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To aim at design requirements of high lift-to-drag ratio as well as high volumetric efficiency of next generation hypersonic air-
planes, a body-wing-blending configuration with double flanking air inlets layout is presented. Moreover, a novel forebody de-
sign methodology which by rotating and assembling two waverider-based surfaces is firstly introduced in this paper. Some
typical configurations are designed and their aerodynamic performances are evaluated by computational fluid dynamics. The
results for forebodies analysis show that large volumetric efficiency, high lift-to-drag ratio, and uniformly distributed flowfield
at the inlet cross section can be assured simultaneously. Furthermore, results of numerical simulation of four integrated con-
figurations with various leading edge shapes, including three power-law curves and a cosine curve clearly show the advantage
of high lift-to-drag ratio. Besides, the high pressure generated by the side wall of the airframe can be partly captured by the
reasonably designed wings in the condition of small flight attack angle. Then the order of lift-to-drag ratio of four configura-
tions at O degree flight attack angle is completely different from the condition of 4-degree flight attack angle. This result
demonstrates that the curve shape of the leading edge is very important for the lift-to-drag ratio of the aircraft, and it should be
further optimized under the cruising attack angle in future work.
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Air-breathing hypersonic vehicles has been much concerned
by United States and other developed countries since the
mid-20th century, and a series of research projects has been
proposed since 1980s [1-3]. The completely integrated de-
sign of the airframe and propulsion system is generally
adopted for the air-breathing hypersonic vehicles, however,
as both the aerodynamic performance for the airframe and
the engine intake/exhaust requirements shall be taken into
account simultaneously, the design difficulty increased
dramatically [1, 4-6]. As far as we know, the current aero-
dynamic design for hypersonic vehicles is mainly for the
demonstration vehicles which focused on minimizing re-
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sistance and the optimal matching between airframe and
engine, and the forebody and engine inlet integrated design
is the key issues for the configuration design [7, 8].

The current air-breathing hypersonic vehicles can be
mainly divided into two categories according to the differ-
ent inlet layouts, i.e. with nose inlet and with ventral inlet.
The hypersonic vehicle with nose inlet layout, such as the
U.S. HyFly hypersonic demonstration vehicle [9], can effi-
ciently achieve uniformly distributed airflow with high total
pressure recovery coefficient for the engine by decreasing
the interference of airframe to the maximum extent.. More-
over, the popular internal waverider inlet [7, 10-13] is also
suited to the nose inlet layout [14]. The ventral inlet layout
is the most commonly used layout for hypersonic vehicles,

tech.scichina.com www.springerlink.com



CuiK, et al.

the U.S. X-43 and X-51 etc. demonstration hypersonic ve-
hicles are all designed with ventral inlets [1, 4, 5, 7, 8, 15,
16]. It is characterized with engine mounted on the abdo-
men, and the forebody is designed as a waverider or lift-
ing-body which not only provides high-quality airflow for
the engine inlet but also generate great lift force to improve
the lift-to-drag ratio and pitching-balance performances of
the vehicle [17-21].

With the progress of scramjet research, various air-
breathing hypersonic vehicles are bound to gradually enter
the practical stage. As the air-breathing hypersonic vehicle
can be considered as a development of modern high-speed
airplanes with the extended flight speed and flight altitudes,
the existing design ideas/experience of high speed airplanes
should be retained or referred to some typical high speed
airplanes, such as the U.S. F-22 and F-35, are designed with
flanking inlet, and the inlets are designed under the princi-
ple of shock-compression. F-22 is designed with caret inlet
[22, 23] which is based on the waverider theory, and the
airflow in the inlet is compressed by oblique shock wave.
The BUMP inlet [24, 25] which is adopted by F-35, etc. is
also designed under the waverider theory. By using a
three-dimensional drum, it not only blows away the bound-
ary layer, but also compresses the inlet airflow and provides
high total pressure recovery coefficient flow for the engine.
Obviously, with the flight Mach number of airplanes in-
creasing, shock-compression based inlets, such as the wave-
rider configuration and others, would become a trend for the
further high-speed airplane. The Hypersonic Cruise Vehicle
(HCV) proposed by the U.S. FALCON research program
also adopts flanking inlet layout and internal waverider inlet
[26, 27]. But there are few published literatures about the
HCV, and its design philosophy remains to be in-depth
study.

In view of the above-mentioned problems, the main ob-
jective of the present paper is to develop a conceptual de-
sign of air-breathing hypersonic airplane. By drawing on the
merits of the existing airplane configuration design philos-
ophy, a novel forebody design methodology which by ro-
tating and assembling two waverider-based surfaces is
firstly introduced in this paper, and a body-wing-blending
configuration with double flanking air inlets layout is also
presented. On this basis, a conceptual hypersonic airplane
powered by double symmetric scramjet is proposed. Since
numerical simulation has become a powerful tool of aero-
dynamic performance analysis [27-31], some typical con-
figurations of forebodies and the whole airplanes with dif-
ferent wing leading edges are evaluated by CFD. The results
for forebodies analysis show that large air mass flow, high
lift-to-drag ratio, and uniformly distributed flowfield at the
inlet cross section can be assured simultaneously. The re-
sults of the whole airplanes analysis show that high
lift-to-drag ratio depends on the shape of the wing leading
edge to a large extent.
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1 Configuration design ideas and features

1.1 Basic design ideas

The paper focuses on the aerodynamic shape design of both
forebody and the whole airframe. The specific design ideas
are as follows: 1) The high-speed airplane design philoso-
phy is taken as a reference, and the flanking inlet layout is
chosen so as to ensure the satisfactory lift/drag and volume
performance of the hypersonic airplane. The forebody/inlet
integration design philosophy is also adopted to compress
the engine inlet airflow by shock compression and to reduce
the resistance to some extent. 2) The airframe is designed as
body-wing-blending configuration so as to reduce the re-
sistance caused by the interference between components
and to relieve the safety issues caused by shock interaction.
Furthermore, this configuration should have sufficient lift
area to maintain the lift/weight balance.

Except the two aspects discussed above, some other de-
sign issues, such as the detail design of inlet, inner flow
channel, jet nozzle and control planes, are not involved in
this study. To facilitate the subsequent optimization, the
configuration is parametrically designed by about 35 design
parameters (which include the size parameters such as
length, wingspan, section height of the body, section height
of the wing, etc. and the line control parameters, such as the
wing leading/trailing edge, etc.), and a Fortran-based con-
figuration design code is developed which is independent of
any other CAD design platform. Figure 1 shows a design
example generated by this code, and it mainly contains three
parts: forebody, wing-body and internal flow path. The
basic design ideas and configuration features will be dis-
cussed below.

1.2 Forebody design

The primary consideration for the forebody design is its
integration with the engine inlet, and we also hope that it
shall have good performance in lift/drag and volume effi-

(1)Forebody
(2) Wing-body
(2) Internal flow passage

Figure 1 Design example of hypersonic airplanes.
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ciency. Accordingly, a novel forebody design methodology
characterized by rotating and assembling two waverider-
based surfaces is proposed in this paper, as it shows in Fig-
ure 2.

With this design methodology, two waverider-based sur-
faces play the role of pre-compression surface for each en-
gine, respectively, and the specific design ideas are detailed
below. The basic compression surface which bases on wave-
rider design philosophy would be obtained at first. Then, the
two (left and right) surfaces rotate with angle of @, and are
connected together by straight lines or curves. Finally, the
rotating and assembling would match with the engine inlet.
As it shows in Figure 2, three design parameters are used
for this design, i.e. the rotating angle @, the minimum dis-
tance between the two basic compression surfaces H, and
the height of the upper surface H;. @ and H, can be adjusted
to match the vertical height and horizontal spacing of the
two engines, thus ensuring the internal airflow flowing
straight through (without turning upward or right/left) and
reducing the loss of total pressure accordingly. H, can be
used to modify the volume of the forebody, greater H,
means larger volume, but it always means greater resistance.
The hypersonic airplane is designed with flanking inlet
layout naturally and certain advantages of the existing high-
speed airplane are retained by adopting this forebody con-
figuration. However, its waverider nature is weakened be-
cause of the effect of the blunt leading edge and the con-
necting surface between the two basic compression surfaces,
and this will be discussed in Section 2.

1.3 Body-wing-blending airframe design

The airframe is designed as body-wing-blending configura-
tion. To reduce the resistance, the whole configuration is
designed with smooth surface and the stitching area be-
tween different parts is kept to be one order smooth at least.
Large wing sweepback angle is also adopted to reduce the
wave drag. The vertical position of the wing leading and
trailing edge is chosen to be the position of forebody outer

Blunt nose /’A’

Figure 2 Design of airplane forebody by rotating and assembling two
waveriders.
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edge and the engine axis vertical position respectively. The
airframe is assembled with nonzero incidence angle (non-
zero attack angle) due to the difference between the leading
and trailing edge vertical positions, as a result, the airplane
shows larger lift-to-drag ratio even it flies with small attack
angle. In addition, the internal volume can be enlarged by
raising the upper surface.

2 Effect of design parameters on forebody

As it is mentioned in Section 1.2, the lift/drag performance
and the uniformity of the inlet airflow would be affected by
the detached shock wave which was mainly caused by the
connection surface between the two basic compression sur-
faces. This section gives some specific forebodies with dif-
ferent @ and H, to analyze the effect of @ and H, on the
aerodynamic performances of the forebody. Two cone-
derived waveriders with conic leading edge are used for the
basic compression surface. The thickness of the leading
edge and the height of the upper surface H, are fixed to be
10 and 200 mm, respectively. The flight condition is set to
be flight Mach number 6 and flight altitude 25 km. The
aerodynamic performances are evaluated by CFD with
laminar flow model.

Figures 3 and 4 show the pressure and Mach number
contours comparison between forebodies with different ro-
tating angles @. When o is small, the connection surface of
the forebody presents smaller width near the trail and great-
er width near the nose. The blunter nose-tip means a
stronger detached shock wave which interferes with the
downstream flowfield. As @ increases, the width near the
trail increases while the width near the nose decreases, the
detached shock wave becomes weaker and the interference
with the downstream flowfield is weakened accordingly. As
it is shown in Figures 3 and 4, when w is about 45°, the
pressure and Mach number distribution at the inlet section
of the inlet are nearly uniform. Obviously, greater @ helps
weaken the detached shock wave in front of the nose-tip and
weaken the interference with the downstream flowfield ac-
cordingly.

Figure 5 presents the variation of lift coefficient, drag
coefficient and lift-to-drag ratio with different @. As w in-
creases, the effective lifting area of the basic compression
surfaces decreases and the shock wave in front of the
nose-tip is weakened, as a result, both the lift and drag coef-
ficients decrease. However, as the area of connection sur-
face (with high pressure on the surface) increases, the lift
coefficient and lift-to-drag ratio increase for w=#60° case
compared to that of @=60° case.

Figure 6 shows the pressure contours comparison be-
tween forebodies with different H, (where w is fixed to be
30°). As the figure shows, the nose-tip of the forebodies is
changed little while H, varies within a small range (10-25
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Figure 4 Comparison of Mach number contours on the cross section of the inlet for different w values (H,=20 mm).

mm), and the pressure contours at the section of the inlet is coefficient and lift-to-drag ratio increase slightly (Table 1)
changed little accordingly. As H, increases, the area of the as a result.
connection surface increases, and the lift coefficient, drag The results suggest that the forebody designed by rotat-
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Figure 5 Variation of lift/drag coefficients and the L/D of the forebody
with different @ values.

ing and assembling two waverider-based surfaces is able to
provide uniform airflow for the engine inlet while reasona-
ble design parameters @ and H, are chosen. And it also
shows good lift/drag performances. In addition, the results
show that @ is more important when the uniformity of the
inlet flowfield and lift/drag performance of the forebody are
concerned.

3 Evaluation of the aerodynamic performance
of the airplane

The whole configuration (with @=30°, H;=200 mm, Hy=15
mm) is given based on the forebody analysis, and its aero-
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dynamic performance is also evaluated by numerical simu-
lation. For the airplane designed by fully parametric design
methodology, four configurations with different wing lead-
ing edges are obtained conveniently. Figure 7 illustrates the
top view comparison of the four different airplanes, the top
projected shape of the wing leading edge is cosine-curve
(CFG_C) and power-law-curve with power of 0.8 (CFG_
P0.8), 1.0 (CFG_P1.0, that is straight line), 1.2 (CFG_P1.2)
respectively. The thickness of the leading edge is set to be
10 mm. Table 2 compares the top project areas of the fore-
bodies, wing-bodies and whole configurations.

The flight condition is also set to be flight Mach number
6 and flight altitude of 25 km. The internal flow path (as
shows in Figure 1) and rear control plan are not considered,
and the boundary condition of the forebody outlet is set to
be pressure outlet accordingly. The unstructured tetrahedral
mesh with about eight million volumes is used and the lam-
inar flow model is adopted for the simulation.

3.1 Aerodynamic performance analysis for different
flight attack angles

The aerodynamic performance for different flight attack
angles (-2° to 10°) is analyzed based on CFG_P1.2 config-
uration as it has the maximum top projected area. As Figure
8 presents, the lift coefficient increases linearly and the drag
coefficient increases quadratically as the attack angle in-
creases, and the wing-body provides most of the lift force,
especially for large attack angle.
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Figure 6 Comparison of the pressure contours on the wall and the outlet cross section of the forebody for different H, values.
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Table 1 Variation of lift/drag coefficients and the L/D of the forebody
versus H,

H, (mm) C Cy L/D
10 0.048571 0.039757 1.22
15 0.049675 0.040466 1.23
20 0.050907 0.041398 1.23
25 0.052031 0.041981 1.24

Table 2 Planform projected area of components and integrated configu-
rations
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Figure 9 shows the lift-to-drag ratio of the main compon-
ents and whole airplane, and the mass flow of the inlet for
different attack angles. As the figure shows, the forebody
reaches the maximum lift-to-drag ratio 2.57 at attack angle
of 6°, whereas, the wing-body and whole airplane reach the
maximum lift-to-drag ratio (5.45, 4.34 respectively) at the
attack angle of 4°. What is more, the mass flow of the inlet
increases linearly with the increase of the attack angle.

3.2 Effect of wing-leading-edge shape on aerodynamic

Configuration Forebody (m?) Wing-body (m*)  Total (m?) performance of the airp lane
CFG_C 0.47 4.28 475 The results of Section 3.1 suggest that the maximum lift-to-
CFG_P0.8 047 411 4.58 rag ratio of the whole airplane may be obtained at 4° attack
CFG_P1.0 047 4.28 475 angle, so the aerodynamic performance comparison for the
CFG_P1.2 0.47 4.42 4.89 four configurations is carried out at 4° attack angle. The
14m
v
5277 m
v
Figure 7 Planforms of four integrated configurations.
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Figure 8 Lift and drag coefficients of CFG_P1.2 for different attack angles.
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Figure 9 The L/D and air flux of CFG_P1.2 for different attack angles.
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results are shown in Table 3, and the performances at 0°
attack angle are also given for comparison. The results show
that the lift-to-drag ratios are all greater than 1 even at 0°
attack angle, which benefits from the rational forebody con-
figuration and the nonzero attack angle of the wing when it
is assembled. Meanwhile, the maximum lift-to-drag ratio
difference for the four configurations reaches about 12%
(between CFG P1.2 and CFG P0.8) and 8% (between
CFG_C and CFG_P1.2) at 0°and 4° attack angles, respec-
tively, which means that the shape of the leading edge is
quite important for the aerodynamic performances of the
airplane. The lift-to-drag ratios are all greater than 4 and the
maximum value reaches 4.68 for CFG_C at 4° attack angle,
provided the internal flow passage resistance is not consid-
ered. In addition, the numerical results also show that the
configurations have different sorts of lift-to-drag ratio when
they are flying at 0°and 4° attack angles.

For further analysis, the lift/drag coefficients of the
forebody and wing-body are studied separately. As it is
shown in Figure 10, the lift and drag coefficient of the
forebody shows little change between the four airplanes
provided they are designed to have the same forebody con-
figuration. At 0° attack angle, about 50% of the lift and drag
is generated by the forebody though its geometric size is
much smaller than that of the wing-body. It means that the
aerodynamic performance of the forebody is quite important
for the airplane, especially at 0° or small attack angle, and it
also suggests that the forebody configuration with double
waverider-based surfaces retains the high lift-to-drag ratio
character of the waverider. In addition, Figure 10 shows that
the lift coefficient of the wing-body is proportional to its
area. However, although CFG_C and CFG_P1.0 have the
same wing-body area, the CFG_C shows smaller drag and
lift but higher lift-to-drag ratio (greater than about 1.5%)

Table 3 Comparison of lift and drag coefficients and L/D between four
configurations

. . G Cqy L/D
Configuration
a=0° a=4° a=0°  a=4° a=0° a=4°
CFG_C 0.1076  0.6297  0.07814 0.1347  1.38 4.68
CFG_P0.8 0.0945 0.5915 0.07476 0.1292 1.27 4.58
CFG_P1.0 0.1099 0.6235 0.08089 0.1391 1.36 4.48
CFG_P1.2 0.1249 0.6509 0.08814 0.1501 1.42 4.34
0441 EZZ Forebody
0.124 ESWing-body
EE AN
«— 0.104
c
5
& 0.08+
[:1]
8 0.06-
g
S0.04qp

0.02+

0.00-
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Sci China Tech Sci

Lift coefficient

August (2013) Vol.56 No.8

because of the difference in the shape of wing leading edge.

Figure 11 shows the lift and drag coefficient comparison
between the four airplanes. The performances are taken at
0° attack angle as a basis of comparison, the wing-body
holds a large proportion (about 80%) of the total lift though
the sort of lift and drag coefficient is unchanged. It is obvi-
ous that CFG_P1.2 has greater lift and drag coefficient than
the others, but it shows the smallest lift-to-drag ratio, exact-
ly opposite to the performances at 0° attack angle. As Table
3 and Figure 11 show, CFG_C and CFG_P1.0 have the
same top projected area and the same frontal area when fly-
ing at 4° attack angle, but CFG_C experiences greater lift
and smaller drag, and its lift-to-drag ratio is increased by
about 4.5% accordingly.

Figure 12 shows the pressure contours comparison be-
tween four different configurations. There are two high
pressure areas caused by the swell on both sides of the front
part of the body. The high pressure leads to increase in both
lift and drag. As shown in Figure 12, the high pressure area
of the CFG_C is much smaller because the cosine-curved
wing leading edge has greater sweepback angle at the front
part of the wing-body, and the drag coefficient reduces ac-
cordingly. What is more, the wing of CFG_C can efficiently
capture the high pressure caused by side compression, and
the lift coefficient increases accordingly. Therefore, CFG_C
shows smaller drag, greater lift and higher lift-to-drag ratio
at 4° attack angle. It implies that the lift-to-drag ratio would
be further improved by optimizing the shape of the wing
leading edge at small attack angle.

4 Conclusions and discussions

The main objective of the paper is to develop a conceptual
design of air-breathing hypersonic airplanes. A novel fore-
body design methodology, which is characterized by rotat-
ing and assembling two waverider-based surfaces, is firstly
introduced in this paper, thereby a body-wing-blending con-
figuration with double flanking air inlets layout is presented.
Based on a fully parametric design of the airplane, typical
forebodies and airplane configurations are chosen for the
analysis of their aerodynamic performances. The flowfield
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All
0.104

0.08
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0.044F7
0.021

0.00-

08 CFG P1 OCFG P1.2
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Figure 10 Lift and drag coefficients of airplanes and their components at 0° attack angle.
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Figure 12 Pressure contours on the lower surface of four configurations.

is simulated by CFD and the flight condition is set to be
flight Mach number 6 with flight altitude of 25 km. The
preliminary results show that the forebody configuration
with double waverider-based surfaces retains the advantages
of the waverider. The compression surface designed by wave-
rider philosophy not only compresses the airflow satisfacto-
rily, but also provides high lift for the forebody.

However, the results also show that the aerodynamic
performance of the compression surfaces and the airflow
uniformity at the inlet cross section are interfered by the
detached shock wave resulting from the blunt nose. The
detached shock wave and the corresponding interference
can be weakened if the connection surface spacing near the
nose-tip is reduced. As only the conic leading edge of the
basic waverider surface is used in this study, the detached
shock wave and the corresponding interference would be
further weakened if the leading edge of the basic waverider
surface is designed to take some other curves (such as the
straight line). Besides, the numerical evaluation of the
whole airplane shows that, the forebody holds about 50%

(20%) of the total drag (lift) when it flies at 0° and 4° attack
angles, respectively, though its geometric size is much
smaller than that of the wing-body (it holds only 10% of the
total top projected area). It suggests that both the airflow
compression and lift/drag performance should be of much
concern in the design of forebody. The comparison between
four configurations with different wing leading edges shows
that the shape of the wing leading edge is quite important
for the lift and drag performance. The CFG_C configuration
with cosine-curved wing leading edge has smaller drag,
greater lift and higher lift-to-drag ratio, as it benefits from
the reduction of wave drag and the wing’s capability of
capturing the high pressure caused by side compression.
Further work for the design of the engine inlet and the
optimization design of wing leading edge will be carried out
based on this study. As the forebody with double waverider-
based surfaces retains advantages of the waverider, such as
high mass flow, high lift-to-drag ratio, etc., the existing
ventral inlet design experience can be useful for the inlet
design. In addition, the optimization of the wing leading
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edge shall focus on the cruise flight condition (taking the
present study as an example, the configurations have dif-
ferent sorts of lift-to-drag ratio at 0° and at 4° attack angles),
and the target shall be the reduction of wave drag and effi-
cient capture of the high pressure caused by side compres-
sion. Eventually, as this work is only a conceptual design,
analysis and solutions of the latent issues will also be per-
formed in subsequent studies.

This work was supported by the National Natural Science Foundation of
China (Grant No. 90916013) and the guidance and help from Academician
Li Tian and peer reviewers are gratefully acknowledged.
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