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Arrays of Bodies of Revolution for Minimum Wave Drag

Jack N. Nielsen*
NASA Ames Research Center, Moffett Field, California

The wave drag of two identical Sears-Haack bodies at transonic and supersonic speeds has been determined by
using the supersonic area rule. The solution is found for these bodies displaced parallel to each other, both
laterally and longitudinally. The results show that the drag of a pair of bodies can be either doubled, or nearly
halved, depending upon the lateral and longitudinal spacings of the bodies. The magnitude of this drag is deter-
mined by the degree of mutual interference between the bodies. It is shown how reductions in wave drag can be
obtained by proper spacing of external bodies. The regions of favorable mutual interference are delineated. It is
also shown how to apply the two-body results to many-body arrays. Some remarks are made on applying the
results to store-airframe interference and on further aspects of the store-airframe drag problem.

a

b

CD
CDl
ACD

D

D2
/
IltI2

L
M

N
#00
R
r
r0
S
57
S2
SR
t
x,y,z

7
e

3J4

Nomenclature
=half the lateral spacing between two bodies of

revolution displaced parallel to one another
= the longitudinal spacing between two bodies of

revolution displaced parallel to one another
= D/q00SR
-/VtfoA
= drag coefficient resulting from mutual in-

terference between Sears-Haack bodies
= wave drag of a number of identical Sears-Haack

bodies
= wave drag of body Bl alone
= wave drag of body B2 alone
= # /3cose
=drag integrals in the supersonic area rule; see

Eqs. (13), (16), (17), and (14), respectively
= definite integral defined by Eq. (24)
= definite integrals defined by Eqs. (32) and (33),

respectively
= length of body of revolution
= definite integral given by Eq. (38)
= freestream Mach number
^any integer; also number of similar bodies of

revolution
= definite integral given by Eq. (39)
= freestream dynamic pressure
= definite integral given by Eq. (43)
= radius of body of revolution
= maximum radius of body of revolution
— cross-sectional area of body of revolution
=S for body Bj
=S for body B2
= reference area, irr%
=\ + cos</>
=set of Cartesian coordinates, x rearward, y

horizontal to the right, and z vertically upward
= value of x for apex of Mach cone

=cos c
= polar angle of plane tangent to Mach cone

/);Eq. (12)
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0 = position variable for body x station; Eq. (1)
X = 2(b-2f)/L
% = dummy variable of integration
T =(b/L-f),Eq. (12)
</> = position variable for body rj station, Eq. (23)

Introduction

CURRENTLY, there is much interest in reducing the drag
of external stores by properly integrating the airplane and

stores to meet this end. One reason for this interest is that a
supersonic airplane with pylon-mounted stores can generate
sufficient drag to preclude supersonic flight. This is particular-
ly true when utilizing triple ejection racks or multiple ejection
racks. This paper will show that this excessive wave drag can
be reduced. The basic purpose of this paper is to show how, at
transonic and supersonic speeds, mutual interference between
identical stores can be harnessed to reduce the wave drag
caused by these stores. In addition to external stores, the paper
has application to twin-body aircraft.

The drag of an isolated store consists of the body wave
drag, body skin friction, base drag, and empennage drag,
although the latter two quantities are zero for a body of
revolution with a pointed base. When mounted alone on an
aircraft, an external store has a drag increment due to the in-
terference of the airplane on the store. The airplane also has a
drag increment due to the effect of the store on the airplane.
When multiple arrays of stores are mounted on the airplane,
there is mutual interference among the stores. Methods exist
generally for calculating the wave drag, skin friction, and base
drag of isolated bodies of revolution. However, methods for
calculating the wave drag due to mutual interference between
bodies have not been widely applied. It will be shown that
large savings in wave drag are to be gained by the favorable
use of mutual interference.

Several methods exist for determining the wave drag of
combinations of bodies of revolution. First there are panel
methods such as PAN AIR.1 These methods will yield the
wave drag, but they are limited practically to only a few bodies
because of the large number of panels required. Area rule
methods2 are also applicable. It will be shown that once the
two-body problem is solved, it can be applied to the multiple-
body problem. In addition, the area rule method gives
algebraic answers in closed form in many instances. In these
cases the singularities are handled exactly from the
mathematical point of view.

In Ref. 3, Drougge reports a combined experimental-
theoretical study of parabolic-arc bodies at transonic speeds.



902 J. N. NIELSEN J. AIRCRAFT

The experimental results are pressure distributions and total
drags for a parabolic-arc body (truncated) in the presence of
another similar body. The bodies have been truncated to 5/6
of the total length of a parabolic-arc body to accommodate
the supporting stings. The force measurements include skin
friction. Theoretical results based on the supersonic area rule
are derived. The theoretical results do not apply to a body the
nose of which lies behind the Mach forecone of the trailing
edge of the forward body. As such, they cannot be used to
estimate the wave drag of most multiple arrays of bodies. The
present results for Sears-Haack bodies (which are pointed at
both ends) are not so limited. Parabolic-arc bodies have 6%
more wave drag than Sears-Haack bodies for the same length
and volume.

Derivation of Drag Integral
The supersonic area rule method will be applied to two

Sears-Haack bodies which are displaced parallel to each other
in both the lateral and longitudinal directions.

Consider first the following notation and results for a Sears-
Haack body taken from Ref. 2, pp. 281-283. Introduce the
angle 6 such that

(1)

for body 1 with 0 = 0 corresponding to the trailing edge of the
body and 6 = IT corresponding to the point of the nose. The
cross-sectional area distribution is given in terms of 6 as

(2)

(3)

(4)

The drag based on TTT^ as reference area is

= — 2 /L}2

A quantity that will be used later is

dx2 L2sinO

In the supersonic area rule the idea of a plane tangent to the
Mach cone is used. Consider such a plane tangent at polar
angle e to a Mach cone with origin at x0. The plane has the
equation

x - x0 = /3ycose + jfeine (5)

In the plane z = 0 with y = a

x = X0 + /3# cose = X0 +f (6)

Consider now two bodies of revolution separated laterally
by distance 2a and longitudinally by distance b. Let a Mach
cone travel along the x axis with the tangent plane cutting obli-
que cross-sectional areas from body Bl and body B2 . The pro-
jections of these oblique areas on a plane normal to the axis x
are very closely equal to Sj(x0~ f ) and S2(x0+f), respec-
tively.

In applying the supersonic area rule to the combination of
two bodies, the Mach cone and its tangent plane range along
the x axis between the limits for which the tangent plane can
intersect bodies Bj and B2. It is convenient to fix e, and hence
the limits of integration for the first double integration, and
then to averge over e in the third integration. The drag expres-
sion for fixed e is

Here S includes area intercepted from both bodies by the
tangent plane at angle e, and the limits cover all x and £ for

which S" is not zero. The total drag is

D
 =

 1 (2"d ( D\d
~ 2-K Jo de V t f o o /

S(x)=S1(x)+S2(x)

(8)

(9)

(10)

and Eq. (7) expands to four integrals. It is noted that x ranges
from - (b/L-f) and L- (b/L-f) for £,. (Fig. 1) and be-
tween (b/L-f) and L+ (b/L-f) for B2. The first term of
Eq. (10) yields the integral

Let

so that

S" (x)S*

/ ft

/, = -—
2* J

L- (b/L-f)

2* J- ( b / L - f )

f t L

J-

L-(b/L-f)

(b/L-f)

Let

Then

2ir Jo

(12)

(13)

In the equations, S"(x) and S/(£) range over their values
from the nose to the trailing edge of the body. Formally the
transformation S7 (x)—S1 (r- (b/L) +/) should appear in
Eq. (13). With the understanding that Sj (x) ranges over the
same values in both equations and is given by Eq. (2), Eq. (13)
can be written in its present form for convenience. The in-
tegral 77 represents the drag of body B1 by itself. Similarly, the
last term of Eq. (10) yields

4=--L-\ \ S;(T)S;
2-K Jo Jo

(14)

which corresponds to the drag of body B2 alone.
The second and third terms of Eq. (10) represent the mutual

interference drag between bodies Bl and B2. With due regard
for the different limits for S7 and S29

L-(b/L-f)

-(b/L-f)

L+(b/L-f)

b/L-f

(15)

If one makes the limits of both integrals 0 and L, the result is

2 = ~

The third integral with the appropriate limits is

b/L-f ft L- (b/L-f)

(16)

(17)

(18)
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Reversing the dummy variable of integration in Eq. (18) yields
the result that

(19)

Note that 77 and I4 do not depend on e but I2 and I3 do. We
can now write

D Dj D2 1 f 2*
—— = —— + —^ + —— \ 2/2de
^oo ^oo ^oo 2?r Jo

(20)

First Integration of I2
The integral I2 of Eq. (16) is integrable in algebraic terms.

Write I2 as

(21)

where

J(r),b-2f)=\ S"(r)en\r-ri-(b-2f)\dT
Jo

(22)

Let

r = — (1 + cosO)

L_
T

L2sin0

(23)

so that

/= L̂ Jo

Integration by parts yields

\cosO -cos<l>- [2(b-2f)/L] \dO (24)

with

T (cos0-cos50)
0 COS0 — COS(/> — X

= 2(b-2f)/L

•dB (25)

(26)

There are two cases in the integration of Eq. (25), depending
on whether the denominator of the integral has a zero or not in
the range of integration.

Case A:

Consider case A first. From the known result that

f T cosnddd irsmn<f>
J o cos0 —

it follows that

s: cosnddO _ irsinny
cos0 — cos0 — X

(27)

(28)

(29)

where

These results yield

f—- = — [7-2(cos<£ + X) 2 ] ; case A6-Kri/L 2 (31)

Turning now to case B, consider the integral K0 evaluated
from integral tables

dO
cos0-(cos<£ + X)

It follows readily that

(32)

T ( X + COS</))

The following recursion formula is easily verified

(34)

It follows, with the help of Eq. (24), that

6-xri/L 2

(35)

Second Integration of I2
It is noted that the first term of /(</>,X) is the same for cases

A and B but that the second term is valid over the range
where

(36)

Accordingly,

where

M(X)=

(37)

(38)

(39)

Now integrate M(X) and N(\). M(X) can be easily integrated
to yield

(40)

With this result, Eq. (20) becomes

D 4Dl 1 1 f2 7 r p /'6vr0\2
—— = ———————— de I—— j (cos</> + X)
#00 ^oo Qoo 2ir Jo Jo \ L /

(41)

where D1 is the drag of an isolated body. Converting to drag
coefficient form,

CD = 4CD -^- 4- \2 de [T (cos<A + X)L2 2-K Jo Jo

0087= (X + cos</>) (30) (42)
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It is possible to give this result a simple physical meaning. If
two bodies are superimposed so that they have zero lateral and
longitudinal displacement from one another, then b = a = Q.
Also X = 0 and 7 = 0 deg, and the integral is zero. The drag of
the configuration is that of a body of revolution with the
cross-sectional area distribution of two bodies superim-
posed, or 4CDr Thus the second term of Eq. (28) represents
favorable drag interference as a result of displacing the bodies
laterally, longitudinally, or both.

It is now necessary to determine the value of the integral

R=

The substitution

yields the result

(43)

(44)

(45)

The integral can be reduced to Jacobian elliptic function form
by the substitution

t= - [(\ + 2)/(l-a2sn2u)] (46)

where sn2u is the Jacobian elliptical sine amplitude function.
Using the tables of Ref. 4, after much algebra, for

Equation (38) can now be written

Since

— de

= 2/L(b-2l3acose)

(48)

(49)

the e integration seems formidable. The integral was not
evaluated in closed form but, instead, this last integration was
done by computer. The integrand is perfectly regular, and the
integral was evaluated by Simpson's rule. The equation con-

tains both the transonic and supersonic results for the effect of
lateral and longitudinal displacement on the wave drag of two-
body combinations. The distribution of drag between the
bodies is not given.

For X>2, R (X) as given by the elliptic integrals, Eq. (47), is
not valid. R (X) in this case must be defined by the definite in-
tegral, Eq. (43). Equation (48) should then be written

8CDj1 R(\)de (50)

with the understanding that R(\) is defined by Eq. (43). For
X>2, R(\) has been evaluated numerically, and the results
are given in Table 1 for use in Eq. (50). The case X>2 occurs
when the nose of the rear body is behind the Mach forecone
arising at the trailing edge of the forward body.

Illustrative Transonic Results
Some wave drag results at transonic speeds are now

presented. These results are obtained from Eqs. (48) and (49)
on the basis of the assumption that M^ = 1.0. Then

= 2b/L (51)

Equation (48) then becomes

(52)

The first point to be noted is that CD does not now depend
on lateral spacing. Since the Mach waves are now planes nor-
mal to the body axis, the area distributions do not depend on
the body lateral spacing. Consequently CD is independent of
spacing.

Some elucidation of this point is of interest. In point of fact,
it is not really to be supposed that the drag of two bodies with
no longitudinal displacement and purely lateral displacement
should be unchanged for all lateral displacement. Some data
of Drougge3 on this effect are shown in Fig. 2. These data
represent the wave drag of a parabolic body in the presence of
another such body at M^ = 1.0 and M^ = 1.15. For M^ = 1, it
is noted that a minimum lateral spacing a/L of about 0.25 is
needed before the total drag falls about 10%. This result is in-
terpreted to mean that if 2a/L<0.25, the effect of lateral
displacement on wave drag is not significant. Such ar-
rangements of stores with small gaps are feasible. Dashed lines
in the figure represent the theory which will be discussed later.

Table 1 Tabulation of /?(X); X>2.0
X

2.0
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
3.0
3.1
3.2
3.3
3.4

R(X)
0.6667
0.7283
0.7479
0.7586
0.7653
0.7699
0.7731
0.7755
0.7772
0.7786
0.7797
0.7806
0.7813
0.7819
0.7823

X

3.5
3.6
3.7
3.8
3.9
4.0
4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
5.0
00

R(\)
0.7827
0.7831
0.7833
0.7836
0.7838
0.7840
0.7841
0.7842
0.7843
0.7845
0.7845
0.7846
0.7847
0.7848
0.7848
0.7849
0.7854

Table 2

b/L

0
0.05
0.10
0.15
0.20
0.25
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00

Values of &CD/CD] for two Sears-Haack
at transonic speeds

ACD/CD;

2.000
1.601
1.210
0.8337
0.4795
0.1541

-0.1360
-0.5870
-0.8360
-0.8594
-0.6598
-0.2783

0.1732
0.3023

b/L

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0

bodies

ACD/CD]

0.0955
0.0512
0.0313
0.0209
0.0145
0.0104
0.0079
0.0059
0.0046
0.0036
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Equation (52) yields the dependence of total wave drag CD
on the longitudinal displacement. The total drag coefficient
CD of the pair of bodies as a multiple of the drag of a single
body is shown in Fig. 3. At b = 0 the wave drag is doubled due
to mutual interference. At b/L between 0.5 and 0.6 the
minimum wave drag of the combination occurs. At b/L of
unity the drag coefficient ratio is 4-16/37T, or 2.30. A
pressure field acts behind the first body so that the in-
terference between bodies is not zero. However, for b/L> 1,
the interference rapidly approaches zero as the distance be-
tween bodies increases. In this region, the values of R(\)
given in Table 1 are applicable. One point of interest is that for
0 = 0, \ = 2a/3/L is independent of Mach number, so that Fig.
3 is also applicable at supersonic speeds for no lateral
displacement.

The two-body results are applicable to arrangements of
three or more bodies. A simple means of accounting for all in-
terference terms is furnished by a simple squaring operation.
Consider bodies A, B, and C, and form the following
expression

(A + £ + C)2 =A2 + B2 + C2 + (AB + BA)

2cr
ao

^Q
O

Q
O M00= 1.15

O DATA, ref. 3

(b)
.5 1.0

LATERAL SPACING, 2 a/L
1.5

Fig. 2 Effect of lateral spacing on wave drag of a parabolic-arc body
of revolution, a) Mx = 1.0; b) M^ = 1.15.

+ (AC+ CA) + (BC+ CB) (53)

Interpret the expressions in the following manner. The term
A2 means the effect of A on A, and it represents the drag of
body A alone; similarly for B2 and C2. The term AB is the in-
terference of body A on body B, and BA is the interference of
body B on body A. Thus (AB + BA) represents the mutual in-
terference between bodies A and B and depends only on the
spacing between A and B independent of body C. To obtain

y

+a

-b/2 + f

1 /
l̂ £

S2(x)
\

— f^^ ® T^?i
/!

/ L-b/2 L-b/2 + f / |L+b/2
b/2-f b/2 / L+ b/2-f x

A MACH WAVE

-^-—^
S^x)

Fig. 1 Geometry and Mach waves for two bodies of revolution with
lateral and longitudinal displacement.

4.2

3.8

C? 3.4
O

O

3.0

5 2.6

cc
O
UJ
><

2 2

1.8

1.4

1.0
.2 .4 .6 .8 1.0
LONGITUDINAL DISPLACEMENT, b/L

1.2

Fig. 3 Effect of longitudinal spacing on wave drag of two bodies at
transonic speeds.

Table 3 Values of ACD/CD/ for two Sears-Haack bodies at supersonic speeds

2a/3/L-
b/L\

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4

0

2.00
1.210
0.479

-0.136
-0.588
-0.836
-0.860
-0.660
-0.278

0.173
0.302
0.096
0.051
0.031
0.021

0.1

1.495
1.225
0.508

-0.095
-0.537
-0.780
-0.804
-0.614
-0.260

0.105
0.209
0.127
0.057
0.034
0.022

0.2

1.015
0.923
0.593
0.026

-0.388
-0.615
-0.643
-0.490
-0.249
-0.091

0.059
0.143
0.091
0.042
0.026

0.3

0.585
0.553
0.451
0.221

-0.149
-0.357
-0.402
-0.346
-0.309
-0.212
-0.083

0.042
0.113
0.073
0.034

0.4

0.225
0.232
0.240
0.238
0.161

-0.033
-0.143
-0.260
-0.300
-0.271
-0.187
-0.075

0.033
0.046
0.063

0.5

-0.045
-0.017

0.066
0.183
0.297
0.292
0.051

-0.124
-0.232
-0.268
-0.243
-0.169
-0.069

0.027
0.085

0.6

-0.213
-0.169
- 0.044

0.135
0.300
0.344
0.269
0.050

-0.112
-0.210
-0.244
-0.222
-0.156
-0.065

0.024

0.7

-0.273
-0.224
-0.086

0.085
0.193
0.282
0.318
0.253
0.049

-0.101
-0.193
-0.226
-0.207
-0.146
-0.061

0.8

-0.232
-0.190
-0.091
-0.022

0.076
0.176
0.260
0.298
0.236
0.047

-0.094
-0.181
-0.209
-0.192
-0.136

0.9

-0.115
-0.109
-0.123
-0.090
-0.020

0.071
0.167
0.245
0.281
0.226
0.044

-0.089
-0.168
-0.198
-0.183

1.0

0
-0.052
-0.107
-0.118
-0.083
-0.019

0.065
0.162
0.233
0.272
0.213
0.042

-0.082
-0.161
-0.186

1.1

0
0

-0.052
-0.096
-0.114
-0.080
-0.020

0.065
0.151
0.228
0.259
0.203
0.041

-0.080
-0.151

1.2

0
0
0

-0.043
-0.097
-0.102
-0.078
-0.016

0.058
0.142
0.214
0.248
0.196
0.043

-0.074
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the wave drag of the combination of all three bodies, we need
only to add up the terms of Eq. (53).

The actual mutual interference term in Eq. (50) is
represented by

ACD $ i f 2T
——— = 2———— R(\)de

CD TT 2-K JO
(54)

This expression has been evaluated for a series of values of
b/L using R (A) from Table 1 and Eq. (47). The resulting table
of mutual interference factors, given as Table 2, is for use in
determining the wave drag of various arrangements of Sears-
Haack bodies at transonic speeds.

Consider now an arrangement of three Sears-Haack bodies
as shown in Fig. 4. The calculation of the wave drag of this ar-
rangement along the lines discussed above is shown in the
figure. It is noted that the drag of the three-body arrangement
has the total drag of 1.63 bodies. The drag reduction comes
about through highly favorable mutual interference between
bodies A and B and B and C.

It is easy to generalize the above results to n bodies, which
are added in the downstream direction following the pattern
of Fig. 4. It is readily shown that

CD/CD]=n-(n-l) (0.836) + (n-2) (0.302) (55)

It has been assumed that for b/L > 1.5, the mutual in-
terference is negligible in accordance with Table 2; thus,

CD/CD] = 0.466n + 0.232

CD/nCDl = 0.466+ 0.232/n

(56)

(57)

3
4
5
6
oo

1.630
2.096
2.562
3.028

CD/nCDl

0.543
0.524
0.512
0.505
0.466

If two bodies are displaced longitudinally to the optimal
position, the total drag is 1.12 (Fig. 3) times the drag of the
one body alone, yielding a reduction in wave drag of 44% due
to mutual interference. If more bodies are to be used, further
reduction in drag can be accomplished. For six bodies a 49.5%
reduction in wave drag can be accomplished. For a much
larger number of bodies, a theoretical limit of 53.4% reduc-
tion in wave drag is possible using the above scheme of
arrangement.

(b/L)

A2

B2

C2

(AB + BA)
(AC + CA)
(BC + CB)

CD/(

Cn/2

-

0.5
1.0
0.5

JCn =

1
1
1

-0.836
0.302

-0.836

1.630

0.543

Now contrast the above case with that for a triple ejection
rack, in which three stores are mounted on one rack so that
they have no longitudinal displacement. Accordingly, their
drag is equal to that of nine bodies alone. Thus there is a 300%
increase in drag that can be contrasted with the 45.7% reduc-
tion of drag possible with the arrangement of Fig. 4.

Many arrangements of external stores are possible by using
various combinations of lateral and longitudinal displace-
ment. These arrangements can be readily analyzed by the
preceding method to determine the total wave drag.

Several cautions are in order concerning the above
results. First, it is assumed that the flow is attached to the
bodies to their trailing edges and no viscous wake occurs.
However, the boundary layer can separate before the trailing
edge so that the predicted values may be in error. In the second
place, we have neglected skin friction that may change as a
result of the interference pressure distributions. Third, the ex-
ternal stores interact with the airplane to cause an increment in
airplane drag associated with either pressure drag or skin
friction.

Illustrative Supersonic Effects
The transonic results shown in the previous section are

limiting results of the supersonic area rule as the Mach number
approaches unity. For the supersonic area rule, the drag
results depend in a nondimensional manner only on b/L and
2oj/3/L as follows:

(r0/L)<
- = F(b/L, (58)

Equation (58) has been evaluated for a range of values of the
two parameters, and the results have been tabulated in terms
of the mutual interference factor, ACD/CDr Similarly as in
Table 2 for M^ of unity, these results are listed in Table 3 for
supersonic speed. The values in the table have been obtained
on an IBM PC-XT by double integration using Simpson's rule
and Eqs. (43) and (54).

Table 3 is now used to illustrate the effect of lateral spacing
on the total wave drag of two bodies with no longitudinal
displacement. The result is shown vs the nondimensional
lateral spacing 2$a/L in Fig. 5. It is noted that for values of
the parameter above 0.5, the mutual interference is favorable.
This result follows from the facts that the nose Mach wave
from one body intersects the other body behind its half-length

.2 .4 .6 .8
LATERAL DISPLACEMENT, 2)3a/L

1.0

Fig. 4 Calculation of the transonic wave drag of a three-body ar-
rangement of Sears-Haack bodies.

Fig. 5 Effect of lateral spacing on the total drag of a two-body
arrangement.
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position and the positive pressure behind the wave causes
thrust on the rearward sloping surface of the body. For values
of 2pa/L greater than unity, the two bodies are not " ;thin the
zones of influence of one another, and the mutual interference
is zero.

The figure shows a drag saving of 12% of the drag of the
bodies alone for a value of 2&a/L of about 0.7. If it is assumed
that the store is mounted under a wing which acts as a flat
reflection plane, then the store would have to be a distance
from the reflection plane of half this value. For M^ =(2)1/2,
the distance from the reflection plane would be about 35% of
the body length. For higher Mach numbers the distances
would be less.

For a store mounted tangent to a reflection surface, Fig. 5
shows that its wave drag is twice the body-alone value. If,
however, the body is semisubmerged in the reflection plane, its
drag is half that of a body alone. These results will be
modified to some degree by the presence of the boundary layer
on the reflection surface. Both the skin friction of the body
and reflection plane can be affected. This effect bears future
investigation.

The regions of favorable interference can be shown using
the results of Table 3. The values in this table are good to two
decimal points and in most cases to three decimal points. Con-
tours of constant ACD/CDj are shown in Fig. 6 for ranges of
2f3a/L and b/L. A region of favorable interference exists for
large lateral spacing and small longitudinal spacing. In this
region the positive pressure from the front of each body acts
on the back of the other body producing thrust. Above the up-
per Mach line the bodies do not interfere with one another.

A second region of favorable interference exists for ranges
of spacings as shown in the figure. For small lateral spacings
and a longitudinal spacing near 0.5, the interference is most
favorable. Behind this region of favorable interference a
region of slightly adverse interference exists.

As another example of how the total wave drag of a pair of
bodies depends on their relative positions, the case is con-
sidered of a body moving obliquely between the forward and
rearward Mach waves of the forward body as in Fig. 7. The
wave drag interference is always adverse in this case.

Now consider an example of a variable three-body array as
shown in Fig. 8. The laterally spaced body is moved in the
longitudinal direction to find its position of minimum wave
drag. For spacings 2fta/L of 0 and 0.2, the optimum value of
b/L is close to 0.5. For 2$a/L = 0.4, the curve is flat so that no
significant penalty occurs in using b/L of 0.5.

.4 .6 .8 1.0
LONGITUDINAL DISPLACEMENT, b/L

It is of interest how the drag of an array of bodies with
minimum wave drag at one Mach number changes as the
Mach number increases. Consider the foregoing case of three
bodies. Let the lateral spacing 2a/L be 30% of the body
length. As the Mach number increases, the value of 2f3a/L in-
creases. The wave drag also increases relative to that for the
bodies alone. For three bodies, Fig. 9 shows that the total
wave drag is about half that for three bodies alone at
MO, = 1.0, but that it increases asymptotically approaching un-
ity as Ma, increases. The wave drag interference is favorable at
all supersonic Mach numbers.
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0 .2 .4 .6 .8 1.0 1.2
LONGITUDINAL DISPLACEMENT, b/L

Fig. 7 Total wave drag of two bodies with the rear body within the
Mach waves of the front body.
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LONGITUDINAL DISPLACEMENT OF BODY B, b/L

Fig. 8 Wave drag of a variable geometry three-body array.
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Fig. 6 Contours of constant wave drag ratio ACD/CD for two
Sears-Haack bodies based on Table 3.

Fig. 9 Relationships between Mach number and wave drag of many-
body arrays.
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Fig. 10 Effect of lateral spacing on the wave drag of one of a pair of
Sears-Haack bodies at Af- = 2.7.
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Fig. 11 Effect of longitudinal spacing on the interference wave drag
of a pair of Sears-Haack bodies at MM = 2.7.

It is easy to determine the wave drag for an infinite alter-
nating array of bodies based on the three-body array shown in
Fig. 9. The result marked by n - oo in the figure shows further
drag reduction over the three-body array. Using the results of
Table 3, it is possible to determine the effect of a reflection
plane on the results of Fig. 9, but the calculation has not been
carried out.

Comparison Between Data and Theory
The first comparison between data and theory is made in

Fig. 2 for M00 = 1.0 and M00 = 1.15. The data are for
parabolic-arc bodies separated laterally and the theory is for
Sears-Haack bodies. The theory is represented by the dashed
curves in the figure. The null effect of lateral spacing for
MO, = 1.0 has already been discussed. At M^ = 1.15, the data
and theory are in good agreement. This result suggests that the
difference is small between the wave drag characteristics of a
pair of parabolic-arc bodies and a pair of Sears-Haack bodies
of equal thickness ratio.

Wave drag data for a pair of Sears-Haack bodies are
available in Ref. 5 for M^ =2.7 as determined by pressure
distribution. In Fig. 10 data are compared with theory for the
effects of lateral spacing and in Fig. 11 for longitudinal spac-
ing. Figure 10 shows the ratio of the wave drag of one of the

bodies including interference to that with no interference. The
agreement between the data and the supersonic area rule is
quite good. In Ref. 5 Bantle suggests adjusting the value of (3
in the theory so that the theoretical Mach wave direction coin-
cides with that of the nose shock wave. However, since a
Sears-Haack body has a blunt nose, an experimental value of
the nose shock angle should be used for this adjustment. This
adjustment, not shown in Fig. 10, further improves the agree-
ment between data and theory. The good agreement between
data and experiment for the wave drag ratio shown in the
figure does not imply that slender-body theory accurately
predicts the absolute wave drag. In fact, in this case it does
not.

The data in Fig. 11 represent results for two Sears-Haack
bodies separated by 20% of the body length at M^ = 2.7. It is
noted that for 2a/L = 0.2 the maximum favorable interference
occurs at a value of b/L of about 1.0 instead of 0.5 at
2a/L = Q. The agreement between data and theory is con-
sidered acceptable in view of uncertainties in the data as well
as in the numerical calculations for the supersonic area rule.

Further Considerations
The present analysis is fairly specific in that it deals only

with SearsrHaack bodies. It can be extended to other types of
bodies which are also pointed at both ends. Bodies with blunt
bases can also be treated, but consideration must be given to
base drag.

For two bodies, the pressure field of one body will change
the pressure just before the base of the other body, and the
base drag must be corrected for this effect. The change in base
drag can be considered part of the mutual interference in the
usual way. The pressure coefficient contains squared terms in
slender-body theory and, as such, is not strictly additive for
many bodies. However, this fact can probably be ignored for
most practical purposes and the superposition carried out as in
the present method.

Another way in which the mutual interference between two
bodies can be obtained is through the use of panel methods.
Systematic calculations must be made as a function of
longitudinal and lateral spacing at a fair cost in computer
time. However, this is a good way of handling empennage
effects.

One question that naturally arose in the course of the pres-
ent work is how skin friction and boundary-layer separation
are influenced by mutual interference between two bodies.
The body pressure distribution can be approximated by
linearly combining pressure distributions. The skin friction
and separation of the body boundary layer can then be studied
using integral methods. Such an approach should show the im-
portance of mutual interference on skin friction and
separation.

The complete assessment of drag of a store-airframe com-
bination must include consideration of the effect of the store
on the air frame pressure drag and skin friction. While the
supersonic area rule can be used to treat the wave drag of the
store-airframe combination, a panel method will separate out
the components of mutual interference.

The influence of the store (or stores) on the viscous drag of
the air frame is a difficult problem, particularly for closely
coupled stores. Considering only a planar reflection plane, we
encounter a three-dimensional problem in shock-wave/
boundary-layer interaction. To calculate the effects, one may
need to invoke the Navier-Stokes equation. For closely coupled
stores such as semisubmerged bodies, this possibility appears
real.

Concluding Remarks
This paper addresses the problem of finding minimum wave

drag arrays of Sears-Haack bodies, with special reference to
external stores. The problem of the mutual interference
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among bodies has been solved. The interference of an air-
frame on an array of Sears-Haack bodies has also been solved
to the degree of approximation that the airframe (wing) can be
modeled by a planar reflection surface.
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