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Waverider Configurations Derived from
Inclined Circular and Elliptic Cones

Maurice L. Rasmussen*
University of Oklahoma, Norman, Okla.

Lifting-body waverider configurations, with curved surfaces and known pressure fields and shock-layer
structures, are constructed from stream surfaces generated by means of supersonic flows past inclined circular
and elliptic cones. The conical flowfields are perturbations of the basic axisymmetric cone flow arising from
small angle of attack and small cross-sectional eccentricity. The approximate results are analytic and in the form
of hypersonic small-disturbance theory. Formulas are presented that determine how the Mach number, angle of
attack,  cross-sectional eccentricity, and characteristic cone angle affect the waverider shape, pressure

distribution, and shock-layer structure.

Nomenclature

=tangent of semivertex angle of semiminor axis

=tangent of semivertex angle of semimajor axis

=eccentricity factor for elliptic cone, Eq. (2b)

=angle-of-attack shock eccentricity factor

=elliptic-cone shock eccentricity factor

=hypersonic similarity parameter = M ,é

=freestream Mach number

Do =pressure for basic circular cone

P, =perturbation pressure for angle of attack

D, =perturbation pressure for cross-sectional

eccentricity

r,6,¢ =spherical curvilinear coordinates

K =entropy

UV - =radial and polar velocity components associated
with basic circular cone

=spherical velocity-component perturbations
associated with angle of attack

=spherical velocity-component perturbations
associated with elliptic cone

Ve = freestream velocity

w* = azimuthal velocity function, Eq. (15)

=angle of attack

=shock angle for basic cone

=shock angle for wedge

=ratio of specific heats

=semivertex angle of basic circular cone, Eq. (4a)

=perturbation parameter for cross-sectional
eccentricity, Eq. (4b) )

=density ratio across basic shock =(¢? — 1) /g2

=lip angle of waverider

=density v

=streamsurface location on the shock

=8/4, Eq. (6)

=polar angle for elliptic cone, Eq. (1) or (3)

=mean cone angle, Eq. (2a)

=shock angle, Eq. (5)
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Intfoduction

HE design of an aircraft for high supersonic flight that

achieves desirable aerodynamic behavior and still
accommodates such demands as propulsion, structures,
materials, and operations is a very challenging task. The
requirements of such hypersonic aircraft are discussed by
Kiichemann! and by Kichemann and Weber.2 When the
Mach numbers are sufficiently high that the flow disturbances
are intrinsically nonlinear, a treatment of the problem by
means of linearized theory is not appropriate. A generalized
study of the problem by means of numerical solutions of the
nonlinear governing equations of fluid mechanics is very
formidable indeed. For this reason the few known exact
solutions for flows past elementary geometries are extremely
important. These basic exact solutions provide insight and a
knowledge of fundamental physical features associated with
high-speed flow. In addition, they can also be used as building
blocks for flows past more complex geometries.

A basic scheme for deriving exact solutions for three-
dimensional lifting bodies by means of simple two-
dimensional wedge flows was set forth by Nonweiler.? These
results were elaborated upon by Venn and Flower,4 Nardo,?
and others. The simplest configurations thus derived are
called caret wings, or caret waveriders, because of their caret
shape. Because these aerodynamic shapes are derived from
basic two-dimensional flows, they generally involve flat
surfaces and concomitant sharp corners where these surfaces
intersect. These sharp corners may be undesirable when
factors such as viscous and heating effects are taken into
account.

Corresponding to the flat surfaces generated by the basic
wedge-shock flow, curved surfaces can be generated by
utilization of the stream surfaces associated with the
axisymmetric supersonic flow past a circular cone. Such -
surfaces were devised by Jones$ and Woods.” These con-
structions generate curved surfaces and curved shocks that are
attached to sharp leading edges. The flows for both the cone-
generated surfaces and the wedge-generated surfaces can be
classified as conical flows.

Besides the axisymmetrical conical flows, there are also
conical flows associated with inclined circular cones and with
noncircular cones. These flows generate stream surfaces that
could be attractive for constructions of lifting bodies with
curved surfaces. The analytical description of these flows, as
contrasted with a numerical description, generally involves a
perturbation analysis of the basic axisymmetric circular-cone
flow. A straight-forward perturbation analysis is not
uniformly valid in all the variables, but fails in a vortical layer
adjacent to the body surface. The pressure and azimuthal



538 M.L. RASMUSSEN

velocity, however, are uniformly valid across the vortical
layer.%10 This is very important because the azimuthal per-
turbation velocity is pertinent in determining the stream
surfaces of the flowfield, and the pressure is important in
determining the relevant forces on the surfaces. Thus the first-
order straight forward perturbation expansion, while being
suspect at first glance, is thus pertinent in determining the
stream surfaces and related forces on waverider con-
figurations generated by the perturbation results. The object
of this investigation is to generate various waverider con-
figurations by means of angle-of-attack and cross-sectional
eccentricity perturbations of the basic axisymmetric cone
flow.

The present study rests heavily on the fact that approximate
analytical expressions are available for the perturbed flows
past circular!12 and elliptic!®»!4 cones at small angle of at-
tack. These results allow for an analytical, as opposed to a
numerical, investigation to be performed that leads to results
that are simple and easily understood. The effects of
freestream Mach number, pertinent cone angle, angle of
attack, cross-sectional eccentricity, and ratio of specific heats
on the shock shape, shock-layer structure, stream-surface
shape, and surface conditions can be readily established.
Although the results are approximate, they are accurate
enough for the parametric and design considerations that are
of primary concern here. When the trends and concepts have
become clear, more precise and elaborate schemes of analysis
can be undertaken for numerical accuracy.!?

The main concern of this paper is the generation of stream
surfaces that can be used as solid surfaces in lifting-body
waverider configurations. How the pressure distributions can
be obtained will be outlined, but actual lift, drag, and
moment results will not be presented here. Such results, and
other results of interest such as reported by Squire, ¢ will be
the subject of further research. At this stage it can be stated
that the lift-drag ratios for the waveriders with freestream
upper surfaces are significantly higher than the conical bodies
from which they are derived.

General Considerations for Conical Flows

Coordinates and Geometry

Consider the perturbation analysis of conical flows past
slender elliptic cones at small angles of attack.!*!4 Spherical
coordinates in a body-fixed system are shown in Fig. 1. Let
a=tan9, and b=tanO, be the semivertex angles of the
semiminor and semimajor axes of the elliptic cone. Then the
elliptic cone is described by \

tan®, = (tan®B,,) /v I +ecos2¢ ‘ )
where
tan®,, =V2ab/Na? +b? =bVI—e=aVl+e=ab(l—e?) %
‘ . 2

e=(b2—-a?)/(b?+a?)
The parameter e is a measure of the eccentricity of the elliptic
cone. For small eccentricities Eq. (1) can be expanded in a
Fourier series, the first two terms of which are
O,.=06—e€cos2¢+0(e?) 3)

where

8=0, + (¢?/32) [3—25in?0,,]5in20,, + 0(e*) @

e=(e/4) {1+ (e2/32)[15—20s5in?0,, +8sin“0,, ]

+0(e*) }sin20,,
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PERTURBED SHOCK:
e 0

A 8= B+agcos - egcos 2¢p

ZBASlc CONE CER:}

PERTURBED CONE : 8 = 8-~ ecos 2¢p
Fig.1 Cone coordinates and geometry.

The parameter ¢ is a new measure of the eccentricity and is the
appropriate small parameter in a perturbation procedure. The
parameter & specifies the semivertex angle of the basic circular
cone about which the perturbation expansion is performed.

For small « and e the conical shock wave attached to the
elliptic cone has the form 13:14

O, =6+ agcos¢ —egcos2¢ )

where
B/é=1(y+1)/2+1/K3] % 6)

and K;=M_é is the hypersonic similarity parameter. The
parameters £ and g are the shock eccentricity factors
associated with angle of attack and elliptic cone eccentricity.
They are functions of K; and are shown in Fig. 2. Analytic
expressions are given in the Appendix. .

The Shock-Layer Structure

Let u, v, and w denote the r,0, and ¢ spherical components
of velocity, and let p denote the pressure. Outside the surface
vortical layer and the viscous boundary layer, the variables
have the following first-order expansions for small o and e:

u(0,¢) =uy(0) +oai,(0)cos¢ +eu,(0)cos¢
v(6,9)
w(B,¢) =

p(6,9) =p,(O)

=0,(0)  +ai,(0)cos +ev, (©) cos 26
Y]

aw;(0) sing +ew,;(0) sin 2¢
+0p;(0) cosdp +ep,(O) cos 2

The lowest-order terms in the expansions, with the subscript
zero, pertain to the basic-cone solution. The first-order terms
with the tilde notation pertain to the angle-of-attack per-
turbation, and the first-order terms without the tilde notation
pertain to the elliptic-cone eccentricity perturbation.. The
pressure and the azimuthal velocity components, W, (0) and
w;(©), are uniformly valid across the vortical layer.?

To lowest order in « and ¢, only the azimuthal velocity
components W, (6) and w,(0) are important in determining
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Fig.3a Angle-of-attack azimuthal velocity perturbation.
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Fig. 3b Cross-sectional eccentricity azimuthal velocity perturbation.
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the stream surfaces. The functions W, and w, are plotted in
Figs. 3a and b as a function of the normalized coordinate

6=(0-08)/(B-90) ®

and the parameter K;. At the cone surface, 6 =0, and at the
shock, © =1, correct to within the first-order analysis. All the
perturbation variables are summarized in Ref. 17.

Conical Stream Surfaces

The vector equation for a streamline, ¥'xds=0, can be
written in spherical coordinates as

dr _ rd© _rsinfd¢
u(0,6) v(6,4) w(6,9)

®

The conical stream surfaces are determined by the last two
terms of Eq. (9). For small angles and to lowest order, Eq. (9)
leads to

o do
Ov,(0) oW, (0)sin+ew, (O)sin2¢

(10

To lowest order, only the zeroth-order polar velocity, v,(0),
for the basic cone and the uniformly valid azimuthal per-
turbation velocities, w,;(©) and w,(©), enter the analysis.
Even though these velocity functions are known, it does not
appear possible to obtain an integral of Eq. (10) analytically.
In the cases when « or e vanish separately, the variables in Eq.
(10) can be separated, and integration can then be obtained at
least by quadratures.

The polar velocity, v,(0), can be approximated accurately
for small angles by !1-1418

ve(0)=-V,0(1-62/06%) (11
Other formulas for the basic-cone flow and the perturbed
flow are sumrnarized in the Appendix.
Approximation for the Stream Surfaces

Preliminary Considerations
It is first useful to rewrite Eq. (10) in the form

aw,(0) +2ew,(8) = do
V. (02 -62) T sing[k;(0) +k,(0)cose]

(12)
where without loss in order of accuracy 6 in Eq. (11) was
replaced by

O.=86—ecos2¢ (13)

and where

oW, (0)
aWw;(0) +2ew,(O)

2ew; (0)
aw, (0) +2ew,; (0)

14

When e=0, that is, the limiting case of a circular cone at angle
of attack, then k;=1 and k,=0 and the variables are
separable in Eq. (12), and integration is possible at least by
quadratures. When a=0, that is, the limiting case of an
elliptic cone aligned with the freestream, then k;=0 and
k=1, then integration by quadratures is again possible if ©,
is treated as a constant, which is permissible to the order of
accuracy involved in the perturbation analysis. When « and ¢
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Fig. 4 Azimuthal velocity ratios at shock and body.

are not both zero, Eq. (12) is singular when the combination
w*(0,6) =k; +k,cosd 15)

vanishes in the shock layer. The azimuthal location ¢=¢,
where w* vanishes is determined by

j“_wl(e)

" 2e w;(©) (16)

cosoy =

which describes a conical surface in the windward side of the
shock layer. This surface intersects the body conical surface at
the position ¢, = ¢, determined by

€050 = T 2e W (8,) T 2e w, () an

The ratio w;(8)/w,(0) is shown in Fig. 4 for the limiting
values of ©=0_=4§ (body) and ©=0;=p (shock). Between
the body cone and the surface w* =0 the azimuthal velocity is
positive, and it is negative between the w* =0 surface and the
shock surface, such as illustrated in Fig. Sa.

It is useful to obtain an approximate integration of Eq. (12)
by quadratures by treating k; and k, as constants. Experience
shows that the best values to use for these constants are the
values at the body, that is, k; =k, (8) and k, =k, (8). For this
choice, the body surface conditions are correctly given, which
is especially important for the position of the intersection of
the windward-leeward dividing stream surface with the body,
denoted by ¢,. -

Although rational approximations for w;(©) and w,(0)
exist, 214 they do not lend themselves to analytical forms for
the integrals of Eq. (12). It is useful to use these results,
however, for simple approximations valid across the shock
layer. Figures 3a and b suggest the following representations
for w,(©) and w,(O):

Ww,(0)=A+6,8/0 18)

where

oW, (B) =W, (8) - o[, (8) —W,(B)]

A= oy B= p— (19)
and |
w,(0)=A+0_.B/0 (20)
where'
A= B = ®) g dw @ =wB]

o—1 o—1
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Fig. 5a Stream surfaces for inclined elliptic cone.

Kg=13
¢ as8=02

y =14

Fig. Sb  Stream surfaces for inclined circular cone.

KS =13

é f—{ €/8 = Q1

Fig. 5¢ Stream surfaces for aligned elliptic cone.

and o= (/4 is the basic shock-body angle ratio defined by Eq.
(6). These approximations give the correct values at the shock
and body surfaces to within first-order accuracy for small «
and e. The values of Ww;(B), w,;(8), w;(B), and w,(J) are
given in the Appendix as functions of the similarity parameter
K;=M_,5b.
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Conical Stream Surfaces

With the approximate formulas (18) and (19) for the
azimuthal velocities and with k; and k, approximated by the
body values, Eq. (12) can be integrated from the shock
location ¢ = ¢, and the result written in the form

[e-—ec 9;]/21+k1 [e+ec _9_;‘]E2+k2

0:-06: o 0r+06* ©
=[tan(q&/s) ]ks [{?,csc¢+k,cot¢ ]ks @2)
tan(¢,/2) kicscog +k cote,
‘where
i ____I_CY_WI(5) i=— a (o+1)w,(8) —20w,;(B)
=26 Vv, 2= 2(e—-1)V,
P € w,(6) P € (c+1)w;(8) —20w,(B)
! 5 V., 270 (c=1)V,

ks=k,/(k—k))  ke=k,/(k,—k,)

Or=0—€0052¢, O}=B+agcosd, —egcos2¢, (23)
The right side of Eq. (22) is independent of ©, whereas the left
side depends on both © and ¢, the dependence on ¢ arising
from ©_. The dependence of the left side on ¢ is weak when ¢
is small, and hence the relation between © and ¢ can be
calculated with only a few iterations when e is small, and

. directly when e=0. When ¢ and « vanish separately, ex-
pression (22) reduces to the results obtainable from Eq. (12)
when k; and k, are not restricted to their body-surface values.
If the conditions are such that k, =k, then the appropriate
limit must be taken on the right side of Eq. (22), which
corresponds to setting k; =k, in the original equation (12).
Equation (22) can be expected to give a good qualitative
description of the stream-surface shapes for small « and e,

Maximum-Entropy Surface

Outside the vortical and viscous boundary layers, the
. entropy has the expansion

.8(0,9) =5,(0) + as,;cos¢ + e5,c082¢ (24)

where §, and s, are constants associated with the angle-of-
attack and eccentricity perturbations. Let

St=as,cosd, +€5,c052¢, (25)

denote the entropy perturbation at the shock. It can be
shown 11.13,17 that

5T e 2 Ve .
= Yy=1)B(—&p) Z2(8) [a(1—g)cosp, +egcos2e, ]

(26)

where £,=p,/0(B) and a}(B)=yp,(B)/po(B). The
maximum entropy perturbation at the shock occurs where the
derivative with respect to ¢, of Eq. (26) vanishes. This occurs
where

cosd,, = —a(l—§)/deg . QN

If the algebraic value of the right side is less than or equal to
minus unity, the maximum occurs at the windward ray,
¢, =180 deg. For the conditions of Fig. 5a (K;=1.3,y=1.4,
«/6=0.2, ¢/6=0.1), the maximum-entropy stream surface
originates at the shock at ¢, =133 deg. This is on the wind-
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ward side of the dividing stream surface which is located in
Fig. 5a at ¢, =127 deg. Thus for the present analysis the
maximum-entropy stream surface does not wet the body
surface but lies in the windward part of the shock layer. This
conical result holds for all values of K;. That the body surface
and maximum-entropy surface are not necessarily identical is
also true for hypersonic blunt-body flows. !°

Stream-Surface Patterns

Figure 5a shows stream surfaces generated by Eq. (22) for a
yawed elliptic cone described by the conditions K;=1.3,
v=1.4, ¢/6=0.2, and ¢/6=0.1. The dividing stream surface,
which separates the flow that proceeds toward the leeward ray
from the flow that proceeds toward the windward ray, occurs
at ¢, =127 deg. This dividing surface is a plane surface in this
approximation. The actual stream surfaces should appear
slightly different near the dividing stream surface and toward
the windward ray. In this region the actual stream surfaces
have a negative value of azimuthal velocity at the shock and
hence should slope towards the leeward direction before
curving into the radial direction at the surface w* =0 and then
curving further towards the windward ray as shown. Because
the details of the azimuthal velocity field have not been taken
into account, the dividing stream surface and its intersection
with the body surface are not precisely described by the plane
surface shown, even though the location of the body in-
tersection is correct. Both the actual slopes and the ap-
proximation slopes at the shock are small in the windward
region, and hence the description shown in Fig. 5a is
qualitatively valid except for the aforementioned
discrepancies.

Figure 5b shows the stream surfaces for a yawed circular
cone K;=1.3, y=14, «a/6=0.2, €=0). Except for the
leeward (¢, =0 deg) stream surface and the windward
(¢,=180 deg) stream surface, which lie in the symmetry
plane, all the stream surfaces become tangent to the leeward
ray on the cone surface. The body surface is the maximum-
entropy stream surface. :

The stream surfaces for an elliptic cone aligned with the
flow are shown in Fig. 5c for the conditions K;=1.3, y=1.4,
€/6=0.1, and a=0. The body surface is the maximum-
entropy stream surface. In this case there are two symmetry
planes, aligned with the semimajor and semiminor axes of the
ellipse.

Waveriders with Freestream Plane Surfaces

Any stream surface just described can be utilized as a solid
surface, but a complementary surface remains to be described
in order to fashion a closed aerodynamic body. Here com-
plementary surfaces that are parallel to the freestream are

-chosen. First, the axis passing through the vertex that is

aligned with the freestream is marked out. This axis is inclined
by an angle o with the cone axis. Any plane passing through
this freestream axis is parallel to the freestream. Pairs of these
freestream planes that pass through the shock intersection of
the conical stream surfaces are now selected and a closed
aerodynamic body is thus formed. Thus the upper surfaces
are pairs of freestream planes passing through the freestream
vertex axis, and the lower surface is a curved stream surface
of the conical flowfield. These surfaces intersect at the shock
with an angle N between the surfaces at the intersection line,
referred to as the lip angle. There are an infinite number of
such aerodynamic configurations, depending on how the
freestream planes are selected. These configurations are called
waveriders, because the resulting body appears to be riding on
the attached shock wave beneath it.

Consider waverider configurations generated from the
stream surfaces of the yawed circular cone. Figure 6a shows a
configuration with the lip intersection at ¢, =90 deg. The lip
angle for this case is A=8.6 deg. The freestream surfaces are
inclined slightly upward for this case and are described as
having positive dihedral. Figure 6b illustrates the con-
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Fig. 6 Inclined circular-cone waveriders with freestream upper surfaces.

figuration with zero dihedral; the lip intersection is at
¢,=81.4 deg and the lip angle is A=8.2 deg. The freestream
surface is a single flat surface for this case. An example of
negative dihedral is shown in Fig. 6¢ for which ¢; =70 deg and
A=7.6deg.

Waveriders constructed from the unyawed elliptic cone are
shown in Fig. 7. For this case there are no configurations with

J. SPACECRAFT
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Fig. 7 Elliptic-cone waveriders with freestream upper surfaces.

K8= 1.3
/8= 02
/8= 0.

¢ =90°
A =89°

Fig. 8 Inclined elliptic-cone waverider with freestream upper sur-
face: positive dihedral.

positive dihedral. The configurations shown have lip in-
tersections at ¢, =100 and 110 deg with lip angles of A=2.2
and 4.0 deg. The case of zero dihedral (not shown)
corresponds to ¢, =90 and A=0 deg, and this configuration
corresponds to a flat delta wing of zero thickness with an
elliptic cone underbody. The configurations derived from the
elliptical cone have flatter, more shallow underbodies than the
corresponding circular-cone configurations, with sharper lip
angles.

Figure 8 shows a configuration derived from the yawed
elliptic cone. The lip intersection is at ¢, =90 deg with a lip
angle of A= 8.9 deg. This shape has positive dihedral, but zero
and negative dihedral configurations are also possible. The
pressures on the curved conical surfaces can be computed with
formulas given in the Appendix.

Waveriders Constructed with Wedge Shocks
Caret Waveriders

More general waverider configurations can be constructed
when the stream surfaces for the classical two-dimensional
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a) Symmetric configuration

b) Nonsymmetric cross section
Fig. 9 Caret waveriders.

wedge-shock solutions are utilized instead of freestream
surfaces. Such stream surfaces by themselves generate what
are called caret waveriders. A symmetric caret waverider
configuration is shown in Fig. 9a and the cross-section of a
nonsymmetric configuration is shown in Fig. 9b. These
sketches correspond to small-angle deflections. The
freestream flow is deflected by an angle A by the plane shock
inclined at the angle 8, with the freestream. The plane sur-
faces denoted O, and O are parallel to the freestream. When
O,,, and O are unequal, the caret waverider is nonsymmetric.

The shock angle-deflection angle ratio can be approximated -

by the hypersonic small disturbance formula20

B, v+l ('y+1 1 )’/2 28)

A 4 4 " MZA?

which is the counter part of the conical expression (6). The
corresponding pressure coefficient for the deflected flow is

C,=2(p—pw) /0w V2 =202 (8, /A) 29)

Waverider configurations utilizing flat caret waverider
surfaces for the upper surfaces complementary to the curved
cone-derived surfaces are described in Ref. 17.

Conical Waveriders with Vertical Fins

" Now consider a non-symmetric caret waverider such as
shown in Fig. 9b. It is desired to fit a pair of such con-
figurations onto the freestream surfaces of our previously

devised waveriders in Figs. 6-8. The surface denoted by ©;_ .

should fit onto the freestream surface from the cone
freestream axis to the lip intersection at the shock, both on the
left and the right of the freestream axis. The surface denoted
by the vertical vertex angle ©, will be the center plane of a
vertical fin. The magnitude of ©, depends on the angle ¥,
and the deflection angle A.

From geometrical considerations shown in Fig. 9b, the
relation o

8,, /8,=cosy o +siny, [ (8, _/B,)? —11% (30)
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b) Fin starting at half length
Fig. 10 Elliptic-cone waveriders with vertical fins.

can be established. When B, is determined by Eq. (28), Eq.
(30) constitutes a relation for ©,/8 as a function of ©,_/8,
VYo, A/S, K, and .

Consider now the case of the unyawed elliptic cone
waveriders 'shown in Fig. 7. In this case O, =03=8
—€gcos2¢, and ¢, =¢,. Now for K;=1.3, y=1.4, ¢/§=0.1
and ¢, =100 deg, and for A/é values of 0, 0.1, and 0.2,
respectively, the values of ©,/06 are 1.06, 1.21, and 1.40. The
case A=0 corresponds to the limiting Mach wave for 8,,, and
thus the minimum value of © .

Since the freestream surfaces of the caret waverider and
elliptic-cone waverider are coplanar, the vertical fin can start
at the cone vertex or at some position behind the vertex. The
configuration for which the fin starts at the vertex is shown in
Fig. 10a for A/6=0.2. In this case the fin shock is attached to
the conical lip. The case where the fin begins halfway back on
the elliptic-cone undersurface is shown in Fig. 10b for
A/86=0.2. These vertical-fin configurations are of interest for
the implementation of vertical control surfaces.
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Concluding Remarks

By means of stream surfaces obtained from angle-of-attack
and cross-sectional eccentricity perturbations of the basic
supersonic axisymmetric flow past a circular cone,
aerodynamic lifting-body configurations have been derived.
The emphasis has been on systematic parametric study on the
various configurations that can be obtained. The con-
figurations have attached shocks on sharp leading edges and
thus can be described as conical waveriders. Utilization of
wedge-shock caret-waverider results leads to a combination of
configurations and to vertical-fin control surfaces. '

The analysis has proceeded within the framework of
hypersonic small-disturbance theory, and approximate
analytic formulas have been derived that apply over a wide
range of conditions. Although pressure distributions have not
been calculated, the pertinent formulas have been recorded in
the Appendix. Further calculations by interested investigators
can be performed readily.

The lifting-body configurations that have been presented
appear attractive in terms of high lift-drag ratio requirements.
Further work is required to account for other aerodynamic
factors. Some of these are 1) lift, drag, and moment
characteristics, 2) boundary-layer growth and related viscous
effects, 3) off-design effects, 4) details of flaps and other
control surfaces, 5) unsteady flow and dynamic forces and
moments, 6) blunted edges and noses, and 7) expenmental
results.

Appendix: Formulas for the Inclined
Elliptic Cone Flow Perturbations
The following formulas for the shock shape, azimuthal

velocity perturbation, and pressure perturbation are recorded
here. 11417 The shock eccentricity factors are given by

4(I+0%)7 tlo+~No?2-1]
3+202{3— -
_ +eo [3 vy+1 ] oNo?—1
g=
402 mlo+Va?—1]
- 2 -
S=2(1+e )[1+ 'y+1] ovo? — ]

3cos —1(1/0) 6
g=6a3[ Vo2 —

-1
7 (6+0?) +3a4—02—5]

where o=/6 is given by Eq. (6). The azimuthal velocities at
" the shock and body surface are given by

W (B)=—[1-2-§)1Ve w;(B)=—-28(I-£p)V,

e R b e

1 1 2 1 cos~1(1/0)
8)=— [“_‘ 7.3 (3_—)_—_]ch
w1 (9 gle 3o+3a3+'y+1 775 oNVo? =1

where

£0=pn/po(B) = (02—1)/0?

The pressure in the shock layer is given by Eq. (7d). The
pressure for the basic cone solution is given by !7-18

T )

The pressure perturbatiohs P;(0) and p, (O} have explicit
relations but they are very lengthy and complicated. 214 It is
useful alternatively to use a linear variation across the shock

{804 _ fn[a+m]}]V
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layer in the forms

SE]

e AGEACY

p(8)=p,(8) +

P1(©)=p, &+ 3= 1, ®) -5, 0]

The shock and body values are given by 121417

4(1-¢ 3
5@ == vap[ S - £ ]

21 (B)=—pn V gﬁ[ S+ =

_ YOV oDy (8) W; ()
)= ——2—"—
P, () a5(5)
76Vcop0 (8)w,; (8)
8y = L2 =0 7) 71 18]
p;(9) 2a§(§)
where
2 5 —
a”(z Nt K3 [1+fw] a2, =P
Lrs 2 P
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