. The effect of the gust persists in this plane after
the acceleration ends.
In the z∕c  0.5 plane, unlike the full separation in the steady
translation (Fig. 4c), a large-scale coherent dynamic stall vortex structure appears and moves further downstream during s  0.6 to
s  1.1. This is apparent in the red NFTLE ridges that curve back
toward the wing surface, outlining the downstream boundary of the
coherent vortex. The NFTLE ridges form a circular shape at s  0.6
and begin to lose this shape when the axial gust ends, which is
consistent with the vorticity dissipation observed since s  1.0.
Around a half-chord downstream of the wing trailing edge, one
NFTLE ridge bends upwards, which is consistent with the rolled-up
shear layer at the same location. Just upstream of that ridge, an additional trailing-edge NFTLE ridge has a curved shape and also rises up
from the trailing edge. It is the result of a strong local attraction due to
the velocity-deficit region in the wake. The bifurcation of trailing-edge
NFTLE ridges is also observed with g  2 or α  30 deg.
The surface-pressure distribution shows a temporary pressure rise
(dark blue) at the leading edge when s  0.2. This relatively highpressure region moves to the trailing edge through the acceleration.
A low-pressure region (light cyan) follows the temporary pressure
rise, and the resulting strong leading-edge suction (white) is formed
starting around s  0.6.
With the weaker acceleration (Fig. 7), the flow in z∕c  0.1 and 0.3
planes is tightly adhered to the wing surface through the gust, similar to
the g  1 case (Fig. 6). The flow in the z∕c  0.5 plane does not
present significant change in wake topology from that of a steady
translation. The area of velocity deficit is large, and the shear layer
departs from the surface, which is similar to the steady translation at the
same angle of attack (Fig. 4a).
Dimensionless spanwise vorticity is shown in the second column in
Fig. 7. Similar to the g  1 case, regions with a high concentration of
negative vorticity are on the wing surface in the two inboard planes,
indicating that the small separation bubble present in the steady translation is again suppressed. In the z∕c  0.5 plane, the leading-edge
shear layer departs from the wing surface. Since s  0.6, a circular
area of negative spanwise vorticity can be seen. Compared with the
stronger acceleration, the high concentration of negative vorticity in the
leading-edge vortex core has a lower magnitude, which is indicated
by lighter purple contours in the vortex core. This coherent structure
is fed by the leading-edge shear layer and maintains itself through
s  0.6 to 1.1, because the weaker axial acceleration does not end
until s  2.0 (recall that the acceleration ends at s  1.0 for the
strong gust case, and ends at s  2.0 for the weak gust case).
The third column in Fig. 7 shows the NFTLE ridges with surfacepressure distribution during the weaker acceleration. In the two
inboard planes z∕c  0.1 and z∕c  0.3, the flow adheres to the
wing surface even with the weaker acceleration. In the z∕c  0.5
plane, a large-scale coherent dynamic stall vortex structure is not as
tightly formed, which is consistent with the weaker vorticity compared to the g  1 case. The bifurcation of trailing-edge NFTLE
ridges is clear to see. There is no obvious pressure rise caused by the
weaker acceleration, nor does a strong low-pressure region appear
near the leading edge (although there is a weaker low-pressure region
at the leading edge starting around s  0.8).
At α  30 deg with g  1 (Fig. 8), the separation behavior is
significantly distinct compared to the corresponding steady translation at this angle of attack. In the inboard two planes, the previously
fully separated flow is at least partially reattached during the acceleration motion s  0.0 to s  1.0 and is still attached after the
acceleration s  1.1, indicated by the suppression of velocity-deficit contours around the leading edge. In the z∕c  0.5 plane, the
shear layer departs from the leading edge. The velocity-deficit area
(red/orange contours) is still reduced compared to the steady translation (Fig. 4d).
The second column shows dimensionless spanwise vorticity. In the
two inboard planes and close to the leading edge, regions with a high
concentration of negative vorticity are adhered to the wing surface.
These regions roll up, but their vorticity magnitudes decay as they
grow and move away from the wing. In the outboard plane, a coherent
circular structure with a high magnitude of negative vorticity is
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formed from s  0.4. This coherent structure keeps its shape but
slightly grows in size after the axial acceleration ends (s  1.1).
The third column in Fig. 8 shows the NFTLE ridges with surfacepressure distribution over the accelerated wing. At the beginning of
the axial accelerated motion s  0.0, the flow is mostly separated
from the leading edge, and small-scale coherent structures can be
observed in the z∕c  0.1 and z∕c  0.3 planes. As acceleration
time increases (from s  0.2 to s  1.0), the small-scale coherent
structures are replaced by tightly adhering NFTLE ridges, which
indicates that flow has reattached. During this transition, an interesting NFTLE structure appears as a long S-shaped or whiplike ridge
that lifts off the wing surface on the suction side, which can be clearly
seen starting at s  0.4. This whiplike ridge indicates the connection of the shed coherent circular structure with high magnitude of
negative vorticity on the wing surface. Similar to the 20° with g  1
case (Fig. 6), there exists a high surface-pressure region since
s  0.2, and it moves to the trailing edge, followed with a strong
leading-edge suction. The surface-pressure evolution has a distinct
connection to the whiplike FTLE ridge motion, as will be described in
Sec. III.C. When s  1.1, the whiplike NFTLE ridge has moved
downstream in the z∕c  0.1 plane while it is slightly visible off the
trailing edge in the z∕c  0.3 plane. In the plane z∕c  0.5, a largescale dynamic stall vortex is formed under the acceleration when
s  0.6. As acceleration time increases to s  1.1, the vortex
grows and moves slightly downstream and further away from the
suction surface. Beneath the dynamic stall vortex, the bifurcated
NFTLE ridges, which indicate the trailing-edge shear layer and the
velocity deficit in the wake, can be observed.
At α  30 deg with g  2 (Fig. 9), leading-edge recirculation
can be observed in z∕c  0.1 and z∕c  0.3 planes since s  0.6,
presented by the small velocity-deficit bubble attached near the
leading edge. The distance between the shear layer and the suctionside surface is decreased when compared with the corresponding
steady translation. In the z∕c  0.5 plane, however, no significant
wake topology change can be noticed. The low-speed region is large
and the shear layer departs from the surface throughout the accelerated motion.
The second column in Fig. 9 presents the dimensionless spanwise
vorticity. Similar to the g  1 case, tightly adhered negative vorticity regions are presented close to the leading edge, upstream of
shed circular regions with relatively high magnitude of negative
vorticity. In the outboard plane, a distinct rolled-up dynamic stall
vortex is not formed, which is different from the g  1 case. The
vorticity distribution in this plane is similar to the steady translation
case at α  30 deg.
The third column in Fig. 9 shows the FTLE ridges with surfacepressure distribution for α  30 deg with g  2. The surface
pressure does not exhibit a dramatic evolution with the weaker
acceleration. Instead, only a slight pressure drop (cyan) can be seen
near the wing apex since s  0.8. In the two inboard planes, the flow
is not able to tightly adhere to the wing surface with the weaker
acceleration, and small-scale shear-layer structures are observed near
the leading edge. Similar to 30° with g  1, a large-scale NFTLE
whiplike structure can be seen when s  0.6 and travels to further
downstream when s  1.0. Its connection to the wing surface is,
however, less clear compared to the g  1 case. In the outboard
z∕c  0.5 plane, neither large-scale roll-up nor reattachment characteristics appear in the NFTLE ridges, and the FTLE field behaves
similarly to the steady case without axial acceleration (Fig. 4f), in
which NFTLE ridges depart from the surface with small-scale shearlayer structures. When α  30 deg with g  2, the bifurcated
NFTLE ridge structure is not obvious in the z∕c  0.5 plane.
C. Reattachment Due to Axial Acceleration

In this section, we present a more detailed study of the flow
reattachment due to axial accelerations in the inboard planes at
α  30 deg and the related NFTLE ridges and pressure distribution.
The associated surface-pressure distribution and its evolution are also
investigated relative to the time history of the pitching moment during
the axial acceleration.
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Fig. 7 Response to axial acceleration at α  20 deg with g  2: left, velocity magnitude normalized by the freestream; center, dimensionless spanwise
vorticity; and right, surface pressure and NFTLE ridges (red curves) all shown.

From Figs. 8 and 9, it appears that the roots of NFTLE whiplike
structures (i.e., the attached locations of NFTLE ridges on the wing
surface) move downstream along the wing surface seemingly with a
high-pressure zone (dark gray) from the leading edge to the trailing
edge. This distinct surface-pressure pattern and evolution are not
seen in the α  20 deg cases. Furthermore, the motion of the highpressure zone from leading edge to trailing edge potentially correlates

with the magnitude turning point in Cm for α  30 deg with g  1,
since the high-pressure zone travels across the Cm measurement
location around the same time. The α  30 deg with g  1 case
will be used to investigate this phenomenon more closely, since
the weaker axial gust case (30° with g  2) does not exhibit as
dramatic a pressure gradient evolution compared to the stronger axial
gust case.
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Fig. 8 Response to axial acceleration at α  30 deg with g  1: left, velocity magnitude normalized by the freestream; center, dimensionless spanwise
vorticity; and right, surface pressure and NFTLE ridges (red curves) all shown.

Figure 10 shows the evolution of reattachment in the z∕c  0.3
plane at 30° with g  1. Red lines, blue lines, and green dots are
NFTLE ridges, PFTLE ridges, and FTLE saddles, respectively.
FTLE saddles are intersections of NFTLE ridges and PFTLE ridges,
which are shown to be dynamically important features of the vortex
boundaries [21]. These Lagrangian results are superimposed on

dimensionless spanwise vorticity to combine flow-evolution details
from both Lagrangian and Eulerian descriptions.
At s  0.00 (Fig. 10a), NFTLE ridges depart from the leading
edge, indicating the flow is fully separated before the onset of the
axial gust. From Figs. 10b–10d, one can see the saddle also travels
downstream while maintaining its height about y∕c  −0.2.
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Fig. 9 Response to axial acceleration at α  30 deg with g  2: left, velocity magnitude normalized by the freestream; center, dimensionless spanwise
vorticity; and right, surface pressure and NFTLE ridges (red curves) all shown.

The NFTLE ridge upstream of the saddle bends to the wing surface
and clings to the surface over about 20% of the chord length when
s  0.24 (Fig. 10d).
After the onset of flow reattachment, the location of the NFTLE
root correlates with the motion of the high Cp region. Figure 11
shows flow structure in the z∕c  0.1 and 0.3 planes at s  0.52

with the corresponding surface-pressure distribution along that
plane shown as an inset line plot. Cp is the surface-pressure coefficient, and d∕c is the dimensionless distance from the local leading
edge. It can be seen that the location where the NFTLE ridge meets
the wing surface is close to the local maximum surface-pressure
location.
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Fig. 10 Positive (blue) and negative (red) FTLE ridges indicating reattachment, superimposed on spanwise vorticity (purple) α  30 deg, g  1, and
z∕c  0.3. Reprinted with permission from [32].

Fig. 11 NFTLE ridges (red curves) indicating reattachment and inset axes showing local chordwise surface pressure, α  30 deg, g  1, and
s  0.52.

Since NFTLE and PFTLE are analogs of unstable and stable
manifolds, a flow schematic can be abstracted as shown in Fig. 12a.
Regions A and B are divided by NFTLE and PFTLE ridges. The
NFTLE ridge, which is a candidate attracting material line, attracts
local nearby fluid, presented as small green arrows. The negative
spanwise vorticity is consistent with this as the clockwise rotating
flow structure in regions A and B matches the arrow directions
inferred from the FTLE ridges. Responding to the axial gust, the
NFTLE ridge beneath region A approaches the wing surface, indicating that the attracted fluid moves toward the wing surface and the

corresponding flow reattaches under the axial acceleration. Meanwhile, the vorticity in region B moves downstream. As s increases,
the NFTLE ridge shifts down and connects to the wing surface as
shown in Fig. 12a region C.
Figure 12b shows dimensionless relative velocity magnitude U with
surface-pressure distribution in the z∕c  0.3 plane overlaid at
s  0.52. Although the NFTLE root and local maximum pressure
location do not exactly coincide, they are located on the same light blue
contour, just upstream of a relatively low velocity magnitude region
on the wing surface. Figure 12d shows a dimensionless downward
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Fig. 12 a) FTLE ridge reattachment schematic, b) velocity magnitude, with inset axes showing chordwise pressure distribution and FTLE root location,
c) u component of velocity, and d) v component of velocity at s  0.52 in the z∕c  0.3 plane. Reprinted in part with permission from [32].

v component region (dark blue) near d∕c  0.25. In the same region,
the dimensionless u component decreases to 0.5 (pale red in Fig. 12c).
This decrease of u and v components is consistent with an increase of
the local pressure along x and y directions and may further lead to a rise
in pressure in the vicinity of the NFTLE ridge and a higher surfacepressure coefficient in region C. Although not shown here, the downward v component region moves to the trailing edge through the wing
acceleration, and the pressure peak moves along with it. In fact, the
local attraction to the wing surface caused by the downward flow is
being captured by the NFTLE ridge. As mentioned previously, FTLE
ridges can distinguish flow regions with different patterns. In the
current scenario, the NFTLE root reveals the unsteady material separation point on the wing, similar to observations by Weldon et al. [38]
and Han et al. [39].
Furthermore, Fig. 13 presents the distance of the NFTLE root (red)
and the local surface-pressure maximum (blue) from the local leading
edge as a function of dimensionless distance along the acceleration
travel under different axial accelerations. The pressure peak closely
follows the NFTLE root from leading edge to trailing edge in the
z∕c  0.1 plane for g  1 (Fig. 13a), although, at the z∕c  0.3
plane (Fig. 13b), there is a gap between the NFTLE root location and
the local maximum pressure location starting at s  0.5. For the
weaker acceleration, the NFTLE root location and surface-pressure
peak location agree well in the z∕c  0.3 plane (Fig. 13d), while a
gap exists in the z∕c  0.1 plane (Fig. 13c). In contrast to the stronger
acceleration translation, the peak surface pressure always leads the
NFTLE root in the weaker acceleration translation.
In brief, NFTLE ridges, which are derived from kinematics, are
correlated with distinct changes in pressure, a direct connection to
the aerodynamic performance of the delta wing. FTLE thus can
indicate some features of the dynamics, such as pressure peaks or

pressure gradients with specific patterns, but avoids the necessity of
the Poisson equation to solve pressure from the velocity field. The
weakness of using the Poisson equation is that it requires the whole
velocity vector field to calculate pressure at each point. The nonlocal effect will incorporate velocity field error, which is not
unusual in experimental data, and accumulate it when calculating
the pressure, especially close to the tested object surface. On the
contrary, FTLE ridges can be relatively insensitive to imperfect
velocity-field data even where the calculated trajectories may be
sensitive [20].
In Fig. 5f, it was shown that Cm begins to decrease its magnitude
(become less negative) around s  0.35 at α  30 deg with
g  1. Intuitively, the motion of the local pressure peak should
contribute to the Cm fluctuation. As the pressure peak moves relative
to the Cm measurement location, the moment of the local down force
could bring a sufficient change to Cm .
Figure 14 shows the Cm and local pressure peak location relative to
the location of the transducer (denoted as LOT in Fig. 14), which is at
half-chord of the centerline, as a function of s . Note that for the 45°
swept delta wing, the quarter of the mean aerodynamic chord coincides
with the LOT. At the turning point s  0.38, the local pressure peak is
0.1 c upstream to the LOT in the z∕c  0.1 plane. In the z∕c  0.3
plane, the local pressure peak is right at the LOT when s  0.38. The
negative Cm slope becomes positive, which is consistent with the highpressure zone on the wing surface traveling downstream of the LOT.
The changing magnitude of Cm caused by the high surface pressure
traveling further downstream is also observed by Brett and Ooi [40] on
a series of delta wings with different sweep angles. That is, a downstream detached leading-edge vortex on a delta wing induces a less
negative Cm . After s  1.2, Cm becomes more negative again and
finally approaches steady state (recall Fig. 5f and Marzanek and Rival
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Fig. 13 NFTLE ridge reattachment root location along chord as a function of acceleration travel distance s (red) and location of local maximum surface
pressure along the chord (blue) α  30 deg. Adapted with permission from [32].
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[1]). This magnitude increase is speculated to be the result of the
high-pressure zone near the wing trailing edge dissipating after the
acceleration end.
D. FTLE Ridge Patterns at Trailing Edge

In Figs. 6–8, we observed a bifurcated NFTLE structure at the
trailing edge of the nonslender delta wing in certain cases. This is
due to the generation of large-scale rolled-up FTLE ridges, which

further indicates the formation of a leading-edge vortex in the outboard
plane during the accelerations. The α  30 deg with g  1 case will
be used to provide more details.
Figure 15 shows FTLE ridges superimposed with the dimensionless
spanwise vorticity in the z∕c  0.5 plane, in which the bifurcated
structure was seen. When s  0.48 (Fig. 15a), the leading-edge
NFTLE ridges roll up and enclose an area with PFTLE ridges below
them but above the wing. As mentioned before, this region enclosed
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Fig. 15 Positive (blue) and negative (red) FTLE ridges superimposed on spanwise vorticity (purple) α  30 deg, g  1, and z∕c  0.5. Reprinted with
permission from [32].

by NFTLE/PFTLE ridges indicates a vortex formation due to the
axial acceleration. The existence of the vortex is further confirmed
by the negative spanwise vorticity contours in the vortex core area.
An NFTLE ridge can also be observed beneath the vortex. When
s  0.64 (Fig. 15b), the wing has fully moved into the window,
and this NFTLE ridge can be more clearly seen under the leadingedge vortex and extending downstream. The size of the leading-edge
vortex continues to increase during the axial acceleration, and
the NFTLE ridge under it is pushed closer to the wing surface. When
s  0.98 (Fig. 15d), this NFTLE ridge has a small distance to the
trailing edge and to NFTLE ridges indicating the trailing-edge shear
layer. As a result, the bifurcated NFTLE ridges’ structure is formed at
the trailing edge.
Figure 16a gives a schematic of this phenomenon, and Figs. 16b–16d
show the velocity magnitude and components at s  0.81. The leading-edge vortex is represented by the region A with a high negative
spanwise vorticity magnitude. The NFTLE ridge initiated at the leading
edge indicates that the leading-edge shear layer rolls up around A and
forms into a vortex. The NFTLE ridge at B indicates that downstream
fluid particles are attracted downward and moving upstream along the
path of the NFTLE ridge at B. This is confirmed by the negative v
contours (blue) in Fig. 16d, and negative u contours (blue) near the
wing surface just upstream of the trailing edge in Fig. 16c. Figure 16b
shows the velocity magnitude. A slender region with a moderate
velocity magnitude (blue) can be observed between the vortex and
the wing, surrounded by a region with a low velocity magnitude (dark
blue). This indicates that the injecting flow has a relatively high velocity
magnitude, compared to nearby.
Note that the coherent structure formed by NFTLE ridges in regions
A and B is commonly seen around a single vortex core, such as the
NFTLE observation of a hairpin by Green et al. [41]. The formation of
this coherent structure indicates a reestablishment of the leading-edge
vortex.

As shown in Fig. 15, the leading-edge vortex grows in size and
slightly approaches the trailing edge, which further leads to a narrowed
gate for the downstream fluid particles being injected upstream. The
NFTLE ridge at B gradually moves to the trailing edge as well. The
fluid traveling along this path will either be entrained into the leadingedge vortex at A or continue to move upstream to the low-speed region
(dark blue contours near the leading edge in Fig. 15b). The blue PFTLE
ridge in Figs. 15 and 16a is the separatrix along which the fluid being
injected upstream will diverge into these two regions.

IV.

Discussion of Results

Suction-side surface pressure, lift, drag, pitching moment, and
ensemble-averaged PIVof the flowfield were acquired on and around
a nonslender Λ  45 deg delta planform wing at 20° and 30° angles
of attack during both steady translation and axial acceleration. Previous work on this platform was reported by Marzanek and Rival [1],
Burelle et al. [31], and Tu [32]. For the steady translation, coefficient
of lift collapses at 25°, indicating that the flow is fully stalled by 30°.
At 20° without acceleration, a strong leading-edge suction appears in
the surface-pressure distribution, and the flow appears separated in
the outboard plane while still attached in the inboard planes. The flow
appears fully detached across all three planes for the steady translation at 30°, which is consistent with the pressure distribution that is
uniform and less negative on the suction-side wing surface and with
the drop in coefficient of lift. Combining the ensemble-averaged 3-D
streamlines (Fig. 3) and NFTLE ridges (Fig. 4), the flow structure
clearly behaves differently in the prestall stage 20° and poststall stage
30°. A conical-shaped flow structure can be observed at 20°, as
marked by the leading-edge counter-rotating coherent vortex structures. At 30°, separation dominates, and the flow structure deviates
further away the conical shape [32].

Downloaded by QUEEN'S UNIVERSITY on January 19, 2022 | http://arc.aiaa.org | DOI: 10.2514/1.J061070

Article in Advance

/

TU ET AL.

15

Fig. 16 a) Bifurcated NFTLE ridges schematic, b) velocity magnitude, c) u component of velocity, and d) v component of velocity at s  0.81 in the
z∕c  0.5 plane. Reprinted in part with permission from [32].

Fig. 17 Freestream velocity decomposition. Adapted with permission
from [32].

As shown in Fig. 17, the freestream U∞ can be decomposed into three
components. U1 is perpendicular to the wing surface. U2 is the component along the leading edge. U3 is the component perpendicular to the
leading edge, parallel to the wing surface. The sweep angle Λ is the
angle between U3 and the midchord. The three components can be
derived from
U1  U∞ sin α;
U2  U∞ cos α sin Λ;
U3  U∞ cos α cos Λ

(3)

For a nonslender delta wing, U1 is small compared with U2 and U3 at
a low angle of attack, since sin α is smaller than cos α at a low α. At high
attack angles, though, U1 is comparable to U2 . Hence, a stronger
convection perpendicular to the wing U1 may lead to the coherent
vortex structure extending farther from the wing at high attack angles.

At a high attack angle, the convection along the leading edge
U2 weakens, since a higher α leads to a smaller cos α. The flow
structure in the plane containing U1 and U3 is analogous to the flow
around a 2-D airfoil at a high attack angle. One could therefor expect
the flowfield not to be conical-shaped at high angles of attack,
because of the decreased convection along the leading edge.
Two axial accelerations with magnitude g  1 and g  2
were applied on both the 20° (prestall incidence) and 30° (poststall
incidence) cases. At 20° with the two accelerations, the flow is
attached (evidenced by FTLE ridges that tightly adhere to the wing
surface) in the two inboard planes. In the outboard plane, the flow
generates a large-scale coherent dynamic stall vortex through the
accelerated motion. At 30° with both accelerations, the baseline fully
separated wake flow is diminished, and it is assumed that the flow
stays at least partially attached in the two inboard planes. But only
with a stronger acceleration g  1 can the flow be fully reattached
inboard. In the outboard plane, a large-scale coherent vortex structure
is formed with acceleration g  1, while the flow is still fully
separated in this plane with a weakened acceleration g  2.
Abstracted schematics for the transient flow structure around
nonslender delta wings under axial acceleration can be developed,
as shown in Fig. 18. In the prestall stage under steady translation
(Fig. 18a left), leading-edge separation initiates at an inboard location
and is tilted to the streamwise direction. For the prestall stage under
axial acceleration (Fig. 18a right), the onset location of leading-edge
separation moves downstream. Inboard, the flow tightly adheres to
the suction-side wing surface. The flow structure has a conical shape
that is maintained through an axial acceleration.
In the poststall stage (Fig. 18b left), the flow separates from the wing
apex and the conical characteristic is expected to be less obvious. Under
axial acceleration (Fig. 18b right), the inboard flow reattaches to the
wing surface and a whiplike FTLE structure distinguishes reattached
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Fig. 18 Schematic of flowfield response to axial acceleration. Adapted with permission from [32].

flow from shedding coherent structures. The conical-shaped coherent
structure is reestablished at the outboard location, as strong spanwise
effects and a strengthened coherent rotating structure are inferred from
Fig. 16a. The reestablished outboard dynamic stall vortex, however, is
not stable and grows in size as s increases, as shown in Fig. 8. Effects
brought by the axial accelerations last relatively long temporal periods
even after the accelerations (generally to s  8), which can be inferred
from aerodynamic force behaviors in Marzanek and Rival [1].

V.

Conclusions

Lagrangian coherent structure analysis using the finite-time Lyapunov exponent field has been carried out on experimental data of a
nonslender delta wing under axial accelerations. Surface pressure and
aerodynamic forces are combined with FTLE field to reveal significant changes brought by axial accelerations at pre- and poststall
angles of attack. From all the preceding observations and discussions,
several conclusions can be drawn:
The flow structure around nonslender delta wings has a conical
shape prestall, while this pattern is less obvious poststall when
separation dominates the flowfield across the span.
Axial acceleration induces reattachment even poststall. The
acceleration may change the fully separated status partially back to
a conical shape.
The axial acceleration causes a dynamic surface-pressure rise that
moves from leading edge to trailing edge, and a low surface pressure
follows the temporary pressure rise and leaves a strong (but temporary) suction near the leading edge. Though the axial acceleration can
reestablish a strong suction near the leading edge at a poststall attack
angle and increase the lift, it also may cause fluctuations in the
pitching moment Cm due to the motion of the high-pressure zone.
This phenomenon is potentially destabilizing and needs to be carefully considered for the relevant flight control.
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