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Abstract: This study takes the novel approach of using a counterflowing jet positioned on the nose of a lifting-body
vehicle to explore its drag reduction effect at a range of angles of attack. Numerical studies are conducted at a free-
stream Mach number of 8 in standard atmospheric conditions corresponding to the altitude of 40 km. The effects of
jet pressure ratio and flying angles of attack on drag reduction of the model are systematically investigated. Consid-
ering the reverse thrust generated from the counterflowing jet, the drag on the nose at hypersonic speeds could be
reduced up to 66%. The maximum lift-to-drag ratio of the model is obtained at 6°; meanwhile, the counterflowing
jet produces a drag reduction of 8. 8% for the whole model. In addition to the nose, the counterflowing jet influ-
ences the drag by increasing the pressure drag of the model and reducing the skin friction drag of the first cone

within 8°. The results show that the potential of the counterflowing jet as a means of active flow control for drag
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reduction is significant in the engineering application on hypersonic lifting-body vehicles.
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Nomenclature

D=Diameter of the nose

L=Model length

L, =First cone length

L,=Wing-body length

@, =First cone base diameter

@, = Wing-body base diameter

S=Span of the triangular wings

x = Leading edge swept angle of the wing

P =Static pressure

P,=Freestream total pressure before shock wave

P,; = Freestream total pressure behind shock
wave

P, =]Jet total pressure

P;=]et static pressure

P_ =Inflow static pressure

T.. =Inflow static temperature

Article ID:1005-1120(2018)05-0789-11

Ma=1Inflow Mach number

Ma;=]Jet Mach number

Re=Reynolds number based on the model length
a= Angle of attack

Cp=Drag force coefficient

C, =Lift force coefficient

X, =Pressure center coefficient

k= Lift-to-drag ratio
0 Introduction

To increase the gliding range, a lifting-body
shape is usually employed for hypersonic vehicle
design because of high lift-to-drag characteristics.
Considering the installation of system components
and thermal protection, the nose of the vehicle is
blunt, which causes a strong normal shock at hy-

personic speeds. The strength of the shock is
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proportional to the flight Mach number. The
nose drag force induced by the shock wave is re-
sponsible for more than 30% of the total drag
force at hypersonic speeds, and a 1% overall drag
reduction would translate to a 5%—10% drag in-
crease in payload™. When supersonic/hypersonic
vehicles cruise in the region of near-space, they
will withstand heavy heat-load at the nose, ac-
companied with huge drag force induced by the
shock wave. Therefore, it is required to design
the drag reduction and the thermal protection sys-
tem properly.

At hypersonic speeds, the wave drag can be
reduced by various methods such as aerospikes a-
head of the blunt body'*, counterflowing jet in

L) and energy deposition along

[4,5]

the stagnation zone
the stagnation streamline An aerospike is
used in launching vehicles and missiles as a ma-
ture drag reduction technology. The aerospike in-
creases the lift-to-drag ratio and offers high volu-
metric efficiency by using a blunt body instead of
a slender body. However, at high velocities, the
spike suffers from serious thermal condition
which limits aerospikes to be used on hypersonic
vehicles which need to fly long distance. Energy
deposition produces drag reduction while it also

These

drawbacks of the two methods mentioned above

increases heat transfer to the wvehicles.

provide motivation to study the method of coun-
terflowing jet. Using counterflowing jet, the
mass injection technique avoids the problem of a
physical spike being heated and ablated as well as
reduces the overall drag and heat transfer to the
body. At the same time, stealth performance is
essential for the design of hypersonic aircrafts in
the future, which means that the counterflowing
jet is better than spike, since the counterflowing
jet would not install an extra geometry on the ve-
hicle.

In the 1960s, Finley'™ performed a series of
experiments in which a jet injected air from an or-
ifice at the nose of a body in supersonic flow to
oppose the mainstream and developed an analyti-
cal model of the flow. The experiments suggested
that the aerodynamic features of the steady flow

depended primarily on both the jet flow-force co-

efficient and the jet Mach number on its exit
plane. Charczenko and Hennessey™! found that
the pressure decreases as the freestream Mach
number increases with a constant jet thrust. As
one of the most obvious features of counterflow-
ing jet, shock bifurcation was discovered by com-
putational and experimental studies’® side-by-
side. Shang et al. ' focused on the pressure ra-
tio and described the counterflowing jet phenome-
non. They found that the shock structures of the
counterflowing jet have two distinct dynamic

states!'?

. At the bifurcation point, the total aer-
odynamic force (including the base drag, skin-
friction drag, wave drag, and the reverse thrust
of the counterflowing jet) reaches the minimum
value. Farr et al. [ described the long penetra-
tion mode (LPM) supersonic under-expanded
counterflowing jet phenomenon. Evidences from
experiments and computational fluid dynamics
(CFD) analysis of LPM indicated that acoustics
feedback and fluid interaction seen in LPM are a-
nalogous to the aeroacoustics interactions seen in
screech jets. A numerical study of the influence
of a counterflowing jet located at the central point
of a blunt body in Ma=6.5 at 30 km altitude™"
showed a wave drag reduction of 55% due to the
forward-facing jet. Various pressure ratios were
also investigated by Shah et al."™, Venukumar
et al. " and Fomichev et al. ™, who concluded
that the drag reduction can be expressed as a
function of relative mass flow ratio under kinds of
freestream conditions. Josyula et al. ¥ experi-
mentally investigated the potential applications of
a counterflowing jet to assess the performance
improvements on aerospace vehicles and found
that 30%—50% drag reduction could be a-
chieved.

In recent years, in order to enhance the drag
reduction effect, researchers also studied several
combinations including the combination of coun-
terflowing jet and aerospike!*?*!, the combina-
tion of counterflowing jet and energy deposi-

]

tion™, and the combination of counterflowing

24251~ Numerical re-

jet and forward-facing cavity
sults showed that the drag reduction grows with
the increase of the length-to-diameter ratio of

aerospike and the jet pressure ratio. The energy
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deposition upstream can enhance stability and
penetration of the forward injection jet signifi-
cantly. In addition to researches on hemispherical
head for drag reduction, the same effect of coun-
terflowing jet has been found on hypersonic vehi-

cles such as blunt cone reentry capsulel®%, t

[31]

WO

, slender-body configu-
[35]

blunt cone flare bodies

[32-34

rations I and waverider Numerical results

showed about 16%—42% drag reduction for 60°
apex-angle blunt module’®, and lift-to-drag ratio
could be improved 4% —5% for blunt waverider
in the hypersonic flow.

This paper presents an investigation on drag
reduction effects of counterflowing jet on a doub-
le-cone-wing lifting-body vehicle at hypersonic
speeds. The influence of different jet pressure ra-
tios on the drag performance and the aerodynamic
characteristics of the vehicle at different angles of
attack are studied by numerical simulations. This
is the first time that drag reduction using a coun-
terflowing jet method has been investigated on a
lift-body-wing configuration at hypersonic speeds.
The research also reveals the lift and drag charac-
teristics of hypersonic vehicle with counterflowing

jet around the cruise flight angles of attack.

1 Numerical Method

1.1 Computational model

This study uses a general hypersonic model
which can be axially divided into three parts, in-
cluding the nose, the first cone and the wing-

body. The

3 000 mm. The first cone has a base diameter of

overall length of the model is
300 mm and length of 700 mm. The wing-body
has a base diameter of 450 mm and length of
2 300 mm. The span of the triangular wings is
1 500 mm which is the same length as the wing-
body and the leading edge swept angle of the wing
is 75. 6°. The nose of the model is a spherical cap
with a diameter of D=100 mm. In order to ex-
plore the drag reduction effects of counterflowing
jet on the nose part of the lifting-body model, a
circular-shaped jet with a diameter of 0. 1D is in-
troduced at the nose center and the medium of the
counterflowing jet is air. The hypersonic vehicle

flies at an altitude of 40 km and Ma= 8. In order

to investigate the jet effects, a simulation without
the counterflowing jet is also conducted as the
baseline model. The geometry of the model with

the jet nozzle is shown in Fig. 1.

[Vehicle nose~

Nozzle exit

First cone

Wing-body

Fig. 1 Lifting-body model with counterflowing jet

At an altitude of 40 km, the static pressure
and static temperature of the freestream are
287 Pa and 250 K, respectively. Accordingly, the
length Reynolds number is Re = 1. 9 X 10°. At
this Reynolds number, the laminar flow can be
assumed™. The jet is a cold one, which is
284. 2 K.

The conditions for the jet were found by Ro-

meo and Sterrett™*

, who observed two distinct
types of jet interaction and judgment transition
between the two flow states with the jet pressure
ratio (PR), which is defined as
PR = P,/ Py @b)

The jet PR is proved to be one of the most
important parameters for the flow phenomena
which is created by the interaction between the
counterflowing jet and the incoming air. The flow
conditions for the computations performed are
summarized in Table 1.

In this study, the three-dimensional, laminar,
unsteady Navier-Stokes equations are employed

Table 1 Flow condition of free stream and counterflowing jet

Pressure-far-field Pressure inlet PR
Perfect gas Air 1.02—15. 65
Ma=38 Ma, =2
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to do the simulations, using the density density-
based solver in FLUENT. The commercial soft-
ware is using cell-centered finite-volume-method.
The spatial numerical scheme is Roe scheme cou-
pled with second-order upwind scheme and the
time marching scheme is implicit. With the suit-
able under-relaxation factors, the Courant-
Friedrichs-Levy (CFL) number is 0. 01 to avoid
divergence at the beginning steps, then CFL is in-
creased to 0. 3, making sure the progress of con-
vergence is stable and the simulation is not too
slow. The simulations are considered convergent
when all the residuals are reduced with five or-
ders. Non-slip and adiabatic boundary conditions
are set for the walls. It is assumed that the air is
calorically perfect gas. The viscosity coefficient is
obtained by the Sutherland equation. The incom-
ing freestream boundary is pressure-far-field and
the inlet of the counterflowing jet is velocity in-
let. For the outlet boundary condition, all the
physical variables are extrapolated from the inter-
nal cells because the outlet is far from the vehicle
and the flow should be supersonic at the outlet
boundary. 5% turbulence was set for the free

stream flow. The kw turbulent model was used

for the present simulation.
1.2 Computational grids

To simulate the flow fields, a hybrid grid is
generated by Gridgen to capture the complex flow
around the model. The mesh in front of the nose
is equivalently geometric scaled unstructured
mesh, which has been previously shown to simu-

17, The model wings and

late the jet flow wel
body employ multi-block-structured mesh which
is highly concentrated close to the wall surfaces to
ensure the accuracy of the numerical simulation.
The mesh is shown in detail in Fig. 2. The height
of the first cell from the wall is 5X 10 ° m to re-
solve the boundary layer near the wall. The final
mesh has 15. 07 million cells. The aerodynamic
coefficients and the position of pressure center are
based on the reference length of 3 m and reference

area of 0.2 m”, which are the length of the main

body and the area of the model base, respective-

ly. The original point is set at the central point of

the nose surface.

Fig. 2 Computation area and mesh distribution

1.3 Validation

To validate the numerical solver, a three-di-
mensional axisymmetric 2. 6 %-scale Apollo cap-
sule model with 0° angle of attack is used. The
same model was studied througth experiments by
Daso et al. !, The forebody of the model is a

spherical cap with a curvature radius of
121. 92 mmand a base diameter of 101. 6 mm.
The shoulder radius is 5. 08 mm. The inverted
cone angle is 32. 27°. The jet nozzle exit is posi-
tioned on the center of the nose surface and the
model has a diameter of 12. 7 mm.

The boundary conditions are given as fol-
lows. For the pressure far field, a uniform free-
stream condition at the upstream is specified,
which is Ma = 3. 48, P.. =4 201 Pa, T. =
94. 2 K. The jet total temperature is 284. 2 K at
the jet exit, and the jet Mach number is 2. 94 at
the same location.

The supersonic flow field in front of the noz-
zle exit is simulated and compared with the data
of Ref. [39]. As shown in Fig.3, the shock
stand-off distance of the flow agrees well with the
reference data. Fig. 4 shows a qualitative compar-
ison of the Schlieren picture and the CFD predic-
tion of the interaction with a free-stream Ma =
3.48 and Ma = 2.94, and a jet flow rate of
0. 215 kg/s. This complex flow field constitutes a
new displacement shape with the jet pushing the
bow shock away from the body surface. The
Mach disk is clearly observed. As the fluid from
the jet runs in the opposite direction of free flow,

conical shear layer is formed, which leads to the

formation of a recirculation region. The shock
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structure and flow field shape are consistent with
the experiment result of the Schlieren picture.
The results prove that the numerical method can
be used to obtain the aerodynamic characteristics
of the model with counterflowing jet.

CFD in this paper
CFD in Ref.[39]

5}
g
3
g
=
Q
3

Fig. 3 Mach number distribution along the jet centerline

Fig. 4 Comparison between exp Schlieren picture (top)

and CFD total density gradient contour (bottom)

2 Results and Discussion

2.1 Flow field structure

The density contour on the symmetry plane
is shown in Fig. 5 to compare the flow structures
of baseline model and the model with counter-
flowing jet of PR=23. 91 at Ma =28 and angle of
attack of 6°. It shows that the shock shape in the
front of the nose is changed from a strong bow
shock into a weak oblique shock by adding a coun-
terflowing jet. This is the reason why a counter-
flowing jet can reduce the wave drag of the high-
speed vehicles.

Fig. 6 shows the effects of different pressure
ratios on the flow field in front of the nose by dis-
playing Mach number and pressure distributions.

The Mach number distributions along with the

Density: 0.002 0.01 0.018 0.026 0.034

(a) Baseline model

Density: 0.002 0.012 0.022 0.032

(b) Model with counterflowing j

Fig.5 Density contour of model on the symmetric plane

(Ma=38, a=6")

axial centerline are shown in Fig. 7. As shown in
Fig. 6 Ca), the jet flow is retained within the
boundary layer and lacks sufficient momentum to
disturb the bow shock at PR=1. 02. The flow
field is similar to that of the model with no jet in
Fig.5(a). As the PR is increased, the jet flow
begins to interact with the bow shock. The shock
standoff distance increases proportionally until
the distance reaches the maximum displacement
at PR=3.91, as shown in Fig. 6(c). An LPM re-
gion is formed when the flow field is dominated
by a diamond-pattern shock structure, which cre-
ates a new oblique shock structure ahead of the
bow shock. As the PR increases further, the
shock standoff distance rapidly decreases, as
shown in Fig. 6(d), and the entire flow structure
collapses back to short penetration mode(SPM).
It is necessary to point out that, with the further
increase of the PR, as shown in Fig. 6 ({), the
shock standoff distance increases again, and
shows an LPM-like flow structure.

It can be concluded that LPM occurs at the
low value of PR while SPM occurs at a relative
high value of PR. Prior studies on counterflowing
jets from the orifice at the central point of a hemi-
spherically blunted body in supersonic and hyper-

D02l indicated that the transition from

sonic flow
LPM to SPM occurred at a fixed PR. This critical
value is found to be between 3. 91 and 6. 26 in our

research.
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(a) PR=1.02

(b) PR=3.13

Pressure: 100 5900 11700 17500

18200

(d) PR=6.26

0 8600 17150 25600

(e) PR=10.95 (f) PR=15.65

Fig. 6 Flow field in front of the nose with counterflow-

ing jet

1.02
PR=3.13
PR=3.91
PR=6.26
PR=10.95
PR=15.65

-100 0 50

[
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Fig. 7 Mach number distributions with different PR

The non-dimensional static pressure distribu-
tions on the surface of the nose with different PR
are given in Fig. 8. It reveals that the pressures
on the surfaces with counterflowing jet in the re-
circulation region are obviously much lower than
the stagnation-region pressures of the baseline

model.

Fig. 8 Static pressure distributions on the sur-

face of the nose

With the increase of PR from 1. 02, the static
pressure level on the nose surface decreases grad-
ually until PR =3. 91 where the static pressure
level reaches the smallest value. After that, the
static pressure rises sharply because the flow
mode changes from LPM to SPM, then it sus-
tains a gradually decreasing tendency with the in-
crease of PR and reaches the minimum value at
PR=15. 65.

2.2 Influence of reverse thrust on drag of nose

When the modified drag is being calculated
on the nose, the reverse thrust is added to the ax-
ial component of the pressure which is integrated
over the nose surface. Dj., is the total drag with
jet including the drag penalty of the counterflow-
ing jet. D, is the drag of the nose surface and D
is the non-dimensional drag that is divided by the
drag of nose without jet. To evaluate the overall
performance, the drag coefficients are time-aver-
aged values. The drag coefficients on the nose
surface variation with PR is given in Fig. 9.

The function of calculating the reverse thrust
which produces counterflowing jet is

T, =mV,+ A, (P,— P) (2)
where m is mass flow rate of the jet, V, the veloc-
ity at the jet exit, and A; the area of jet exit.

As shown in Fig. 9, the reverse thrust of the
counterflowing jet linearly grows with the in-
crease of PR, meanwhile, the drag of the nose

surface overwhelms completely the reverse thrust
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in a large part of the PR range. With the increase
of PR, the drag falls continuously until PR =
3.91. Beyond this value, the drag increases
sharply and then sustains a continuously drop
with a shallow slope. Because of the slender ef-
fective body shape created by LPM jet, the drag
reduction efficiency of LPM jet is better than

SPM jet.

0.025

0.020

0.015

=
2|
)
)
b=
a=
Q
Q
o
o0
=
St
-

0.010
0.005

0.000 0

»
A

Fig. 9 Variation of drag coefficients with PR

As shown in Table 2, in the transition region
from LPM to SPM, the maximum drag reduction
is 66%. However, for the SPM conditions, the
drag reduction varies from 43% to 52% ., depen-
ding on the jet total pressure. If only judging
from the drag force of the nose, the minimum
drag value is obtained at PR=15. 65. However,
considering the drag penalty of the jet, the maxi-
mum drag reduction is obtained at PR=3. 91, in-
dicating that the reverse thrust produced by the
jet should be added in the total drag for a realistic
simulation.

Table 2 Drag force of the nose

PR D,/Nm/(kg+s ') P;,/N T,/N D,/N D

No jet 92.71 0 0 0 92.71 1

1.02 90.52 0.0017 3 041 1.29  91.82 0.99
3.13 51.57 0.005 4 9 517 4.16  55.73 0.60
3.91 26.37 0.006 8 11 897  5.21 31.58 0.34
6.26 44.20 0.0107 19 035  8.24  52.44 0.57
10.95 30.48 0.018 7 33 311 14.43  44.91 0.48
15.65 25.35 0.026 7 47 588 20.63 45.98 0.50

2.3 Impact of angle of attack on drag of model

Hypersonic vehicles usually cruise with a

small angle of attack™*. This angle is around the

maximum lift-to-drag ratio angle, which is a-
round 6°—8° for the majority of lifting-body vehi-

[44]

cles With a typical angle of attack, there

should be an obvious influence on the drag reduc-
tion effect. Lu and Liu™ numerically proved
that, besides the heavy heat flux problem, the
drag coefficient of the nose with the counterflow-
ing jet also increases with the increase of angle of
attack. Thus, aerodynamic characteristics are re-
searched to investigate the drag reduction influ-
ence of the lifting-body model at flying angles of
attack.

The Mach number distributions of the model
with jet of PR=3. 91 at variable angles of attack
are shown in Fig. 10. As shown in the figures,
the flow structure is symmetric in the Y direction
at an angle of attack of 0°. The distributions of
the shock structure and the shear layer are tilted
when the angle of attack increases, but the LPM
mode of the counterflowing jet is maintained until
an angle of attack of 8°. The low pressure recir-
culation zone on the windward side becomes smal-
ler as the angle of attack increases. An extra high
pressure region is formed and the drag reduction
effect of the counterflowing jet is weakened when
the angle of attack is larger than 8°. It can be
concluded that the drag reduction performance
strongly depends on flying angle of attack. Based
on the results of this study., if the geometric
shape and PR are carefully designed, the effective
application range of counterflowing jet method
can cover the flying angle of attack.

The variation of pressure drag coefficients
Cpp with the angle of attack is showed in Fig. 11.
The no jet case is shown for a reference. The
pressure drag of the nose without jet remains a-
bout the same as the increase of the angle of at-
tack. By adding the counterflowing jet on the
nose, the pressure drag decreases sharply due to
the presence of the low pressure recirculation
zone. With the increase of the angle of attack.,
the recirculation zone decreases, which result in
the rapid increase of pressure drag.

The pressure drag of the first cone and wing-

body increases linearly with increasing angle of
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attack. Compared with the baseline model, the
pressure drag of the model with the jet is slightly
larger. The gap between them gradually narrows
with the increase of the angle of attack and the
values are almost the same when the angle of at-
tack is greater than 8°, which means that the
counterflowing jet on the nose has almost no
effect on the pressure distribution of the first cone

and wing-body.

35 465 58 695

@ a=12

Fig. 10 Mach number contour of the model on

symmetric plane and nose surface

No jet, first cone
Jet, first cone

No jet, nose

No jet, wing-boy
Jet, nose

Jet, wing-body
0.040
0.035

0.030

0.025 004

0.020
0.015
0.010
0.005

0.024

Fig. 11 Pressure drag coefficients variation

with the angle of attack

The variation of skin friction drag coeffie-
ients Cpy with the angle of attack is showed in
Fig. 12. Skin friction drag of wing-body with and
without counterflowing jet is nearly the same. It
indicates that the effect of counterflowing jet on
the wing-body is very small, but skin friction
drag of the nose with counterflowing jet is signifi-

cantly smaller than that of the no jet case. As

shown in Fig. 10, the recirculation zone is largely
responsible for skin friction drag reduction. The
recirculation causes the flow to move upstream a-
long the body, causing a decrease in the total skin
friction drag. At the same time, with the jet fluid
being added into the flow, the temperature of the
nose surface can be brought below that of the free
stream, which drastically reduces the effect of
viscosity around the nose. The maximum value of
skin friction drag reduction of the nose and first
cone are 83.8% and 20. 6%, respectively. Skin
friction drag of the nose with counterflowing jet
increases as the angle of attack increases and the
drag reduction effect gradually decreases. When
the angle of attack is greater than 8°, skin friction
drag of the first cone with counterflowing jet is
larger than that of the no jet case, which means
the counterflowing jet has no beneficial effect on

the first cone.

No jet, first cone
Jet,tirst cone
No jet, wing-boy
Jet, wing-body
0.006 0 0.040

No jet, nose
Jet, nose

003 0 0.015

W 0025 0.01¢

Fig. 12 Skin friction drag coefficients variation

with the angle of attack

To quantify the advantages of model with
counterflowing jet, the aerodynamic characteris-
tics are compared in Fig. 13. From Fig. 13(a), a
drag reduction of 18.4% at ¢=0° can be obtained
for model with the jet, but the drag beyond o=
10° is almost the same as that obtained by the
baseline model, which means that the counter-
flowing jet with proper PR can produce a relative-
ly drag reduction within 8° for hypersonic lifting-
body. The jet effectively improves the lift-to-drag
ratio of the model, shown in Fig. 13 (b), and
gains a better lift-to-drag ratio than the baseline

model between 2°—10°. The lift-to-drag ratio is
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enhanced from 3. 344 to 3. 576 at «=6°, and the
7.0%. As

Fig. 13(c), it is interesting to note that the move-

value increases by shown in
ment of the center of pressure decreases from
1.2% to 0. 6% when the jet is used, which means
that the rudder trim for flight phases is reduced,
thereby reducing the trim drag of the pneumatic

rudder.

Baseline model
Model with jet

(a) Drag coefficients

Baseline model
Model with jet

(b) Lift-to-drag ratios

0.690 -
)69 Baseline model
0.685 Model with jet

4 6 8
7(@)]
(c) Center of pressure coefficients

Fig. 13 Comparison of aerodynamic coefficients for the

models with and without jet

3 Conclusions

The drag reduction effect of supersonic coun-

terflowing jet with different pressure ratios on the

hypersonic lifting-body model at Ma =28 has been
numerically investigated and a comparison has
been made with the baseline case. Moreover, the
influence of angles of attack on the drag reduction
performance with certain PR conditions is dis-
cussed.

There are two flow modes in the studied
range of PR, including LPM and SPM. LPM oc-
curred at a lower value of PR while SPM occurred
at a relatively high value of PR. The transition
from LPM to SPM occurred at a fixed PR. This
critical value obtained from this study is between
3.91 and 6. 26. The counterflowing jet attains the
maximum penetration into the shock layer to pro-
duce the slenderest displacement configuration at
PR = 3.91. Taking the reverse thrust into ac-
count, the maximum drag reduction of the nose is
66 0.

The LPM mode of the counterflowing jet
could be maintained below an angle of attack of
8°. The efficacious application range of counter-
flowing jet technology can cover the flying angle
of attack for the model studied in this paper. The
recirculation zone is responsible for the skin fric-
tion drag reduction. The counterflowing jet has
no beneficial effect on the first cone when the an-
gle of attack is greater than 8°, The drag reduc-
tion of the whole model is 8. 8% at «=6° and the
lift-to-drag ratio is 3. 576, which is 7. 0% better
than that of the baseline model. The movement
of the center of pressure decreases from 1. 2% to
0.6% compared with the baseline model, provi-
ding better stability characteristics for lifting-

body vehicles.
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