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Integrated Design of Hypersonic Waveriders
Including Inlets and Tailfins

Sheam-Chyun Lin* and Yu-Shan Luo®
National Taiwan Institute of Technology, Taipei, Taiwan 10772, Republic of China

A generic aerospace vehicle including an airframe, inlet, and tail-wings, is developed by means of the waverider
concept in this paper. The stream surfaces of the hypersonic flow past a cone with both transverse and longitu-
dinal curvatures are used to design the forebody configuration. By suitably choosing the even polynomial stream
surfaces, the airframe, horizontal stabilizers, and inlet can be constructed together. In addition, several small
caret-waveriders are patched on this configuration as the vertical fins for the furnishment of a hypersonic vehicle.
Also calculated are the mass flow rate, lift, drag, and lift-to-drag ratio. Moreover, effects of the various parameters
on the shape and aerodynamic performance of this high-speed vehicle are found and discussed in detail. Hence, an
overall aerodynamic design of a hypersonic vehicle is established in a simple and systematic way.

Nomenclature

= speed of sound

= shock-perturbation factor

= length of right circular cone

= length of waverider

= dynamic pressure, po V2 /2

= distance quantities, r0/£8

= spherical coordinate system

= specific entropy

, V, W = spherical velocity components perturbation associated

with curvature ) ) )
w = velocity components in spherical coordinates

= nondimensional cartesian coordinate system,
x/£8,y/L8

= Cartesian coordinate system

= semivertex angle of the unperturbed shock

semivertex angle of the unperturbed cone body

perturbation parameter (defined as extremely small)

= ratio of shock angle to cone semivertex angle, 8/
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Subscripts

= compression surface quantities
= forebody quantities

= freestream surface quantities
= tailfin quantities

= inlet surface quantities

= inlet left side quantities

= shock wave in base plane

= mth term in expansion

= nth term in expansion

= zero-order, unperturbed flow quantities
= inlet right side quantities

= shock wave

= waverider surface quantities

= freestream condition
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Superscripts

* = quantities proposed in Ref. 8
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Introduction

N recent years, substantial potential demand for a high-speed

civil transport (HSCT) has generated renewed interests in high-
speed and high-lift aerodynamics. Modern design philosophy shows
that a highly integrated configuration including the blending of an
airframe, propulsion unit, and wings usually results in an aerody-
namically efficient design. The complex flowfield around such a
highly integrated configuration is usually too complicated to ana-
lyze adequately and accurately, even using advanced computational
fluid dynamics (CFD) methods. Hence, the establishment and refine-
ment of simplified calculation schemes appropriate for the design
of blended configurations are highly desirable.

One attractive approach for studying the properties of blended
lifting bodies is that of waverider aerodynamics. The aerodynamic
advantage of the waverider is that the high pressure behind the shock
wave under the vehicle doesnot “leak” around the leading edge to the
top surface, so that the lift-to-drag ratio (L /D) for the waverider is
considerably higher than that for the conventional aerodynamic ve-
hicle. Moreover, waveriders yield flowfields and aerodynamic prop-
erties that are accurately known for their particular on-design con-
ditions. Thus, they provide reliable baseline results for a wide range
of Mach numbers and configuration geometries and allow for the
systematic variation of parameters that are pertinent to the design
process.

Because of the concept of construction,! the waverider config-
urations available are the caret waverider’> and the cone-derived
waverider,? for which the exact flowfield solution exists. The major
research efforts are focused on the cone-derived waverider for its
superior performance and volumetric advantage over the caret wa-
verider. Although such configurations are not new, the nonanalytical
and numerically tabulated nature of the flowfield variables rendered
parametric studies impractical for design considerations. In 1980,
however, Rasmussen? utilized an approximate analytical solution,
in the framework of hypersonic small-disturbance theory, together
with perturbation methods to generate a wide class of waverider
configurations stemming from both axisymmetric and nonaxisym-
metric conical flows. This analytical approach led to a number of
papers dealing with optimization, viscous effects, and systematic
construction schemes.>~” The generalization of this approach for
arbitrary small conical perturbations of the flow past a cone with
combined transverse and longitudinal curvature was derived by Lin
and Rasmussen,® and they also demonstrated an increase of the lift-
to-drag ratio. )

Besides the forebody considered in the above works, following
the underlying principle used in the design of a waverider itself,
Hemdan and Jischke® took the stream surface of the flowfield for
the elliptic cone as a solid surface, assumed inviscid flow, and pro-
ceeded to design smooth blended inlets attached to the waverider
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Fig. 1 Upper and lower surfaces of the whole body.

configuration. However, their work was still far from practical appli-
cation because of the lack of complete analytical analysis of aero-
dynamic parameters. Following and extending this idea, Lin and
Luo' generated the integrated inlet for the waverider with com-
bined transverse and longitudinal curvature. Their work includes
the analytical expressions of many aerodynamic characteristics and
an extensive parametric study.

Until now, no attempt has been made to design a generic aerospace
vehicle including an airframe, horizontal stabilizer, vertical fins, and
twin-inlet by waverider concepts. In this paper, a reflexed trailing
edge polynomial together with the approximate analytic solution®
is utilized to generate a forebody configuration with horizontal sta-
bilizers. A suitable choice of a second-order polynomial is used to
design the integrated twin-inlet. Several small caret waveriders are
then patched on the forebody to furnish this hypersonic vehicle.
Using the superposition method, the mass flow rates, lift, drag, and
lift-to-drag ratio can be derived and expressed in a closed form.
Thus, not only the whole configuration of a high-speed vehicle (see
Fig. 1) is designed in a simple and systematic way, but also many
aerodynamic effects of the various parameters on the shapes of each
portion for this vehicle are calculated and studied.

Airframe and Horizontal Stabilizer Generation
Perturbation Flowfield
In spherical coordinates, as shown in Fig. 2, the pointed body with
combined transverse and longitudinal curvature is represented by

0 = 8[1 — e(r/£)"™ cos(ng)] (1)

The transverse curvature is introduced by cos(n¢) of which n is
an integer, and (r/£)" is a function that produces the longitudinal
curvature. It follows that the various flowfield variables are expanded
in power of € as (see Ref. 8 for details)

0 = 8, + €6 (0,) (r/£)" cos(ne) @)
u(r, 05, §) = o(6,) + €Upn (0)(r /)™ cos(ngp) + O(e?)
(1, 05, @) = 0,(6,) + €V (0,)(r/£)" cos(ng) + O(e?)  (3)
$(r, 65, §) = 55 + Co€Spn (6,) (r/)" cos(ng) + O (%)

The basic conical flow variables u,, v,, and s, can be obtained from
the hypersonic small disturbance theory.* The outer expansions (2)
and (3) are substituted into the governing equations. Also the new
variables U, Vx . and U are introduced to simplify these equa-

tions so that

*
Umn = Umn + Hmn Vo

dv,
Vian = V*n emn_ 4
m + d90 ( )
U**k — U* + ags""l
Ty (y = D

Basic Shock:8 =8

— Perturbation Body

Basic Cone: @=§

Fig. 2 Nonconical body produced by perturbation of a cone.

Finally, the general solution is attained as

U@
Vs LG unlAvn + Xun (0]
+ Kn ()‘m{)Gmn [an - Ymn(;)] (5)

where I, and K, are, respectively, the first and second kind modified .
Bessel functions, and
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Rpn = )\m[I,/, (A'm)Amn + K,: (A'm)an]

Body Generation

A nonconical waverider configuration can be constructed by spec-
ifying either the trailing edge of the compression surface in the base
plane, or by specifying the trailing edge of the freestream surface in
the base plane. (The waveriders considered here all have upper sur-
faces parallel to the freestream.) Assume that the curve for the com-
pression trailing edge is specified. Then the shock-layer streamlines
passing through this base curve can be traced upstream to where they
intersect the conical shock (i.e., from point B to point C in Fig. 3).
These streamlines lie in a stream surface that constitutes the com-
pression surface of a new waverider configuration. The conical flow-
field above the intersection line can now be discarded and replaced
by a new freestream surface constructed by tracing undisturbed
freestream streamlines downstream from the shock-intersection line
(from point C to point A in Fig. 3). These streamlines constitute
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Fig. 4 Nondimensional coordinate system in the base plane.

the new freestream surface of the waverider. This freestream sur-
face intersects the base plane and forms a freestream trailing-edge
curve. Thus, specifying the compression surface trailing-edge curve
in the base plane automatically determines the freestream surface
trailing-edge in the base plane. The reverse process is also valid;
and this reverse approach is more convenient for the purpose of this
analysis.

To simplify the analysis, cones with small semivertex angles are
considered so that the nondimensional coordinates are X = x/(£35)
and Y = y/(£8) (see Fig. 4). The waverider freestream trailing-
edge curve in the base plane is described by a function of the form
X = X (Y), which, with some generality, can be specified by the
sixth-order even polynomial

X = Ry + b Y2+ by Y* + beY" (6)

As proposed in Ref. 7, the trailing-edge curves that have two mini-
mums and one maximum are chosen to generate the waverider shape
with horizontal stabilizer. One minimum is at the symmetry plane
Y = 0. Let ¥; be the location of the maximum of X (Y), ¥ be the
location of the second minimum, and Y, > Y. So, the coefficients
b, by, and bg are specified by

bz = 30)%&)% Y;{ b6
by = —3(w} + 3) ¥}, bs/2 o)

(Xg — R/ Y,

b:
6 14 30?w? — 3{w? + w?)/2
1002 1 >

where w) = Y]/Y¢l and wy) = Yz/ Y¢£.

To illustrate the effects for the attachments of inlet and vertical
fins, it is necessary to consider a particular forebody (see Fig. 5) with
the following design conditions: M., = 10, § =8 deg; ¢ =0.1; m
=1;n=2; ¢, =50deg; R, = X¢,/2; w, =0.62; and w, =0.94. In
addition, to smooth the affiliation of vertical fins, a plate freestream
surface (X = Xjy,) is picked to replace the original freestream surface
in the region 0 < Y < Yy,, as shown in Fig. 6 (Yga/Y,, = 0.3).
Obviously, the available location for vertical fins can be varied by
different values of Yg,.

p

Fig. 5 Reflexed trailing edge waverider with curvature.

Fig. 6 Waverider forebody with partial flat-plate freestream surface.
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Fig. 7 Inlet geometric back view.

Inlet Considerations

To simplify the analysis, an infinjtesimally thin inlet wall is con-
sidered here. Its presence, therefore, will not affect the flowfield; i.e.,
the flow will tend to move easily past the inlet without producing
any disturbance. Following the aforementioned approach used to
develop the waverider configuration for a framebody, the inlet will
be constructed from the same flowfield. Also, air flowing through
the stream tube, confined by the waverider and the inlet compression
stream surfaces, will be the oncoming flow for the propulsion unit.

A second-order even polynomial is used to specify the inlet
freestream trailing-edge curve in the base plane (see Fig. 7)

X' =R, + b ®)

The X', Y’ coordinates can be translated to the X, Y coordinates by
the relationship X’ = X and Y’ = Y — Y,. It follows that the inlet
freestream trailing-edge curve can be rewritten as

X =R, + bpp(Y — Y)° ©)]
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It is useful to introduce two parameters ¢ and ¢, to specify the
right and left limits of the inlet. Also, to obtain the stream tube of
the inlet, both the waverider freestream trailing-edge curve and the
inlet trailing-edge curve must pass through the points (Xy,, Y5, )
and (Xy,, Y,,) when ¢ = ¢g and ¢ = ¢, respectively. Therefore,
the conditions below must be satisfied

Xugr = Xigg

Yupe = Yigg Xug, = Xig, (10

Yus, = Yig, (1

where subscripts w and i represent the properties of the waverider
and the inlet, respectively. After some algebraic calculations, it is
easy to show that
X Xe Yp+Yo
© 2bp(Yr — Y1) 2

(12)

In summary, parameter R;, is specified to control the inlet thickness
and the position and width of an inlet are designated by the two
variables ¢z and ¢;. )

Because the inlet length depends on the length of the propulsion
unit, it is not necessary to take the whole inlet compression surface;
i.e., from shock-intersection line to base plane, as the inlet wall. To
control the inlet length, the fractional parameter (r;/£) is chosen
in the following analyses. Physically speaking, the region (r;/£)
> (r/2) is utilized as the actual inlet wall, while the front portion of
the inlet compression surface is discarded.

Vertical Fin Geometry

As stated previously, the caret-waverider derived from a two-
dimensional flow past an infinite wedge is used as the vertical fins.
A typical caret-waverider is shown in Fig. 8. The relation between
wedge angle 85, and shock angle Bg, is obtained as

M2 sin® B, — 1
1+ {[(y + 1)/2] = sin® B} M2

tan 84, = cot Ban (13)

With the aid of hypersonic small-disturbance approximation,'! the
preceding relation can be rewritten in the form

2
sin Bay, y+1 y +1 1
= + + 14
sin 8ﬁn 4 \/7< 4 Mgo Sinz 8ﬁn ( )

Also, the length of the vertical fin is expressed as

€an = Wiy /[2 sin Bgn tan(Psin/2) ] (15)

As mentioned in the previous section, the upper surface of the
forebody is replaced by a plate freestream surface in region 0 < Y
< Yin, SO it is easy to place two caret-waveriders on the upper
surface; thereafter, a forebody with vertical fins is constructed. The
controlling parameters of its position and shape are demonstrated
in Fig. 9. Note that these two fins will merge into one vertical fin
for the case: sgn = Yo and ¢, = /2.

Fig. 8 Caret waverider solid geometry.
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Fig. 9 Vertical fins geometry.

Aerodynamic Performance
Mass Flow Rate of Inlet
In principle, the mass flow rate will be given by

mass ﬂowrate://pV-dA (16)

As derived in Ref. 8, the analytic approximate expressions for den-
sity and velocity inside the shock-layer are very complicated, so
the integration of Eq. (16) is intractable. To avoid this difficulty,
a simple alternative proposed in Ref. 10 is adopted in this paper.
As discussed earlier, the inlet portion confined by the compression
stream surfaces of the waverider and inlet wall can be treated as a
stream tube, and thus the mass flow rate of this stream tube is tan-
tamount to the mass flow rate of the inlet. Because of the definition
of stream surfaces, the identical mass flow rate can be obtained in
any cross section of this stream tube.

Obviously, the desirable location should be selected in a free-
stream region where the density and velocity are kept as constant
values. To achieve this, we extend this stream tube forward to where
it intersects with the shock, and evaluate the mass flow rate over that
particular cross section (see section A;s in Fig. 10). Therefore, the
mass flow rate is easily obtained as the product of the cross section
area A;y, freestream density, and velocity

mass flow rate = po, Vo Ajf {an

Note that the direction of this cross section area A, is in parallel
with the freestream flowfield. Furthermore, according to the con-
struction principle of waveriders, the freestream and compression
stream surfaces share the same leading edge, which is the inter-
section line of shock and stream tube; it follows that the lower
curve of A;; can be replaced by the leading edge of the inlet
freestream surface. Therefore, the projection of cross section A;s
on the base plane will be the area A confined by the freestream
trailing-edge curve of the waverider and the inlet, as shown in
Fig. 10.

In conclusion, with the aid of the freestream trailing-edge curve
for the waverider and inlet, the useful cross-section area of the stream
tube can be expressed as

Yor
A=A,-f=2/ (X, — X;)dY (18)
Y,I,L

For convenience, a nondimensional mass flow rate parameter is
defined as

. mass flow rate

19
Poo Vool (19

Lift-to-Drag Ratio

Lift and drag of the waverider configurations can be obtained
by means of the integral momentum equations for inviscid flow.!!
This process reduces the formulas for lift L and wave drag D,, to
area integrals over the shock-layer area between the body and shock
in the base plane. Recall that the complete vehicle configuration
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Fig. 10 Inlet stream tube side view.

is composed of two sections—the forebody and the vertical fins.
For this complete vehicle configuration (only the afterbody is not
included), these expressions are related to a cone-derived waverider
and are expressed as (see Ref. 10 for details)

: ] B
LF=445232[ / / F1(0,, #)d0, do
(4 Och
$r pB oL pB
+f f F1(0,,,¢)d90d¢+[ fFl(eo,qs)deaw
oL Ybich 0 Ocp

dr B
+(rs/f)2(/ / F1(6,, ¢) d9, do
. \¢L Och

(2

¢r pB
- f / F1(6,, ¢)db, d¢)] (20)
oL Jbich

¢ pB
Dur = 2qe232[ f f F2(6,, $)d6, d¢
or Y Ocp '

ci

ér pB oL B
+/_ / F2(6,, ¢) do, d¢+f / F2(0,, ¢) df, d¢
oL Y bich 0 [
¢r B
+ (rf/f)z(/ f F2(6,, ¢) do, do
oL Och
¢r B
—f / F20,, ¢)db, d¢>:| 21
oL Yoich

where

p(ﬂ)

F1(6,, ¢) = cos(q)) +e€L)

F2(6., )

2
[P(ﬁ) (2+ ln (’3 ) _ S +eD:, cos(nd’))]ea
Poo 8

% d6nn emn 0, emn Viun
Lmn = | Pmn + + + - +

a6, 8, s\ 8 Vs

X cos(¢p) cos(ng) — g sin(¢) sin(ng)

2 N
Po Cp,, Onn B
D! =|—(2+4l~=)~—
mn [poo( + 902) > ][90 + o,

In the second part, caret waveriders are utilized as the vertical fins.
Thus, the lift and wave drag are given by

2qWﬁn£ﬁn 2 .2
Loy =2 ————m(M n— 1 22
wet e s a9 e
Dysin = Ly tan 8, (23)

To calculate the total lift and drag of the whole configuration,
the quantities associated with the preceding two portions should be
summed together to yield

L = L — Lgq sin ¢ /2 (24)
D, = Dll_lF + Duyfin (25)
The total drag is determined by

D=D,+D;+D, 26)
Here, D,, is the inviscid wave drag on the forebody. The friction drag
Dy is represented by ¢C S, where S, is the forebody wetted area,
and Cy is an average skin-friction coefficient. Here, C; = 0.001
was chosen for the parametric study in the next section. The base
drag D, is ignored and set to zero in the subsequent analysis (this

is tantamount to assuming that the base pressure is P,).

With regard to the total wetted area S,, of the forebody, it is
determined by the geometry of the waverider and can be expressed as

Sw = Suyu + Swl (27)

where the upper wetted area S,,, is specified as
RLR;

" &5 ) 12
Swou = 2£°8 1-Z1lzc+ ——= d
./0 L ][ (B2, — 1) (0% 1)] i’

+262./ (Bin — 86n)* + BE, tan*(Psa/2) (28)

and the lower wetted area S, is given by

e
w —2( 5 cb " tch R2
' (LR/[be—1+x+ o
~1+ X ] dX d¢
tchzcb 2 v
+ R _1+X+chb_l+X dX d¢
oL ich
oL R2 R 172
/ f [RZ ich 1lix +R2, — 1+x2] dX d¢
icb
o prift R R 172
/ / [R2 “b1+X+R§,,—1+X2] dx d¢
.73 cb

¢r  prilt R2 Rz 1/2
i — L R2 —1+X?| dXd¢
oL R, — 1+X

. 29

where
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Parametric Analysis

Parametric analyses are performed to determine the aerodynamic
characteristics influenced by the additions of inlet and vertical fins.
To illustrate the parametric study, a particular forebody configura-
tion with horizontal stabilizers is considered; it is constructed of
a sixth-order freestream trailing-edge curve with reflexed trailing
edge and with the following design conditions: My = 10; § = 8
deg; ¢, =50deg; R, = Xy, /2;m=1;,n=2;€ =0.1; w; =0.62;
wy = 0.94; Ygn/ ¥y, = 0.3. This type of waverider configuration has
been extensively discussed in Ref. 7.

The previous section has shown that four important parameters
(Rio, Pr, @1, ri/£) control the inlet shape. Also, there are three
parameters (8ga, Prn, Sfin) fOr the variation of vertical-fins geometry.
The influence of the parameters on the aerodynamic forces will be
discussed in detail in the following subsections.

Influence of Inlets Added

The inlet thicknes is controlled directly by R;, (increasing R;,
thickens the inlet). Moreover, the cross section area of an inlet en-
larges with an increase in R;,. It follows that the mass flow rate of
the inlet also increases with R;,. According to the characteristics of
conical flow, the pressure is greater at the body than at the shock.
Thus, increasing R;, results in decreasing pressure on the inlet wall
and, consequently, both the lift and the wave drag will decrease.
Conversely, the wetted area enlarges as the inlet shape thickens;
thus, the friction drag Dy increases with R;,. In summary, the lift
decreases more than the drag, which produces a decrease in L/D,
as demonstrated in Table 1.

The cross section area and mass flow rate of an inlet become larger
as ¢ increases or ¢; decreases. Similarly, the lift-to-drag ratio
decreases as ¢y increases or ¢, decreases. The fraction parameter
r; /€ is designed to control the inlet length. Only the portion of (r/£)
> (r; /£) is related to the inlet wall; thus, the inlet becomes shorter
as r; /£ increases. When r; /£ reaches unity, the inlet unit disappears.
From the foregoing discussion, the inlet portion can be treated as
a stream tube; hence, a constant mass flow rate is expected and is
independent of the length of the inlet. Note that this conclusion is
only valid for an inviscid flow. Therefore, the variation of r; /£ would

Table 1 Properties of waverider with inlet for various parameters

Ry ¢r, deg R, deg ri/t m L/q L/D

0.90 5 25 0.90 0.00495 0.09878 6.0923
0.95 5 25 0.90 0.00640 0.09800 6.0645
1.00 5 25 0.90 0.00783 0.09725 6.0357
0.90 0 25 0.90 0.00681 0.09814 6.0802
0.90 5 25 0.90 0.00495 0.09878 6.0923
0.90 10 25 . 0.90 0.00303 0.09943 6.1133
0.90 5 15 0.90 0.00316 0.10062 6.1242
0.90 5 20 0.90 0.00484 0.09999 6.1072
0.90 5 25 0.90 0.00495 0.09878 6.0923
0.90 5 25 0.90 0.00495 0.09878 6.0923
0.90 5 25 0.95 0.00495 0.10027 6.1328
0.90 5 25 1.00 0.00495 0.10183 6.1745

Table 2 Properties of waverider with inlet and vertical fins for
various parameters

S, deg  fpn.deg  San/Ymn Llq . D/q L/D

1 60 2/3 0.09833 0.01680 5.8540
2 60 2/3 0.09786 0.01674 5.8467
3 60 2/3 0.09740 1.01674 5.8185
3 50 2/3 0.09775 001672  5.8448
3 60 2/3 0.09740 0.01674 5.8185
3 70 2/3 0.09707 0.01675 5.7957
3 60 73 0.09809 0.01638 5.9879
3 60 23 009740 001674  5.8185
3 60 1 009672 001729  5.5937

Table 3 Properties of waverider with single vertical fin or
vertical flat plate

8fin Pfin Stin/ Yo L/q D/q L/D
1 90 1 0.09767 0.01733 5.6360
—_ 90 1 0.09878 ) 0.01680 5.87902
90 1 0.09654 0.01725 5.5970
—_— 90 1 0.09878 0.01674 5.8991b
3 90 1 0.09541 0.01726 5.5274
—_— 90 1 0.09878 0.01669 5.9170°¢

2Height and length of vertical flat plate are equal to 85, = 1 deg case.
YHeight and length of vertical flat plate are equal to 85, = 2 deg case.
°Height and length of vertical flat plate are equal to 85, = 3 deg case.

Fig. 11 Typical conﬁgfation with combined inlets and vertical fins, top
view and back view.

not change the mass flow rate of the inlet. However, the increase of
r; /€ causes a shorter inlet section, which has smaller frictional drag.
With the unchanged lift force, an increase in L/D is obtained for
increasing r; /£. The results above also can be found in Table 1.

Influence of Vertical Fins Added

As described in Egs. (24) and (25), the total lift and drag vary
with the lift introduced by vertical fins (i.e., Lg,). Also, in principle,
the lift vector of a caret waverider could be acting in a positive or
negative direction for different attachments of vertical fins. For a
reasonable simulation, as shown in Fig. 9, the total lift will decrease
and total drag will increase when two caret waveriders are attached
on the forebody as vertical fins. It follows that vertical fins have
a negative influence on lift-to-drag ratio for the complete vehicle
configuration. Also, it should be kept in mind that the lift of a caret
waverider becomes larger as the size of the vertical fins enlarges
(that is 84y, Prn, and sg, increase). Conversely, the total lift and lift-
to-drag ratio of the complete vehicle decrease with a larger vertical
fin. Table 2 offers data to support these arguments (where R;, = 0.9;
dr =25 deg; ¢, =5 deg; r; /€ =0.9).

As mentioned in the previous section, two caret waveriders will
merge into one vertical fin for sz, = Y5, and ¢g, = 90 deg. Then
the geometry of the vertical fin is only dependent on the variation
of wedge angle &5,. An increase of 85, causes a thickened caret-
waverider vertical fin that results in a more negative effect on lift
because of a stronger shock wave. This conclusion can be found in
Table 3. Also, it is worthwhile to consider a flat plate for the vertical
fin, which can be obtained when the thickness factor 85, mears zero.
The wetted area (i.e., skin friction) would be added, while the lift
would not be affected. Thus, the lift and lift-to-drag ratio will reach
the maximum, as demonstrated in Table 3. Nevertheless, this flat-
plat vertical fin might not be realistic from a practical point of view.
Figure 11 presents a complete vehicle configuration designed in this
study with the design conditions as: R;, = 0.9; ¢z = 25 deg; ¢,
=S5deg; r;/£ =0.9; 8z, = 3 deg; ¢r, = 60 deg; and sqn/ Yin = 2/3.

Concluding Remarks
A simple and systematic design scheme has been established in
this study for a complete vehicle configuration including the frame-
body, horizontal stabilizers, inlets, and vertical fins. The inlet is
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attached to the waverider configuration and is positioned to capture
a favorable flow into the engine; thus, the design of the inlet for the
scramjet is simplified. The horizontal stabilizer and vertical fins are
also constructed together for the completion of a generic aerospace
vehicle. Furthermore, the design scheme offers an explicit, approx-
imate, analytical form for both aerodynamic performance and geo-
metric factors. These results can be used to perform systematic and
parametric studies.
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