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A grid fusion lifting surface suitable for large subsonic angles of attack was designed. The influence of the grid position, grid
diversion angle, and grid number on the aerodynamic performance of the grid fusion lifting surface under subsonic conditions
was studied by numerical simulations. Based on the summary and analysis of the grid in the hypersonic state, the CFD
numerical simulation method, which solves unsteady Reynolds averaged Navier-Stokes equations, was used to complete the
research of the flow mechanism of the grid fin in the subsonic state. At low speed and subsonic conditions, the results show
that the negative front grid fusion lift surface has better aerodynamic characteristics with a high angle of attack. Under
subsonic conditions, the stall angle of attack of the front grid fusion lifting surface with a diversion angle of 20° increases by
16°, and the maximum lift coefficient increases by 22.1% compared to that of the conventional flat wing. The number of grids
has an insignificant effect on the aerodynamic performance of the grid fusion lifting surface at a large angle of attack.

1. Introduction

The grid wing is a multifaceted lift system composed of
external grid frames and internal grid partitions [1, 2]. Due
to its special polyhedral structure, it has excellent aerody-
namic performance compared with the traditional flat wing,
including enhanced lift performance for large angles of
attack, little movement of the pressure center, and low hinge
moment [3-6].

With the rapid development of aerospace technology in
recent years, the application of grid fins as full-motion rud-
ders and stable wing surfaces of rockets and missiles in the
supersonic field has become more mature [7]. Many scholars
and research institutions have performed aerodynamic
research on grid fins. Chen studied the aerodynamic perfor-
mance of grid fins with different grid thicknesses and leading
edge shapes under supersonic conditions [8, 9], and the
results demonstrated that the grid parameters significantly
affected the lift-drag performance of the grid fin. Chen and

Deng [10] used the numerical simulation method to predict
the roll damping derivatives of missiles with grid wings and
flat wings in the supersonic state, and the results show that
the efficiency of generating roll damping of a grid fin is
much higher than that of a single fin. Yang and Zhang
[11] proposed a new strategy for the optimization design
of complex aerodynamic configurations, which obtained
the optimal results of grid fins with a lower computational
cost. Li et al. [12] proposed an improved circular-arc grid-
fin configuration, which could effectively reduce the drag
of grid fins at supersonic speeds. Huang et al. [13] studied
the aeroelasticity of grid fins under transonic and supersonic
conditions, and the results showed that the deformation of
the grid fin reduced and reversed the hinge moment. Liu
et al. [14] studied the aerodynamic heat of grid fins, and
the influence of shock wave mutual interference on heat flux
was analyzed in detail. Tripathi et al. [15] systematically
studied the influence of the aspect ratio on the aerodynamic
performance of grid fins through wind tunnel experiments.
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Current studies on grid fins mostly focus on supersonic
and hypersonic aerospace applications and rarely involve the
aviation field, mainly due to the considerable drag caused by
the multisided structure of grid fins. However, the grid fin’s
unique large angle of attack is a desirable advantage to
improve the subsonic aircraft performance. The problem of
excessive drag must be solved to apply grid fins to aircraft.
At present, the drag reduction methods of grid fins mainly
include sweeping the overall grid fin back, sweeping the local
grid fin back, reducing the number of grids, and changing
the cross-sectional shape of grid baffles [16-22]. The conven-
tional drag reduction method can reduce the grid fin’s aerody-
namic drag, but the multisided structure of the grid fin is
unchanged, and the optimized grid fin still has larger aerody-
namic drag than the traditional single fin [23].

This paper innovatively proposes a grid fusion lifting
surface scheme suitable for subsonic and large angles of
attack based on flow control technology design. The numer-
ical simulation method is used to study the influence of grid
attributes, such as the grid position, grid diversion angle, and
grid number, on the aerodynamic performance of the grid
fusion lifting surface under subsonic conditions. The pur-
pose of this paper is to explore a new large angle of attack
flow-control scheme for aeronautical aircraft and improve
its comprehensive performance.

2. Design of the Grid Fusion Lifting Surface

2.1. Analysis of the Aerodynamic Performance of
Conventional Grid Fins. In general, the structural types of
grid fins are mainly truss (frame) and cellular type. The cel-
lular grid fins are further divided into straight and oblique
cellular grid fins. Schematic diagrams of three different
structural types of grid fins are presented in Figure 1.

At supersonic speed, the grid wing has some advantages
that the traditional flat wing does not have, including better
lift performance for large angles of attack, minimal pressure
center movement, low hinge moment, and easier folding and
mounting performance.

The main disadvantage of grid fins under subsonic con-
ditions is the large aerodynamic drag. The multifaceted
structure leads to a larger wetting area of the grid fin and
causes substantial friction drag. In the transonic state, shock
waves are generated inside the grid structure and initiate
considerable shock drag. Furthermore, the grid fin has worse
lift-drag performance than the traditional flat wing in the
subsonic state.

The aerodynamic performance of grid fins is more sensi-
tive to the flow performance between grid partitions, which
mainly depends on the far-field velocity. Figure 2 displays
a schlieren diagram of the supersonic flow field between grid
partitions with different incoming flow velocities. As shown
in Figure 2(a), when the inlet Mach number is subsonic, pos-
itive shock waves are generated inside the grid separator,
which increases the grid wing resistance. Currently, the cor-
responding Mach number of incoming flow is called the first
critical Mach number M. Figure 2(b) illustrates a schlie-

ren diagram of the shock waves inside the grid when M,
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< Ma < My,,. Supersonic flow appears near the grid outlet
with increasing Mach number and forms a mesh shock near
the grid outlet. When the flow velocity reaches a low super-
sonic speed, positive shock waves appear in the front section
of the grid fin. The shock wave is attached to the leading edge
of the grid fin when the inlet Mach number reaches M,
which is called the second critical Mach number. Figure 2(c)
shows a schlieren diagram of the shock waves inside the grid
when Ma = Mj,,. In this case, the drag of the grid wing sharply
increases. These phenomena explain the poor drag perfor-
mance of the grid fin in subsonic and transonic conditions.

Figure 2(d) presents a schlieren diagram of the shock
waves inside the grid when M, < Ma < M. At this time,
oblique shock waves inside the grid appear many times
between grid partitions. When the Mach number increases
and when the oblique shock wave in the grid is not reflected
between the grid panels, the incoming Mach number is
called the third critical Mach numberM,;. Figures 2(e)
and 2(f) show schlieren diagrams of the shock waves inside
the grid when Ma = M,,; and Ma > M;,;. When the Mach
number of incoming flow exceeds M, there is no reflec-
tion of the shock wave inside the grid partition, and there
is no interference between each grid partition. At this time,
the grid fin has better lift performance.

2.2. Design of the Grid Fusion Lifting Surface. The increase in
grid fin drag under subsonic and transonic conditions is due
to the more significant friction drag caused by the grid fin’s
larger wetted area and the greater shock drag induced by the
shock wave inside the grid partition. The drag reduction
mechanism of the conventional drag reduction methods,
such as sweeping the overall grid fin back, sweeping the local
grid fin back, reducing the number of grids, and changing
the cross-section shape of the grid baffle, is mainly to
improve the airflow congestion of grid fins by changing the
configuration of grid fins. The optimized grid fin drag is
reduced, but the conventional drag reduction method does
not fundamentally change the multifaceted structure of the
grid fin. Therefore, the aerodynamic drag of the grid fin can-
not be greatly reduced.

The conventional grid fin cannot be directly applied in
the subsonic state and aviation field due to its poor drag per-
formance. Based on flow control technology, the grid fusion
lifting surface was designed by embedding a grid structure
on a single wing. Compared with conventional grid fins, this
scheme has fewer grid partitions and a larger grid width
chord. This scheme combines the advantages of the tradi-
tional grid and flat wing, which effectively reduces the grid
structure drag and significantly improves the lifting surface
performance at large angles of attack under subsonic condi-
tions. Figure 3 shows the global view and typical spanwise
section view of the grid fusion lifting surface in the form of
an embedded grid.

The inherent properties of the grid structure directly
affect the aerodynamic performance of the grid fusion lifting
surface, which mainly includes the grid position, grid diver-
sion angle, and the number of grids. The grid diversion angle
and grid position directly affect the flow performance of the
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(a) Truss type (b) Straight cellular type (c) Oblique cellular type

FIGURE 1: Schematic diagram of grid wing with different structural forms.
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FIGURE 2: Flow state between grid wing partitions with different critical Mach numbers.
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FIGURE 3: Schematic diagram of grid fusion lifting surface.

grid fusion lifting surface, and the number of grids affects
the actual lift area of the grid fusion lifting surface. In the fol-
lowing chapters, we study the influence law of the inherent
design parameters of the grid fusion lifting surface on the

aerodynamic performance, and the application environment
of the grid fusion lifting surface is clarified. Exploratory
research is performed for engineering applications of grid
fusion lifting surfaces.
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(b) Grid distribution of flow field in typical sections

F1GURE 4: Computational domain grid of grid fusion lifting surface with the diversion angle of 20° and grid number of 2.

3. Calculation Method and Verification

3.1. Governing Equation. The numerical simulation in this
paper is based on the three-dimensional unsteady Reynolds
averaged N-S equation:

Q

LOF 0G oH _ 1 ble
or 9 on o

0F, 3G, OH,\
(5 w) O

where Q is a conserved variable vector; F, G and H are invis-
cid flux vectors; F,, G, and H,, are viscous flux vectors. The
discrete equation was established based on the finite volume
method, and the second-order upwind difference scheme
was adopted to solve the discrete difference equations. The
explicit time advance solution algorithm based on density
was applied to solve the discrete difference equations. The
shear stress turbulence model (k—w SST) [3, 24] was

employed in the turbulence model. The turbulence model
was selected based on two considerations: high computa-
tional efficiency; the transport of turbulent shear stress is
considered to avoid overpredicting the eddy current
viscosity.

3.2. Computing Grids. Due to the complexity of the grid
structure, the flow field of the grid fusion lifting surface is
discretized with unstructured grids with ICEM CFD soft-
ware. An appropriate refining grid was performed in places
with large flow gradients, such as grid plates and holes,
and the total number of grids was approximately 2.5-3.5 mil-
lion. Figure 4 shows the surface and typical cross-section
grid distribution of the front section grid fusion lifting sur-
face with a diversion angle of 20°.

Since we will use the k —w SST model to simulate the
aerodynamic performance of the configurations, the calcu-
lating grid should fit the requirement of the turbulence
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(a) Surface mesh distribution of delta wings

A

(b) Grid distribution of flow field on triangular wing root section

FIGURE 5: Delta wing meshing strategy.

model. In ANSYS Fluent software, the relation between grid
and turbulence model mainly focuses on the y+of the
boundary mesh, which implies that the height of the first
layer in the boundary mesh will be combined with the turbu-
lence model to determine the calculation accuracy of the
flow field. For the k — w SST model, we can define a reason-
able value of y+to improve the accuracy. In this study, we
generate a high-quality mesh with y + =1 to satisfy the turbu-
lence model. Moreover, the mesh has been refined around
the leading edge, trailing edge and backward area of the con-
figuration to capture the flow characteristics as precisely as
possible with the k — w SST model.

3.3. Verification of Calculation Method. Since the calculation
involves large angles of attack, the calculation method is
initially verified. Generally, more accurate models are
required to simulate vortex system changes at higher angles
of attack. Such as DES and LES. However, these methods
are computationally expensive. This paper aims to study
the scheme’s feasibility, so the two-equation k—w SST
model based on RANS is used to complete the calculation.
In this section, two standard models are used to verify the
numerical method.

First, the flow field of a delta wing with a sweep angle of 60°
is numerically calculated, and the simulation results are com-
pared with experimental results [25]. According to the exper-
imental data of the delta wing, the selected calculation states
are as follows: the inlet flow velocity is 30 m/s; the atmospheric
pressure is 101,325 Pa; the angle of attack is 0°, 10, 30°, and
50°; the ambient temperature is 288 K. The flow field of the
delta wing is discretized with unstructured grids, and the lee-
ward region of the delta wing is locally refined. The number
of grids is approximately 8 million. Figure 5 shows the grid
distribution of the delta wing computing domain.

Figure 6 compares the numerical calculation results of
the delta wing with the experimental results of Nanjing Uni-
versity of Aeronautics and Astronautics (NUAA) and Har-
bin Institute of Technology (HIT) [26]. The findings
suggest that when the angle of attack is small, the numerical
simulation results of the delta wing’s normal force coefficient
are consistent with the experimental values. When the angle
of attack exceeds 30 degrees, the CFD value of the delta wing
is smaller than the experimental value, but the numerical
value is similar to the experimental value in the trend. There
are some differences in experimental values of the delta wing
pitching moment that varies with the angle of attack
between Nanjing University of Aeronautics and Astronau-
tics and Harbin Institute of Technology. The numerical sim-
ulation results of the delta wing pitching moment in this
paper are close to the experimental results of the NUAA.

In addition, to verify the accuracy of the numerical simu-
lation method to solve the problem of grid wing aircraft, a
numerical calculation is proposed for the grid tail missile stan-
dard model. According to the experimental data of the grid tail
missile, the selected calculation states are as follows [27]: the
Mach number is 0.5, and the Reynolds number based on the
maximum diameter of the grid tail missile is2.27 x 107,
Figure 7 shows the grid distribution on the surface of the cal-
culation domain of the grid tail missile. The flow field of the
grid tail missile is discretized with the unstructured grid, the
key calculation area grid is locally refined, and the number
of grids is approximately 10 million.

Figure 8 compares the CFD numerical calculation results
and the experimental data [27] of the normal force coeffi-
cient of the raster tail missile wing body assembly, which
shows basic consistency with each other around the entire
range of angles of attack. In some special cases, the lift coef-
ficient is slightly higher and the drag coefficient is slightly
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FiGUure 6: Comparison of experimental results and numerical results of delta wing 1.

FIGURE 7: Grid tail meshing strategy.

lower, which may be because the model cannot fully capture
the flow field details of these models.

In summary, the numerical calculation method in this
paper can accurately describe the aerodynamic performance
of aircraft at small angles of attack and approximately
describe the basic aerodynamic performance of grid wing
aircraft at large angles of attack. Therefore, the simulation
can satisfy the requirements of the research on the aerody-
namic performance of the raster fusion lift surface.

4. Analysis of the Aerodynamic Performance
and Flow Field Mechanism of the Grid
Fusion Lift Surface at Large Angles of Attack

Numerical simulations were performed on the aerodynamic
performance of the grid fusion lifting surface with different
inherent attributes of the grid to explore the application
environment of the grid fusion lifting surface under the



International Journal of Aerospace Engineering

0.9

0.8 4 - o T
0.7 4
0.6 4

0.5 4

Cn

0.4 1

0.3 1

0.2 4

0.1

a(®)

A EXP
o CFD

(a) Normal force coefficients

a(°)

A EXP
o CFD

(b) Pitching moment coefficients

FIGURE 8: The CFD numerical calculation and experimental results of the grid tail missile.

]

@%C}

) Front grid fusion lifting surface

(b) Central grid fusion lifting surface

(c) Rear grid fusion lifting surface

FIGURE 9: Calculation model of grid fusion lifting surface with different grid positionsl.

subsonic state. The influence law of the grid position, grid
diversion angle, and grid number on the aerodynamic per-
formance of the grid fusion lifting surface was studied, and
the optimal structure form of the grid fusion lifting surface
was obtained.

The grid position directly affects the flow performance of
the grid fusion lifting surface and aerodynamic performance.
The aerodynamic performance of the grid fusion lifting sur-
face with different grid positions with a diversion angle of
20° and two grid numbers was studied to examine the influ-
ence of grid position on the aerodynamic performance of the
grid fusion lifting surface. Figure 9 shows the calculation
model of the grid fusion lift surface with different grid
positions.

The diversion angle is the included angle between the
strings of the grid structure and the wing strings, as shown
in Figure 10. The diversion angle mainly affects the flow
quality around the exhaust port of the grid structure and
aerodynamic performance of the lift surface with a large
angle of attack. The aerodynamic performance of the grid
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Diversion angle

F1GURE 10: Diagram of diversion angle2.

fusion lifting surface with different diversion angles was
studied to investigate the influence of the diversion angle
on the aerodynamic performance of the grid fusion lifting
surface. Figure 11 shows the calculation model of the front
grid fusion lifting surface with different diversion angles.
The number of grids is the number of grids in the
chordal direction of the grid fusion lifting surface, which
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(a) Front grid fusion lift surface with the diversion Angle of 10°

FIGURE 11: Calculation model of grid fusion lifting surface with different diversion angles3.
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(a) Grid fusion lifting surface with grid number of 1 ~ (b) Grid fusion lifting surface with grid number of 2

I

e

(¢) Grid fusion lifting surface with grid number of 3

F1GURE 12: Calculation model of lifting surface with different grid numbers4.

(b) Front grid fusion lift surface with the diversion Angle of 20°

directly affects the actual lift area of the grid fusion lifting
surface. In the conventional research of grid fins, more grids
correspond to a larger lifting area of grid fins, better lifting
performance of grid fins, and worse drag performance. In
this section, the influence law of the number of grids on
the aerodynamic performance of the grid fusion lifting sur-
face under the subsonic state is studied. Figure 12 shows
the calculation model of the grid fusion lifting surface with
different grid numbers.

The numerical boundary conditions include far-field
boundaries, nonslip wall boundaries, and symmetric surface
boundaries. The calculation state is as follows: inlet Mach
number: Ma = 0.6; angle of attack: a =0° - 36" (calculation
interval: 4°); reference height: sea level; reference length: L

= 0.2m; reference area: S = 0.12m?; Reynolds number based
on the average aerodynamic chord length: Re =2.8 x 10°.

4.1. Validation of the Mesh and Time Step Size
Independencies. We first validate the mesh and time step size
independencies because the simulations will be proposed by
unsteady calculation. The lifting surface with central grid
fusion is chosen to present the analysis. The original mesh
with 3 million nodes has been dynamically refined or unre-
fined to generate 1.5, 2, 3.5, and 4 million nodes to testify
to the effect of the mesh on the aerodynamics of the config-
uration. The time step size in the simulation is defined as
0.001s. The mesh has been changed mainly near the back-
ward area of the surface, while the first heights of the mesh
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in the boundary layer are the same in these cases. Figure 13
shows the lift results with different mesh quantities. The mesh
with 3 million nodes can clearly obtain the basically conver-
gence aerodynamic performance, so we will use a similar mesh
generating method to propose a further simulation.

The calculations in this study involve flow separations at
high angles of attack; thus, we use an unsteady method to
capture the dynamic effects. Although the k — w SST model
cannot accurately describe the aerodynamic performance at
a high angle of attack, some medium flow separations can

be identified. We compare different time step sizes At =
0.0002s, 0.0005s, 0.001s, 0.0015s, 0.002s in the unsteady cal-
culations to validate the time step size independency, and
the lifts are shown in Figure 14. The time step size influences
the stability and convergence of the solutions, and a smaller
time step size will lead to a more stable calculation; however,
the convergence will be delayed. Figure 14 indicates that
smaller values below 0.0015s can obtain similar lift results
at all angles of attack, so the remaining solutions will be pro-
posed with a certain time step size of At =0.001s.
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FiGure 15: The lift coefficient and drag coefficient curves of the grid fusion lifting surface with different positions (Ma = 0.6).

4.2. Influence of the Grid Position on the Aerodynamic
Performance of the Grid Fusion Lifting Surface at Large
Angles of Attack. Figure 15(a) displays the lift coefficient
curves of the grid fusion lifting surface with different grid
positions under subsonic conditions. The results imply that
the front grid fusion lifting surface has the best lift perfor-
mance compared with the flat wing, central grid fusion lift-
ing surface, and rear grid fusion lifting surface under the
condition of subsonic flow and large angles of attack. Com-
pared with the conventional flat wing, the stall angle of
attack of the front grid fusion lifting surface with a 20°
diversion angle and 2 grids increases by 167, and the maxi-
mum lift coeflicient increases by 22.1%. When the angle of
attack is less than 20 degrees, the grid fusion lifting surface
with different grid positions has worse lifting performance
than the flat wing. Figure 15(b) presents the drag coefficient
curves of the grid fusion lifting surface with different grid
positions under subsonic conditions. The results show that
when the angle of attack is 20-28", the front grid fusion lift-
ing surface has a lower drag coefficient than the traditional
flat wing and when the angle of attack is greater than 28°.
The drag coefficient of the front grid fusion lifting surface
is less different from that of the traditional flat wing. Under
the condition of a large angle of attack, the central grid
fusion lifting surface and rear grid fusion lifting surface have
less drag than the front grid fusion lifting surface.

Figure 16 shows the fluid streamline diagrams of a typi-
cal section of a flat wing and grid fusion lifting surface with
different positions under the condition of a Mach number of
0.6 and an attack angle of 28°. The results show that the flat
wing completely stalls under this condition. The airflow dis-
charged from the front grid structure significantly reduces
the degree of airflow separation on the lifting surface. A
small separation vortex appears on the upper surface of the

front edge. The flow dead water area on the upper surface
of the trailing edge is confined to the area near the wing sur-
face, and no larger vortex separation is generated. Therefore,
the front grid fusion lifting surface at a large angle of attack
has significantly better lift performance than the conven-
tional flat wing. The separation degree of airflow on the
upper surface of the central grid fusion lifting surface and
rear grid fusion lifting surface remains significant, and the
stall resistance ability is lower than that of the front grid
fusion lifting surface.

Figure 17 exhibits the pressure coefficient diagram of
typical sections of the grid fusion lifting surface with differ-
ent positions in the subsonic state with an angle of attack
of 28°. The pressure coefficient diagram of the grid fusion
lifting surface presents three closed loops, which correspond
to the pressure coefficient of the front part of the grid fusion
lifting surface, the grid partition, and the rear portion of the
grid fusion lifting surface. The results show that a negative
pressure peak appears on the upper surface of the front grid
tusion lifting surface because the high-energy airflow dis-
charged from the grid outlet resists the separation of the air-
flow on the upper surface of the trailing edge of the lifting
surface. Moreover, the curvature of this area is large, which
causes a significantly lower pressure in this area than the tra-
ditional single-wing, which is of great significance for
improving the lift performance of the lift surface under the
condition of a large angle of attack. The lifting surface of
the grid fusion type in the middle and rear sections is weak
in resisting the air separation, and the negative pressure peak
generated by the surface of the lifting surface is not apparent.

A negative pressure sag appears in front of the lower sur-
face of the grid fusion lifting surface due to the accelerated
flow rate of the airflow in the grid and the large curvature
in this area. The decrease in pressure on the lower surface
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(a) Flat wing

(b) Front grid fusion lifting surface

(c) Central grid fusion lifting surface

(d) rear grid fusion lifting surface

FIGURE 16: Fluid streamline diagrams of grid fusion lifting surface with different grid Position (Ma = 0.6« = 28°z/b = 0.75).

results in the loss of lift on the grid fusion lifting surface.
When the grid is closer to the trailing edge, the negative
pressure sag on the lower surface of the grid fusion lift sur-
face is more significant, which indicates more serious lift
loss. Therefore, the front grid fusion lifting surface has sig-
nificantly better lift performance than the central grid fusion
lifting surface and rear grid fusion lifting surface under the
condition of a large angle of attack.

The grid position significantly affects the degree of air-
flow separation and the distribution of the lift surface pres-
sure coeflicient, which directly affects the aerodynamic
performance of the grid fusion lift surface at a high angle
of attack. When the grid is closer to the leading edge, the
stall angle of attack of the grid fusion lifting surface
increases, and the lift performance improves under the con-
dition of a large angle of attack.

4.3. Influence of the Grid Diversion Angle on the
Aerodynamic Performance of the Grid Fusion Lifting
Surface at Large Angles of Attack. Figure 18(a) shows the lift
coefficient curve of the flat wing and grid fusion lifting sur-
face with diversion angles of 10” and 20°. The results prove
that a larger diversion angle corresponds to a larger stall
angle of attack and a larger maximum lift coefficient of the
grid fusion lifting surface. When the diversion angle is small,
the stall angle of attack and maximum lift coefficient of the
grid fusion lifting surface are minor, but the minimum angle
of attack to increase the lift force is relatively small.
Figure 18(b) shows the drag coefficient curve of the flat wing
and grid fusion lifting surface with diversion angles of 10°
and 20°. The results show little difference in the drag coeffi-
cient of the lifting surface with diversion angles of 10° and
20° for a large angle of attack. A larger diversion angle
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FIGURE 17: Pressure coefficient diagram of flat wing and grid fusion lifting surface with different grid Position (Ma = 0.6« = 28°z/b=0.75).

corresponds to a greater drag of the grid fusion lifting sur-
face under the condition of a large angle of attack.

Figures 19 and 20 show typical section fluid streamline
diagrams of the flat wing and grid fusion lifting surface with
diversion angles of 10° and 20" under subsonic conditions
and a large angle of attack. The results show that when the
angle of attack is 16°, airflow separation does not occur on
flat wings and grid fusion lifting surfaces with diversion
angles of 10°. Airflow separation occurs on the upper surface
of the grid fusion lifting surface with a diversion angle of 20°.
Therefore, a larger diversion angle corresponds to a smaller

attack angle of airflow separation on the lifting surface. As
a result, when the angle of attack is less than 24°, the grid
fusion lifting surface with a diversion angle of 10° has rela-
tively better lift performance. When the angle of attack
reached 28°, the flat wing significantly stalls, but the grid
fusion lifting surface with a diversion angle of 20° can still
resist airflow separation. Therefore, the grid fusion lifting
surface with a diversion angle of 20° has a relatively larger
stall angle of attack and the maximum lift coefficient.
Under subsonic conditions, the grid diversion angle
greatly influences the lift performance of the grid fusion
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F1GURE 18: The lift coefficient and drag coeflicient curves of the grid fusion lifting surface with different diversion angles (Ma = 0.6).

(a) Flat wing (b) The diversion angle is 10°

(c) The diversion angle is 20°

F1GURE 19: Fluid streamline diagrams of grid fusion lifting surface with different diversion angle (Ma = 0.6« = 16°z/b =0.75).
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(a) Flat wing (b) The diversion angle is 10

(c) The diversion angle is 20

FIGURE 20: Fluid streamline diagrams of grid fusion lifting surface with different diversion angle (Ma = 0.6a = 28°z/b = 0.75).
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FiGure 21: The lift coefficient and drag coefficient curves of the grid fusion lifting surface with different grid numbers (Ma = 0.6).
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(a) Flat wing

(b) Grid fusion lifting surface with grid number of 1

(c) Grid fusion lifting surface with grid number of 2

(d) Grid fusion lifting surface with grid number of 3

FIGURE 22: Fluid streamline diagrams of grid fusion lifting surface with different grid numbers (Ma = 0.6a = 28°z/b = 0.75).

lifting surface at a large angle of attack. A smaller grid diver-
sion angle corresponds to a smaller minimum angle of attack
to increase the lift force and a wider range of available angles
of attack. A larger diversion angle corresponds to a larger
stall angle of attack and a larger maximum lift coefficient
of the grid fusion lifting surface. During the design of the
grid fusion lifting surface aircraft, the corresponding diver-
sion angle can be selected according to different require-
ments to satisfy the design requirements.

4.4. Influence of the Grid Number on the Aerodynamic
Performance of the Grid Fusion Lifting Surface at Large
Angles of Attack. Figure 21(a) shows the lift coeflicient curve
of the grid fusion lifting surface with different grid numbers.
The results show that the lift performance of the grid fusion
lifting surface is not sensitive to the number of grids under

subsonic conditions and a large angle of attack. The grid
fusion lifting surface with a double grid and that with a triple
grid do not have greatly different lift coeflicients at large
angles of attack. Moreover, the grid fusion lifting surface
with a single grid has a slightly lower lift coeflicient than that
with a multigrid at large angles of attack. Figure 21(b) shows
the drag coeflicient curve of the grid fusion lifting surface
with different grid numbers. The results show that the grid
fusion lifting surface with different numbers of grids has a
slightly smaller drag coefficient than the single wing under
subsonic conditions and a large angle of attack. The grid
fusion lifting surface with more grids has a slightly greater
drag coefficient than that with fewer grids.

Figure 22 shows typical section fluid streamline dia-
grams of the flat wing and grid fusion lifting surface with dif-
ferent numbers of grids in the subsonic state with an angle of
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FIGURE 23: Pressure coefficient diagram of flat wing and grid fusion lifting surface with different grid numbers (Ma = 0.6« = 28°z/b = 0.75).

attack of 28°. The results show a minor difference in the air-
flow separation area on the surface of the grid fusion lifting
surface with different grid numbers. Therefore, the number
of grids has no substantial effect on the grid fusion lift sur-
face’s ability to resist airflow separation for subsonic condi-
tions and large angles of attack.

Figure 23 shows the pressure coefficient diagram of typ-
ical sections of the grid fusion lifting surface with different
grid numbers in the subsonic state with an angle of attack
of 28°. The results show that the pressure distribution in
the exposed part of the grid is quite different from that in
the grid. Consequently, the ability to generate lift is very dif-

ferent in various grid partition areas. The ability to generate
lift force is enhanced because of the increased pressure dif-
ference between the upper and lower surfaces of the exposed
grid partition. The difference in pressure between the upper
and lower surfaces of the grid partitions, which are entirely
inside the grid, is small, and the ability to generate lift is
weak. With the increase in number of grids, the exposed grid
partition area of the grid structure remains unchanged, and
the ability to generate lift of the grid partitions inside the
grid is weak, so the number of grids hardly affects the lift
performance of the grid fusion lifting surface for subsonic
flow and large angles of attack.
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Increasing the number of grids cannot significantly
improve the lift performance of the grid fusion lifting surface
at a large angle of attack, but the grid partition inside the
grid can generate a specific lift force due to the pressure dif-
ference between upper and lower surfaces, so the grid fusion
lifting surface with a single grid has a slightly lower lift coef-
ficient than that with more grids.

For subsonic flow and large angles of attack, the number
of grids hardly affects the lift performance of the grid fusion
lifting surface, so increasing the number of grids has no pro-
nounced effect on improving the lift performance of the grid
fusion lifting surface. The grid fusion lifting surface with a
single grid has a slightly smaller lift coefficient than that with
more grids.

5. Conclusion

Based on the idea of flow control, a type of grid fusion lifting
surface suitable for subsonic status and a large angle of
attack is designed in this paper. The influence of the grid
position, grid diversion angle, and grid number on the aero-
dynamic performance of the grid fusion lifting surface for
subsonic glow and large angles of attack was studied by
numerical simulation. The main conclusions are as follows:

(1) The grid fusion lifting surface designed in this paper
can effectively improve the lifting performance of the
lifting surface under subsonic conditions and a large
angle of attack. The stall angle of attack of the front
grid fusion lifting surface with a diversion angle of
20° increases by 16°, and the maximum lift coefhi-
cient increases by 22.1% compared with the conven-
tional flat wing

(2) The grid position significantly affects the aerody-
namic performance of the grid fusion lifting surface
under subsonic conditions and a large angle of
attack. The front grid fusion lifting surface has larger
stall angle of attack and maximum lift coefficient
than the flat wing, central grid fusion lifting surface,
and rear grid fusion lifting surface under subsonic
conditions and a large angle of attack

(3) The effect of the grid diversion angle on the lift per-
formance of the grid fusion lifting surface is more
significant under subsonic conditions and a large
angle of attack. A smaller grid diversion angle corre-
sponds to a smaller minimum angle of attack to
increase the lift force and a wider range of available
angle of attack. A larger diversion angle corresponds
to a larger stall angle of attack and a larger maximum
lift coefficient of the grid fusion lifting surface

(4) The number of grids hardly affects the aerodynamic
performance of the grid fusion lifting surface under
subsonic conditions and a large angle of attack. The
grid fusion lifting surface with a single grid has a
slightly worse lift performance than the grid fusion
lifting surface with more grids at a large angle of
attack
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Nomenclature

a:  angle of attack

C,: lift coefhicient

Cp: drag coefficient

Cy: normal drag coefficient

: pitching moment coefficient
Cp: pressure coefficient

h:  overall grid width

L:  reference length

S:  reference area

z/b: wing span position.
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