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Abstract: To understand the asymmetric flow of a slender body with low-aspect ratio fins, a wind
tunnel experiment was carried out, and the asymmetric flow was observed when the pair of fins had
a symmetric deflection angle of 30◦ at a small angle of attack and zero sideslip angle at transonic
speeds. The unsteady characteristics of flow around the moving fins, especially for the evolution
of the asymmetric flow, was carefully numerically investigated via the RANS method. To verify
the numerical method, the experimental steady wind tunnel data of the NACA 0012 airfoil with
sinusoidal pitching motion were adopted. A hysteresis loop exists as a function of the deflection angle
during the upstroke and downstroke motions. The side force is periodic due to the asymmetric flow
peaks at the downstroke and their peak value appeared at around δz = 25◦, which was independent
of the deflection frequency. As the deflection frequency increased, the asymmetric flow formed at a
higher deflection angle during the upstroke motion, but decayed at a lower deflection angle during
the downstroke motion, resulting in a more significant unsteady hysteresis effect.

Keywords: fin; asymmetric flow; deflection angle; reduced frequency

1. Introduction

For an advanced aircraft, the performance of its super maneuverability and high
agility are of paramount importance [1] to achieve a large angle of attack flight. In previous
decades, extensive research in the field of large angle of attack flight has been carried out
experimentally and numerically. Among these studies, asymmetric vortex flow is one of
the hot issues. There are two main typical asymmetric flow phenomena in large angle of
attack flight. One is the asymmetric flow around the slender body of revolution, which was
first found by Allen and Perkins in the early 1950s [2], and it has been extensively studied
by Sampath et al. [3] and Alqadi et al. [4]. Another one is the vortex flow over highly swept
delta wings, which consists of a pair of counter-rotating vortices formed by the roll-up
of vortex sheets from the leading edge. At a sufficiently large angle of attack, the pair of
counter-rotating vortices undergoes a sudden breakdown at a random location, which was
observed by many scholars, such as Arena and Nelson [5], Stahl, et al. [6], Xiao, et al. [7],
Obeid, et al. [8], etc.

Side forces and yaw moments are induced by the asymmetric flow, which is detri-
mental to maneuverability [9]. Such asymmetric vortices adversely affect the aircraft’s
performance and significantly limit the flight envelope [10]. To control these asymmetric
flows, passive control methods (e.g., strakes [11,12], micro vortex generators [13], and pas-
sive devices [14,15]), and active techniques (e.g., nose rotation or rotating strakes [16], jet
blowing [17,18], and plasma actuation [19]) have been conducted. Moreover, the mechanism
of the asymmetric flow has also been investigated extensively. Keener and Chapman [20]
observed that the angle of attack for the onset of vortex asymmetry was more or less a
constant multiple of the apex semi-angle. So, nose bluntness is used to reduce and eliminate
the asymmetric flow [21,22].
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Even though these asymmetric flows have been studied for decades, the basic mech-
anism of the asymmetric flow is still under debate, and there exist two main views.
Keener [20,23], Woolard [24], Stahl [6], and Ericsson [25] believed that hydrodynamic
(inviscid) instability induces the asymmetric flow. Through a series of experiments and
theoretical analyses, they concluded that when the symmetric pair of vortices crowded
together near the nose tip of the body, inviscid instability was triggered, resulting in asym-
metric flow. However, Degani and Schiff [26,27] and Levy [28] pointed out that convective
instability is responsible for asymmetric flow due to the unbalanced development of the
viscous boundary.

In a previous work [29], a new phenomenon of asymmetric flow was observed in a
wind tunnel test, in which the experimental model was a slender body of revolution with
four low-aspect ratio fins of the “X” type. Such a new phenomenon was observed when
both the angle of attack and sideslip angle were all zero. This is not the same as the widely
known asymmetric flow for a slender body which occurs at a large angle of attack. This
kind of asymmetric flow was first observed when the fins were symmetric about the body
center plane with a 30◦ angle of deflection, leading to an undesired side force and yaw
moment. Further flow visualization experiments using particle image velocimetry (PIV)
confirmed that the symmetric pair of leading-edge vortices generated by the pair of fins
with symmetric deflection angles will become asymmetric when the deflection angle is
increased to a certain value.

To achieve high mobility, the fins can be maneuvered dynamically under a desired
frequency. However, the current work was all conducted under steady conditions with
a constant deflection angle during a single test. The evolution of the flow characteristics
cannot be acquired when the fins have a dynamic deflection motion. Instead of the steady
conditions, several unsteady studies on the flow characteristics with a dynamic change
in angle of attack (pitch motion) were conducted to explore the asymmetric flow on the
slender body of revolution and delta wing at a large angle of attack. For instance, Gad-
El-Hak carried out studies on an ogive cylinder configuration [30] and a delta wing [31]
under harmonic pitching motions with large amplitudes, and a hysteresis growth–decay
loop of the vortices was observed. For such a new asymmetric flow phenomenon, it is still
interesting to explore the aerodynamic properties of the fins under dynamic motions. To
this end, the aerodynamic characteristics of the pair of low-aspect fins under symmetric
pitching motions were studied numerically, and the influence of the pitching frequency
was discussed carefully.

2. Description of the Wind Tunnel Test Phenomenon
2.1. Test Model

The sketch of the test model is shown in Figure 1. This model has an ogive nose and
cylindrical body. The diameter of the body is d. The fineness ratio of the nose is 3.93d and
the model length is 9.85d. The fin root chord length is 1.18d and the span of the fin is 1.82d.
The swept angle of the fin is 30◦ and the aspect ratio is 0.35. The leading edges of the fins,
which are in an “X” type of arrangement in the tail, are 8.67d away from the nose apex.
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Figure 1. The sketch of the test model.

Figure 2 displays the pair of fins on the leeward and windward sides rotated through
a deflection angle of δz to achieve pitching moments. The blue ones are the original fins
without a deflection angle, and the pink ones are the fins with a deflection angle of δz = 30◦.
Obviously, the left and right fins are symmetric about the center plane of the body at δz = 30◦,
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and the leading edges of the fins are closer than that at δz = 0◦ (Figure 2a). With a positive
deflection angle of the fins, a nose-down pitching moment occurs. For the pair of fins with the
same deflection angle on the leeward side, the leading edges deviate away from each other
(Figure 2b).
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2.2. Description of the Asymmetric Phenomenon

The experiments including the force tests and PIV measurement were conducted in
a wind tunnel with a working Mach number ranging from 0.3 to 2.5, a total pressure of
95–235 kPa, and a total temperature of 280–300 K, in the China Aerodynamics Research and
Development Center. The dimensions of the cross-section and length of the wind tunnel
test section are 0.6 m × 0.6 m and 1.775 m, respectively.

The experimental Mach number ranges from 0.4 to 1.2 and the angle of attack ranges
from −4◦ to 12◦. The Reynolds number is from 4.13 × 10 5 to 1.03 × 10 6 based on the
diameter of the body. The reference area is the cross-section area of the body and the
reference length is the length of the model. The reference point of the moment is the apex
of the model.

The asymmetric phenomenon was noticed during the experiments of the pitching effec-
tiveness. Four sets of fins with deflection angles of δz = 0◦, 10◦, 20◦, and 30◦ were tested. The
results of the pitching moments and side forces of the models with different pitching deflection
angles of the fins at M = 0.95, β = 0◦ are shown in Figure 3. For δz = 0◦ to δz = 20◦, the pitching
moment increased with the increases in the deflection angle (Figure 3a). However, once δz
grows to 30◦, the increment of the pitching moment decreases significantly; meanwhile, the
undesired side forces appear (Figure 3b). Notice that such asymmetric flow in the current
experiments appears at a small angle of attack, instead of a large angle of attack as in the
typical asymmetric flow of slender bodies.

To understand this new asymmetric flow, another test case was conducted under
different Mach numbers from 0.4 to 1.2 with δz = 30◦ at zero angle of attack. The side force
appears widely at Mach numbers from 0.6 to 0.95 (Figure 4). Asymmetric phenomena only
appear under transonic flows. The PIV experiments confirmed that the side forces were
induced by the pair of fins on the leeward side, as shown in Figure 5. For M = 0.4, a pair of
symmetric leading-edge vortices appears behind the windward fins and the leeward fins.
As the Mach number increases to 0.8, the pair of windward vortices is still symmetric, but
the pair of leeward vortices becomes obviously asymmetric (the right fin generates a stable
vortex, but there is no vortex around the left side). The asymmetric vortices at M = 0.95 are
similar to those at M = 0.8, except for the location of the disappeared vortex. The random
location of the disappeared vortex illustrates that the asymmetric flow is unsteady and
unpredictable, reminiscent of the manner of the asymmetric vortices on a slender body of
revolution at high angles of attack, as pointed out by Zilliac et al. [32]. At a Mach number
of 1.0, the vortices become symmetric again, which is the same as at M = 0.4.
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3. The Unsteady Aerodynamic Characteristics of the Pair of Fins under Symmetric
Pitching Motions

The previous experiments were conducted under steady conditions with a fixed
deflection angle of the fins during a single test. The following numerical study aims to
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understand the evolution of the flow characteristics when the fins have a dynamic pitching
motion. The pair of fins on the leeward side of the pitching motion can be expressed as

δz(t) = δz0 + δz′ sin(2π f · t) (1)

where δz0 and δz′ are the mean and amplitude of the harmonic motion, f is the deflection
frequency, and t is the time. The reduced frequency based on the body diameter d and the
incoming flow velocity U∞ is

K = π f d/U∞ (2)

3.1. Numerical Methods and Validation

The open-source code SU2 [33] was adopted for this study. SU2 was developed by
Stanford University researchers, written in the C++ programming language. It offers the
coupling of modules to perform complex steady and unsteady CFD analysis and design.
The Reynolds-averaged Navier–Stokes (RANS) equations are discretized in space using
the classical Jameson–Schmidt–Turkel (JST) scheme. The one-equation Spalart–Allmaras
(S-A) model is selected to simulate the turbulence. The S-A model has a positive effect on
the boundary layer that is subjected to the inverse pressure gradient and can successfully
simulate the vortex motion. The solution is marched forward in time using an implicit
Euler scheme.

Two validation studies are conducted herein. The first is the validation of the current
numerical methods in capturing the asymmetric flow by comparing it with the experimental
results. The second is to validate the unsteady simulations of the model with dynamic
motion through the simulation of the turbulent flow past a NACA 0012 airfoil which
oscillates sinusoidally in pitch.

3.1.1. The Body–Fin Configuration

A baseline unstructured mesh with 2.4 million cells is generated with mixed elements,
including tetrahedra, pyramids, prisms, and hexahedra. The mesh topology of the fins and
the rail body is shown in Figure 6. Similarly, coarser and finer mesh resolutions with total
numbers of cells of 0.7 million and 8.1 million, respectively, using a refinement factor of
about 1.5, are compared to the baseline mesh for the grid sensitivity analysis. For all three
mesh resolutions, the mesh spacing near the fins and the body is set to y+ ≈ 1.
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Figure 6. The mesh topology of the fins and the rail body (2.4 million cells).

Numerical results and experimental data are compared for the model with δz = 30◦

at α = 0◦ under different Mach numbers, as shown in Figure 7. As mentioned above,
the asymmetric flow observed experimentally also appears in the numerical studies, in
addition to the direction of the undesired side force changes under different Mach numbers.
This indicated that our numerical method can capture asymmetric flow under M = 0.6 to
M = 0.95. However, the results of the coarse mesh overpredicted the value by about 20%



Aerospace 2024, 11, 835 6 of 11

for M = 0.8, while the results of the medium and fine mesh were close and exhibited better
agreement with the experimental data.
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Figure 8 shows the stagnation pressure contours around the fins with δz = 30◦ on
the leeward and windward sides at M = 0.95 and α = 0◦. The left fin generates a stable
wingtip vortex, and their intension increases gradually along the chord direction (Figure 8a).
However, no wingtip vortex is generated from the right fin. For the pair of fins on the
windward side, a pair of stable and symmetric vortices is produced (Figure 8b). Obviously,
the numerical results confirm that the asymmetric flow is caused by the pair of fins on the
leeward side, which is consistent with the PIV results (Figure 5).
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of fins.

Figure 9 shows the Mach number distributions on typical sections around the fins from
the leading edge to the tail. For the pair of fins on the windward side, a pair of symmetric
vortices was generated from the leading edge and proceeded to the tail. For the pair of fins
on the leeward side, the asymmetric flow formed around the leading edge of the fins. The
Mach number around the vortex cores on the left fin is 1.4, while it is only 1.0 for the right
fin. It decreases rapidly to 0.2 at x/d = 8.89 from 1.0 at x/d = 8.79. The flow speed further
decreases along the chord direction, leading to a large ‘dead zone’ with a Mach number of
only 0.05 around the tail of the fins. As a stable wingtip vortex is generated from the left fin,
the Mach number around the vortex core reaches 1.4, and the intension increases along the
chord direction up to the position of x/d = 9.22, resulting in a further increase in the Mach
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number around the vortex cores. After x/d = 9.22, the vortex gradually shifts away from the
fin surface, causing the vortex intensity to decline.
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3.1.2. NACA 0012 Airfoil with Sinusoidal Pitching Motion

Turbulent flow around the NACA 0012 airfoil with a sinusoidal pitching motion
was simulated to validate the numerical methods for models with unsteady motion. The
oscillation in pitch at the ¼ chord is governed by α(t) = 4.86◦ + 2.44◦ sin (2πf·t), where the
frequency was f = 50.32 Hz. The unsteady motion was achieved by rotating the grid on the
airfoil surface. The volume of the mesh was then deformed using the linear elastic method.

The freestream Mach number is 0.6 and the Reynolds number is 4.8 million based on
the chord length. The lift coefficient CL and pitching moment coefficient Cm in an oscillation
period are compared to the experimental data from Ref. [34] as shown in Figure 10. The lift
and moment coefficients are shaped as hysteresis loops under the unsteady motion and the
present unsteady periodic solutions are in good agreement with the experimental data.
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3.2. Results of the Pair of Fins Undergoing Symmetric Deflection Motions

The first case is conducted for the pair of fins with the deflection motion δz(t) = 20◦ + 10◦

sin (2πk·t) at a reduced frequency of K = 0.044. The maximum deflection angle δz is 30◦.
Figure 11 shows the evolutions of the flow field of the flaps undergoing the deflection motion.
Both the upstroke and downstroke motions are shown side by side at the instantaneous times
corresponding to the deflection angles of 15◦, 20◦, and 29◦. The contours using the value of
entropy along the mid-chord section are used to reveal the time evolution of the vortices. The
flow patterns around the left and right fins begin to be different after the deflection angle
increases to a certain value during the upstroke and downstroke motions, indicating the
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existence of a hysteresis loop. The pair of vortices induced by the left and right flaps maintain
symmetry with the deflection angle increasing to 25◦ during the upstroke, even though a
slight asymmetry begins to appear and can be noticed from the streamlines. The asymmetric
flow becomes obvious as the deflection angle reaches 29◦, as the right vortex propagates
significantly more than the left one. However, during the downstroke, the asymmetry is
visually stronger than that at the upstroke, and the pair of vortices returns to symmetry again
at a relatively lower deflection angle of around 15◦.
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Figure 12 shows the evolution of the side force coefficient where a hysteresis loop is
clearly noticed. This is consistent to the flow field shown in Figure 11, in which, during the
downstroke, the side force is larger due to a stronger asymmetric flow compared to that of
the upstroke period. For instance, at the upstroke, when δz = 27◦, the side force coefficient
is only 0.0025, while it reaches 0.127 at δz = 27◦ during the downstroke. This side force
is equivalent to the value of the side force when the model is under the same incoming
flow with a sideslip angle of around 11◦. Undeniably, this is detrimental for the control of
the model.

Under practical conditions, it is important to achieve fast maneuvering for a high-
performance aircraft. The operation frequency of the fins is the way to achieve maneu-
verability. Therefore, it is worth examining the unsteady aerodynamic properties under
different operation frequencies of the fins.
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Three different reduced frequencies of K = 0.022, 0.044, and 0.088 are applied and the
time evolution of the side force coefficients is shown in Figure 13. The peak value of the
side force coefficient appeared at around δz = 25◦ during the downstroke, which is not
affected by the deflection frequency. The reduced frequency has a significant influence on
the growth–decay period of the asymmetric flow. Specifically, a faster operation frequency
generates a more obvious unsteady hysteresis effect. With the increase in reduced frequency,
the asymmetric flow is generated at a higher deflection angle at the upstroke motion, but
the asymmetric flow also decays at a lower deflection angle during the downstroke.
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4. Conclusions

The unsteady characteristics of the flow around the fins with dynamic motions, espe-
cially with a focus on the time evolution of the asymmetric flow, were numerically studied.
Firstly, the asymmetric flow observed in the wind tunnel experiment is described briefly.
Based on the experimental data, the numerical solver was validated and it was found that
RANS-based CFD methods were capable of capturing the asymmetric flow discovered
in the wind tunnel experiments. For the fins under dynamic deflection motions with the
deflection angle varying in the range from δz = 10◦ to δz = 30◦, similarly to the asymmetric
flow found in the steady wind tunnel experiments, the asymmetric flow was formed in the
upstroke period. Once δz grows to 30◦, the increment of the pitching moment decreased
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significantly; meanwhile, the asymmetric flow appeared. Due to the asymmetric flow, the
side force was generated and peaked during the downstroke period. The peak value of
the side force coefficient appeared at around δz = 25◦ during the downstroke, which was
not affected by the deflection frequency. With the increase in the deflection frequency, the
asymmetric flow was formed at a higher deflection angle during the upstroke motion,
but the asymmetric flow also decayed at a lower deflection angle during the downstroke
motion, resulting in a more obvious unsteady hysteresis effect.
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