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Hypersonic vehicles, which flight at Mach numbers greater
than 5, will serve as a more convenient and efficient transport
tool than present subsonic airplanes for long-distance jour-
neys in future. Typically, it only takes a couple of hours from
Beijing to New York at hypersonic speed. Recent interest in
these vehicles has grown intensively, and various types of in-
novative designs have been proposed and studied. Despite
entering the age of hypersonic flight, there still exist many
problems to resolve [1-4]. How to design an advanced aero-
dynamic configuration is one of them [5].

In general, there are at least three objectives in designing an
aerodynamic configuration, the high lift to drag ratio (L/D),
the high volumetric efficiency and the high lift coefficient
[6]. Designers always take the high L/D during the cruise
state as the primary goal because the flight range is linearly
proportional to the L/D according to the Breguet’s equation.
In addition, a vehicle should provide sufficient space to con-
tain equipments, passengers and cargoes as many as possible.
Furthermore, the aerodynamic lift coefficient should be en-
hanced in whatever way possible. This is because a vehicle
with high lift may elevate the vehicle to a high altitude where
the aero-thermal environment is efficiently improved owing
to the low atmosphere density.

Unfortunately, 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 in the hypersonic regime.
Moreover, there exist strong contradictions among the L/D,
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the volumetric efficiency and the lift coefficient [7]. 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. Yet a pure waverider with high L/D is always
too thin to provide enough volume for fuel and payloads.
Typically, the volumetric efficiency of the viscous optimized
waverider is lower than 0.12. Although the freestream upper
surface of a pure waverider can be morphed to an upwarp
to enlarge the volume, but this canopy actually forms a
compression surface on the upper part of the vehicle, which
leads to an increase in both the aerodynamic drag and the
negative lift, causing an overall reduction in L/D [8,9].

To aim at enhancing the aerodynamic performance of hy-
personic aircraft with large volume requirements, a new con-
cept called high-pressure capturing wing (HCW) was first
proposed by Cui et al. [10]. Unlike generic configurations, a
thin wing called the HCW is attached to the top of an upwarp
airframe. On the basis of the shock wave compression the-
ory, high-pressure airflow compressed by the upper surface
of the vehicle acts on the HCW when flying in the hyper-
sonic regime. Therefore, the aerodynamic lift significantly
augments on the vehicle with only a small increase in drag,
producing a correspondingly high increase in its L/D. Further-
more, such a concept particularly fits for vehicles with large
volumes because the lift produced by the HCW increases with
the increase of the compression angle in the upwarp.

Expanding on the philosophy of HCWs, a family of novel
configurations is proposed in this letter. A typical configura-
tion is shown as Figure 1(a). Note from this figure that there

phys.scichina.com link.springer.com


http://crossmark.crossref.org/dialog/?doi=10.1007/s11433-017-9117-8&domain=pdf&date_stamp=2017-11-07
https://doi.org/10.1007/s11433-017-9117-8
https://doi.org/10.1007/s11433-017-9117-8
http://phys.scichina.com
http://link.springer.com

K. Cui, et al.

are two wings in this configuration. The lower wing is a com-
mon compression surface, while the upper wing is designed
according to the idea of HCWSs. The parts between the two
wings are the airframe and the attachment struts. Because the
cross-section of the configuration appears like the letter “1”,
it is thus named “hypersonic I-shaped aerodynamic configu-
ration (HIAC)”.

In order to validate the advantages of HIACs, a scaled test
model was generated as a typical example. Moreover, the
leading edge profiles of both the low wing and the HCW were
optimized by using the computational fluid dynamics, the de-
sign of experiments method, the surrogate models method,
and the genetic algorithm in combination. The optimized
configuration is shown as Figure 1(a), and some key geo-
metric parameters of the model are as follows. The total
length, the wingspan, and the height of the model are 500,
300, and 131 mm, respectively. The thickness of the low
wing is 5 mm, and the blunt radius on the nose is 2.5 mm. The
leading edges of both the HCW and the low wing are defined
by quadric curves. The volume V' and the normal projec-
tion area of the model S, are 0.00248 m* and 0.1027 m?, re-
spectively. Accordingly, the volumetric efficiency (defined
as V273/S,) is about 0.175. Besides, the configuration without
the HCW and attachment struts is used as a reference model
for comparison, as shown in Figure 1(b))

Subsequently, a numerical simulation work was carried
out to evaluate the aerodynamic performances of the model.
Numerical solutions are obtained by solving the 3-dimen-
sional compressible, Navier-Stokes equations with the use
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of a second order TVD finite-volume scheme for spatial dis-
cretization, a second order implicit time marching scheme,
and a realizable k-& model that is used in the computations.
A full three-dimensional structural grid is used to discretize
the computational domain, in which algebraic transfinite
interpolation methods with elliptic interior point refinement
are utilized. In addition, an overset grid system is employed
for ease of generating grids at the expense of interpolation
in the overlapping regions. Total mesh number is about 23
million. All meshes near the wall are refined in order to
capture the boundary layer. Besides, a grid convergence test
has been conducted to ensure the calculation accuracy.

Freestream Mach numbers of 5, 6, and 7, and angles of
attack ranging from —2° to 12° are used as flow conditions.
A set of typical wind tunnel parameters are taken as flow
conditions. Respective values of the parameters are listed
in Table 1, where Ma is the Mach number, Py is the total
pressure, Ty is the total temperature, Re denotes the Reynolds
number, and P, and T, are the static pressure and the static
temperature, respectively.

Curves of the L/D versus CL at each Mach number are plot-
ted in Figure 1(c)-(e). Results of both the HIAC (labeled by
“HIAC”) and the reference model (labeled as “Ref”) are pre-
sented for ease of comparison. The reference area for calcu-
lating aerodynamic force coefficients is the normal projection
area of the model (Sp). Note from these figures that the vari-
ation of the L/D for both models at three Mach numbers is
small. This indicates that the L/D values of the models are
not sensitive to the Mach number.
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Table 1 Freestream conditions of numerical simulations
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Ma Py (Pa) To (K) P, (Pa) T» (K) Re (m™)
5 1.0x10° 345 1.89x10° 58 2.299x107
2.5x10° 465 1.58x10° 57 2.365%107

7 4.0x10° 590 9.66x102 55 1.791x107

In addition, the results also show that although the maximal
L/D ofthe reference model holds relatively high values (about
4.16,4.09, and 4.01 at Mach number 5, 6, and 7, respectively)
because the model has been optimized for several rounds, the
maximal L/D (about 4.99, 4.94, and 4.83 at Mach number 5,
6, and 7, respectively) of the HIAC model improves drasti-
cally benefiting from the HCW. The increasing percentage of
the maximal L/D is about 20% at all Mach numbers. Further-
more, the lift coefficients of the HIAC model are substantially
higher than those of the reference model at all Mach numbers,
the increased percentages A are about 58%, 61%, and 65% at
Mach number 5, 6, and 7, respectively. Here the increased
percentage A is calculated by

A= CL,ng: - CL,Ref . (1)
LRef

In summary, a new family of hypersonic I-shaped aerody-
namic configurations, derived from the high-pressure captur-
ing wing concept, is proposed in this letter. Moreover, the
advantages of high L/D, high volumetric efficiency, and high
lift are clearly demonstrated. In the present study, only the
profiles of the leading edges were taken as design variables
of the optimization. The aerodynamic performances of the
configuration may be further enhanced if the surface shape of
the HCW is considered as optimization variables. We believe
our present study will promote further research in the aerody-

namic design of high-speed configurations, which may ulti-
mately offer a new candidate for hypersonic flight vehicles.
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