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TECHNICAL NOTE 4120

THEORETICAL CALCULATIONS OF SUPERSONIC WAVE DRAG AT
ZERO LIFT FOR A PARTICULAR STORE ARRANGEMENT

By Kenneth Margolis, Frank S. Malvestuto, Jr.,
and Peter J. Maxie, Jr.

SUMMARY

An anslysis, based on the linearized thin-airfoll theory for super-
sonic ‘speeds, of the wave drag at zero lift has been carried out for a
simple two-body arrengement consisting of two wedgelike surfaces, each
wlth a rhombic lateral cross section and emensting from a common apex.
Such an arrangement could be used as two stores, either embedded within
or mounted below & wing, or as auxiliary bodies wherein the upper halves
could be used as stores and the lower halves for bomb or missile purposes.
The complete range of supersonic Mach numbers has been considered and it
was found that by orienting the axes of the bodies relative to each other
a given volume may be redistributed in a manner which ensbles the wave
drag to be reduced within the lower supersonic speed range (wvhere the
leading edge is substantially subsonic). At the higher Mach numbers, the
wave drag 1s always increased. If, in addition to a constant volume, a
given meximum thilckness-chord ratio is imposed, then canting the two sur-
faces results in higher wave drag at all Mach numbers. For purposes of
comparison, analogous drag calculations for the case of two parallel
winglike bodies with the same cross-sectional shapes as the canted con-
Piguration have been included. Conslderation is also glven to the favor-
able (dragwise) interference pressures acting on the blunt bases of both
arrangements.

INTRODUCTION

The magnitude of the supersonic wave drag of complete airplane con-
figurations is known to be dependent not only on the direct drag effects
generated by each component part of the configuration but also on the
indirect or interference effects introduced by each component on all
other components. For alrplenes that require external fuel tanks, promi-
nent nacelles, or other auxiliary bodles for storage or bomb and missile
purposes, the location of such bodlies relative to each other and to other
airplane components has been shown to be an important consideration from
the stendpoint of obtalning low drag. In this connectlon, reference 1
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points out that judicious positioning of the components of a multibody
arrangement can glve rise to beneficlel Interference effects that are of
sufficient magnitude to allow a volume increase of 25 percent and at the
same time actually decrease the wave drag at zero lift. Although the
possible increesges in other forms of drag (e.g., friction drag, base drag,
and drag due to 1lift) might partiaslly cancel or even completely nullify
such reduction in zero-l1ift wave drag, the importence of positioning
suxiliary bodles appears clear.

Inasmuch as interest has been evidenced in the 1lift and side force of
conical stores oriented relative to each other, it was believed worthwhile
to consider also the drag problem for & similar arrangement. In order to
allow a rigorous analytical solutlion as well as to slmplify the calcula-
tions, the present paper treats the case of two simple wedge-type stores,
canted relative to each other, each with & rhombic profile in the span-
wlse dlrection and both emansting from a slngle epex. This simple two-
body arrangement could conceivably be used as two stores, elther embedded
within a wing or mounted below a wing, or as auxlliary bodles wherein the
upper halves could be used as stores and the lower halves for bomb or
missile purposes. The zero-lift wave drag of the gystem is evaluated
herein by means of lineasrized supersoniec flow theory for the entire super-
sonic speed range. Corresponding calculations for the case of two parallel
winglike surfaces with the same cross-sectionsl shepes as the canted
arrangement are included. Consideration is also given to the pressures
acting on the blunt bases of both configurations.

LIST OF SYMBOLS

X,¥,Z Carteslan coordinates

zg z-coordinate defining airfoll section
E,n Cartesian coordinates of source polnts
v free-stream or flight velocity

o : density of air

Ap pressure increment

q dynamic pressure, -]2=pV2

M Mach number
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B
g
A
A

Ay

S,A

Sw, Ay

Mach number paremeter, M2 - 1

disturbance-velocity potential
slope of surface (taken in stream direction)
leading-edge sweepback of body (figs. 1 and 3)

leading-edge sweepback of wing ip which canted arrangement
is embedded (fig. 1)

inclingtion of inner edge for the cented arrangement
(positive)

slope of ridge line, %(tan 8 + cot A)

maximum chord

maximm thickness

plan-form area and aspect ratio, respectively (For the
canted arrangement, the area includes the cutout inner
portion but excludes any wing areas exterior to the body

leading edge so that S = (cmgx)“cot A and A = k4 cot A
(£ig. 1))

plan-form area and aspect ratio, respectively, of a delta
wing in which the can%ed arrangement is assumed to be
embedded (Sy = (cmgx)“cot Ay and Ay = 4 cot Ay (fig. 1))

wave-drag coefficlent, Waw; drag
wave-drag coefficlent, EEI§§%£E§

region of integration

volume of body

distance between apexes for the parallel arrangement
semispan of one body for the parallel srrangement

functions used in appendix A for summarizing expressions
for velocity potentials
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Subscripts:
1,2 used as subscripts on A to denote specific slopes
1,2,3,4 used as subscripts on ¢ to denote the four basic
potentials for the canted arrangement

1A4,1B,1C,2A,2B used as subscripts on @ +to denote special forms

of ¢l and @,
base int bage interference

ANATYSIS

The analysis 1s based on supersonic thin-airfoill theory and on the
assumptlions of small disturbances and & constant velocity of sound
throughout the fluid. These assumptions lead to the linearized equation
for the velocity potential @:

(r - MQ);ZSXx + ¢yy + @, =0 (1)

where M 1is the Mach number of the flow and the derivatives are taken
with respect to the variables x, ¥y, and 2z of the Cartesian coordinate
system. The general expression for the llnearized perturbation-velocity
potential in space due to a distribution of source and sink singularities
in the z = 0 plane is (see refs. 2 and 3)

¢(x:y:Z) = - Eff 7\(5,1])6.&, an (2)
TUUR fix - £)2 - B2(y - n)2 - p22

where x, Yy, and z are the coordinates of the field point (that is,
the point at which the potential is desired) and & end 1 are the
coordinates (analogous to x and y) of the singulerities. The func-
tion A(g,n) represents the particular distribution of singularities
and is, of course, dependent upon the boundary conditions imposed. For
the case of wing thickness distributions that are amenable to thin-
airfoil-theory calculations, the source-sink distribution function is
related to the particular thickness distribution involved and is glven
as
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AE ) = [gg- zB<g,n)] (3)
ZB=0

The integration indicated in equation (2) is performed over the region R
that is enclosed by the traces in the 2z = 0 plane of the Mach forecone
emanating from the point (x,y,z) and by the wing plan-form boundaries.
Inasmuch as the present problem is concerned with the dreg and hence the
surface conditions, consistent linearization also requires the potential
to be evaluated in the 2z = 0 plane. " Thus, the spplicable form of
equation (2) becomes

B(e,n)
Blx,y) = - L & an ()
Vx - g)2 - B2(y - )2

The parameter S eguals Jﬁz - 1 &and its reciprocal l/B is the slope
(absolute value) of the Mach lines.

Calculation of the wave-drag coefficient involves an integration of
the tangential components of surface pressure which are in turn related
to the x-derivative of the veloclty potential; that is,

-g-ﬂ; éq’i Ax,y)ax ay

- fLL[]q ég&fLZL AMx,y)dx dy (5)
sV S ox

Cp

where S 1is the plan-form area and the quantity %F

The particular thickness distribution in the present problem allows
an additional simplification. Inasmuch as the quantity K(x,y) is a
constant value over any one region of a wedge-type surface, equation (5)
may be expressed simply in terms of the potential by performing an inte-
gration with respect to x; that 1s,

T.E.

dy (6)
L.E.

4

= N (x,¥)

Cp =
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where the symbol b denotes that the y-integration 1s performed over

the span. It should be noted, however, that the expression for R¢(x,y)
will generally be different for each wedge region end, therefore, the
evaluation between the leading edge and trailing edge as required in the
integrand of equation (6) must be taken in finite steps. The solution to
the problem consists primarily of calculating the potential for the vari-
ous surface regions by use of equation (4) and then calculating the drag
coefficient by means of equetion (6).

Consider now the wing-type arrangement in detail (fig. 1). Four
basic potentials $;, @, Pz, and @ are required in order to deter-

mine the wave drag for the entire supersonic range of Mach numbers; the
areas of integration for each of these are Indicated in figure 2. In
addition, ¢l and ¢2 assume different forms for various conditions. A

complete summsry of the cases treated, mathematical conditions involved,
and the sppropriate forms of the potentials is given in table I. Before
the potentlals are evaluated as indicated by equation (%), appropriate

expressions for the slopes é% ZB(§:ﬂ) mugt be obtained. For the out-

board panels, the slope is found to be

d _ N tmax[cmax
x zple,n) =y = 1 - (ten A)(ten 0) ()
and, for the inboard panels,
g% 25(E,m) = Ap = ﬁ.(tan.A)(tan e)tmax/cmax (8)

1 - (tan A)(tan 8)

The limits of Integration imposed by region R are readily obtalned

from the information given in figure 2. Expressions for each of the
potentials obtained as a result of performing the mathematical operations
indicated in equation (4) are presented in sppendix A. In accordance
with equation (6) the wave-drag coefficient may now be calculated; the
resultant expressions are rather lengthy and ere presented in appendix B.
As 8 convenience to the reeder and es an ald in performing other calcula-
tions involving similar integrals, evaluations of some specific indefinite
integrels that appear frequently In the analysis herein are given in
appendix C. '
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Weave-drag calculations analogous to those for the canted arrangement
were carried out for the case of two parallel bodies separated from each
other by an arbitrary distance 1 (see fig. 3). The mathematical details
of obtaining the potentlals and so forth are cmitted herein; only the
required potential expressions and final drag equations are presented in
appendix D. Tt might be noted, however, that the procedures used to
obtain these expressions are ldentical to those utilized for the apex-
adjoining arrangement, although much less effort is involved. For
example, only two basic potentials are required and the slopes of both
the inboard and outboard panels sre the same. Furthermore, the work of
reference 3 can be used to determine the potentials and wave drag et all
supersonic Mach numbers for the case where no interference effects are
present.

RESULTS AND DISCUSSION

As indicated in the analysis, closed-form formulas are presented
in the appendixes for the complete Mach number range. These formulas
enable the drag coefficient for any given plan~form arrangement to be
obtained readily by straightforward numerical computation. Therefore,
rather than attempting to summarize all possible cases by means of
plotting series of design charts, the present paper emphasizes only those
salient points that are borne out by the detalled calculations.

The obvious question 1s whether there is any possible advantage drag-
wise in canting the stores or winglike surfaces as indicated. The intro-
duction of a finite value of 6, that is, opening the two panels of the
twin-wedge arrangement relative to one another, gives rise to two effects
which influence the resultant wave drag. From purely geometric considera-
tions, it is seen that for a glven leading-edge sweepback and a constant
thickness-chord ratio an increase in the angle 6 1results in an increase
of surface slopes in the stream direction. The trend toward higher slopes
ls even more pronounced if, instead, the thickness-chord ratio is allowed
to vary and the condition of constant volume 1s imposed. Inasmuch as the
supersonic wave drag at zero 1lift is dependent on the square of the magni-
tude of such slopes, the effect on the drag is adverse; that is, the drag
is increased st all Mach numbers. Canting the two panels, however, also
changes the pressure distribution and, since both positive and negative
pressures are induced In the field, an assessment of this interference
effect is required to determine the net change in the wave-drag coefficient.

Congider the case of 6 = 0 wherein the arrangement becomes simply a
delta wing with a lateral cross section composed of two diamonds. For this
limiting cese, the importance and magnitude of the increased-slope effect
may be assessed directly by means of comparing the drag with that obtained
for the more conventional wing with a lateral cross section composed of a
single diamond (equations given in appendix B). The wave-drag coefficients
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for both cases are plotted against the aspect-ratio-—Mach number param-
eter AR in figure 4. The two configurations have, for a glven value of
meximum thickness-chord retio, the same volume and longitudinal distribu-
tion of cross-sectional area and the same maximum thickness at each cross
section. The mein difference is, of course, in the distribution of thick-
negs. The comparison indicates two results which are to be expected in
view of previously published wave-drag analyses: First, higher drag
values are obtained for the "twin-wedge" case throughout the supersonic
speed range (the effective slopes in the stream direction are much higher
for this case and hence the drag is correspondingly higher) and, second,
this increassed-drag effect is more pronounced at the higher Mach numbers
(wvhere the leading edge is supersonic). As an interesting sidelight, it
might be noted that, inasmuch as the longitudinal distributions of cross-~
sectional areas are the same for both configurations, application of the
"transonic area rule" would yield the same drag coefficient for both
cases. Thus, the differences in the ordinastes of the two curves give a
direct measurement of the degree of insccuracy involved when this rule is
applied to the supersonic speed range.

As might be suggested from conslderation of figure U4, the lower
supersonic range (where the leading edge is substantially subsonic)
appears to be the logical range In which to anticlpate net drag reduction
as & result of canting the two surfeces. Detalled calculations based on
the equations given in sppendix B and covering the complete supersonic
speed range substentiate this expectation -~ only in the lower supersonic
speed range and for relatively small opening angles is the interference
effect sufficiently large to overbalance the adverse drag effect due to
the higher local streanwlse slopes. At the higher Mach numbers where the
leading edge approaches the sonic condition or ls supersonic, the wave
drag for the canted arrangement is always higher. Figure 5 presents some
of the calculations which illustrate these results for the lower super-
sonic speed range and includes for comparison purposes the uncanted
arrangement (that is, B tan 8 = 0) previously shown in figure k,

The results of figure 5 are directly applicable to cases for which
the meximum thickness-chord ratio is constant. The curves msy be
replotted in terms of constent volume or for any other geometric con-
sideration by introducing the appropriate multiplicative factors for
each point. Consilder, for example, the conditlon of constant volume;
the volume Vy enclosed by both surfaces is given by the expression

2
Vg = EEEE-3&95?—:)-—(001: A - tan 6)

or (9)
b = tmaX(B cot A - B ten ©)
Cmax

Tom?
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and the meximum thickness-chord ratio by

tmax _ 3Bv]3 / (cma.x)5 ( lO)
cmax_[sco‘bA~Bta.ne

The wave-drag coefficlent given in figure 5 is based on the plan-
form area. S (which includes the cutout portion) and i1s represented as

2
BCp = (:z‘x;x) £(B cot A,B ten 8) (11)

It is readily spparent from equation (9) that, for a fixed overall length,
the volume may be malntained constant by either adjusting any two or all

three of the parameters A, 6, and

. Thus, for a given volume
cma-x J g

condition, it 1s desirable to base the wave-drag coefficient on an area
which 1s completely independent of the canted-body geometry so that a
true indicetion of the drag itself msy be obteined. A corresponding
drag coefficient Cp' %based on the area §S; may then be written as

2
(Bas)BCp" = (%) (4B cot A)BCD (12)

where Sy and Ay are the ares and aspect ratio, respectively, of &
delta wing in which the canted body 1s assumed to be embedded. For glven
values of the paremeters B tan & and B cot A, equation (10) gives the
specific thickness ratio required to maintain the desired volume. Equa-
tion (11) in conjunction with figure 5 determines the drag coeffi-

cient pCp, and then equation (12) may be used to plot results for the

constant-volume condition.

Figure 6 presents results obtained for a specific value of the

BV
volume parameter —-—T% = 0.02. As previously discussed, the ordi-

Cmax
nate (BAW)(BCD') of figure 6 gives a direct measurement of the drag
itself since 4, and S; (a.rea. used for nondimensionalizing CD') are

independent of the canted-body geometry and, therefore, any plotted point
in figure 6 mey be legitimately compared with any other plotted point to
determine whether the drag is decreased or increased when geometry param-
eters are changed in such a way as to meintain constant volume.

The conclusions to be drawn from figure 6 are as follows: For a
given overall length and a glven Mach number (constent B), it 1s possible
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to redistribute a given volume in a menner practical for store purposes
and obtaln drag reduction by canting the bodies slightly. (Compare,

for example, the values indicated by the filled-in circles.) If, in
addltion to a constant volume e constant maximum thickness-chord ratio
is desired, then canting the bodies willl always result in increased drag
(follow the dashed lines). Similarly, if in addition to constant volume
a constant sweepback angle A 1s desired, then canting the bodles will
result in increased drag (follow verticel lines). Figure 6 is, of

course, directly applicable to the volume parameter 1—2E2§3 = 0.02, but
Cmax

the results are indicstive of those found for other values of the volume

paremeter. Figure 5 in conjunction with equations (10), (11), and (12)

may be used as Just outlined to obtain detalled curves for other volume

condltions and thickness ratios. -

Calculations of the supersonic wave drag for the parsllel-body
arrangement conslsting of two surfaces of delta plan form, each with s
simple wedge profile and with parallel axes of symmetry (see fig. 3),
are presented in figure 7. The interesting point to be noted is that
when the two surfaces are in the interference fields of each other the
resulting interference drag is additlve; that is, the drag of the
arrangement is least when the combination of Mach number and lateral
displacement of the two apexes 1s such that the disturbence field of one
surface does not influence the drag of the other surface. This result
1s expected inasmuch as the pressure due to & single wedge is the same
in sign over the wedge surface and in the fleld beyond the wedge; there-
fore, the introduction of & simllar wedge into the field (such as in the
present case) will result in additional drag of the same sign as the ¥
pressure drag of the original body.

Inasmuch as both the canted and parallel arrangements trested in the
present paper have blunt bases, it is advisable to point out that the drag
celculations discussed thus far do not take into account elther the basic
base drag or the interference-drag contribution resulting from the pres-
sure field generated by one panel acting on the blunt base of the opposite
panel. Actuslly, this interference effect gives rise to a negative drag,
or thrust, and could concelvably be of the same order of magnitude as the
interference contribution previously considered.

In order to assess the importance of the base-drag-interference con-
tribution, the interference pressures acting on the base have been derived
for both arrangements of bodies and are presented in sppendix E. Specifl-

Ap

cally, the formulas glve the interference-pressure coefficient (——)
9 /base int

acting along the basé line in the plang of symmetry, that is, x = cp,, and

1 4
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z = 0. Tae formulas were obtained by utilizing equation (4) to find the
interference veloclity potential (changing the region R +to include only
that portion bounded by the Mach trace and plan-form boundery of the oppo-
site or interfering body), differentiating to find the pressure coefficient

<%? = - % 0 (x,y))’ and then evaluating the result along the line X = cyg..
>4

Numerical calculatidns for this base interference effect were carried
out for the parallel arrangement of bodies to ascertain whether the favor-
able drag increment would counterbaslance the increese in drag previously
found and indicated in figure 7. A rough estimate of the decrement in
drag was obtalned by first plotting the varlation in pressure acting on

the base (1llustrated in fig. 8 for a distance parameter % = 3.0 and

several Mach number-sweepback arrangements) obtained by use of the
formulas in sppendix E, and then essentislly integrating this pressure
distribution over the base area affected by the interference flow. The
decremental drag coefficient ACp as found by this crude approach is

believed to give a reasonable approximation to the magnitude of the base
B ACy
(tmax/cmax)
by the above-outlined procedure. for the cases presented in figure 8
were 0.13, 0.1k, and 0.013 for the parameter f cot A = 0.10, 0.25,

and 0.40, respectively. Subtraction of these drag decrements from the
corresponding ordinstes of figure T result in values that fall beneath

interference effect. Values of the decrement

found

1

the "no interference, % —«"' curve presented therein. Additional cal-

culations covering the range of sweepback, Mach number, and distance-
between-bodlies parameter indicated the same result, namely, that the

base interference effect was generally of sufficlient magnitude to over-
balance the adverse lnterference effect previously found (see fig. T)

and, thus, the overall interference effect on the drag was favorable. Anal-
ogous calculations for the canted-body arrsngement can be carried out with
the use of the appropriate formulas of appendix E and the procedure previ-
ously indicated for the parallel arrangement of bodies. It is apparent that
the magnitude of the opening angle is a critical parameter with regard to
the net interference-drag contribution.

CONCLUDING REMARKS

An analysis, based on the linearized thin-alrfoil theory for super-
sonlc speeds, of the wave drag at zero 1ift has been carried out for a
simple two-body arrangement conslsting of two wedgelike surfeaces, each .
with & rhombic lateral cross section and emanating from a common apex.
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Such an arrangement could be used as two stores, either embedded within
or mounted below a wing, or as suxiliary bodies wherein the upper halves
could be used as stores and thé lower halves for bomb or missile purposes.
The complete range of supersonic Mach numbers has been considered and it
was found that by canting or orienting the axes of the bodies relative to
each other a glven volume msy be redistributed in a manner which enables
the wave drag to be reduced at the lower supersonic speeds. For purposes
of comparison, anslogous drag calculetions for the case of two parallel
winglike bodies with the same cross-sectional shapes as the canted
arrangement have been included. Some congideration has also been given
to the problem of estimating the favorable (dragwise) interference pres-
sures acting on the blunt bases of both configurations. In the case of
the parsllel bodies for which calculations were made, this base effect
seemed more than sufficient to cancel the unfavorable interference on
the forward part of the configuration.

Langley Aeronsutical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., July 18, 1957.
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APPENDIX A

SUMMARY OF VELOCITY POTENTIALS

FOR CANTED ARRANGEMENT

The required velocity potentials for the canted arrangement of
bodles (see table I) msy be conveniently expressed in the following form:

fia =F + Fo + Fy
$1p =Fp + Fz + Fy
fic = F5 + Fp + Fy
Bop = Fg + Fo + Fy
fop = Fg + Fz + Fy
f5 = Fq

fy, = Fo + Fg

where the functions Fl to F8 are defined as follows:

v(q - ) - By x + plky
1 e ( y)cos =] + (kx + y)cos )
N -1 x tan A + B2y
o = tan A !
2 :\:/{32- 2Al:(x+y n A)eos B(y tan A + x)

_ £ _]_x‘ba.nA-Bzy
(x - y tan A)cos BTN



1k
A - 5
Fz = . (x + y tan A)cosh™l Xt A + B7Y
aften? A - 82 B{x + y tan A)
(x - y tan A)eosh™t X tan A - p%
¥ ) B(x - y tan A)
VA
Fy = 2 (x - y cot 8)cosh~L X cot 8 - B2y
. . g;;gj;-:—gg B(y cot 6 - x)

(x + y cot )cosh-1 X 0t 8 + By
B(y cot 6 + x)

NACA TN 4120

B(kx + y)

Fy = MERX - y)cos"l x - By + (kx + y)eos~l £ Beky ]

w2 -1 Pl - 9)
V(N - 2
F6 = M Ekx - y)cosh-l x7;-B_]:l;y{) + (k.x + y)cos
n,fl - }321:2 Ply -
A
P = L (y - x cot A)

B2leot2 A - 1

Fg = 0y - %) (kx - ¥)
‘/521:2 1

p-L X+ 8%y

Blkx + y)]



AFPENDIX B

SUMMARY OF EQUATTIONS FOR THE WAVE-DRAG COEFFICIENT

OF THE CANTED ARRANGEMENT

For the case whereln all the edges are subsonic, thet 1s, p cot A <1, the formula for the
wave-drag coefficlent is

ACp 2 ! (B cot A+ 8 tan 8)2
- t

o 1. N2 EBeat Al B cot A coa

\’mmx/ Cmax

pl 2 - (82 mt2A+BcotABta.n0)+
] l(aeotA-ptmo')j'#~('pt.ana+puotA)2'-

Beot A~f tand

B cot A(B tan 8 + 3@ cot A) 12+ (g®cot? A+ Ptan 6 p oot A) 12~ (2 tenf 6+ Btan 8 B cot A)
Baot A - P ten 8 °°'h. B tan 8 + 3 cob A P tan § coch B oot A - B tan © N

P ten A(3p tan & + B cot A) eouh“]_2+(,satan29+ﬂt-lnﬁﬁco‘t-l\) _2(pcotA+ﬂtane)2msh_lh-+(pt-a.n3+BcotA)2]

Beob A-B cand Bpeoot A+ 3p tan @ BecotA-p tan @ L{p tan 8 + p cot A)
a2 eot? A rgpcotA+ame)gpcotA+éme) cosh-L 2+ (B cot? A+ p tan 8 B aot A)
— Boot A - ptan g B tan 8 + 3 cob A )
(ﬂcotn—ﬂt&nﬂ)‘/l-ﬁaootal\l- g g g i

2 2
(B cot A+ p ten @)coppk 2= (7 008" A+ Btan 0 B cot &) oy oy g copn-l Lo BED 8 B o0t A

PootA-p tan ® peootA~pB tana
2tane(ptand +poobA) .11+ Btenbd poot A _ 4p? oot® A mh,11+92oot21\+
poot A-ptanp BPeot A+ Atend pootA-p tana 28 cat A
52 ten® ¢ |;H g"__A_‘ﬂLme,m“_la-(pEtmau Boot A D tan @)
(ﬁootn-ﬁmna)fl-fméel. fcot A - P ten 8 {equation continued on next page)

OcTH NI VOVH

T




(B cot A+ ptan@)(B cot A+ 3B tan 6) _.]_2+(52ta.n29+ﬁcotABtane) 1 1-pftan B B cot A
b - t - -
pecotA-p tan B o Bcot A+ 38 tan o 2p cot A cosh pecot A~-p tan o

Pp cot A(Beot A+ Btan®) .3 1+ Ptan® p oot A 482 tan? o cmh_]_l+ﬂ21:an20 +
Becot A-P tan @ Beot A+ p tan b BpcotA-p tan® 2 tan 6
E[Bcotncoe"lﬂcotA+ﬂtane cos™l p tan @ -(ﬂcotA+B‘b&ne)cos'lé-(ﬂtanﬂ+ﬂcot1\)]} (BL)

As the speed range progresses to the peint where the leading edge becames sonic, that is,
B cot A = 1, eguation (Bl) reduces to

FCp a{ (L+ p ten 0)2 [ 4 B tan 6(3p ten 8 + 1) 12+ ptanp + p2 tan e
—_— - -2 f tan @ cosh™(2 + B tan 8) + cogh” -
(tmax/pax) “‘(l-Btane)J'h-(ﬂt-mB+l)2 1-ptentd L+ 3P ten®

—_—-——La(1+5m°2cmh-1"}(ﬂm°+l)2:|+ B2 ten® o [(1+Btane)coeh'l(2+ﬂtﬂne)+
1-ptans (B tans +1) (1-phne)JM_'__2—tan-Te

; _ e : : : SR :
(Qrprono)ls3ptand) 9 Zrptent + pRtan?o hp? vane m_ll--rg'amae N -
1 -4 tand L+ 3 tan b l1-ptane 2B tan 8

E[Btnnecoe'lﬂme-(1+Btan3)cos'l%(1+ﬂtanﬂ)]} (x2)

For the condition in which the leading edge is supersonic but the remaining edges are sub-
£ - N Y
ponic, that is, B cot A > 1, B(oa.n 2 'E cot A) < 1, the equation for the wave-drag coefficient

ise
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Bp ___ 2 1 [;tms(pcot.n\i-ptnne)zcmh-lz-fzmﬁ(ﬂcot.l\+ﬁt-anel
(tmx/,_‘x)a gﬂmtA‘h_(Bme"ﬂMtA)aL BtanB - B cot A BecotA~p tan @

p tan 8(B cot A+ p ten 8)(3® tan® 6+ 4ptan 6 B cot A + B2 cot? A) cosp-l 2+ PtanB(Pect A+ B tand) _
(B cot A - p ten 8)2 BCot A+ 38 tan @

a(pcot.u.ﬁune)"cu 1L+(pcutA+BtlnB)2-‘ 82 cot? A |;21'a.n 8 - B2 cot? A cg-l 2B ot A(pcot A+ p tan @)

(Becot A -p tan 8)°

4(p cot A+ p tan 9) J J_;E‘——L(Bcoth-ﬁtme)z BpcotA-p tan @

(ﬂoutA+ptm9)(§§aotA+ptnna)CM_12+Bco‘tA(pcotA+Btme)+ 2§ tan @ cog-L Lo Pecot AP tane
(ﬁcotA_ﬂme)a 36 oot A+ p tan B BeotA-p tand fecth-ptamng
Eﬂ‘ha.ne(ﬂootA+E1:mB) ., l+Boct AB tan@ g% tan? @ [B not-A+ﬁtanEcuh_]_E—Btane(BcotA+Btan9)
(ﬂca‘t.AnBtnna)E pecokA+ptan 1_32——‘—‘l_ﬂcot1\-|3tan9 peot A-p tan o

_ ]
(Beot A+ pteno)(Boot A+ 3ptand) .. 2+ p tan BB cot A+p tan §) 4p2 tan? o a1+ p? tan® g
- cosh ~
(8 cot A - B tan )2 Bcot A+ 58 tan 0 (p cot A - B tan 8)2 23 tan B

-1l Poot A+fA tan @

2(p cot A+ B tan 8)cos 5

When the ridge line becomes sonic, that is, B(t&n 6 Z cot A) = 1, equation (B3) reduces to

BCyp a | 82 act? r P

D X 1&5@;_’«__1 Roeot A -2 W1 nm\+;\=n2~.2‘-‘
P — LL) coa™+ L 1) ot =L Sp WM iR TP wwe oo
(t e )2 s\:ﬂootAlﬂamta E.—BnntA ﬂcotA 1 2 (ﬂcntA_l)a 2 _l
% . 2 ootf .
(8- cot 4) cosh-l 2 ABCOL A+ BT COLT A L as | g oop A)eonb(2 - B oot A) (B4)

(B cot A - 1)2-3 + b3 cot A - g2 cot? A 2(2 - B cot A)
H I

+ 28 tan @ coa™t p tan B (83)
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For the condition in which both the leading edge and ridge lines are supersonic but the

innermost edge is subsonic, that is, B(tan_Bz_c_:ﬁ_f_&) >1, B tan® <1, the formls for the

wave-drag coefficlient is

£ 2 /tﬁawtz (B cot A+ 8 tan 8}
("'mxlcmax)? " %P eot “Lgfzcota A -1 BootA(ﬂtane TF oot A) T

p tan 8
B aot A(B cot A ~ B ten 8)2

Epta.n9+ﬂcoth)(ﬁtm9 - 38 cot A) -h+&acotA]-1} +

bl n
1  uodl

¥(B tan @ + p cot A)2 - 4|

Pme(ﬁﬂ’mnﬂ+BeotA)(Btanﬂ+pcotA)2wB_12+ (6% tan® 6+ ptan 6 B oot A) _
(B cot A - p tan )2 Beot A+ 3p tan @

2
ggme(gcotn+gtn;az ‘kﬂ'ban9+ﬂoot1\)2-ll-em'1ﬂ‘lan9+ 2 l;iaeotEABtsnam_ll-ﬂtaneﬁeotA_
| (oot A-p tan g) - : : ml_ﬂmt.\-ﬂma Beot A-p tane

BacotEAp'h.nB(ﬂ'tmnB+peotA)m_11+ﬁtaneﬂuot1\ BoobAPtaN® . gonr a2,

(B cot A - p ten 0)2 PeotA+Ptan® (BootA-ptan8)2 © - ¢ "
262 oot Aamemcm_lﬂme . gt tank g Ll p2tan?o
(B cot A - B tan )2 fl-Be o (Btan@ - B cot a)2\ 2p tem B

- N
W coel g ums» (83)
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When th DNEeTmosT eage is BONAC, TOAT :‘..s, B Al = l, cg,uuoiurl. Dj) Taaules o
D opcota 1 + (B cot & + 1)2 ] (B6)
[ s (W) " !

(Emex /Cmax ) Uﬁa cot? A -1 (B cot A - 1)p? cot? A\f(p cot A + 1) - h_l

For the speed condition where all edges are supersonic, that is, P tan 6 > 1, the drag
coefficient 18 given by

. r N
— "D .28 cot A (p tan 6 + B cot A)2 B tan ® + 1
(tmex femax ) (p2 cot? A)(p cot A - p tan 0)/(B tan 6 + B cot A)® - & B cot? A -2

(B7)

It 13 to be noted that the drag coefficient given by equations (BL) to (BT) is based on an aresa
which includes the "cutout" portion; that 1s, the reference ares is that of a delta wing having
the same leadlng-edge sweepback.

For the gpecial cagse of © = 0, conslderable simplification is introduced into the equations,
and the formulas for wave-drag coefficlent for thls case as well as those for the single-wedge
delta used for comparison purposes in figure 4 are summerized in the following table:
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Range of -Bc])
48 tma.x/"ma.x
Canted arrangement, 8 = O
0 0
28 [2 cosn-l A—__Qﬁa + 64 -1 M L2 Aaﬂa) 288 / -1 32 - A%p?
- 3 cosh ~ cogh + cosh +
o - 2552 Azﬂa( 645 124 W )" - e\

nnnnnnn

2,2 ) 2,2
L cosh-! A_%}.ﬁ - % cosh~+ %é?) + ;_lt(coa"l % - cos™t %-)

A =4 E—{l+£coﬁn'l?r>=18h
5 x )
L<ap<8 14:,8 a8 cos L A + L cosh™L Azﬁfﬁzﬂ& - 3 1 Aeﬁe + 32 L coa~L Zﬁ
Vou - a2g2 422 _ 16 1248 A%p2 - 16 sap
AR EZ8 - SAB
a2p2 _ 16
gingle-wedge delts (see ref. 3)
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0O<Ap <k gain-lﬂp--—“‘L—logeﬁ
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APPENDIX C

SOME SPECIFIC INTEGRALS OF INTEREST OCCURRING
IN THE DRAG ANATYSIS

Congider the indefinite integrals

fcos"l M ay

I
1 ay + b

—
o
Il

j‘osh'lcy+ddy
&y + b

fy cos-l S¥_* ddy
ay + b

H
Wi
1l

fy cosh"l M dy
ay + b

where a, b, ¢, and 4 are constants subject to the condition that
8y + b > 0. (Note that this condition is not restrictive inasmuch as the

- term can always be made positive by reversing signs in both numerstor and
denominator. )

For a? > c2:

- a2 -
T) - WD ol XL, Blobe gop1 ylet el i
v ayal - c2
- 2 _ g2 -
I, = By + b -1 :y + g"' ad - be cos-L y(e Ibz ) ;de ab
a + -
o afa? - c2
2,2 _ 2 -
I5=a.y2 b coE_]_cy+c1_ ad - be \/::f+
22 ay + b 2a(al - c2)

c(a2d2 - v2c2) - 2a2b(ad - Dbe) cosh-1 y(c2 - 82) + (cd - ab)™
2a2(a2 - 02)5/2 |be - ad]
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2 _ p2 -
Iy = aay b cosh-1 cy + d _ ad - be J?-+

282 ay + b 2a(a? - c2)

c(a2d2 - p2e2) - 2a2b(ad - be)
282(a? - c2)5/2

-1 y(c? - a2) + (cd - ab)
|pe - ad]

cos

For a2 < c2:

- 2 _ 2 - -
_&ey+b -ley+d ad-be -1 y(c ac) + (cd - ab)

I, =
a ay +o 5 _ 5 [be - ad]
*
I, = gy + b -l oy+d  ed-Dbe o y(c2 - a2) + (ed - ab)
a ey + b g2 - g2 foc - ad|
2v2 _ p2 -
I}___az b cos"lcy"'d+ ad - be J—_T_
2&2 a8y + b 2&(02 - aa)
c(a2d2 - b2c2) - 2a2b(ad - bec) cos-1 y(c2 - 82) + cd - &b
28.2(C2 _ a2)3/2 lbc - a.d|
242 _ p2 - -
I) = acy b cosh'l cy + & + ad - be ﬁ; _

0g2 ay + b 2a(c2 - a2-)

c(a2d® - v2c2) - 2a2b(ad - be)

-1 y(c® - a®) + cd - ab™
2a2(c? - a2)3/2

jbe - ad|

cos

where the quantity Y = (c2 - a2)y® + 2(cd - ab)y + 82 - b2 and the
asterisk indicates that if the inverse hyperbolic coslne should be
required of a negatlive number -N +then the following relationship must
be used:

cosh-l (-N) = -cosh™L N
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APPENDIX D

SUMMARY OF FORMULAS FOR VELOCITY POTENTTALS AND WAVE

DRAG FOR THE PARATIEL ARRANGEMENT

The basic potentisls required to evaluate the wave drag of the
parallel arrangement of surfaces (see fig. 3) may be obtained for the
case of subsonic leading edges involving interference effects by the
procedure outlined in the body of the paper. A%t all supersonic Mach
numbers for which the particular region of one surface under considersa-
tion is outeide the domein of interference from the opposite surface,
the potentlial expressions may be readily reduced from reference 3. TFor
convenience, all the applicable potential expressions are summasrized in
the following formulas:

Subsgsonic lesding edge; region outslde interference field:

2
¢ = Mﬁy - X cot A)COSh_l X - yB< cot A

oot A
21 - B2 cot® A Blx cot A - y)

2
(y + x cot A)coshL X+ IB cot A (p1)
B(x cot A + y) .

Subsonic leading edge; reglon within interference field:

Hmax Cmax 2
¢ = v( I 1) (y - x cot A)COSh_l X - yB= cot A _
Envi - 32 cot2 A B(x cot A - y)

2
(y + x cot A)cosh™t £ * yB~ cot A
B(x cot A + ¥y)
x - (y+ 1)2 cot A _
By + 1 - x cot A)

(y + 1 - x cot A)eosh™L

2
(y + 1 + x cot A)cogh-t X+ (¥ + 1)BZ cot A (o)
B(y + 1 + x cot A)
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Supersonic leadling edge; region outside Mach traces from apex:

4 - V(J‘:'mm_g/cmg_x) (y - x cot A) (%)
2/;32 cot2 A - 1 ;

Supersonic leading edge; region within Mach traces from apex:

¢ = V(%ax/%ji) (y - x cot A)cos=t £ = ¥BZ cot A _
&JBE GotZ A - 1 Blx cot A - y)

2
-1 X + ¥yB~ cot A
B(x cot A + ¥) (Dk)

(y + x cot A)cos

The formulas for wave-drag coefflcient are based on the plan-form
area of both surfaces and are given as follows:

For O<pB cot AS —L

]
8
c B 2,42, - 2 5 14+(Ls+1)p2cot?n
~ ECp =1 __ﬁ_co_'LA_l:_ 2 cosh~l Lf BT cot® A ___(_1_+ 1) cosh~t (a )B .
:tmaxlcmexj * !/l - p2 cot2 A 2p cot A 2s (%-&- 2)8 ot A
o (1 - 82 cot? A) + L1 + pZ cot? A) Lt (ﬁ- - 1)32 cot? A
i cos — - - ol
ks 1 -p2 cot? A = Llpeota
b1 -p2eot?h) -2 p2eot®n) 1o (ks 1)82 cot? A
£ 8 . cogh™1 - 8 - _
bs 1 - p2 cot? A " Lpeota
1 2 .2 S - =,
> 1 -(%-1)p2 cot2 A _ =
(i - l) cosh™t (B ) + o= . . . -
2s L. 2)5 cot A % T L -

b (e e )
1l - Bf cotc A ) )

2 sin"l B cot A + cos™t [(é- + l)B cot IEI_ cos"l[(% - 1)[3 cot XJ} (D5)

dvala |

i
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For 1 <BecotA S 1 .
) Lia -1

o] B

Bop 1 8 cot A I—I L(1 - B2 cot? A) + H(L + 82 cot? A) cosh-l L% (- 1)82 cot2 2
“ﬁ:ng:n:;‘-‘ma.xlE x (l B2 cot? A‘fﬁ

1 - 82 cot? A Lpecota

1 2 oot
(%' )acosh'll'(!' 1)6? cot A 2 ccan-l L BZcot?A

B cot A 2B cot A -

1 L (5-1 82 cot? A

J 2807l B cot A - cc>s']'Kl - l)B cot .I:J} (D6}
A 2 2, 5
- B cot

For Zl <Bcot A<LL1l:

= - 1

C 2 2

BCp 2:% Beot A ogn-1 B ‘2’°t f;‘““l+s1n‘1;3cotA
(tmax/cmax) '/1 - B cot? A B cot A

(o7)
For B cot A € 1:
- BCD

(tma.xlcmax)a =1 (D8)
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APPENDIX E

EXPRESSIONS FOR INTERFERENCE
PRESSURES ACTING ON BASE

The formules in this appendix give the interference pressures (in

coefficient form) acting along the base line in the plane of symmetry,
that is, x = ¢y, and z = 0.

Canted Arrangement

For the .case where all the edges are subsonic, that is, B cot A<,
the formule is

z_Li(éx’_) - 2
tmax fomax )\ 1 /vase int

- l_ (B cot A+ B tan 8)2 ”_12+(ﬂta-n0+ﬂcoﬂx)(§)ﬂ cot A
x(Bcot A - B tan @) -
: Lh-(acotA+ﬂtaae)2 atane+(1+2§)sco+,A

2 cot? A mm_ll.;-(;)ﬂz eotEA_ 82 tanf 0 coah'_il+(%’-)(ﬂ cot A)p tan © o

\’l-ﬂacotzz\ (1+%)BcotA ﬁ-pamae ﬂtan6+(§)ﬂcot1&
When the leading edge becomes sonic, that is, B cot A =1, equa-

tion (El) reduces to

Ty - - Ty e yr2tfiepmmo)

tmxfcmax(q)baaeint "(l-pme)[\/(l-ﬁ'ba.n@)(}-pgme)cPG l+ﬁ+.a=.n6+2§
g2 tan? @ m.ﬂfhﬂﬂ_ﬂ (E2)
Jl-gamaa ﬁtane+% Jl+‘s—r

For the conditlon where the leading edge is supersonle but the
remaining edges are subsonic, that is,

B cot A>1, B(tane"éCOtA)<l
the interference pressure 1s glven by

- 2 [ (BcotA+§tm0)2'mah‘12+(*)(ﬂth)(pme+ﬁc°tA)'
,.(gaotA-Btnne)l_.Ju-(pcotA+ﬁtan972

ﬂtane+(l+3:-)ﬁcot1\

-
‘tmax femax )\ 2 )'be.se int

2
_pPeotBp a2l (L)s2 eot®
,/52 eot? A - L

52 tan? o m_ll+(§)(a cot A)B tan @

(E3}
(l+%),aeotA ,I:L_gzmee ﬂtnne+(-z-')ﬂcotA
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When the ridge line becomes sonic, that is, B(fan o E cot A) =1
equation (E3) reduces to

B _AA) - 2 [‘I-(%—)ﬂcoti\_ BzthA coaﬂ]_}.+(%)82c:c:t‘.21&"
(t'naxlcmaxsi bage int

0 'HﬂcotA-ﬁme)le+<§)5cotA Po?n-1  (E+Lseota
2 tan? o m_ll-r(%)(p cot A)p tan 8 @)
F-mtn?e ptan @ + (D cot'a
For the condition in which both the leading edge and ridge lines
are supersonlic but the innermost edge is subsonic, that is,
B(tan o ; cot A) >1 and B tan 6 < 1, the pressure formula is
5 - 2 I' (8 cot A+ B tan 8)2 cc!_,_2+GIL)(:;ccn*.A)(at‘.ana+|acotA)_
(“mx/cms(T)bueint--Ra°°"A"“'“°)U(pco“\+pune)2-h stsne+(1+2:-')ﬂcot1x
02 cot? A c“_ll-l-(g.)ﬁz cotaA- 82 tan? @ cmh_ll-yg)(a cot A)B tan @ (=)
[ — E+dpeota i - 6% tac? 0 prand + (D cota

At the higher Mach numbers (where the inner edge becomes sonic or
supersonic) the interference field does not affect the base region of
the opposite panel.

Parallel Arrangement

For the parsllel srrangement of bodles the expression for the
interference pressure is

8 QE) __BootaA I_.osh'l L - (% + %)52 cot? A + cosn-l L+ (% + %)52 cot? A (556)
(tmu.xfcmxj(q base 1nt L1 g2 oor? A‘_ (Z+:

Lolpocota (§+-}+1)scotn
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TABLE I.- SUMMARY OF CASES TREATED, MATHEMATICAL CONDITIONS,
AND APPLICABLE POTENTIAL EXPRESSIONS

Applicable

Case Description Mathematical conditions potential

expressions
I A11 edges subsonic Beot A<l B15> Pop

Leading edge supersonilc B tan 6 + B cot A< 2

I | vut other edges subsonic BecotA>1 ¢1A’ ¢2A’ ¢3
Btan 6 <1 '

ITT Only imner edge subsonic Btam 6 + B cot A > 2 ¢]_c: ¢3: ¢).|.

Iv All edges supersonic B tan 6 > 1 ¢5: ¢J+
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Mach line

\\\ Cmax

T

Figure 1l.- Sketch indicating canted arrangement embedded in a delta
wing and pertinent parameters used in analysis.
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y=-x cot A
y= -%—(’rcn9+cot .A.)

y=-xtcn9 x tan 8

P3

Figure 2.- Areas of integration and mathematical data required to
obtain the various velocity potentials.
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Figure 3,- Pertinent geomeiry for parallel arrangement of surfaces and sketches indicating

various combinations possible for erbitrary values of Mach number, aspect ratio, and distance

parameter 1/s.
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3.2 Subsonic Teading edge —Supersonic _leading  edge I
N /j_( Aj
I I 1‘:
28 Cmax
X X

Figure 4.- Variation of wave-drag coefficient with aspect-ratio—Mach number parameter for
two surfaces of delta plan form,
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Figure 5,- Variation of wave-drag coefficilent with Mach number-sweepback
parameter for canted arrangement of surfaces.
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Figure 7.- Varistion of wave-drag coefficient with several parsmeters for the parallel
arrangement of surfaces.
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Mgure 8.- Illustrative varlations of the interferepmce pressures acting along the base of
one panel due to the presence of the cpposite panel for the parallel arrangement of
bodies. 1/8 = 3.0; 2 = 0; x = ¢pg .




