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Abstract: In this study, an inward turning waverider forebody/inlet axisymmetric reference flow model with a conical leading-
edge shock wave was designed based on the method of characteristics. The design eliminates the lip shock wave at the shoulder
point. Based on the reference flow model, a novel integrated design method for an inward turning waverider forebody/inlet is
proposed. The streamline tracing method and related technologies were used to generate the integrated configuration in the ref-
erence flow model. During the design process, the inward turning inlet was divided into an upper and a lower surface. After the
formation of these surfaces, the front external surface and the lip external surface were simultaneously generated. Finally, an
integrated configuration was formed with these four generated surfaces and a base plane. An analysis of the formed configuration
was carried out using numerical simulation software, which verified the correctness and feasibility of the method. The conclusions

drawn from the research indicate that the integrated design method is feasible and effective.
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1 Introduction

An integrated design of the inlet and the airframe
is a very important factor for hypersonic flight to be
realized (Barkmeyer et al., 2005; Tian et al., 2013; Li
etal., 2014; Zuo et al., 2015, 2016; Wang et al., 2016;
Wang WX et al., 2017). Well-designed integration of
the airframe and inlet system could meet the com-
prehensive requirements of designers for aerody-
namic and propulsion performance of hypersonic
vehicles (Wang JF et al., 2017b; Liao et al , 2018).

From a design perspective, there are differences
between these two requirements: the main require-
ments for the airframe are a high effective volume,
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excellent aerothermal performance of the leading-
edge, and a high lift-drag ratio performance. The
requirements for the inlet are the provision of several
effective air sources for the combustor, along with
minimum air flow energy loss (Heiser and Pratt,
1994).

In recent years, many long-range hypersonic
vehicles have adopted a 3D inward turning inlet.
Regardless of the intake mode, the inlet and airframe
are highly integrated. The leading-edge affects both
the performance of the intake ports and the aerody-
namic characteristics of the aircraft (Zhou et al.,
2018). A highly integrated airframe and 3D inward
turning inlet is a goal actively pursued by researchers
throughout the world (Walker and Rodgers, 2005;
Walker et al., 2008; Ding et al., 2015, 2018; Wang JF
et al., 2017a).

In this study, to exploit the inward turning inlet’s
high total pressure recovery coefficient and high
compression rate characteristics, the inlet compres-
sion surface was considered to act directly as the
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pre-compression surface of the aircraft’s forebody.
Several researchers have studied integrated configu-
rations (Li et al., 2018; Qiao et al., 2018; Yang et al.,
2019). Qiao et al. (2018) proposed an integration
design method based on the shape of the forebody
shock wave for the integrated design of a waverider
forebody/inward turning inlet. The method achieves
better matching between the shape of the capture
section and inlet entrance line and the forebody shock
wave. Ferguson et al. (2015) simulated the hypersonic
flow field inside and around a generic hypersonic
vehicle in detail, and analysed its on- and off-design
performance. High-speed air is compressed by two
shock waves (a leading-edge shock and a reflected
shock) when entering the inlet under the selected
flight condition. Kothari et al. (1996) proposed a
hypersonic vehicle design code that creates and
analyses various single-stage-to-orbit aircraft based
on axisymmetric flow fields. These aircraft adopt an
inverse design method and incorporate the concept of
aradial deviation parameter into the calculation of the
generated flow field. Wang et al. (2015) described a
design method for the preliminary integration of a
hypersonic vehicle fuselage structure and propulsion
flow. The method is based mainly on integration of
the variable cross-section inward turning inlet and the
fuselage.

2 Design principles of an integrated inward
turning waverider forebodyl/inlet

For the method presented in this paper, the inlet
is divided into an upper surface and a lower surface
(Fig. 1), which are formed in the reference flow
model based on the streamline tracing technique. In
addition, the integrated inward turning waverider
forebody/inlet (ITWF) is formed with the inlet and
three surfaces—the front external surface, the lip
external surface, and the base surface. For simplicity,
the front external surface is a free-stream surface. The
design method for the lip external surface is discussed
in Section 3.

Fig. 2 illustrates the inward turning waverider
forebody/inlet axisymmetric reference flow model
(IARFM), which consists of two shock waves and
two walls. The centre body DEF and the axisymmet-
ric generating body ABCG constitute the walls of the
model. The wave structure of the model comprises

two shock waves—the leading-edge shock wave AD
and the lip shock wave DC. The region ABCGFED is
established as the flow area of the reference flow
model, to form the inward turning inlet. M, is the
Mach number of freestream; p., is the pressure of
freestream; T, is the temperature of freestream.

The design principle of the proposed method is
shown in Fig. 3. Under the design conditions, the
leading-edge shock wave is produced when the ax-
isymmetric generating body is determined, and the lip
of the inlet is attached to the axisymmetric shock,
thereby forcing higher pressure air below the lower
surface. This means the higher pressure air does not
spill over the upper surface, thereby allowing full
flow capture to be achieved.

Front external surface

Front capture curve (FCC)

Lip external surface

Base surface

Upper surface of the inlet

Lip capture curve (LCC)

Lower surface of the inlet
Fig. 1 Constituent parts of the integrated inward turning
waverider forebody/inlet

-

A Leading edge shock wave
74 Inlet exit plane
A / B Lip shock wave

G
P, T, b 3 » T F
o : X
Inlet lip plane Centre body (streamline)
Fig. 2 Structure of the inward turning waverider

forebody/inlet axisymmetric reference flow model

Axisymmetric shock
\ Integrated inward turning waverider forebody/inlet

Axis of symmetry

Axisymmetric generating body

Fig. 3 Design principle of the integrated inward turning
waverider forebody/inlet
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3 Design methodology of the reference flow
model

A novel integrated axisymmetric reference flow
model is used herein from which the ITWF can be
generated, based on the method of characteristics
(MOC) (Zucrow and Hoffman, 1977) and the
streamline tracing technique (Billig and Kothari,
2000). Adopting the design method from (Ding et al.,
2015), the axisymmetric reference flow model of
external compression is remodelled into the JARFM
(Figs. 4-9), which is composed of the following four
parts: (1) the dependent region of leading-edge shock
wave A-B-D; (2) the isentropic principal compres-
sion region B—C-D; (3) the dependent region of lip
shock wave C-D-E; (4) the stability region
C-E-F-G.

The design process includes providing the wall
position, and calculating of the iteration of the shock
position and the flow field before and after the shock
wave. The specific design steps are as follows.

First, as shown in Fig. 4, when the axisymmetric
generating body ABC, is given, the leading-edge
shock wave AR is generated, and the body is com-
posed of a quadratic curve 4B and a cubic curve BC,.
Given the tilt angle @, and the coordinates at point
A(xy, 74), the tilt angle @p and the x-coordinates of
point B(xp), and the tilt angle ¢¢ and the coordinates
of point C(xc, rc2), the axisymmetric generating
body ABC, is uniquely determined. Point R is an
imaginary point of the leading-edge shock wave near
the symmetric axis.

Second, as shown in Fig. 5, the right-running
Mach line BD starting from point B intersects point D
with the leading-edge shock wave AR. The inlet lip
plane is defined as a cross-section passing through
point D, and the position of point D needs to be cal-
culated iteratively.

Third, as shown in Fig. 6, the left-running Mach
line DC; passes through point D and intersects with
the axisymmetric generating body ABC, at point Cj.
The region is surrounded by the right-running Mach
line BD, left-running Mach line DCj, and axisym-
metric generating body BC;.

Fourth, as shown in Fig. 7, taking point D as the
starting point of the lip shock wave, the flow angle of
each point behind DC is given by

0, = 0(x), xe[xD’xC]’ (1)

where &x) is the distribution of the flow angle & be-
hind DC, and is a function of x. The predictor-
corrector iteration method is used to solve the position
of the lip shock wave until the lip shock wave inter-
sects the axisymmetric generating body BC; at
shoulder point C. Next, the distribution of the flow
parameters after the lip shock wave is solved by
oblique shock wave theory. The region is surrounded
by the right-running Mach line BD, lip shock wave
DC, and axisymmetric generating body BC.

raA

Axisymmetric generating body

A @uamzza- - A B
""" 3. P

0 Axis of symmetry =x
Fig. 4 Method for determining the position of the
leading-edge shock wave AR

A Axisymmetric generating body

o /

Axis of symmetry
Inlet lip plane

Fig. 5 Method to solve the region 4-B-D

Axisymmetric generating body

p.. T, e

o E Axis of symmetry “x
Inlet lip plane
Fig. 6 Method to solve the region B-D-C;
rA
A Axisymmetric generating body

o ' Axis of symmetry 'x

Inlet lip plane
Fig. 7 Method to determine the position of the lip shock
wave DC
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Fifth, Fig. 8 illustrates the way to solve the
streamline DE, which is represented by the solid ar-
row line. The dotted line CE is the left-running Mach
line. The region C—D—FE can be solved when the lip
shock wave DC is determined and the properties of
flow behind DC are solved, based on the MOC.

Finally, on the right side of shoulder point C in
Fig. 9, the tilt angle ¢(x) of each point on body CG is
expressed as ¢!

9, =p(x), x€[x.,x5]. 2)

Similarly, the Mach number M(x) of each point
on body CG is expressed as M,:

M, =M(x), xe[xe,x;] 3)

Axisymmetric generating body

Axis of symmetry

Centre body (streamline)

Inlet lip plane

Fig. 8 Method to determine the position of the centre
body DE

A
Inlet exit plane

Inlet lip plane  Centre body (streamline)

Fig. 9 Method to determine the position of body CG,
centre body EF, and the inlet exit plane

Next, given the distance between the shoulder
points C and F' along the x-axis direction, xcr, based
on the MOC, the region C—G—F-F can be solved. The
left-running Mach line F'G intersects body CG at
point G, and intersects the streamline EF’ at point F.
Note that the tilt angle of the body CG at the shoulder
point C must coincide with the directional angle of the
local airflow to prevent the lip shock wave reflecting
at the shoulder point and to produce the effect of wave
elimination.

The x-axis distance between shoulder points C
and K is xcx, and the inlet exit plane is defined as the
cross-section passing through point K. Based on the
MOC, the four parts can be solved. In summary, with
the design of the axisymmetric reference flow model,
the field is obtained.

4 Geometric model and numerical method

In this part, a practical case is solved based on
the presented integration method. The size charac-
teristics of the corresponding generated model are
shown in Fig. 10.

The parameters for the reference flow model are
listed in Table 1. In this practical case, the curve AB is
a quadratic curve and B(C; is a cubic curve. Given the
tilt angles ¢y, @s, ¢c, the point coordinates A(x4, 74)
and C(xc2, rc2), and the x-coordinate at point B(xp),
the axisymmetric generating body ABC, can be de-
termined. Note that the condition M(x)=M means
that the Mach number of each point on the body CG is
equivalent to the Mach number at point C.

Table 1 Specific parameters for the reference flow model
Moo P (Pa) Too (K) X4 (m) XB (m) Xc2 (m) Pu (O)
6.0 2511.18 221.649 0.1 128 112 25

2(0) 92 () A% () o) () M) xer(m)

5.5 10 0.0 0.0 Mc 1.0

For the integrated configuration, the front cap-
ture curve (FCC) and lip capture curve (LCC) are
expressed by the projection of the front capture curve
(PFCC) and the projection of the lip capture curve
(PLCC) on the base plane (Fig. 11). The projection
line of the circular entrance is divided into two sec-
tions, PFCC and PLCC, by the two tangents, O;M and
O N. When the two sections are dispersed into several
points, front capture curve points (FCCPs) and lip
capture curve points (LCCPs) are generated by the
intersection of the free streamline with the leading-
edge shock wave at each discrete point. Each FCCP is
connected to form an FCC curve, and each LCCP is
connected to form an LCC curve.

In the reference flow model, the forebody
streamline (FS) can be generated using streamline
tracking from the FCCP to the inlet exit plane. Point 2
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(Fig. 12) is an example of an FCCP. The FS goes
through point 2 until exit-point 3; all the FSs form the
upper surface of the inward turning inlet. The lip
streamline (LS) can also be obtained from the LCCP
using streamline tracking through point 5 until exit-
point 6; all the LSs form the lower surface of the
inward turning inlet. Therefore, the inward turning
inlet consists of the upper and lower surfaces
combined.

473 m
Bottom view
‘jjg '
Side view

Fig. 10 Geometric model of a practical case

Base plane

Fig. 11 Sketch map of the projection line on the base
plane

Base plane
FL 4
.

"“PFCC
FL .4

" PLCC

X

Inlet lip plane

Inlet exit plane

Fig. 12 Design of the forebody streamline (FS) and lip
streamline (LS)

Note that for streamlines other than LCCPs,
except at point D, the lip shock wave is generated at
point U, which is the reflection point of the shock
wave on the lower surface of the inward turning inlet,
and also the intersection point of the LS and the lip
shock wave.

Point 2 (Fig. 13) is an example in the plane that
is parallel to the plane of symmetry; freestream line
(FL) is generated from point 2 to exit-point 7. All the
FLs form the front external surface. Furthermore,
taking point 5 as an example, the lip external surface
profile 5-8 is designed in the same plane. It is de-
termined by the thickness Ad between LS and the lip
external surface profile, expressed as

Ad = Ad(x), xe[xs,xG]. 4)

r Inlet exit
ne

___________________________ 7

0o W

X
Fig. 13 Design of the profiles of the front external surface
and lip external surface

ANSYS Fluent (Ansys Inc., 2010) software is
used to simulate the inviscid flow field using the
Euler equation. As in previous numerical simulation
work of integrated configurations, in this model, a
density-based (coupled) implicit solver is used to
solve the Euler equation. The advection upstream
splitting method (AUSM) is applied to the second-
order spatially accurate upwind scheme of the flux
vector, and the gradient is calculated based on the
least-squares cell-based method. The Courant—
Friedrichs—Lewy (CFL) number is set at 0.2. The
airflow is set as the ideal gas. As mentioned above,
convergence can be achieved after 8456 steps of
iteration.

Fig. 14 illustrates the setting of boundary condi-
tions and the unstructured grid in numerical compu-
tation. Specifically, for this case, inlet 1 is defined as
the pressure far field boundary condition. Moreover,
outlet 1 and outlet 2 are defined as the pressure outlet
boundary condition. Owing to the symmetry of the
geometric configuration, it is sufficient to solve half
of the flow field, which can reduce computational
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complexity. Finally, the number of unstructured grid
cells of the half-model is kept at 2606344. The spec-
ified flight conditions for this case are listed in
Table 2.

S

"
Outlet 1

: /
# Outlet 2

Fig. 14 Setting of boundary conditions and the unstruc-
tured grid in numerical computation

Table 2 Specified flight conditions

Parameter Value
Angle of attack (°) 0
Flight Mach number 6.0
Cruising height (km) 25
Pressure of freestream, p., (Pa) 2511.18
Temperature of freestream, 7., (K) 221.649

5 Numerical simulation and discussion
5.1 Verification of the IARFM

The Mach number contour and the inviscid
non-dimensional pressure contour of the field of the
reference flow model obtained by the MOC are il-
lustrated in Figs. 15 and 16, respectively. Moreover,
Figs. 17 and 18 illustrate the Mach number contour
and the inviscid non-dimensional pressure contour of
the field of the integrated configuration at the plane of
symmetry, respectively. The structure of the flow
field (Figs. 15 and 16) was obtained from the Euler
code. The structures shown in Figs. 17 and 18 were
obtained by the MOC. Clearly, there is no significant
difference between the two structures.

The numerical simulation results shown above
validate the correctness of the design methodology
for the basic flow mode. The performance parameters

of the reference flow model on the design point (in-
viscid condition) are presented in Table 3. Note that
M.y represents the Mach number, and pe,;; represents
the pressure, and pexi/P and Pei/ Py represent the
pressure rise ratio and total pressure recovery, re-
spectively. P represents the total pressure and p rep-
resents the static pressure. All parameters were cal-
culated by means of the area-weighted average
method at the exit plane.

ARTS PR R PRUTY FUUEE FRNEY P02/ FRUEY SRUTY SR PR S p
00 05 1.0 15 2025 3035 40 455055 6.0 6.5
x (m)

Fig. 15 Mach number contour of the reference flow
model obtained by the MOC

0.0 0.5 1.0 1.52.0 25 3.0 3.5 4.04.5 5.0 55 6.0 6.5
x (m)

Fig. 16 Non-dimensional pressure contour of the refer-
ence flow model obtained by the MOC

5.2 Verification of the ITWF

The Mach number contour of the field of the
integrated configuration at the plane of symmetry is
shown in Fig. 17. The inviscid non-dimensional
pressure contour of on-design at the plane of sym-
metry and the four chosen cross-sections of the inte-
grated configuration field are shown in Figs. 18 and
19, respectively. The white dotted line in Fig. 17 and
the red dotted line in Fig. 18 represent the theoretical
design position of the leading-edge shock wave 4,D,
and lip shock wave D;C; at the symmetry plane. It is
clear from Figs. 15 and 18 that the numerical simula-
tion results of the shape and location of the shock
wave are in accordance with those obtained using the
MOC. As expected in the design, the lip shock wave
is eliminated at the shoulder point C;.

At each cross-section in Fig. 19, the red dotted
line shows the theoretical design position of the
leading-edge shock wave at each cross-section. The
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higher pressure air is confined between the shock
wave and the lower surface, which essentially

Table 3 Inviscid performance of the inward turning
waverider forebody/inlet axisymmetric reference flow
mode (JIARFM) and integrated inward turning wa-
verider forebody/inlet ITWF)

Model Mexit pexn/Pso Pexit/PO
IARFM 3.53 18.2 0.88
ITWF 3.52 18.8 0.87

-
| Ma: 0.80 1.80 2.80 3.80 4.80 5.80 6.01

r(m)

x(m)
Fig. 17 Mach number contour in the symmetry plane of
the case

piP,; 1.25 1.55 1.85 215 245 2.75 3.00

achieves full flow capture. This indicates that the
forebody can sit on the leading-edge shock wave on
the design point, which validates the concept pro-
posed herein. Furthermore, the total pressure recovery
coefficient under inviscid conditions can reach the
value of 0.87, which is the area-weighted average
(Fig. 20). This also demonstrates the characteristics
of the high total pressure recovery coefficient of the
inward turning inlet.

j [ 1
[ plp.: 0.00 5.00 10.00 15.00 20.00 21.00

Leading edge shock wave E]

e b L
-1 0 1 2

3
X (m)
Fig. 18 Non-dimensional pressure contour in the sym-
metry plane of the case

pip,; 125 165 205 245 2.85 3.25 3.50

Fig. 19 Inviscid non-dimensional pressure contour at each cross-section of the case
(a) x=1.5 m; (b) x=2.0 m; (¢) »=2.5 m; (d) »=3.0 m
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0.82 0.84 086 0.88 0.90 0.92 0.94

o: 0.78 0.80

;//Q;o‘/‘)\ -
/ e N
\/—/f\\\,o.m 7,///\&
NS TS e T TN P

Fig. 20 Total pressure recovery coefficient in inlet exit
plane

6 Conclusions

In this study, an integrated design method of an
inward turning waverider forebody/inlet axisymmet-
ric reference flow model was developed in which an
integrated configuration was created. The research
work included development of the design method,
numerical simulation of the integrated configuration
and verification of the method. Based on these studies,
we can draw the following conclusions:

1. The axisymmetric reference flow model was
designed based on the MOC. In this model, the in-
ward turning inlet and the external surface were de-
signed and generated simultaneously. During the
design process, we proposed the concept of dividing
the inlet capture curve into FCC and LCC, which we
consider to be of physical significance.

2. The design method of the integrated configu-
ration conforms to aerodynamic principles. In this
paper, the accuracy and validity of the design method
were verified by comparing the results of inviscid
numerical simulation with theoretical design values.
As shown in each cross-section of the ITWF, the
higher pressure air is confined between the shock
wave and the lower surface, which essentially
achieves full flow capture. This indicates that the
forebody of the integrated configuration can sit on the
leading-edge shock wave on the design point (invis-
cid condition).

3. At the plane of symmetry of the integrated
configuration, the numerical simulation results for the
shape and location of the shock wave were in ac-
cordance with the axisymmetric reference flow model.
The results presented above validate the correctness

and feasibility of the design methodology for the
integrated configuration under the inviscid condition.
The numerical results verify that the integrated con-
figuration has high flow capture efficiency and the
designed inlet has a high total pressure recovery co-
efficient.
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