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Abstract: When considering the practical engineering application of a waverider, the on-design and off-design aecrodynamic
characteristics of the design conditions, especially the lift-to-drag ratio and the stability, deserve attention. According to recently
studies, the planform and rear sight shape of a waverider are closely related to the above aerodynamic performance. Thus, the
planform leading-edge profile curve used to design the planform shape of a vehicle is applied to designing an osculating cone
waverider. Two key parameters concerned in planform and rear sight shape, namely the plan view sweep angle of the leading edge
and the dihedral angle of the underside are introduced to the waverider design process. Each parameter is inserted in the control
curve equation. Especially, a parameterization scheme is put forward for the free adjustment of the sweep angle along the leading
edge. Finally, three examples are generated for verification and investigation. After the verification process based on the inviscid
flow field of one case, the influences of the sweep and dihedral angles on the lift-to-drag ratio and the lateral static stability are
evaluated, and meaningful results are obtained. Based on these results, we can conclude that, considering the maximum lift-to-drag
ratio, the sweep angle plays a role on the lift-to-drag ratio only at subsonic and trans/supersonic speed as a negligible effect is
observed at hypersonic speeds, whereas the dihedral angle is seem to produce a relevant difference at hypersonic speeds. Con-
sidering the lateral static stability, the dihedral angles have more influence on the waverider than the sweep angles.

Key words: Osculating cone waverider; Planform leading-edge profile curve; Sweep and dihedral angles; Lift-to-drag ratio;
Lateral static stability
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1 Introduction al., 2009; Rodi, 2011, 2015; Tian et al., 2013; Ding et

al., 2015a, 2015b, 2015c) and optimized (Liu et al.,

The waverider (Nonweiler, 1959; Kuchemann,
1978; Ding et al., 2017; Zhang WH et al., 2019) as a
promising method for a hypersonic vehicle (Liao et
al., 2018; Meng et al., 2019; Wang and Shen, 2019;
Wen et al., 2019; Zhang TT et al., 2019) has several
advantages, such as a high lift-to-drag ratio at hy-
personic speeds (Ding et al., 2015a, 2018). Further-
more, a waverider can be easily parameterized (He et
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2014; Kontogiannis et al., 2015a, 2017) to improve its
aerodynamic characteristics.

The waverider can ride on the shock wave gen-
erated by itself. In other words, the shock wave is
attached to the leading edge when the waverider is
traveling at the design speed. However, there is a
premise that the stream surface solved in the inviscid
basic flow field is used as the undersurface of a wa-
verider. For design convenience, the quickly solved
axisymmetric cone-derived flow field is widely used.
Based on the above solution method, a fundamental
coned-derived waverider (Jones et al., 1968) was
initially put forward and used for hypersonic wa-
verider design. Sobieczky et al. (1990) developed an
osculating cone waverider based on a 3D basic flow
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field assembled by a spanwise 2D conical flow field.
Compared with a cone-derived waverider, the oscu-
lating cone waverider has wider design margins when
considering the 3D non-axisymmetric basic flow
field. The 3D basic flow field used for waverider
design can take other forms with varied aecrodynamic
performances, and not be simply an axisymmetric
flow (Ding et al., 2015d; Kontogiannis et al., 2015b).
Commonly, the shock wave curve has an infinite
radius of curvature along the center part and a finite
radius of curvature along the outboard part. There-
fore, an osculating cone waverider combines the
positive attributes of wedge and conical flow (Liu CZ
etal.,2014; LiuZ etal., 2017a,2017b), and is suitable
for the forebody or wing of a hypersonic vehicle. In
the practical applications of aircraft in the range from
subsonic (Wood and Bauer, 2001) to hypersonic
(Rasmussen, 1997; Walker et al., 2008), research
shows that aerodynamic performance and control
characteristics should not be ignored. Therefore,
various aerodynamic characteristics, especially such
related geometry parameters as the sweep and dihe-
dral angles, are considered in waverider design in this
study.

One key design parameter concerned with lateral
stability, the dihedral angle, has been discussed in
many open source accounts. Hirschel and Weiland
(2009) mentioned a hypersonic vehicle with slight
positive (upward) dihedral of the lower side of the
vehicle. This dihedral shape improves rolling stability
as well as lateral/directional stability. The dihedral
effect (Etkin and Reid, 1996) stability condition
(C15<0) is put forward to prescribe a limit on the re-
lationship between the dihedral angle and the lateral
stability, so that as a consequence of disturbance of
the angle of sideslip the airplane will roll away from
the disturbance and sideslip will decrease (Pezzella et
al., 2014). Computational fluid dynamics (CFD)
aerodynamic data show that the dihedral stability of
HIFiRE 6 changes with Mach number (Adamczak
and Bolender, 2015; Favaloro et al., 2015). Moreover,
an unsuccessful flight demonstration of a hypersonic
technology vehicle (HTV-2) was due to the uncon-
trolled vehicle, and was mainly blamed on the lateral
stability (Walker et al., 2008). In summary, the aer-
odynamic shape design of a hypersonic or wide-
ranged speed vehicle should consider the dihedral
angle as an input parameter.

Strohmeyer et al. (1996) and Strohmeyer (1998)
studied the subsonic/transonic aerodynamic charac-
teristics of two waveriders with different planform
shapes. They found that the aerodynamic efficiency,
namely the rolling moment coefficient of waverider
in subsonic and trans-sonic flow will be improved
with a Gothic planform with combined forebody and
delta wing planforms. Liu CZ et al. (2017) put for-
ward a waverider design method with a double swept
waverider. The research showed that the double swept
waverider with the configurations of a vortex-
generating edge performed well in subsonic charac-
teristics, aerodynamic stability, and nonlinear vortex
lift, while maintaining a high hypersonic lift-to-drag
ratio. It can be inferred that the sweep angle (A)
shown in Fig. 1 plays an important role in the aero-
dynamic performance of a waverider similar to the
dihedral angle (I"). Some key planform shape param-
eters including the sweep angle and the planform area
need to be especially adjusted according to the design
requirements (Liu et al., 2014, 2016; Viviani and
Pezzella, 2015). As shown in Fig. 2, the lower com-
pression surface of a waverider is lofted from a series
of shock-affected streamlines that start at the leading
edge. The leading edge lies on the shock wave. That is
to say, the shock wave attaches to the leading edge
when the waverider flies under the designed condi-
tions (Kontogiannis et al., 2015a; Ding et al., 2018).
To solve the streamlines, a key step is to find the
starting point, namely the leading-edge point at the
leading edge. There are different approaches for ob-
taining this leading edge (Kontogiannis et al., 2015a).
Each approach controls a different aspect of the wa-
verider geometry. Traditionally, the upper surface
profile curve is adopted as the input geometrical curve
to find the leading edge during the waverider design
process (Ding et al., 2015d). However, the planform
shape lying on the leading-edge planform profile
cannot be directly controlled.

He et al. (1993) presented a cone-derived wa-
verider design method. As shown in Fig. 1, the lead-
ing edge is the intersection of the horizontal projec-
tion of the leading-edge planform profile specified as
z=f(x) and the cone-shaped shock wave corresponding
with the dash dotted curve. f; is the shock angle.
Kontogiannis et al. (2015a) collected several wa-
verider design approaches. The planform leading-
edge definition (PLED) was used in an osculating
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cone waverider design process that is similar to He et
al. (1993)’s operation of solving the leading edge. As
illustrated in Figs. 2 and 3, the leading-edge point
may be located by finding the point intersection be-
tween the shock wave trace and the vertical projection
of the leading-edge profile curve on the same oscu-
lating plane. In Fig. 2, Ma,, is the freestream Mach
number. In Fig. 3, a, is the inclination angle between
osculating plane and vertical plane.

Shock cone

Vy

Fig. 1 Cone-derived waverider design method defined by
the leading-edge planform profile

Ma. [N

AN Leading-edge planform curve
\ \\ -(LEPC)
y ! 1
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0 N
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«—|——Shock wave
> & _1— Leading edge

____Lower surface profile
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\\ “~Shock profile curve
(SPC)

Streamline
Lower surface

Fig. 2 Osculating cone waverider design method defined
by the leading-edge planform profile

Considering the association of the aerodynamic
performance with sweep and dihedral angles, two
geometric parameters are introduced to the waverider
design procedure in this research. Firstly, this study
raises an effective solution for locating the osculating
cone waverider leading-edge point. Secondly, to
control the sweep and dihedral angles, this study
redesigns the leading-edge planform profile curve
function and the shock profile curve, taking the above
two parameters into consideration. Thirdly, to vali-
date the design methodology in this study, three wa-

veriders with different sweep angle combination
schemes or dihedral angles are generated. The aero-
dynamic performances of these three waveriders are
then analyzed. In general, the effects of sweep angle
and dihedral angle on the aerodynamic performance,
including lift-to-drag ratio and lateral stability, have
been evaluated and some notable conclusions are
obtained.

Leading-edge planform curve "

x-y <

Local shock wave trace

Local leading-edge point

Vertical projection of leading
edge curve of plane

y-z

Shock profile curve

Fig. 3 Three-dimensional geometrical relations for lo-
cating the leading-edge point on each osculating plane for
a plan view definition of the leading-edge shape

2 Design methodology

2.1 Osculating cone waverider design method
defined by the planform leading edge

This study uses the osculating cone waverider
design method defined by the leading-edge planform
profile, as illustrated in Fig. 2. The leading-edge
planform curve (LEPC) is used to find the leading
edge. As shown in Fig. 2, the 3D leading edge in the
shock wave is the vertical projection of the LEPC.
There is currently no analytic method that has been
developed to solve the intersection between the shock
wave and the horizontal projection of the leading-
edge planform profile curve. Here, the leading edge is
defined by the leading-edge points on several oscu-
lating planes. The shock wave determined by the
shock wave curve is a smooth surface composed of
the shock wave trace on each osculating plane.
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As shown in Fig. 4, a streamline starting from
the leading-edge point is solved in the osculating
plane. The leading-edge point Py is also the intersec-
tion point of the local shock wave trace and the LEPC
on each osculating plane. The coordinate of point S in
the shock profile curve is given in the osculating cone
waverider method. The coordinate of point O, known
as the cone vertex, depends on the geometrical rela-
tionships shown in Fig. 4. W is the width of wa-
verider, and ¢ is the half cone vertex angle of local
osculating cone. The LEPC is defined by the designer.
Moreover, the coordinate of the exclusive leading-
edge point Py (Xie, Vie, Z1e) 18 restricted by Eq. (1) ac-
cording to the geometrical relationships between
points O and S as shown in Fig. 4.

X, €[x,,%5],
Ve €[Vos Y51,
z,, € {max(min(z,, zy),0), min(max(z,, zy), W/ 2)}.

(M

T%'
z
o

X
Local shock~
wave trace

| Local osculating
cone

I — Conical shock

profile curve
Shock profile
curve

Vertical projection of
local shock wave W
trace on plane

Fig. 4 Three-dimensional geometrical relationships for
locating the leading-edge point on each osculating plane

2.2 Design principle

In this study, the osculating cone waverider de-
sign methodology with adjustable sweep and dihedral
angles is put forward. To control the sweep angle
distribution along the leading edge, the LEPC func-
tion is defined by the given spanwise distribution of
the sweep angle. The dihedral angle is introduced to
the shock profile curve function for the purpose of
free adjustment. Considering the practicality of the

waverider, the length and width of the waverider are
thoroughly restricted when adjusting the sweep and
dihedral angles.

2.2.1 Adjustable sweep angle

In general, the leading edge of the waverider is
divided into several segments with different sweep
angle distribution patterns in this study. Thus, the
LEPC function is designed as a piecewise equation
depicted in Eq. (2). 4,(z) is the sweep angle distribu-
tion function along the ith segment of the leading
edge. C is the constant of integration. All the distri-
bution functions of all the segments belong to the
sweep angle distribution function set x, and » is the
number of elements in a set of x. Each subsection of
the LEPC function fi(z) is solved according to A4z).
The definition of sweep angle A is illustrated in Fig. 1.

fi(2) =—J.Zztan/1i(z)+C, ze(z,z,)s
z,=0<-<z, <<z, =W /2, (2)
4(2) e = {A(2)|4(2), 4,(2), -, 4,(2)}.

In order to obtain the analytic expression of fi(z),
A{z) in Eq. (2) is declared to be a constant /4; within
each segment. In Eq. (2), the sweep angle spanwise
distribution x as well as the spanwise coordinate z; of
each subsection knot are predefined. The leading-edge
planform profile curve function is expressed as

-fi(Z)=_tanAi '(Z_Zi)""fi(zi)a Ze(ziazi+1)’
z,=0<<z,< o<z, =W/2,

A ex={4|4,4,,-,4,}.
A3)

For practical application, assuming that the
length Lw of the waverider is also regarded as a con-
straint, which is given by

n

Ly =Y (fi(z)= fi(z.,)- @)

i=1

Through the combination of Egs. (3) and (4), the
constraint equation illustrated in Eq. (5) is obtained:
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L= Z(Zm —z;)-tan 4,
i=1

=0<--<z; <0<z, =W /2, 5)
A ex={A4,4,,-, 4.}
Given the input conditions of 2z and

K:{A|A,,A2,---,An}, Eq. (5) will be an overdeter-

mined function which cannot be solved. For research
convenience, n=2 is applied to Eq. (5). Thus, the
waverider will have a double-sweep leading edge.
The simplification of Eq. (5) is expressed as Eq. (6),
in which z, is set as the unknown parameter:

L=AW,-tan4, + AW, -tan 4,,

AW, =z, -z,

AW, =z, -z, (6)
25475

AW, + AW, :%

However, Eq. (5) can be also duplicated in any
subsection of the leading edge with given length and
width. Therefore, the concept of “fission” at the
leading edge is introduced to expand the application
scope of Eq. (5). In Fig. 5, three classes of waveriders
with n=1, 2, 3, specifying the number of leading-edge
segments, are illustrated. The shape of the waverider
at n=i is referred to as class-i waverider and the class
i+1 waverider is the successor of the class i waverid-
er. The sets of sweep angle distributions #»=1 and 2 are
defined as k={A4,,} and k={A51, A2, }. As in the atomic
fission process, the class-2 waverider is derived from
the class-1 waverider. Thus, the waverider with a
constant sweep (class-1 waverider) angle can derive
countless types of waveriders characterized by
multi-segment and fixed sweep angles. The “fission”
products of the class-i waverider, namely the
class-(i+1) waverider, are differentiated according to
the leading-edge subsection of the class-i waverider.
As shown in Fig. 5, the class-2 waverider only has
one type successor of class-1 waverider due to the
constant sweep angle as x={4;;}. For the class-2
waverider, the leading-edge used for fission process
has two subsections with different sweep angles as
k={/A31, A2, }. For that, the class-3 waverider will have
two types of waverider with the distribution of sweep

angle as k={A43;, 43, A33}. By deduction, there is a
relationship between the numbers of adjacent class
waveriders (k, and k,-;), which is depicted as

k — k}kl ) (2” _ k}kl _ 1)
! 2

, n>1. @)

e Partition point « Increased partition point
-- "Fission- produced" leading edge

n=2 —‘ k=1

v . L
ﬁ**ﬂ

Fig. 5 Waverider fission process

2.2.2 Adjustable dihedral angle

The adjustable dihedral angle is controlled by the
endpoint of the base-plane lower surface profile curve
(Etkin and Reid, 1996), as shown in Figs. 1 and 2. The
dihedral angle is introduced to the shock profile curve
function (Figs. 2 and 4) as an input parameter in the
design process. The detailed design process will be
discussed in the section on parametric modelling.

2.3 Design examples

Based on the design method presented in the
previous section, as shown in Figs. 6 and 7, the ge-
ometries of design examples with different sweep
angles or dihedral angles are generated. As presented
in Fig. 6, two different sweep angle combination
schemes are used in different waveriders with given
length and width. As Fig. 6 denotes, the two wa-
veriders have the same dihedral angle. Furthermore,
the dihedral angle can be adjusted without changing
the sweep angle. As depicted in Fig. 7, positive and
negative dihedral angles are respectively assigned to
two different waveriders. Meanwhile, they have the
same planform contour and the same sweep angle
distribution along the spanwise direction.
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— -
T
s Iz
Base-plane shapes with same dihedral angle |(+)|
W

Fig. 6 Waveriders with different sweep angles (1) and the
same dihedral angle (I

<
=

Planform shapes with same sweep
angle arrangement scheme

Fig. 7 Waveriders with different dihedral angles (I') and
the same sweep angle (A1)

Previously in this study, the concept of an os-
culating cone waverider with adjustable sweep and
dihedral angles has been clarified. For research con-
venience, the LEPC illustrated in Fig. 2 is character-
ized by two constant sweep angles (4, and A4,), as
shown in Fig. 8:

min (tan 4,, tan 4, ) < tan 4

®)

< max (tan A, tan 4, ).

Note that the two different constant sweep an-
gles (4 and A,) are restricted by Eq. (8). 4 in Eq. (8)
implies the aspect ratio of waverider as expressed in
Eq. (9).

LW

tanAd = .
w2

)

The dihedral angle depends on the position of
point P; in Fig. 9, which is also closely related to the
shock wave profile curve (SPC) as illustrated in Fig. 4.
Therefore, the dihedral angle is defined in the SPC
function. As expressed in Eq. (10), the SPC function is
a subsection curve. The inner portion of SPC is a
straight line and the outer portion is a cubic curve:

y=0, 0<|7<L,

; (10)
y=A(z|-L), L<|<w/2.

As illustrated in Fig. 9, L is the half length of the
inner portion of the SPC. W/2 is the half width of the
waverider. Ls and W are given in advance. 4 is an
undetermined coefficient, which is calculated ac-
cording to Eq. (11). 4 is the vertical distance between
points P and O. hy is the vertical distance between
points Py and O. H is the thickness of the waverider
on the symmetric plane as depicted in Figs. 9 and 10.
It can be calculated according to the streamline on the
symmetric plane shown in Fig. 10. Based on the
length of the streamline on symmetric plane which is
also the length of waverider and the given conical
basic flow field, the calculation process of solving the
streamline can be completed.

wi2

Fig. 8 Waverider planform geometric characteristics
curves (right half)

wi2

Py

ho ——

2
B hy

Y

Fig. 9 Waverider geometric characteristics curves on
base plane (right half)
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The radius of the corresponding local cone is
infinite, which means that the streamline on the
symmetric plane is independent of the shock wave
curve function. Thus, the undetermined coefficient 4
in Eq. (10) can be solved without considering the
influence of the parameter H shown in Fig. 10:

A Lwtan,Bs—H+KtanF
g Mmoo 2 . (1)

3 3
w w
(Z_LS Lk
r(m) Streamline on the symmetric plane

A
< LW >

Fig. 10 Illustration of the streamline on the symmetric
plane
7 is the cylinder radial axis in the coordinate system

3 Case verification
3.1 Case design

In the current study, three waverider cases with
adjustable sweep and dihedral angles are generated.
The waveriders are designed at Ma.=6, and f; as the
generating shock wave angle is 12° (f=12°). Ac-
cording to the definition of an osculating cone wa-
verider in Fig. 4, the above input parameters (Ma,,=6,
Ps=12°) are constant on each osculating plane. The
planform shape definition parameters used for ge-
ometry design are listed in Table 1. Ly is set as
L~=0.01W.

Table 1 Planform shape parameters of three waverider
cases

Case Ly(m) Wm) 4 4(C) I
1 6 4.37 75 65 =7
2 6 4.37 80 65 =7
3 6 4.37 75 65 10

The planform and rear view of Cases 1-3 are
illustrated in Figs. 11-13, respectively. As shown in
Figs. 11a and 11b, the leading-edge sweep angles of
Case 1 are 4;=75° and 4,=65°, and the dihedral angle
(I of Case 1 is set as —7° which is also defined as the
positive anhedral angle.

4.37m

(b)

Fig. 11 Shape views and geometrical parameters of Case
1 (half model)
(a) Planform view; (b) Rear view

6m
655

0. .

(a) (b)

4.37m

Fig. 12 Shape views and geometrical parameters of Case
2 (half model)
(a) Planform view; (b) Rear view

\
\
\

(b)

Fig. 13 Shape views and geometrical parameters of Case
3 (half model)
(a) Planform view; (b) Rear view

3.2 Verification of waverider generation

An unstructured Cartesian mesh Euler code has
been employed to numerically simulate the inviscid
flow fields and inviscid aerodynamic performance of
three waverider cases. The numerical simulations
were completed using the reliable commercial soft-
ware program Cart3D (Rodriguez, 2004; Ding et al.,
2015d).

The inviscid dimensionless pressure contours on
different x-coordinate planes of Case 1 under specific
design conditions are shown in Figs. 14 and 15. P, in
Figs. 14 and 15 is the static pressure of the freestream
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flow. As illustrated in Fig. 14, the predicted shock
wave location obtained by the numerical method
matches well with the designed shock wave profile
curve (Fig. 9) denoted as the dashed curve. As pre-
sented in Fig. 15, the high pressure under the wa-
verider on different x-coordinate planes has almost no
leakage to the upper surface. It is obvious that the
waverider can ride on the shock wave under the de-
sign flight condition and the shock wave will remain
attached to the leading-edge across the vehicle. Thus,
the design methodology of an osculating cone wa-
verider is validated based on the above discussion.

.
®%%000c000csccscccccece

Fig. 14 Dimensionless pressure contour of Case 1 on the
base plane

P/P..0.050.190.330.47 0.610.750.891.031.17 1.311.451.59 1.73

Fig. 15 Dimensionless pressure contour of Case 1 on
different x-coordinate planes

4 Performance analysis

The aerodynamic characteristics of the on-
design and off-design characteristics of the three
waveriders are discussed in the following section,
including evaluation of the lift-to-drag ratios and
lateral stability.

4.1 Lift-to-drag ratio comparison

In this section, the influence of the sweep angles
and dihedral angles on the lift-to-drag ratio will be

discussed. Figs. 16—18 show the contrast curves of the
lift-to-drag ratio over attack angles of Cases 1-3 at
different Mach numbers, respectively. As shown in
Figs. 1618, for supersonic and hypersonic speed
stages (Ma=2.0-6.0) at the angles of attack (o) of
0°-8°, all the verification cases will have a larger
lift-to-drag ratio at higher Mach number. The sweep
angle and dihedral angle are shown to make no dif-
ference to the changing rules of lift-to-drag ratio at
different supersonic and hypersonic speed stages.

The sweep angle effect on lift-to-drag ratio
seems to focus on the waverider flying at subsonic
speed. It is found that the differences in lift-to-drag
ratio between low subsonic speeds (Ma=0.3 and 0.5)
and high subsonic speeds (Ma=0.8) shown in Fig. 16
are smaller than those shown in Fig. 17. The decrease
of 4, in Case 1 improves L/D during subsonic speed
regime (Ma=0.3 and 0.5) while keeping L/D rela-
tively stable at Ma=0.8. Comparing the results of
Figs. 16 and 18, the positive dihedral will further
improve the lift-to-drag ratio of the waverider at
Ma=0.3.

To clarify the discussion regarding the effects of
sweep angle and dihedral angle on the lift-to-drag
ratio of a waverider, the comparison of the maximum
lift-to-drag ratios over the Mach numbers of Cases
1-3 is illustrated in Fig. 19. Regarding the maximum
lift-to-drag ratio, Case 1 has advantages over other
cases at subsonic speeds (Ma=0.3-0.8). That is to say,
a smaller 4, improves the lift-to-drag ratio of a wa-
verider in subsonic flight. It is also found that the
decrease in 4, caused little change to the L/D char-
acteristic at supersonic/hypersonic speed. However,
considering the effect of dihedral angle, a distinct
decrease of L/D is observed in Case 3. In terms of
maximum lift-to-drag ratios at different Mach num-
bers shown in Fig. 19, the anhedral angle shown in
Fig. 11b is superior to the dihedral angle shown in
Fig. 13b. As shown in Tables 2 and 3, Cy and Cp are
the lift coefficient and drag coefficient of waverider,
respectively. By comparing the dihedral effect on the
lift and drag coefficients of maximum lift-to-drag
ratios shown in Tables 2 and 3, the dihedral effect on
drag coefficients can be seen to contribute more to the
quantitative difference of maximum lift-to-drag ratio
between the dihedral and anhedral angles at super-
sonic speeds.
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Fig. 16 Curves of lift-to-drag ratio over attack angles of
Case 1 at different Mach numbers
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Fig. 18 Curves of lift-to-drag ratio over attack angles of
Case 3 at different Mach numbers

Table 2 Dihedral effect on lift coefficients of maximum
lift-to-drag ratios
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Fig. 17 Curves of lift-to-drag ratio over attack angles of
Case 2 at different Mach numbers
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Fig. 19 Curves of maximum lift-to-drag ratio over Mach
numbers of Cases 1-3

Table 3 Dihedral effect on drag coefficients of maximum
lift-to-drag ratios

CL_(L/ D )max

CLi(L/D)max

Ma ACL Ma ACp
Case 1 Case 3 Case 1 Case 3

4.0 0.0790 0.0791 0.13% 4.0 0.0125 0.0135 8.00%

5.0 0.0655 0.0664 1.37% 5.0 0.0094 0.0102 8.51%

6.0 0.0565 0.0577 2.12% 6.0 0.0076 0.0083 9.21%

4.2 Lateral stability comparison

The lateral stability Cjg defined in Eq. (12) is
denoted by the derivative of rolling moment coeffi-
cients with respect to the angle of sideslip shown in
Fig. 20.

oc,

a5 (12)

The coefficient Cys is used to evaluate the lateral
stability of a waverider. By definition, a vehicle will
generate a positive sideslip angle with a positive
controlling roll moment (C)). Accordingly, the wa-
verider with negative Cy; is laterally stable. In this
study, the rolling moment coefficient C; of three cases
at 5=0°, 2°, 4° at different attack angles is computed.
The lateral static stability derivative Cig at f=0° is
calculated based on the central difference with the
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rolling moment coefficient C; at f=2° and —2°. Be-
cause of the symmetry of the waverider, the result of
C at f=—2° equals the negative value of C; at p=2°.
The derivative Cyz at f=2° is computed by applying
the central difference scheme between the rolling
moment coefficient C) at f=0° and 4°. Similarly, the
derivative Cjg at f=3° is obtained with the results of G
at f=2° and 4°.

Ax(m)

Fig. 20 Effective sweep angle of left and right wings with
sideslip angle §

In Figs. 21-23, the comparative curves of Cy
(lateral static stability derivative) are shown over
attack angles of the three cases at Ma=6.0. Only Case
3 has laterally static stability at most attack angles
(e>1°). A large attack angle is seen as better for lat-
eral static stability than a small attack angle. Thus, the
dihedral angle is better than the anhedral angle when
considering the lateral static stability of a hypersonic
waverider. In comparison with the sweep angle, the
dihedral angle has a fundamental effect on the lateral
static stability of a waverider.

As shown in Fig. 20, the sideslip angle results in
a change of the effective sweep angle of the left and
right wings. The effective sweep angle of the right
wing is 4—f and the effective speed of the leading
edge becomes Vcos(A—f) which is larger than that of
the left wing Vcos(A+f), where V is the freestream
velocity. Considering the on-design condition with a
hypersonic freestream, a larger effective speed will
result in a stronger shock wave with a much greater
pressure rise after the shock wave. In that case, the lift
of the right wing will be slightly larger than that of the
left wing due to the pressure rise. Thus, a negative roll
moment will be generated at the wings with sweep
angle and will be in favor of improving the lateral
stability of the whole vehicle. As discussed above, a

larger sweep angle will enlarge the difference of ef-
fective speed between the right and left wings. It is
also validated by the CFD result of Case 1 and Case 2
shown in Fig. 22 and Fig. 23 that, increasing the
forebody sweep angle will improve the lateral static
stability of a waverider. However, the waverider with
larger forebody sweep angle is still laterally unstable
over all the calculated flight attack angles. Thus, the
sweep angle has limited influence on the lateral sta-
bility compared to the dihedral angle. According to
the aerodynamic results of Case 3 and Case 1 shown
in Fig. 22 and Fig. 23, the dihedral angle seems to
play a central role in the lateral stability of a
waverider.

As depicted in Fig. 24, a waverider with dihedral
angle will cause a velocity component in the direction
normal to the undersurface. The right wing with the
positive sideslip angle will have a positive additional
effective attack angle (Aa=fI") while the left wing
will have a negative one (Aa=—pI"). The difference of
effective attack angle between left and right wings is
2pI". Thus, the right wing will generate a larger lift
than the left wing with positive sideslip angle. Fur-
thermore, the unbalanced lift will impose a negative
roll moment on the waverider and balance the positive
rolling moment bringing about a positive sideslip
angle. As illustrated in Figs. 22 and 23, the negative
roll moment will be generated only by the waverider
with dihedral angle and it helps to convert the wa-
verider’s lateral static stability from an unstable state
to a stable one. In general, it can be inferred that the
negative roll moment generated by an additional ef-
fective attack angle is larger than the one generated by
changing the effective leading-edge velocity. In the
end, the rolling moment of waverider with a sideslip
angle will be deeply affected by changing the dihedral
angle.

5 Conclusions

This study adopts the osculating cone waverider
methodology defined by the planform leading edge
profile curve and introduces two key design parame-
ters to the waverider design process. The first is the
sweep angle of the planform leading-edge profile
curve, and the other is the dihedral angle of the un-
derside of the waverider. By controlling the above
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Fig. 21 Curves of lateral stability derivative over attack
angles of Cases 1-3 (Ma=6.0, f=0°)
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Fig. 23 Curves of lateral stability derivative over attack

angles of Cases 1- 3 (Ma=6.0, f=3°)

two parameters, we generate three examples of wa-
veriders with different parameter combination
schemes. Through inviscid flow field computation,
the waverider design methodology is verified. The
effects of sweep and dihedral angles on the lift-to-
drag ratio and lateral stability are investigated, and
meaningful results are obtained.

Based on these results, we can conclude that,
considering the maximum lift-to-drag ratio, the sweep
angle plays a role on the lift-to-drag ratio only at
subsonic and trans/supersonic speeds as a negligible
effect is observed at hypersonic speeds, whereas the
dihedral angle is seem to produce a relevant differ-
ence at hypersonic speeds. In addition, the effect of
sweep angle on maximum lift-to-drag ratio is contra-
dictory at subsonic and trans/supersonic speeds. At
the subsonic speed flight stage, the parameter A,
produces higher efficiency at smaller angles.

For waverider design, the dihedral angle is more
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Fig. 22 Curves of lateral stability derivative over attack
angles of Cases 1-3 (Ma=6.0, f=2°)
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Fig. 24 Effective attack angle change caused by sideslip
angle f

important to the lateral stability of a waverider than
the sweep angle. The results show that the dihedral
angle is beneficial for lateral stability.

To improve or control the lateral static stability
of a waverider, the two key parameters in this study
can be adjusted and optimized by various optimiza-
tion methods. Furthermore, the osculating cone
method used in this study is a useful application in the
hypersonic design, which requires further improved
designs and ideas in the future.
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