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This paper proposes a family of high-pressure capturing wing configurations that aim to improve the aerodynamic
performance of hypersonic vehicles with large volumes. The predominant visual feature of such configurations is a
thin wing called a high-pressure capturing wing attached to the top of an upwarp airframe. When flying in the
hypersonic regime, high-pressure airflow compressed by the upper surface of the vehicle acts on the high-pressure
capturing wing and significantly augments lift on the vehicle with only a small increase in drag, producing a
correspondingly high increase in its lift-to-drag ratio. A series of numerical validations were carried out on the basis of
both inviscid and viscous computational models in which ideal cones with different cone angles and combined cone-
waverider bodies with different volumes were used as airframes. The results clearly demonstrate that a configuration
using a high-pressure capturing wing has a significantly higher lift (with a correspondingly high value of lift-to-drag
ratio) than one without a high-pressure capturing wing, especially for vehicles with large volumes. This paper
contains a preliminary, results-based report of the conditions under which high-pressure capturing wing

configurations were tested.

Nomenclature
Cy = axial-force coefficient
Cy = drag coefficient
C, = lift coefficient
Cy = normal-force coefficient
D = drag
d = diameter
H = flight altitude
Iy = specific impulse
L = lift, length
Ma = Mach number
P = pressure
R = radius
Re = Reynolds number
S, = normal projection area
S = shock wave, integral domain
Vv = volume
| = cruising speed
w = gross weight, width
a = angle of attack
p = shock-wave angle
Y = ratio of specific heats
An = nondimensional height of the first layer near the wall
n = ratio of average pressure on different surfaces
0 = wedge angle, half-cone angle
I3 = volumetric efficiency
P = density
Subscripts
B = body
H = high-pressure capturing wing
HCWL = lower surface of the high-pressure capturing wing
HCWU upper surface of the high-pressure capturing wing
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I. Introduction

YPERSONIC flight vehicles, which are aircraft with flight

Mach numbers greater than 5, have been of great interest in the
past few decades. Among these, the so-called hypersonic air-
breathers are considered a research hotspot. Recent interest in these
vehicles has grown explosively, and various types of innovative
vehicles, such as the X-51A, which is acombined U.S. Air Force and
Defense Advanced Research Projects Agency program [1], the
Boeing Flexible Aerospace System Solution for Tomorrow [2], and
the Boeing Hypersonic Space and Global Transportation System [3]
have been proposed and studied. Despite entering the age of
hypersonic flight with the success of the X-43A [4] and the X-51A
[1], scientists and engineers are conscious about the many unsolved
problems that limit the practical application of air-breathers.

In contrast, the development of rocket engines has reached
maturity. They had been widely used as propulsive units in the
boosting phase for various spacecrafts such as space shuttles.
Theoretically, it is possible to use a rocket engine as a substitute for
the scramjet in a hypersonic cruise vehicle (HCV). To discuss the
feasibility of rocket-powered HCVs, Fan [5] established a coupling
analysis model to assess flight performance. In his study, the optimal
cruise speed was attained by analyzing flight performance measured
by the ratio of initial boost mass to generalized payload. In addition,
the performance of HCVs based on rockets and air-breathing
scramjets was studied and compared to that of a minimum-energy
ballistic trajectory under a certain flight distance. Results of the
theoretical analysis indicate that rocket-based HCVs flying at the
optimal speed in a hypersonic regime is a very competitive choice.

Rocket engines are more powerful than present-day air-breathing
scramjets, and so they can produce sufficient thrust (from several
kilonewtons to several meganewtons) in almost all flying conditions.
However, the main shortcoming of a rocket is that it must carry
enough oxidant for the entire journey. The low specific impulse of
rocket engines make them impractical for cruise vehicle propulsion
unless the cruise range is very short. For relatively long range, the
required vehicle propellant fraction would be prohibitively large.
This inevitably leads to the enlargement of its volume, and a
corresponding increase in net weight. Consequently, there are several
special requirements for a rocket-based HCV over a hypersonic air-
breather. First, the vehicle must provide the extra volume to contain
the oxidant in addition to fuels and other payloads. Next, the vehicle
must produce a lift large enough to overcome its weight and to
maintain a cruise state. Finally, the performance of a rocket-based
vehicle can be assured only if the vehicle has a high lift-to-drag ratio
(L /D) configuration, according to the analysis in [5].

A high L/D value is a primary goal pursued by aerodynamic
configuration designers because it is directly proportional to the flight
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range, either for a cruise vehicle or for a hypersonic glider [6].
However, it is difficult to obtain a high L/D for a generic
configuration due to the presence of strong shock-wave drag and
massive viscosity under hypersonic flight conditions. Among the
existing configurations, the waverider has been deemed the most
promising because the containment of flow beneath the vehicle
results in a high pressure being exerted on the lower surface. Because
of this advantage, the concept has received a lot of attention over the
years after its inception by Nonweiler in 1959 [7]. In the wake of the
arrival of a family of viscous optimized waveriders [8], a lot of
literature about their design methodologies [9-12], performance
evaluations [13-19], and proposed applications [20-25] was
published.

Despite the fact that waverider configurations have been
investigated in the past few decades, they have not yet been adopted
for practical flight. In fact, the current usage of a waverider is mostly
in the precompression surface of inlets, typically of an X-51A
scramjet demonstration vehicle, rather than a high L/D vehicle. In
general, a pure waverider with high L /D is relatively thin, and so it
can hardly provide enough volume for fuel and payloads [26],
especially for a rocket-based HCV. A solution to this problem is to
enlarge the size of the vehicle [21,27], but this also results in a drastic
increase in aerodynamic drag as well as vehicle gross weight, making
it difficult to simultaneously meet the thrust-to-drag and lift-to-
weight requirements. A more practical method of adding volume to a
pure waverider is to morph the upper surface (i.e., to replace the
freestream surface by an upwarp) [15,28,29]. However, this canopy
actually forms a compression surface on the upper part of the vehicle,
which leads to an increase of both the aerodynamic drag and the
negative lift, causing an overall reduction in L /D. This problem is the
motivation behind this study.

Many studies have been made concerning the favorable lift
interference in supersonic and hypersonic flow [30-32]. Results
reported in [30,31] indicate that the half-ring wing and parasol wing
could obtain favorable lift interference produced by the body in
supersonic flow. The investigation of [32] indicates that an
appropriate sweep forward of wings could partly capture the high-
pressure airflow generated by the body. Inspired by the preceding
results, this paper proposes a novel configuration called high-
pressure capturing wing (HCW) that focuses on effectively using the
high-pressure airflow compressed by the upper surface. The basic
philosophy of the HCW configuration is to append a thin wing at an
appropriate position upon the body. In hypersonic flight, the high-
pressure airflow compressed by the upper surface acts on the HCW
and provides the vehicle with extra lift. Furthermore, it results in a
considerable increment in the value of L/D.

The main purpose of this paper is to test the validity of the HCW
configurations at a conceptual level. The rest of this paper is
organized as follows. In Sec. II, the principle of the HCW is
elaborated upon based on the shock-expansion theory of inviscid,
compressible flow [33]. In Sec. III, a preliminary relationship
between volume and aerodynamic performance is explored by taking
a family of circular cones as vehicle bodies on the basis of two-
dimensional, inviscid simulations. In Sec. IV, the aerodynamic
performance of three waverider—HCW configurations with different
volumes is predicted for the purpose of future validation. Finally,
Sec. V draws several conclusions that point the way for future work.

II. Design Principle of the High-Pressure Capturing
Wing Configuration

Figure 1 shows a two-dimensional illustration that illustrates the
principle of lift enhancement in an HCW configuration. The most
obvious difference from existing hypersonic aircraft is the thin wing
(i.e., the HCW) that is appended to the body. The body is the main part
of the vehicle and can be designed as one of several upwarps to
provide enough volume. Typically, the upper surface of the body is
wedge- or cone-shaped. It is clear that the volume of the vehicle
increases with the increase of the wedge angle or half-cone angle 6.
Note that only the upper surface of the body is shown in Fig. 1
because the HCW only relates to this surface. For the convenience of

i) @ region 1 to region 5
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Fig. 1 Illustration of design principle of the HCW.

the subsequent analysis, an idealized sharp cone shape is used, and
the thickness of the HCW is assumed to be zero.

As shown in Fig. 1, the flowfield around the body and the HCW is
not complex. The high-speed freestream airflow with a Mach number
Ma, is fist compressed by the body. The first oblique shock wave
appears, denoted by S;. At the same time, the direction of the
compressed airflow turns upward. If the HCW is parallel to the
direction of the freestream, as shown here, a second oblique shock
wave denoted by S, is created when the downstream airflow acts on
the HCW. Along with the airflow flowing downstream, an expansion
region that starts from the forward Mach line (FML, shown in Fig. 1)
appears when the airflow passes over the edge of the body.

To facilitate the analysis, the flowfield in Fig. 1 is divided into five
regions, labeled from 1 to 5 in accordance with the positions of the
shock and the expansion waves. It is obvious that the air pressure in
region 1 is the freestream pressure, and the pressure in region 2 is
higher than that in region 1 because the airflow is compressed by the
body. When the airflow arrives in region 3, the pressure continues to
increase because the HCW compresses the airflow again. As the
airflow leaves region 3 and enters region 4, the pressure gradually
decreases due to the existence of the expansion fan. The pressure in
region 5 is approximately equal to the freestream pressure because
the HCW is parallel to the direction of the freestream flow. On the
basis of the preceding analysis, the pressure on the lower surface of
the HCW must be much higher than the pressure on its upper surface.
The HCW, benefiting from the pressure difference between its lower
and the upper surfaces, gets considerable lift augmentation.

The relative placement of the HCW with respect to the body is the
main factor that influences the performance of an HCW
configuration. Figure 2 shows three typical cases. Figure 2a shows
that the high pressure in region 3 touches the body because the
distance between the HCW and the body is very short. Thus, it will
lead to an increase of the negative lift of the body. However, an HCW
will prove expensive when this distance is too great because it cannot
borrow the high pressure compressed by the body, as shown in
Fig. 2b. Inspired by the design principle of waveriders, an intuitive
design rule is to place the leading edge of the HCW on the first shock.
The second shock S, should be allowed to just bypass the peak
position of the body’s trailing edge by adjusting the vertical distance
between the HCW and the body, as illustrated in Fig. 2c. It should be
noted that this rule has been applied in all cases of this paper.

The pressure difference between the lower and the upper surfaces
of the HCW dictates the lift increment for the configuration. For two-
dimensional wedge bodies, the pressure on the lower surface can be
obtained by solving the oblique shock equations, whereas the
pressure on the upper surface can be calculated on the basis of the
oblique shock equations as well as the Prandtl-Meyer expansion
wave equations. Therefore, the pressure ratio of the lower (region 3 in
Fig. 1) and the upper (region 5 in Fig. 1) surfaces can be directly
calculated according to the shock-expansion theory [33] of inviscid,
compressible flow. Curves of this ratio varying with freestream Mach
number and wedge angle are plotted in Fig. 3, where, for air at
standard conditions, y = 1.4. Note that the curve in Fig. 3a is plotted
at the given freestream Mach number 6, whereas the curve in Fig. 3b
is plotted at the given wedge angle of 12 deg. It is clear that the
pressure ratio is directly proportional to both the freestream Mach
number and the wedge angle. This indicates that the lift of the
configuration might increase drastically.

If the body is a cone, a computational fluid dynamics (CFD)
analysis can show the distribution of the entire flowfield. The two-
dimensional, axisymmetric Euler equations are taken as governing
equations for this condition. Structured grids are used to discretize the
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Fig. 2 Derived high-pressure zones for different positions of the HCW.
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Fig. 4 Grid structure and pressure contour for two-dimensional HCW configuration with cone body at Ma = 7,0 = 9 deg.

flowfield. The grid structure is shown in Fig. 4a, and a typical
computed pressure contour around the HCW (at Ma =7,
0 =9 deg) is shown in Fig. 4b. We can clearly distinguish the first
shock, the second shock, and the expansion fan from this figure. In
addition, the pressure difference between the lower and the upper
surface of the HCW can be also clearly observed.

Curves of the ratio of the pressure integration varying with the
Mach number and the half-cone angle can be plotted on the basis of a
series CFD analysis. However, because the pressure distribution is
not uniform for a conical flowfield, an average pressure ratio 7 is
defined as follows for such cases:

_ J§ PucwLdL

— Jo THow G 1
1= I Pracwy dL M

where L is the length of the HCW, and Pycwy and Pycwy are the
pressure distributions on the lower and the upper surfaces of the
HCW, respectively. By imitating the analysis procedure for wedge
bodies, curves of 5 varying with Mach number and half-cone angle
are plotted in Fig. 5. Note that the curve in Fig. 5a is plotted at the
given freestream Mach number 7, whereas the curve in Fig. 5b is
plotted at given wedge angle 9 deg. The curves in this figure make
manifest that there are also considerable values of the pressure ratio
when the body is a cone. In addition, the pressure ratio is also directly
proportional to both the freestream Mach number and the half-
cone angle.

III. Evaluation of Cone Body with High-Pressure
Capturing Wing Configurations

The preceding analysis and results demonstrate that the pressure
difference between the lower and the upper surfaces of the HCW is
proportional to both the Mach number and the wedge/cone angle.
This suggests that the aerodynamic lift produced by the HCW should
increase with the flight speed or the volume. A series of test cases are
carried out to make a preliminary exploration into the relationship
between the aerodynamic performance and the Mach number as well
as the volume. All the cases in this section have used cones as bodies.
For simplicity and because aerodynamic lift is the main concern, the
thickness of the HCWs and the viscous effects are not considered for
the cases within this section.

A. Aerodynamic Forces Calculation Method

A simplified method has been used for the calculation of
aerodynamic forces. According to the design philosophy of HCW
configurations, the relationship between the body and the HCW is
semicoupled. In other words, although the effectiveness of an HCW
relies on the body, the airflow around the HCW would not affect the
body. Therefore, the aerodynamic forces can be calculated separately.
Moreover, the cone body only generates aerodynamic drag, whereas
the HCW produces both lift and drag if the flight angle of attack is set
to zero.

A typical configuration including a circular cone body and a half-
barrel HCW is shown in Fig. 6. For such a configuration, the drag of
the cone body can be directly evaluated by using a two-dimensional,
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Fig. 6 Conceptual cone-body—-HCW configuration.

axisymmetric model. In addition, we can also calculate the
aerodynamic forces of the HCW by integrating the pressure
distribution on its overall surface while neglecting the three-
dimensional effect near the wing tip of the HCW. Therefore, the lift
and the drag force of this configuration can be calculated using

Eq. 2):

{L =[5, (Ps = P) - ds. + [[s, (Pr — Po) - dse, @
D= ,[[SB(PB - poo) : dsx + ,[[SH(pH - Poo) : dsx

where vectors s, and s, are projection areas along the lift and the drag
directions; pp and py are the pressure distributions on the body and
onthe HCW; and S and Sj; are the total surface areas of the body and
the HCW. Here, the magnitudes of pp and py of each element on the
surface are computed by a two-dimensional, axisymmetrical CFD
analysis, and their directions are determined by corresponding
osculating planes on the body and the HCW.

The preceding two-dimensional-based force calculation method
may lead to errors because the HCW’s wing-tip effect is neglected. To
evaluate the amplitude of this error, a pair of contrast tests are made,
where a three-dimensional configuration is used as a reference
configuration. The thickness of the two-dimensional (2-D) HCW is
the same as the three-dimensional (3-D) model. Some main
parameters of the configuration are as follows: the length of the cone
is4 m, the half-cone angle is 8 deg, the nose blunt diameter of the cone
is 15 mm, the length of the HCW is 1.4 m, and the thickness of the
HCW s 15 mm. Freestream conditions are Ma = 7,a = 0 deg, and
H = 30 km. Structured grids are used for discretizing the flowfield
for both the 2-D and 3-D cases. Total mesh numbers are about 24,000
and 2,778,000 for the 2-D and the 3-D case, respectively. In addition,
the grid distributions for the 2-D and the 3-D cases are set as
consistent as possible to ensure comparability.

Table 1 lists the computational results in which subscripts 2-D and
3-D denote the different force calculation methods. Note that the base
drag is not included for two cases. The reference area for force
coefficient calculation is the base area of the cone body, about
0.985 mZ2. On one hand, the results show that an HCW can produce a
considerable aerodynamic lift. On the other hand, the values of both
the lift and the drag calculated by different methods are very close.
This means that the wing-tip effect of the HCW can be neglected even
with a thickness of 15 mm, and so such a simplified force calculation
method can be used in further study.

B. Aerodynamic Performance Versus Volume

Numerical simulations are carried out for a series of cone-body—
HCW configurations with different half-cone angles using a
combination of inviscid CFD analysis and the preceding force
calculation method. The thickness of the HCW is zero. In such an
idealized configuration, all lift is produced by the HCW, whereas
the drag is only produced by the cone body. Thus, the performance
of the HCW can be clearly identified. For each case, the leading
point of the HCWs is at x = 3.2 m, and the lengths of the cone and
the HCW are 4 and 2.8 m, respectively. Cones with different half-
cone angles have different volumes. Here, the cone angle varies
from 6 to 14 deg, and the corresponding volume ranges from 0.74 to
4.166 m>. A grid structure as shown in Fig. 4a is used for all cases.

Table 1 Force coefficients of the 2-D and the 3-D models

Parts Caop Casp  Caop/Casp Ciap Ciap Ciap/Ciap

Body 0.0471 0.0472 0.9977 0 0 0
HCW 0.0760 0.0738 1.031 0.2739  0.2751 0.996
Total ~ 0.1231 0.1210 1.017 0.2739  0.2751 0.996
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Total mesh number is 527,000. Freestream conditions are Ma = 7,
a =0 deg, and H = 30 km.

Curves of the aerodynamic coefficients versus the volume are
plotted in Fig. 7. Pressure contours of configurations with different
half-cone angles are shown in Fig. 8. Note from Fig. 7 that both the lift
and the drag coefficients linearly increase with an increase in volume.
The reason is that a larger cone angle leads to a stronger shock
compression. Accordingly, it results in a larger drag of the cone body.
However, at the same time, it also leads to a larger pressure ratio
between the lower and the upper surface of the HCW, thereby
producing a greater lift. Figure 8 clearly shows this effect. Despite the
lift coefficient substantially increasing with the increase in volume,
the L/D presents a declining trend from the L/D variation curve
shown in Fig. 7.
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Fig.9 L /D comparison of on-design and off-design configurations.

C. Aerodynamic Performance Versus Mach Number

Two categories of numerical test cases were carried out to
investigate the relationship between aerodynamic performance and
freestream Mach number. A group of “on-design” configurations
were designed based on the design rule stated previously, for Mach
numbers ranging from 5 to 11, in which the half-cone angles are 9 deg
for all cases. In contrast, the “off-design” configuration used the
model at design Mach number 7, and its performance was evaluated
at Mach 9 and 11. Because the reflected shock acts on the cone body
at Mach 5, the two-dimensional based force calculation method is
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Fig. 10 Pressure coefficient comparison (on the lower surface of the

HCW) of on-design and off-design configurations at Mach 11.
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Fig. 12 Three-view of a waverider—-HCW combination configuration.

invalid. Therefore, this case is not included in the evaluation of the
off-design configuration.

Figure 9 shows the comparison of the L/D values between on-
design and off-design configurations. The curves indicate that the
inviscid L /D value increases with the increase in Mach number for
either the off-design configuration or on-design configurations.
However, it is interesting that the L/D value of the off-design
configuration is higher than that of the respective on-design
configuration at freestream Mach numbers 9 and 11. To analyze the
reasons, pressure distributions on the lower surface of HCWs are
plotted in Fig. 10, and the comparison of pressure contours at Mach
11 is shown in Fig. 11. Note from these two figures that the distance
between the body and the HCW of the on-design configuration is
smaller than that of the off-design configuration. Thus, the shock-
expansion interaction region is quite different for these two
configurations. This phenomenon leads to a significant difference in
the wall pressure distribution as well as the magnitude of pressure on

the lower surface of the HCW. Consequently, the total lift produced
by the off-design configuration is higher than that produced by the
respective on-design one.

However, it should be noted that we should not draw the
conclusion that the off-design configuration is better because the part
of the HCW in front of the first shock S; will produce extra skin
friction, which was not considered in the present study. The results
are only meant to indicate that the performance of the HCW is not
sensitive to its position, which is a benefit for its practical application.
In addition, the preceding results suggest the existence of an
inherently optimal value of the HCW’s position. Therefore, a very
important problem that needs to be further studied is how to quickly
find the optimum for a given HCW configuration.

IV. Waverider-High-Pressure Capturing Wing
Combination Configurations

In the preceding cases, two simplifications of the HCW were
adopted for the purpose of clarity in analysis. One is that the thickness
of the HCW was assumed to be zero, and the other is that an inviscid
Euler model is used. In these cases, the HCW only produces lift and
does not produce any wave drag or viscous friction. To evaluate the
performance of HCW configurations comprehensively, some more
complex configurations are designed. Moreover, a precise Navier—
Stokes equations solver is used.

A. Configurations Description

Configurations referred to in this section are waverider-HCW
combination (WHC) configurations, which comprise two parts: the
body and the HCW. The main difference between the WHC and
the preceding configurations is the shape of the body. The HCW is
a half-barrel shell with limited thickness. The body includes a
semicone and a cone-flowfield-derived waverider wing, giving a
WHC configuration two lift surfaces: the waverider wing and the
HCW. Figure 12 shows a typical WHC configuration, with some
important sizes and values mentioned. The thickness of both the
waverider wing and the HCW is 10 mm. Three WHC configurations
with different volumes are used as test models, as shown in Fig. 13.
Table 2 shows volumetric parameters of three configurations, in
which the volumetric efficiency is defined as & = V*/3/S .

a) Confl

b) Conf2

el

¢) Conf3

Fig. 13 Waverider-HCW combination cont-‘igurations ‘with different volumes.
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Table2 Geometrical parameter
comparison of waverider—-HCW
combination configurations

Configuration R,m V,m3 £

Confl 0.4 0.7616 0.1030
Conf2 0.6 1.7136 0.1768
Conf3 0.7 23324 0.2171

B. Code Validation and Grid Convergence Test

Cones [34] and HB-2 [35] models are used to validate the
reliability of the solver code. The cone with a half-cone angle of 5 deg
is 127 mm long, and the cone with a half-cone of 10 degis 85.471 mm
long, as shown in Fig. 14a. A freestream Mach number of 9.6 and
angle of attack of 0 deg have been used as flow conditions for the
cones. The hypervelocity ballistic model, designated HB-2, is a
blunted cone—cylinder—flare geometry. The geometric parameters
include the radius of the blunted nose 0.3d (where d is the diameter of
cylinder), the half-cone angle of 25 deg, the cone length of 0.362d,
cylinder of length 2.536d, and a flare angle of 10 deg. The
nondimensional total length of the model is 4.9d, which is shown in
Fig. 14b. A freestream Mach number of 5.1, a Reynolds number of
2.2 x 100 based on d, and a different angle of attack have been used as
flow conditions. A fully three-dimensional structured grid is used to
discretize the computational domain for each of the preceding three
configurations. The minimum grid spacing in the normal direction
near the body surface is taken to be 1x 107 of the length for
resolving the thin viscous layers. The value of y+ corresponding to
this wall grid is less than 5.

Numerical solutions are calculated by solving the three-dimensional
compressible Navier—Stokes equations with the use of a second-order
Total Variation Diminishing finite volume scheme for spatial
discretization, a second-order implicit time marching scheme, and a
realizable k — € model that is used in the computations [36]. Table 3
shows the comparison of the cones’ drag coefficients between the
numerical and experimental results. Figure 15 shows the numerical and
experimental results of axial-force coefficient C4 and the normal-force
coefficient Cy for the HB-2 model. The numerical and experimental
results are in good agreement, indicating that this numerical technique
is reliable for calculating aerodynamic performance.

A fully three-dimensional structured grid is used to discretize the
computational domain for each of the preceding three configurations
shown in Fig. 13, in which algebraic transfinite interpolation methods
with elliptic interior point refinement are used. In addition, an overset
grid system is employed for ease of generating grids at the expense of
interpolation in the overlapping regions. Thus, the entire domain is
decomposed into two subdomains, one around the body and the other
around the HCW. All meshes near the wall are refined to capture the
boundary layer. Figure 16 shows an example of grid arrangement.

To further verify the accuracy of calculating the WHC
configurations, a grid convergence test is carried out by selecting
the third configuration (Conf3 in Fig. 13) as an example here.

Table3 Comparison of
numerical results and experimental
data for cones

a,deg C,; (CFD) C, (experiment)
5 0.0176 0.0170
10 0.0575 0.0570

Freestream conditions are Ma =7 and H = 30 km, and the
numerical method is the same as the one used in cones and HB-2
models. The results are shown in Fig. 17, in which An depicts the
height of the first layer of the mesh, and L is the length of the body.

101 | —o—ccFy
u O (Exp)
08 | o—ccFm
| ® € Exp)
0.6
U“.
% 044
o
0.2 4
0.0
02 T T T T T T T T 1
2 0 2 4 L] 8 10 12 14
Angle of Attack (deg)

Fig. 15 Comparison of numerical and experimental aerodynamic
performance of HB-2 under different angles of attack.

Fig. 16 Example of grid arrangement.

a)

b)

Fig. 14 Cones and HB-2 models.
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Fig. 18 Lift and drag coefficient comparison of different waverider—
HCW combination configurations.
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Fig. 19 L/D comparison of different waverider—-HCW combination

configurations.

Note from Fig. 17 that both the lift and the drag coefficients tend to
converge with the decrease of An. In the following calculations, An is
taken as 1E-5.

C. Numerical Results and Analysis

The lift and drag coefficients’ comparison (at @ = 0 deg) of three
configurations is shown in Fig. 18. The reference area of each
configuration for calculating aerodynamic force coefficients is the
base area of the semicone body. Curves labeled “body” include the
semicone body and the waverider wing. “Total” refers to the entire
WHC configuration. Note from Fig. 18 that the variation of drag
coefficients for three configurations is slight, but there is a sensible
difference between the body configuration and the total one because
the HCW part produces an extra drag. In contrast, the lift improves
drastically, benefitting from the HCW of each configuration.
Typically for the third configuration (R = 0.7 m), the increasing
percentage of the lift is about 61.5%.

The changes of the lift and the drag coefficients naturally lead to
the change in L /D, as shown in Fig. 19. The values of L/D for both
the body part and the whole WHC configuration decline with the
increase in volumetric efficiency. However, the L /D of the body part
declines much faster than that of the configuration with an HCW. In
the configuration with small volumetric efficiency (R = 0.4 m), the
HCW produces a considerable drag as well as a limited lift because
only a weak compression is generated by the semicone body. Thus,
the contribution of the HCW is negative for the L/D; in other words,
an HCW is not fit for a “thin” body. However, the effectiveness of an
HCW gradually emerges with the increase of volumetric efficiency.
For the third configuration (R = 0.7 m), L/D improves about 32%
comparing with the cone-body—waverider configuration. Figure 20
shows pressure contours on the symmetrical plane. This figure
further interprets the preceding results.

A series of numerical studies were carried out to examine the
aerodynamic performance at different angles of attack as well as
Mach numbers by taking the third configuration as an example.
Variations of L /D with a are presented in Fig. 21. The results show
that the L /D of the whole configuration is higher than that of the body
at each angle of attack, but the difference diminishes as « increases.
Pressure contour comparisons on the symmetrical plane and the
cross-sectional plane x = 3.9 m at different angles of attack are
shown in Fig. 22. Figure 23 shows the HCW’s lift and drag
percentages of the total. These two figures show that pressure
contours at different a present a clear difference. The HCW mainly
contributes to generating lift at small or negative angles of attack, and
then the key role of producing lift is replaced by the waverider wing
with the increasing of a. Therefore, the configuration that uses an
HCW registers high L /D values with the varying of angle of attack in
a large range.

Curves of aerodynamic lift versus drag for configurations with and
without the HCW are shown in Fig. 24. Note from this figure that the
curve labeled “total” is on top of the curve labeled “body”. This
means that a larger lift could be produced by appending an HCW at a
given value of the drag; also, the configuration with an HCW can
reduce the aerodynamic drag effectively by adjusting @ when the lift
is fixed as a constraint.

BT

__ T
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b) Conf2
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Fig. 20 Pressure distribution comparison of different waverider-HCW combination configurations.
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Fig. 21 Variation of L /D with angle of attack.

Lift and drag coefficients’ comparison (at a =0 deg) of
configurations with and without the HCW at different Mach
numbers is shown in Fig. 25. As seen in this figure, both the lift
coefficient and the drag coefficient for each configuration decline
slowly with the increasing of the Mach number. At the same
Mach number, the difference between C; of the total and body
is much larger than the difference between C, of the total and
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Fig. 23 HCW s lift and drag percentages of the total.

body because of the existence of the HCW. Figure 26 shows
the variation of the L/D with the Mach number for two
configurations. The result shows that the L/D slightly increases
for the body (from 2.18 to 2.28) but apparently increases (from
2.72 to 3.15) for the WHC configuration as Mach number
increases, which verifies again that the HCW is more effective as
the Mach number increases.

P. 1200 2200 3200 4200 5200 6200 7200 8200 9200 10200 11200 12200

| .

Fig. 22 Pressure contours comparison on the symmetrical plane and the cross-sectional plane x = 3.9 m at different angles of attack.
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Three waverider—HCW combination configurations with different
volumes were taken as models to further examine the effect of the
HCW in this section. Present results demonstrate the advantage of
HCWs, although these configurations are somewhat conceptual. The
loss of the lift for a vehicle with a large volume is effectively
compensated by an HCW. Thus, it leads to a considerable
improvement of the L /D. In addition, a waverider—HCW combination
configuration presents a double-wing layout by appending an HCW.
Because the main source of aerodynamic lift alternates between the
waverider wing and the HCW with the variation of angle of attack, the
L /D holds high values as the angle of attack varies in a large range. It
should be noted that a 10 mm thickness of the HCW may be too thin to
accommodate adequate structure and thermal protection for a practical
application. In the future, an HCW may be designed with nonuniform
thickness to deal with this problem.

V. Conclusions

A new kind of configuration, which aims to enhance the
aerodynamic performance of hypersonic aircraft with large volume
requirements, was proposed for potential application in rocket-
powered hypersonic cruise vehicles. Configurations were developed
as validation cases in accordance with the design philosophy of the
high-pressure capturing wing (HCW). Further, computational fluid
dynamics analysis-based aerodynamic performance predictions were
made to validate the effectiveness of the HCW. Numerical results
clearly demonstrated the advantages of such configurations. The
L/D of an aircraft gains considerably as a result of the HCW.
However, an HCW is effective only when the body generates strong
compression.

For an HCW, the source of the lift is the high-pressure airflow
compressed by the body. This is quite different from existing high-
speed flight vehicles whose lifts are obtained by compressing
freestream airflow directly. Moreover, lift that is produced by the
HCW increases with volume. Thus, the loss of lift due to the upper
surface compression could be effectively compensated by appending
an HCW.

An HCW is a parasitic device that should be combined with a bluft
or rounded vehicle body rather than a flat one. The reason is that the
strong compression on top of the body can be augmented by
appending an HCW. In such cases, the cross-sectional area of the
HCW will be much smaller than that of the body. Thus, the drag
generated by the HCW can be treated as relatively small.
Consequently, the total drag of the vehicle may only increase slightly
compared with the configuration without the HCW. Finally, the
weight of the HCW will also be infinitesimal in contrast with both the
lift and the gross weight of the entire vehicle because a configuration
with a large volume usually carries a large weight. In addition, our
results show that the variation in angle of attack has a significant
effect on the performance of an HCW. An HCW can only produce
very limited lift at a high angle of attack. Fortunately, small angle of
attack is always adopted for a high-speed aircraft to reduce the drag,
especially at its cruising stage.

There is only a small distance between the body and the HCW, and
so the total size of the whole vehicle could be reduced effectively if an
HCW acts on the main lift-generating device. Moreover, a flight
vehicle can be designed to be more compact than present-day high-
speed aircraft with large wings. Various challenges still exist for such
a new concept, such as aerodynamic heating, shock/boundary-layer
interaction, shape optimization, stability analysis, etc. In addition, the
struts required to attach an HCW to a body were not considered
because all configurations presented in this paper are in the
conceptual level. Both the drag and aerothermal impacts produced by
HCW attachment struts should be paid more attention to in the future.
Other studies are currently investigating these problems.
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