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RESEARCH MEMORANDUM

APPROXIMATE SOLUTIONS FOR THE FLOW ABOUT FLAT-TOP
WING-BODY CONFIGURATIONS AT HIGH
SUPERSONIC AIRSPEEDS®

By Raymond C. Savin
SUMMARY

The flow about slender flat-top wing-body configurations traveling
at high supersonic speeds and small angles of attack is investigated ana-
lytically. In the case of conical configurations, approximate algebraic
solutions to the flow field are obtained. In the case of configurations
which are conical at the vertex but curved in the stream direction, these
solutions are combined with a slender-body approximation to the general-
ized shock-expansion method to obtain the flow downstream of the vertex.

Surface pressures were obtained experimentally at Mach numbers
from 3.0 to 6.0 and angles of attack up to 6° for several flat-top wing-
body configurations. These configurations consisted of half-bodies of
revolution mounted beneath thin highly swept wings. Three different bod-
ies were employed. The two conical bodies consisted of one-half of a
fineness-ratio-5 cone and one-half of a fineness-ratio—2-l/2 cone. The
body of the third configuration consisted of one-half of a fineness-
ratio-5 ogive. For the ogive configuration, the leading edges of the
wing were curved and designed to just maintain the theoretically deter-
mined bow shock along the leading edge at a Mach number of 5.0 and an
angle of attack of 3°, The predictions of the conical flow theory of
this paper for the surface pressures are found to be in good agreement
with experiment at Mach numbers of 5.0 and 6.0 up to angles of attack of
approximately 3°. BEstimated 1lift, drag, and pitching-moment coefficients,
as well as maximum lift-drag ratio, are also in good agreement with exist-
ing experimental data at a Mach number of 5.0 for a comical configuration
having an arrow plan-form wing. It is also found that the generalized
shock-expansion method yields reasonably good agreement with experiment
for the surface pressures on the half-ogive configuration at a Mach
number of 5.0 and an angle of attack of 220
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INTRODUCTION

A class of flat-top wing-body combinations was proposed in reference 1
as being capable of developing high lift-drag ratios at high supersonic
speeds. The type of configuration suggested consists of a thin highly
swept wing of essentially arrow plan form beneath which is mounted a half-
body of revolution with its vertex common to the vertex of the wing.
Theoretical and experimental results presented in references 1 and 2 indi-
cated that these configurations have a high aerodynamic efficiency at high
supersonic speeds. It is of interest, therefore, to consider more refined
theoretical methods for treating the flow about flat-top wing-body combi -
nations. ©Such methods are necessary if accurate estimates of pressure
forces and moments as well as detailed local flow properties are to be
obtained. Local flow conditions are required, of course, in order to
determine skin-friction and heat-transfer characteristics which are so
important at hypersonic speeds.

A method for estimating the aerodynamic forces on flat-top wing-body
configurations has been presented in reference 3. This method was obtained
with the aid of linear theory. In fact, in the past, virtually all treat-
ments of the flow about wing-body combinations have employed linear theory
(see, e.g., refs. 3 through 7). Although these methods have been shown to y
be adequate for low supersonic speeds, their application to hypersonic .
speeds is questionable due to the restrictions of linear theory. Thus, at \
the present time, there is no well-established theory applicable to the
accurate prediction of the aerodynamic characteristics of wing-body com-
binations traveling at high supersonic speeds. The objective of the
present paper, therefore, is to obtain an improved theoretical method for
predicting the flow about flat-top wing-body configurations having super- ’
sonic leading edges. In this connection, a hypersonic theory applicable
to conical configurations is obtained. This result is then combined with
a slender-body approximation to the generalized shock-expansion method to
obtain the flow about configurations which are curved in the stream
direction.

NOTATION
a local speed of sound, ft/sec
Ca axial-force coefficient, Ef&é}—§2533
e drag oo
Cp drag coefficient,
Ao
1lift <

Cr, lift coefficient,
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moment about vertex
quZ
normal force

IS

pitching-moment coefficient,

normal-force coefficient,
D - Py,

Yoo
specific heat at constant pressure, ft-1b/slug °R

pressure coefficient,

specific heat at constant volume, ft-1b/slug °R
entropy, ft-1b/slug °r

characteristic reference length, ft

Mach number (ratio of local airspeed to local speed of sound)
static pressure, 1b/sq ft

total pressure, 1b/sq ft

dynamic pressure, lb/sq ft

gas constant, ft-1b/slug °R

distance along conical ray measured from vertex, ft
total plan area, sq ft

velocity component parallel to r, ft/sec

velocity component normal to u in a meridian plane, ft/sec

resultant velocity, Ju2 + v2 + w2, ft/sec
maximum velocity obtainable by expanding to zero temperature, ft/sec
velocity component normal to a meridian plane, ft/sec
angle of attack, radians unless otherwise specified
c

ratio of specific heats, EB
v

angle of flow inclination in meridian plane measured from configura-
tion axis, radians unless otherwise specified

wedge angle of wing in streamwise direction

q

AFIVI
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angle of flow inclination in meridian plane measured from free-
stream direction, radians unless otherwise specified

angular difference between free-stream direction and locus of points
representing center of curvature of shock in plane of symmetry,

radians unless otherwise specified

semivertex angle of wing (i.e., complement of leading-edge sweep
angle; see fig. l), radians unless otherwise specified

Mach angle, radians unless otherwise specified
mass density, slugs/cu ft

angle of meridian plane with respect to plane of symmetry, radians
unless otherwise specified (see fig. 1)

dihedral angle at shock between streamwise plane normal to shock
and plane containing axis of configuration, radians unless other-
wise specified

dihedral angle at shock between streamwise plane normal to shock
and plane containing free-stream velocity vector, radians unless

otherwise specified

angle between axis of cone and ray passing through vertex of cone,
radians unless otherwise specified

angle of ray on conical shock measured with respect to free-stream
direction, radians unless otherwise specified

Subscripts

body

evaluated at cone surface

evaluated at external surface of vortical layer
evaluated at shock wave

wing

free-stream conditions

conditions at @

Ml O

conditions at @

———
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THEORY

The purpose of this analysis is to obtain a simplified theory for
predicting flow fields about a class of flat-top wing-body configurations
traveling at hypersonic speeds and at small angles of attack. The con-
figuration to be treated is assumed to consist of a half-body of revolu-
tion mounted beneath a thin wing, the vertex of which is common to the
vertex of the body and whose leading edges are sharp and always supersonic.
Furthermore, the configuration is assumed slender and the surface slopes
are everywhere small compared to 1. In addition, the free-stream Mach
number is assumed large compared to 1 and the angle of attack small com-
pared to 1. Thus, the local Mach number will be large compared to 1 and
the inclination of the nose shock wave will be small. Only flow fields
which are either wholly conical or conical at the vertex are studied.
Consider now the flow field as it would appear in cross=-section view nor-
mal to the configuration axis. A conical flow field of the double shock
type is shown in sketch (a), where region 1 is three-dimensional in type
and is generated by the body, and region 2 is a two-dimensional flow field
generated by the wing (the configuration is presumed to be at angle of
attack). Another conical flow field is a single-shock type as represented

y in sketch (b). Experimental observations of the shock-wave patterns to
% T %
\/
Sketch (a) Sketch (b)

date indicate that the flow field is of the single-shock type, at least
for configurations having highly swept wings. It was also found that the
pressures on the wing were not only continuous across the entire wing but
were also higher in region 2 than the pressures which would be expected
if the flow were two-dimensional in this region. In the following ana-
lysis, approximate solutions to the flow field satisfying the boundary
conditions corresponding to the single-shock type will be obtained.

Flow About Conical Flat-Top Wing-Body Configurations

For conical flow fields, all derivatives with respect to radial
distance vanish and the equations of motion and continuity in spherical
polar coordinates become (a schematic diagram of the polar coordinate
system is shown in fig. 1)

- éli L a—u"-z—TrvT2=O
‘ T T smade e




o ¥ B L LD Ly wRent = O (1b)
Ow sin w dp p Aw
v el e e o + ———i——— — +uvw + vw cot w = O (1c)
dw sin w Ao sin w op
and
2pu sin w + v sin w éﬂ + p sin w é& + Vp COS W+ W éﬁ + 0 éﬁ =0
ow ow o P (2)

respectively. Now the law of conservation of energy requires the following
relations to be satisfied:

(3)

The entropy at any point in the flow field may be expressed in the form

Y
R P /P
E - Ep = n|=(— L
y -1 Pm<o> -
Equations (1), (2), and (3) together with the relation

a2 = 7_.;_l_<\72 = V2>

may be combined (by eliminating the pressure and density terms) to obtain
the equation of motion

a = (?2 - V2> (éu + VvV cot w + v il LA uva - uw2 -
2 sin w o

dw sin w O sin w AP e ow

which is general for all steady-state conical flows.

It is convenient first to define the flow conditions on the leeward
or expansion side of the wing.l For flows of the type under consideration,
the expressions defining the Mach number and pressure are simply those
applicable to a flat plate and may be written (see ref. 8)

1Since the shock wave is assumed to be always attached to the leading
edge of the wing, the flow fields on the windward and leeward sides may
be treated independently.




and 2y

2o [1-r5 e - o] (7

respectively, where o 1s the angle of attack and 8y is the streamwise
wedge angle of the wing.

The remaining part of this analysis will be concerned with the study
of the interference flow field on the high-pressure side of flat~top wing-
body configurations. Before proceeding with the actual solution for the
flow field, it is convenient first to consider the basic assumptions
underlying the solution and to outline briefly the method of attack in
obtaining this solution. As mentioned earlier, only hypersonic flows and
slender configurations at small angles of attack are considered in this
paper, Thus, the following simplifications are employed throughout this
analysis:

M>1 w<< 1l
0K 1 << 1

It is further assumed that the present flow fields represent only a small
departure from flow fields generated by circular cones. The subsequent
analysis, then, will be similar in many respects to that presented in
reference 9 for the flow about circular cones at small angles of attack.
In particular, the flow in the region of the plane of symmetry (i.e., at
@ = 0) is assumed to be identical to that generated by a circular cone

in this region. The general form of the expression for the w component
of velocity employed in reference 9 is also assumed to be applicable for
the present flow fields.

The following procedure is employed with the above assumptions to
obtain a solution for the interference flow field. An expression defin-
ing the w component of velocity throughout the flow field (see fig. 1)
is first obtained. The flow is then treated in four parts as shown in
sketch (c), which represents the boundaries of the flow field in a plane
normal to the configuration axis.

-

Shock

Sketech (c)
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Expressions which define flow conditions along the shock (1-2), in the
plane of symmetry (1-3), in the plane of the wing (2-4), and around the
surface of the body (3-4) will be obtained in terms of flow conditions

at @ =0 and ¢ = n/2. Solution of the flow in the plane of symmetry
determines all conditions at ¢ = O, All the expre551ons obtained, then,
may be written in terms of known quantities and/or W) The parameter
(¥).,, 1is obtained by an iteration process which involvas matching at
point 4 the pressure calculated by proceeding along 1-3-4 to the pressure
calculated by proceeding along 2-4, A discussion of the evaluation of
(W)ﬂ/z is presented. An analysis of the flow off the surface, that is,
between the body surface and the shock,is discussed and exXpressions
defining this part of the flow field will be obtained. Finally, analytic
expressions in closed form are obtained for the 1lift, drag, and pitching-
moment coefficients for conical flat-top wing-body combinations. With
these points in mind, the analysis for the w component of velocity will
now be considered.

Determination of w component of velocity.- It was found in
reference 9 that the w and ¢ dependence of w could be separated into
a product for the case of circular cones. Since the present flow fields
represent a small departure from that of the circular cone, the same
dependence is assumed here; namely,

= = w (w) (o) (8)

Furthermore, the variation of w with w 1is assumed to be the same as in
the case of the circular cone so that this variation between the surface
and the shock may be written (see ref. 9)

wilto) = 2

Now it is obvious that the variation of w with ¢ will differ from that
for a circular cone since the presence of the wing will alter the boundary
conditions. The term wg(w), then, will be defined by the polynomial
(noting that w must be an odd function)

o) = .0 + c 9 + c 9°

Since w = 0 at @ = O because of the symmetry of the flow and also at

O = n/2 because of the presence of the wing, the coefficients in the

above expression are easily evaluated in terms of ow,/dp at ¢ = O and
= /2 to yield (when combined with eq. (8))

2 (+{G), 23, 3]
23]



Expression (9) defines the w component of the velocity throughout the
flow field on the windward side of the configuration. There remains,
however, the determination of the shock-wave angle, wg, and the quanti-
ties (Owp/dp), and (Owp/d9);, 5. An expression for wg will now be
obtalned by considering the flow conditions at the conical shock.

Flow conditions at the shock.- The shape of the shock wave will be
influenced by the shape of the body, the angle of attack, and the leading-
edge sweep of the wing. For example, at a = 0° the conical shock will
be circular between the planes ¢ = O and @ = /2 provided the leading-
edge angle of the wing, A, is equal to the axially symmetric shock angle
for the complete circular cone. If A > (wS)azo’ then the shock will
impinge on the wing leading edge at an acute angle similar to that shown
in sketch (d). The angle (V) shown in this sketch (see also fig. 1)

—«”Shz 0'—*-1 -.[
T W7
N\ 7 Y o

S /

N

/2

Sketch (d)

is the angle of the dihedral between a plane normal to the shock and the
plane of the wing and

3
ok i ' a—“’;’ (10)

S
Ws
which holds for any meridian plane. Consider now the case where ao > O.

As the angle of attack increases, the pressures on the body, and therefore
throughout the flow field, increase causing the shock in the plane of the
wing to "spread" beyond that for a = 0°, Now if the shock is to remain
attached to the leading edge, the leading-edge sweep must be decreased.
Thus, in the present analysis, there is a minimum A (maximum sweep) which
can be treated for each angle of attack, It is clear from the foregoing
discussion that if a reasonably accurate prediction of the flow field is
to be obtained, particular attention must be paid to the shape of the
shock wave., The conical shock will then be defined by a power series

in ¢ where the coefficients are determined from the following conditions:



10 — NACA RM A58F02

at ¢ =0,
dusg
= —_— = (0
ws = (uws), =
at cp=%,
aws
wg = A S = N tan(V¥)y, 2
Thus, the expression
2
Wg - wS 2 A (wS)O 7T =)
=), Bl - g} -

SO - -] o

defines the conical shock with respect to the configuration axis. The
tangent operator on  1is retained in the above expression since

at ¢ = n/2 this angle represents the attenuation of the shock due to
leading-edge sweep and there is no way of determining a priori its order
of magnitude. Now for small angles of attack, the shock-wave angle, Q,
and flow-deflection angle, A, measured from the wind axis may be related
to the shock angle, wg and flow-deflection angle, 8g, measured from the
configuration axis by

e}
1l

wg + @ cos @ (12)
and
A =28 + a cos @ (13)

respectively. It can also be shown that, consistent with the above
approximations,

_ _ a sin ©
B wg + a cos @ (1k)

where Y is the angle of the dihedral at a point on the shock between
a streamwise plane normal to the shock and the plane containing the wind
axis. Thus, the oblique-shock-wave relations may be written

Ms>2 - (y + 1)®2M0%cos®Y (15)
Mo, [2yM20%c0s3Y - (7 = 1)1[(y - 1)M20Pcos®Y + 2]
202 anal
A Mo=f=cos<Y = 1 (16)
60 ')’+l
> MoOcMef2 cos ¥
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Pg  2yM,20%cos®Y - (y - 1) A
B Yy + 1
Equations (11) through (17) completely define conditions immediately
downstream of the shock wave in terms of flow parameters referred to the
configuration axis. It is clear, of course, that (wg), and (¥) are
yet to be determined,.

o /2

Flow conditions in the plane ¢ = O.- As a by-product of the solution
of the flow in this plane, the two quantities (wg), and (Ow,/dp), will
be determined. Because of the symmetry of the flow in this plane, w = 0
and the equation of motion (eq. (5)) reduces to

el (2 - v=) <éu + VvV cot w + o% b oWy _ v2<% + g%) = @
2 ) w sin w O ow (18)
Now from the flow pattern, the velocity components may be written

u =1V cos(w - d)

v = -V sin(w - d)

and from equation (la)

du
V = =
Ow
It can also be shown that
%; = -tan(w - 8)dd (19)

Substitution of the above expressions into equation (18) results in

P !
Z—é—i <¥> - 1] | cot(w - d) <i + §§> - cot w + tan(w - &) %% +
esc(w - B) ow | _ tan(w - 8) &b | 0
V sin w 0o ow

Consistent now with the assumption of © << 1 and w << 1, the above
expression may be written

2
) 0% 2 ) 1 ow
__+_,1_ — 5 _— —— =0
W  Ow (M) <j w> i Vw op

Furthermore, since Mw and 8/w are both of the order of 1, there is
finally obtained (by virtue of eq. (8))
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3% oo\ _
a—w+;+— a(p) 0 (20)

Consider now the term (ow,/d¢),. If the angle of attack is small and
the leading-edge angle of the wing does not differ too greatly from the
angle of the shock wave generated by the equivalent circular cone, then
one might expect the flow in the plane of symmetry to differ but little
from that of the circular cone.2® It is assumed, therefore, that, as a
first approximation, the flow in this plane will be the same as that for
the circular cone. Then (see ref. 9)

> = Vy€ —
w

where € 1s the angle between the axis of the conical shock and the
free-stream-velocity vector, It follows, then, from equation (8) that

R

3P /o

and, therefore, equation (20) yields upon integration (noting that

NV =1
5 % _ <i> <$> In L (21)
S¢ w dc w O¢c

which defines the flow-deflection angle. The expression for the flow
velocity is obtained by integration of the resulting combination of
equations (19) and (21) and may be written

<ws>(ac +<—:ws) 1(52-552) - — <ln > <Zn — e

Now the Mach number may be expressed in terms of the above velocity ratio
by

M= =

&
(@ ]
2 Vg

2Experimental results indicate (as will be shown later) that, at small
angles of attack, the shock-wave angles and pressure ccefficients in the
plane ¢ = O are approximately the same as those for the circular cone.
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which, after substitution of equation (22) and neglecting second-order

(8 22 o (& - oG m
[(m e s ]} (23)

Finally, flow conditions at the shock are obtained from the oblique-shock
relations given by equations (15), (16), and (17) reduced to the form

(Ej ) Ll (21)
[QVM»Z(WS +a)® - (y -1)1(y - l)Mm2(ws + @) + 2

Mmz(ws + a)z -1

Mo(8g + @) = . (25)
and
o Pg 27M<>02(w5 e @)2 - (y - 1) 6
| D, i
| s 7y + 1
respectively.

There remains the determination of € 1in order to obtain the shock-
wave angle, wg, from equations (21) and (25). It can be shown by an
analysis identical to that presented in reference 9 that®

Ly 22 (mp.)®

(MeBe)?
L (m8,)2

(27)

The shock angle can now be evaluated by the simultaneous solution of
equations (21), (25), and (27). This has been done with the aid of the

SAn expression for 1 - e/a was developed in reference 9 and differs
from the present relation in the logarithm term since only the first term
of a logarithm series was retained in that development.
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IBM 650 electronic computing machine, and results in the form (wg/&c)

for values of Mgde from 0.1 to 3.0 and a/sc from O to 1 are presented
in table I. Once the shock-wave angle has been obtained from the table,
it is a simple matter to determine all the other flow quantities in the
plane ¢ = O from equations (21) through (27).

Flow conditions in the plane of the wing (¢ = n/2).- Because of the
presence of the wing in this plane, w = O and the conical-flow equations
obtained for the plane ¢ = O hold identically in the plane of the wing.
Thus, the flow-deflection angle is defined by (noting that (wg) = A)

/2

8 _% _ 1 (o A) g &
B¢ W B¢ <aawcP>ﬁ/2 <w> = OS¢ . (25)

Similarly, the expressions for the velocity and Mach number become

! ! BeZ4+A <5w >ﬂ/2 2(8%-85%) - >ﬂ/2 [(m —> <In — ]
Vg g (ﬁ) (29)

8 2ot @ @), ]
> as;>,r/2[¢n—> =)

respectively. The ratio of the local static pressure to the static
pressure at the shock for hypersonic flow is given by

(%) 71 i3
\M

The Mach number, flow deflection, and static pressure at the shock are,
of course, obtained from the oblique-shock relations (15), (16), and (17)
which now become

el

<¥§>2 H (r + l)g(MmK)gcosz(Y)n/z
[ey(wa)2c052(w)ﬂ/2 - (y - 1)} {(7 - 1) (MA)Zeos®(¥) , + 2]

(32)




:_S_ o (Moo>\)2c°32(w)n/2 =1 (33)
c Y +1
= MoBoMoA cos(Y)ﬂ/z
and
Eﬁ o 27(me)2cosa(w)n/2 sz =) (34)

Pe y + 1

respectively. Consider now equation (28) in combination with equation (33).
Theny

iy 2 = 2
1 /s 14 L Jgf (MyBe) cos(‘i’)ﬂ/2 - (Mo\)“cos (w)mz
- Tcp) . e - (35)
/2 5— MBcMoh cos(¥)  in e

The only remaining unknown in the foregoing expressions is (Y)ﬂ/z.

If this angle were known, flow conditions on the wing, as well as those
around the shock and in the plane ¢ = O, could be calculated by means of
the expressions so far obtained. As mentioned earlier in the discussion
of the flow pattern shown in sketch (c), (‘l’)m2 can be evaluated by
matching at the wing-body juncture the pressure calculated in the plane
of the wing to the pressure calculated on the surface of the body. Now
the static pressure in the plane of the wing can be calculated by means
of equations (31) and (34). However, in order to calculate the static
pressure on the body surface, expressions defining the flow on this sur-
face must be obtained. Attention is therefore turnmed to this matter.

Flow conditions on the body surface,- The concept of a vortical
singularity in supersonic flow around a cone was introduced by Ferri in
reference 10 where it was shown that all constant entropy surfaces must
intersect along the generator lying in the meridian plane on the leeward
side, It was also demonstrated that for small angles of attack the sin-
gularity lies on the surface itself., Holt, in reference 11, demonstrated
that such a singularity can arise only at points where the resultant
velocity is directed along the radial line (i.e., w = v = 0), and that at
the singularity the velocity is many-valued and the vorticity is infinite,
but the pressure is single-valued. For configurations of the type under
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consideration, then, the lines of constant entropy in a plane normal to

the configuration axis will appear something like those shown in sketch (e).

$-%

Shock ——— N\ Streamlines

¢ =0
Sketch (e)

The singularities will occur at the wing-body junctures since w =v =0
and 8w/8¢ < O at these points. Thus, the angle of attack is assumed
sufficiently small that the singularity will remain on the surface of the
cone. The thickness of the vortical layer around the cone surface can be
neglected then, since it was shown in reference 10 to be the order of o2,
Since the entropy on the surface is constant it must have the value that
exists in the plane ¢ = O, Thus,

Do = Pe
Ve = Ve =0
and
Ec = (E)o

where the subscripts c¢ and e refer to conditions inside and outside
the vortical layer, respectively. It follows then from equation (la)
that

%'—'BCWIJ

or

®
u w
G scfo o (36)

which holds on either side of the vortical layer, even though w is
discontinuous across the layer. Consider now the w component of veloc-
ity on the surface externally adjacent to the vortical layer expressed in
the form

= F! (37)
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where the prime in the above expression refers to the derivative with
respect to ¢. Then, upon integration, equation (36) becomes

Ue

zv27;'= 1+ 8cF (38)

and the resultant surface velocity may be written

2
[WV:T] =1 + 28.F + (F')Z (39)

since, as will be shown subsequently, F and F' are first-order quantities.

The corresponding Mach number ratio may be expressed as

¥ =1 2 Ve b
ez oe{fa] )
] - o
[(Vc)o]

which, by virtue of equation (39), reduces to

2
[o&c:o] TS (MCSC)OQ[ @ )J (12)

where (from egs. (9), (11), and (37))

' (ws (wS)

B oS @[+ - 19 ]
(2) o |1 - £ tantv),,, -
2 |11 fow h ow 8 ow, 2 [ow 4
—[a— €a> 55)]@ “[ a@ i —65)0]@}

(42)

and (upon integration of eq. (L42))



8T

plala @) ARG @) H[2@),, 26
@@@4 E <1-‘i£2>—%mw>m]{¢: ) -&[2®), 2@ 22,23 |}
F@e]r- o, - @) - 2[2@) 2@ ] =26, 26 ]

(43)

It can be seen from equations (42) and (43) that F' and F are of the order of &g. Thus, the
two right-hand terms in equation (39) are second-order terms. The Mach number directly on the N
body surface, Mc, may be related to the Mach number at the vortical layer, Me, by (see ref. 9)

Me =) Ec‘Ee
S e Ve
M ©
where (by virtue of eq. (4))

eEs;EE | 27Mm2(ws + @)02 _ (7 _ l{}7 (MNQ)ZCOS2y[(7 2 l)Mmz(wS I @)02 2 2]}~
)

(Lk)

2y (Muf)Zcos®Y - (y - 1 M2 (wg + 0,)02[(7 - 1)(M,Q)3cos?Y + 2]

and Q and ¥ are defined by equations (12) and (lh), respectively. Then,

] - [ )

=

Q

and the ratio of the static pressure anywhere on the body surface to the static pressure at the =

shock at ¢ = 0 is given by é
27

y-1 &

s Ms)o]” @

= (46) 3

(PS)O Me [V}




v *

Finally, the ratio of the surface pressure to the free-stream static
pressure may be obtained by the combination of equations (26) and (46)
which yields
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=
Po

— T (47)

The pressure coefficient is, of course, given by the relation

2 DPe

Cp = — -1 L

P 7Mo<32 <poo > ( 8)
It will be noted that the foregoing equations predict the ratios of local
to free-stream Mach number and local to free-stream static pressures to
be the same at corresponding points on related configurations, provided
the flow fields about these configurations are defined by the same
respective values of the hypersonic similarity parameters, M, %:,
Mg (or o/8c), anda M (or A/8c). These predictions are in agreement
with those of reference 12 for inviscid flow about slender three-
dimensional shapes.

Evaluation of (Y)n/g.— We are now in a position to calculate (\‘[’)ﬁ/2
and, therefore, all flow properties on the surface of the complete con-
figuration. This may be accomplished in the following manner. If the
Mach number, angle of attack, and the conical configuration are given,
then Mede, a/dc, and A\/®c are known and a value for (¥); /- is assumed.
Then (V¥)y,» is known from equation (14) and the pressure under the vorti-
cal layer at ¢ = n/2 can be calculated by means of equation (47). The
pressure externally adjacent to the vortical layer in the plane of the
wing can be calculated by means of equations (31) and (34). Since there
is no pressure change across the vortical layer, an iteration on (Y)n/z
can be performed until the pressures on both sides of the layer are equal.
This iteration has been performed on the IBM 650 electronic computing
machine and the resulting values of (¥),,o for M ®c from 0.1 to 3.0
and a/8c from O to 1 are given in table I for various values of \/®c.
The values of the ratio of the static pressure to the free-stream static
pressure at the bottom of the body, (pc/pw)o, at the wing-body juncture,

(Pc/Rw)ﬂlz’ and at the leading-edge of the wing, (p/pm)k, are also given
in table I,

It should be noted in table I that the range of o/8, is restricted
for certain values of X/Sc. As was mentioned previously in the analysis
for conditions at the shock, this results from the fact that there is a
maximum angle of attack for a given configuration and Mach number at which
the shock wave can no longer remain attached to the leading edge of the
wing. This occurs at (Y)n/z = 0, since 1t represents zero attenuation of
the strength of the shock. Thus, the values of k/&c given in table I
for (¥)y/» = O represent minimum values (maximum leading-edge sweeps) for
which the present theory will apply for a particular a/SC and, of




course, Me. This is perhaps more clearly demonstrated in figure 2

where (A/8¢)piny 1s shown plotted as a function of (a/8c)psx for various ’
Mwdc. Thus, for example, each line of constant MO, represents an upper

limit of a/%c and a lower limit of %/6c on the applicability of the

theory for a given free-stream Mach number.

Flow conditions off the surface.- Since only flows at high Mach
number are considered in this analysis, the variation of the magnitude of
the resultant velocity in a meridian plane will be small. Hence, the
variation of u and v will be small and may be represented by a power
series in (w - d¢) where the coefficients are evaluated in terms of the
velocity component at the surface and at the shock and its derivative at
the surface. Thus,

u = ue + (—a—> w - 8¢) E ‘5c> + (ug - ue) <;%::—5§5>2 (49)
v = <8v> w = B¢ <:;S: ;) + Vg C:’—S-__%)g (50)

where it can be shown that (see ref. 9) -

ow A U/ Ow e Oc

and (setting v = 0 in eq. (5))

2
ovy) - L @.‘&) 2<E> wd b=
ow A Ve F dec <é¢ L e (78 e

In the above expressions, wg, We, Ue, and Me are glven by equations (9),
(11), (38), and (L41), respectively, and (Ow/dw)e and (Ow/dp)e may be
obtained by the proper differentiation of equation (9). Finally, the
radial component of wvelocity at the shock may be determined from the
relation

ug = Vyeos(wg + o cos @)

and the normal component of velocity may be written

=2 nn BN 2
Vs='«/‘}s S

where
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The Mach number at the shock, Mg, is defined by equation (15). The
components of the local velocity anywhere in the flow field external to
the vortical layer and between the planes ¢ = 0 and ¢ = n/2 are now
known from equations (9), (49), and (50). Hence, the magnitude and direc-
tion of the resultant velocity and, consequently, the Mach number may be
easily determined. The local pressure coefficient, then, may be obtained
from the relation

where ps/poo is given by equation (17) and
e
=
D <M_s i
Pg M

The flow field about slender, conical, flat-top wing-body configura-
tions traveling at high supersonic speeds and at small angles of attack
can be calculated by means of the foregoing expressions. Explicit
expressions defining the 1ift, drag, and pitching-moment coefficients will
now be obtained.

Lift, drag, and pitching-moment coefficients.- Because of the rather
complicated nature of the expressions previously developed, resort must be
made to graphical or numerical integration of the pressures acting on the
surface in order to calculate the integrated aerodynamic forces. It is
first undertaken, therefore, to obtain algebraic expressions, yielding the
surface pressures, which are amenable to simple analytic integration. In
this regard, the tabulated pressure ratios in table I may be used to good
advantage. For example, it will be noted from equation (lc) that Jp/dp=0
when w = v = 0. On the surface of the body, then, op/dp = 0 at ¢ = O
and @ = n/2, since w = v = 0 at these two points. Therefore, to a good
approximation, the variation of static pressure around the body surface
may be expressed in the form

gﬁ = <§§> cos2p + <§§> sin2o (51)
00 (e} /2

Similarly, the pressure at any axial station on the wing may be expressed
in terms of the pressure at the wing-body juncture, the derivative at
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this point, and the pressure at the leading edge. Thus*
2
y (PD (Pc> <p> <tan w - tan 80> (52)
TAD T I\B, “\P., p
e /5 /5 tan A tan O¢

since, from equation (1b), Op/dw = O when w = v = O. The surface pressures
can be easily calculated by means of equations (51) and (52) and with the
aid of table I. These equations are also easily integrated to obtain the
1lift, drag, and pitching-moment coefficients. Thus, for example, the
normal -force coefficient for the body may be written

/2

2132tan SCL/“ B >
c = = - cos d
Ng VLS A B ® do (53)

whereas that due to the wing may be expressed in the form
2y

2 Mo 2 y -1 e
= T 2 - - e _- o
Cry o j; . <pw 1> rte2dw T [1 - M, (a0 sw)} ; _

(54)

where S 1is the total plan area and ri, 1is the radial distance from
the vertex of the wing to the trailing edge. The integral term in equa-
tion (54) represents the normal force due to the pressures acting on the
exposed area of the windward side of the wing whereas the last term is
the contribution due to the leeward side of the wing. The axial-force
coefficient for the body and the wing may be written (neglecting base

drag)
Cag = ng2ta2 f (— 5 1> (55)
7Mw™S
and
27
g o R [1_7'1%((1-5»])] T (56)
"My -

“The tangents are retained rather than the angles in the following
expression to facilitate a subsequent analytic integration to obtain the
aerodynamic forces acting on the wing.




respectively, Consider now a configuration having an arrow plan-form wing
as shown in sketch (f). Then

Sketch (f)

R, lgly(tan A - tan 8;)sec w i
L lytan N - lgtan &, = (1y - 1p)tan w

and
S = lgly(tan A - tan 8.) + 1p®tan 8¢ (58)

Thus, upon substitution of equations (51) and (58) into (53) and equa-
tions (52), (57), and (58) into (54) there is obtained, upon integration,

256,300,
e[ () (o2 - 1)+ 1]

(53]
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In the case of a delta wing (i.e., ly = IB), equation (60) is indeterminate
in its present form. However, it can be shown that when 1y = I

. (1 _ tan B¢

Sl tan?x)[ (pc> B %@:2 l]

_?l_
2 [1_7511\400((1,-6w)]71-l (61)

M2

The axial-force coefficient due to the body is obtained by the integration
of equation (55) which yields

o e [5G, + 36D, ]
s G0 (e - 1)+ 1)

The axial-force coefficient contributed by the wing is given by equa-
tion (56). Finally, the lift and pressure-drag coefficients may be
calculated from the expressions

CAB =




Cr, = Cycos a - Cpsin a (63)
Cp = Cpcos a + Cysin (6k4)
where, of course,
Cy = C C
N NB s Ny
Cx = C C
A = Cag + Ca

Now the expression for the pitching-moment coefficient due to the pressure
forces acting on the fuselage side of an arrow plan-form wing may be
written (see sketch (f))

A
b g gl P 3
Cong) e = 37M,215S fsc (Poo i l) R (65)

which, upon substitution of equations (52), (57), and (58), may be inte-
grated to yield

o G-y
- B Sl O, -

B 5. & G e
Gt

(66)

Since the pressure on the leeward side of the wing is assumed constant,
this contribution to the pitching-moment coefficient can be shown to be

(by virtue of eq. (7))
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2 -1
(cmw)upper = ;—MO—OE ‘:l SLl 5 MOO(C(. - SW)] -1

o) () [(8) (- ) ool 2]
5[(3) (am -2) 1] |

(67)

The pitching-moment coefficient for slender conical bodies of revolution
is defined by

2
C =-=C
Thus, the total pitching-moment coefficient may be written

2 ,
Cm a 3- CNB * (CmW)lower ¥ (me)upper (68)

In the case of a delta wing configuration (i.e., 1y = lg), the total
‘ pitching-moment coefficient is, of course,

2
= - 50
\ Cm 3 N

The 1ift and major portion of the pressure drag, as well as the pitching
moment, may be calculated by means of the foregoing expressions® since

the pressure ratios in these expressions are tabulated in table I. It is
clear, of course, that the leading-edge drag, base-pressure drag, and
skin-friction drag must also be considered in a complete evaluation of the
1ift and drag characteristics of the configuration.

°The retention of the trigonometric functions is optional in these
expressions. They have been retained since they result from purely
geometrical considerations.
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Flow About Pointed Flat-Top Wing-Body Configurations
Which are Curved in the Stream Direction

It was demonstrated in reference 13 that many three-dimensional
hypersonic flows may be treated by a generalized shock-expansion method
which is analogous to that employed in reference 8 for two-dimensional
flows. Application of the method in meridian planes about curved bodies
of revolution (see ref, 13) indicated that these flow fields could be
calculated with good accuracy provided the hypersonic similarity param-
eter, M 8¢, is about 1 or greater and the angle of attack is small. Since
the present configurations are assumed to have half-bodies of revolution,
the generalized shock-expansion method is also applicable to these con-
figurations when M 8. 21 and oo << 1. In fact, the general procedure of
calculating the flow is identical to that employed in reference 9. It is
clear, of course, that the initial conical flow conditions at the vertex
are determined from the expressions previously developed in the present
paper. In this connection, expressions defining the flow downstream of
the vertex are obtained which are applicable to hypersonic flow about
slender configurations and, thus, are compatible with those defining the
flow at the vertex. The following expressions, then, can be deduced
directly from those presented in reference 9 by applying the condition
of hypersonic flow and slender bodies. With these points in mind, atten-
tion is first turned to the calculation of the flow on the surface of the
body.

Flow conditions on the body surface,- The differential equation for
Prandtl-Meyer flow relating the change in Mach number with flow inclina-
tion angle along a streamline® reduces to (see ref. 14)

for hypersonic flows. This expression is easily integrated to yield

MC y =1 o)
R R Mad 1l - —
M 2 (CC)< 6C>

where M. 1s the Mach number under the vortical layer at the vertex and
is defined by equation (45). Now the pressure rise across the shock is
given by equation (26) and the ratio of the pressure anywhere on the body
surface to the pressure at the shock in the plane ¢ = O may be determined
from the relation

®It should be noted that since w = 0 at ¢ = 0 and ¢ = /2, the
meridian lines in these two planes are exactly streamlines.
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Thus, the expression defining the pressure coefficient anywhere on the
surface of the body may be written in the form

7

3 g r=

Cp - 22 2y Moo (ws+ou)i (7 -1) [(b:&s) 721 (Mg5) (1'—>} .
My r+ c

Flow conditions in the plane of the wing.- Flow properties on the
wing surface are dictated by the flow field generated by the body in the
plane @ = ﬂ/2, subject, of course, to the boundary conditions imposed
by the wing. Thus, the calculation of the flow in this plane is similar
to the calculation of the flow field between the body surface and the
shock in a meridian plane for a body of revolution. Consistent, then,
with the hypersonic approximations of the present paper, expressions pre-
sented in reference 9 for calculating the flow inclination, the static
pressure, and the total pressure along a line normal to the body axis a
short distance downstream of the vertex reduce to

SIS RO M)

Bs 1. M2 (y - yB)i‘ JLPS- Py [l - 7kpMp®(yg - YB)] }<ys '_Y;;)

and

By = (2g), + {(dpt/zei(ze/ds)]s (e~ ¢

(dp./de)(de/as) ¥ = 75\
{(Pt)B B (Pt)s B [ 5 - 5 }S (}’B = yS)}(ﬁ)

respectively, where B and S are points on the line corresponding to the
body surface (wing-body juncture) and the shock (wing leading edge),
respectively. The derivatives in the above expressions reduce to
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where Kp 1is the curvature of the body at the vertex;

@ =\ cos Y (70)

A [ Ows

C:l.{.——-—
2 \OP /2

and (1/8c)(Owz/09),,, 1is given by equation (35). The derivative given by
equation (69) is evaluated at the vertex and therefore can be determined
from the previous solution of the flow about flat-top conical configura-
tions. The shock-wave parameter, 6, in the above expressions is defined
by equation (70) and represents the shock angle associated with the com-
ponent of free-stream Mach number normal to the shock at the leading edge.
Flow conditions on the surface of the wing in the region of the vertex
can be completely determined by means of the foregoing expressions. The
remainder of the flow field in the plane of the wing can be calculated by
employing the procedure discussed in reference 9 pertaining to bodies of
revolution. The pressure on the leeward side of the wing may be calculated
from equation (7).

It is interesting to note that the flow about flat-top configurations
having wings with straight leading edges, as well as those which are curved
in the stream direction, can be calculated by means of the generalized
shock-expansion method., To illustrate, consider the following three cases:
(1) a wing with leading edges which are curved but with the shock always
normal to the leading edge; (2) a wing with constant leading-edge sweep;
and (3) a wing with curved leading edges but with local sweeps always less
than case (1). All these wings, of course, have supersonic leading edges.
Now if the shock is normal to the leading edge, then V¥ = O (see sketch (c))
and the variation of A can be determined from equation (70). This is
tantamount to replacing 6 by AN in the Rankine-Hugoniot shock relations.
Thus, case (1) corresponds to the calculation of the flow on a wing which
is designed to just contain the flow field bounded by the body surface and
the bow shock and the "design" plan form will vary with angle of attack.
The flow on the wings corresponding to cases (2) and (3) can also be cal-
culated since A 1is known and, therefore, ¥ can be calculated from
equation (70) once 6 has been determined.
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EXPERTMENT

In order to obtain a check on the predictions of the preceding
theoretical analysis, the pressures acting on the surfaces of several
wing-body configurations were determined experimentally at Mach numbers
from 3.0 to 6.0 and at angles of attack up to 6°. A brief description
of these tests follows.

Test Apparatus

Tests were conducted in the Ames 10- by lh-inch supersonic wind
tunnel, A detailed description of the wind tunnel and auxiliary equipment
may be found in reference 15. The pressures acting on the model surfaces
were measured with a mercury U-tube manometer or by means of a dibutyl-
phthalate U-tube manometer when the pressures were low enough to be
recorded on the latter.

Pressure-distribution models were mounted on a 3° bent support which
could be pitched through an angle-of-attack range of =3° to +3°. The
test models consisted of three basic configurations - two conical models
and one ogive model. The conical models consisted of thin triangular
wings beneath which were mounted fuselages composed of, in one case, one-
half of a fineness-ratio-5 cone and, in the other, one-half of a fineness-
ratio-2-l/2 cone, Two wings of different leading-edge sweep were tested
on each body. In the case of the ogive model, the fuselage consisted of
one-half of a fineness-ratio-5 ogive mounted beneath a thin wing, the
leading edges of which were coincident with the theoretically determined
shock wave for (Y)n/g = 0 (case (1) in the analysis section) at a Mach
number of 5.0 and an angle of attack of 3°., The dimensions of these
models and the location of the pressure orifices are shown in figure 3.

Pressures on the model surfaces were measured at 0°, 3°, and 6° angles
of attack at test Mach numbers of 3.0, 4.0, 5.0, and 6.0. The Reynolds
number per foot varied from 8.6 million at Mach number 3.0 to 1.4 million
at Mach number 6.,0. The pressures around the body surface and on the high-
pressure side of the wing were recorded simultaneously at each Mach number
and angle of attack at stations symmetrically disposed with respect to the
plane of symmetry (i.e., *p; see fig. 3). These pressures were reduced to
coefficient form and the average pressure coefficient was assumed to repre-
sent the pressure coefficient at each meridian angle, ¢, and ray angle, w.
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Accuracy of Test Results

The variation in Mach number from the nominal value did not exceed
+0.05 in the region of the test section where the models were located.
The precision of the computed pressure coefficients was affected by inac-
curacies in the pressure measurements, as well as uncertainties in the
stream angle and the free-stream dynamic pressure. The resulting errors
in pressure coefficients were generally less than +0,005 throughout the
Mach number range for all angles of attack., The meridian angles and
angular wing stations at which the pressure coefficients are plotted are
considered accurate to within #1°,

RESULTS AND DISCUSSION

It will be recalled in the development of the theory that the flow
field in the plane of symmetry (¢ = O) was assumed to be the same as that
for the circular cone, It is appropriate, therefore, to examine the
validity of this assumption before proceeding with a comparison of the
theoretical and experimental surface pressures. To this end, the shock-
wave angle at © = O was measured from shadowgraph pictures for each test
Mach number at o = 3°, The results of these measurements are compared
in figure 4 with the shock angles for the complete cones which were also
obtained from shadowgraph pictures. Only one set of data is shown for
each fuselage since the effect of leading-edge sweep was not discernible
from the shadowgraph pictures. Also shown for comparative purposes are
the predictions of Stone's first-order theory for inclined circular cones
(ref. 16), as presented in reference 17, along with the predictions of
the theory of the present paper. It is evident that the wing has little
effect on the shock-wave angle of the cone at ¢ = 0, at least for angles
of attack up to 3°. It will be noted that the present theory yields
shock=-wave angles which are slightly too large. The variation of pressure
coefficient at © = O with angle of attack for the two test configurations
is shown in figure 5 for the test Mach numbers 3.0 and 5.0. Experimental
results taken from reference 9 are also shown for the fineness-ratio-2-1/2
cone (8c = 11.42°)., As in the case of the shock-wave angles, only one
set of pressure data for each configuration is shown since the pressures
were essentially unaffected by the small changes in leading-edge sweep of
the test models., (Experimental data for a fineness-ratio-5 cone were not
available.) Stone's second-order theory for inclined cones (ref. 18)
applied in the manner described in reference 19 is also presented except
for the case where &g = 11.42° and M, = 5.0 which is beyond the range of
the M.I.T. tables (ref. 20). For this case, the predictions of the theory
for inclined cones presented in reference 9 are shown. It appears in
figure 5 that the presence of the wing increases the pressures slightly
in the plane ¢ = O, particularly in the case of the more slender of the
two configurations. However, this effect is sufficiently small
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(approximately within the range of experimental scatter) so that it can,
for all practical purposes, be neglected, It should be noted that agree-
ment between the present theory and experiment improves with increasing
slenderness and increasing Mach number. On the basis of the comparisons
shown in figures 4 and 5 it is indicated that, at least for cases where
the leading edges of the wing are subsonic (M < 5) or moderately super-
sonic, flow conditions in the plane ¢ = O can be considered to be the
same as those associated with the corresponding circular cone with only
a slight loss in accuracy.

The experimental pressure distributions obtained on the four conical
flat-top wing-body combinations (see fig. 3) are shown in figures 6, 7,
8, and 9. The data are plotted in the form of surface pressure coeffi-
cients as a function of the meridian angle, ¢, for the body and as a
function of the difference between the ray angle, w, and the body vertex
angle, 8., for the wing. Also shown in these figures are the predictions
of the present conical-flow theory, where applicable, as well as results
obtained from reference 21 for noninclined cones. Although the latter
results are strictly applicable only for the cases where the wing leading-
edge angle is equal to the axially symmetric shock angle produced by the
body (i.e., My = 5.0, A = 13° and A = 16.9°; see figs. 6(c) and 8(c)),
the theoretical pressure coefficients are nevertheless shown for all test
Mach numbers at a = 0°, It is interesting to note that the results of
reference 21 are in good agreement with experiment even for the subsonic
leading-edge cases (Mo, < 5). It also appears from the magnitude and con-
tinuous distribution of pressures on the wing at M, = 6.0 that the bow
shock remains attached to the leading edge and the cone pressure field
is distributed over the entire surface of the wing. It should also be
noted that the pressures on the body are negligibly affected by the wing
at all test Mach numbers at o = 0°. Consider now the predictions of the
conical flow theory of the present paper. Although the theory is not
strictly applicable below a Mach number of 5.0 for the test configurations
(see fig. 2), theoretical results obtained for (¥),,, = O are nevertheless
shown for the lower test Mach numbers at « = 0°, As in the case of the
predictions of reference 21, the present theory may, from a practical
standpoint, also be considered applicable to wings whose leading edges
lay inboard of the bow shock wave at o = 0°. It should be recalled,
however, that the theory is applicable to hypersonic flow fields and,
therefore, would be expected to yield good results only at relatively
high Mach numbers. It can be seen from figure 2 that for A\ = 13°
(A\/5c = 2.28) the theory is applicable only for a = 0° at My, = 5.0 and
for angles of attack up to 3° (a/8c = 0.525) at My, = 6.0 (fig. 6). Simi-
larly, when A = 14.,6° (A\/8c = 2.55), the theory is applicable for angles
of attack up to 3° at Mo = 5.0 and for angles of attack up to 5.70
(a/8c = 1) at My, = 6.0 (fig. 7). The same general remarks concerning the
applicability of theory also apply to the less slender configurations.
The predictions of theory where applicable are compared with experiment
for these configurations in figures 8 and 9. It will be recalled that
the development of the theory proceeded from the basic assumptions
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that 8 K 1, w<< 1, and M>> 1., TIt would be expected, then, that theory
should yield more reliable results for slender configurations at high Mach
numbers, It is indicated by the results shown in figures 6 through 9 that
agreement between theory and experiment improves with increasing Mach num-
ber and, in general, agreement is better for the more slender configura-
tions., The pressure distributions calculated by means of equations (51)
and (52) are also shown in figures 6, 7, 8, and 9 and, in general, are in
reasonably good agreement with experiment, although equation (52) tends

to overestimate the pressures slightly on the wing (compared to the more
exact equation) at o = 0°. It should be noted in table I that (R
attains its maximum value at o = 0° when A > (wg),_, and increases

quite rapidly with increasing A. Thus, for example, for the case where

A =14.6° at My = 6.0 and a = 0° (fig. 7(d)), (¥)y/» is 41°. From the
definition of ¥ as shown in figure 1, it can readily be seen that the
cross-sectional shape of the conical shock will deviate considerably from
a circular arc when (¥),,, = 41°,

Since the theory is based on the assumptions 8 << 1 and A < 1, it
is evident that when the wing semivertex angle is large compared to the
axially symmetric shock angle produced by the body or, in effect, large
values of A/SC, the theory will tend to break down. More experimental
data are needed to determine the practical range of applicability of the
theory with respect to this parameter. It should be noted, however, that
considerations of drag and aerodynamic heating will dictate high sweep
and, hence, moderate values of )/Bc at hypersonic speeds.

It is of interest now to consider briefly the accuracy of the
predictions of theory for the 1lift, drag, and pitching-moment coefficients.
These coefficients have been calculated by means of equations (63), (6&),
and (68) (and, of course, table I) for a configuration having an arrow
plan-form wing (A = 150) beneath which is mounted one-half of a fineness-
ratio-5 cone. The results of these calculations for a Mach number of 5.0
along with experimental results taken from reference 2 (model 6 in that
reference) are shown in figure 10. The drag polar was obtained by calcu-
lating the variation of drag with angle of attack by means of equation (64).
The drag coefficient was then matched with the experimentally measured
drag coefficient at o = 0°. The difference in drag coefficient thus
obtained was assumed constant over the angle-of-attack range. In effect,
then, the skin-friction drag, leading-edge drag, and base-pressure drag
were assumed to be independent of angle of attack. In general, agreement
between theory and experiment is good.

As a final point, consideration is now given to the accuracy with
which the solutions for flow about conical configurations in combination
with the generalized shock-expansion method predict the flow about wing-
body combinations which are curved in the stream direction. The pressure
distributions on the surface of a configuration having a fuselage consist-
ing of one-half of a fineness-ratio-5 ogive mounted beneath a thin wing
whose leading edges were theoretically determined so that they coincided
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with the shock wave for (Y)H/Z =0 at My = 5.0 and a = 30 were calculated
using the methods of this paper. These distributions along with the
results of pressure-distribution tests are presented in figure 11. The
trend of the pressure distribution on the wing is in good agreement with
experiment. Although the absolute magnitude of the pressure is low, it
should be noted that the similarity parameter, M, 0., is 1 in this case
and, thus, represents the minimum condition for applicability of the
shock-expansion method.

CONCLUDING REMARKS

The flow about conical flat-top wing-body configurations at high
supersonic speeds was investigated analytically. With the assumptions of
high supersonic Mach numbers, slender configurations, supersonic leading
edges, and small angles of attack, an approximate theory was developed
yielding the Mach number and pressure distributions on the surface. Sim-
ple, explicit, algebraic expressions for calculating the 1ift, pressure-
drag, and pitching-moment coefficients were also presented. A solution
to the flow about pointed flat-top wing-body configurations which are
curved in the stream direction was obtained by combining the conical flow
solution with a slender-body approximation to the generalized shock-
expansion method.

Surface pressures were obtained experimentally at Mach numbers from
3.0 to 6.0 and angles of attack up to 6° for several flat-top wing-body
configurations. These configurations consisted of half-bodies of revolu-
tion mounted beneath thin highly swept triangular wings. The bodies of
the conical configurations consisted of one-half of a fineness-ratio-5
cone in one case and one-half of a fineness-ratio-2-1/2 cone in the other.
The body of the third configuration consisted of one-half of a fineness-
ratio-5 ogive, For this configuration, the leading edges of the wing
were curved and designed to just maintain the theoretically determined
bow shock along the leading edge at a Mach number of 5.0 and an angle of
attack of 3°, The predictions of the conical-flow theory of this paper
for the surface pressures were in good agreement with experiment at Mach
numbers of 5.0 and 6.0 up to angles of attack of approximately 20 Esti-
mated 1ift, drag due to 1lift, and pitching-moment coefficients were in
good agreement with existing experiment for a conical configuration at a
Mach number of 5.0. The generalized shock-expansion method yielded rea-
sonably good agreement with experiment for the half-ogive configuration
at a Mach number of 5.0 and angle of attack of 3°.

Ames Aeronautical Laboratory
National Advisory Committee for Aeronautics
Moffett Field, Calif,, June 2, 1958
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Figure 1l.- Schematic diagram of polar coordinate system.

20dQCY WH VOVN

e




: Theory applicable on
~and above curves. =

’ ( gc )min.

Cone semivertex angle

Min. wing semivertex angle

0 A 2 .3 4 5 6 g 8 9 10

Max. angle of attack (L)
Cone semivertex angle ’ max

3¢

Figure 2.- Variation of wing semivertex angle with maximum angle of attack for applicability of
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