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SUMMARY

Theoretical calculations of the wave drag at supersonic speeds
of nonlifting wings of double wedge and biconvex section are reviewed,
and the best method of presenting the results considered. Using this
method, a representative selection of the available numerical evalua-
tions of the theory, are presented. These should be of value for wing
drag estimntion purposes.

[This is a revised version of the note published in January 1952.
Pigs. 3(b), 3(c) and é(b) are additienal, The originol Figs. 4 and 5
were obtained by crossplotting from Ref.17; an atfempt was made to

extend the curves to A VM2 ~1 = % using Margolis' equations (Ref.6)

and this revealed discrepancies in the curves at low A yM2 -1, due to
the small scale of Chang's original charts. The present Figs. 4 and 5
are obtained by calculation from Morgolis' equations until agreement
with the original curves was obtained, as exploined in the text, Fig.8
is redrawn from the new Figs. 4 and 5, and Fig. 9(b) is oadditional. -
Some minor editorial corrections were necessary to moke _the note self-
consistent. ]
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1 Introduction

Since Jonss! and Puchett? farst produced their source distrbution
methods for the sclution of the wave drag of thin, nonlifting wings in
supersonic flow, there has been a steady growth in the number of darferent,
more particular cases, for which the theory has been worked out. These
results are widely scattered, there 1s considerable overlap so that 1% as
not always easy to find the analytical solution for a particular case, nor
1s 1t immediately apparent jJust which particular solutions have been
evaluated quantitatively,

A further dirfficulty as that there 1s not as yet a universally
accepted method of presenting the results of such caloulations., Comparison
of the results of calculations by different authors frequently involves
some replotting, whilst comparasons of theory and expéeriment may necessi-
tate determining the theoretical curve by cross-plottang from a number of
different charts., The charts that are available on the whole have been
prepared to display graphically the behaviour of the analytical solutions
and pay insufficient attention to the physical signaficance of the results,
for example they cover combinations of sweep and aspect ratio beyond any
magnitudes being contemplated for even the most advanced desaigns of the
future at the cxpense of cramping the curves in the mere practical regions,

Thas note s an attempt to systematise this particular aspect of
supcrsonic wing theory by

(a)  Consaderang the best method of displaying the results graphically,

(b) Replotting in this chosen form existing evaluated soluticns for
the wave drag of nonlaifting wings,

(¢} Surveying the field covered by (b) to see what additional numerical
evaluations should be undertaken,

2 Method of presentation

The wave drag of a wang of simple planform (Flg.1) and uniform
secltion may be expressed in the functional form

%:f{T,M,A,A’K}

where Cp = wave drap co-effacient, based on plan area
v = thickness/chord ratio, t/b, assumed constant across
the span
M = free stream Mach number
A = aspect ratio
A = sweep of a characteristic sparwise line
A = taper ratio,

Now theory indicates that the functional dependence upon T 13 simply
that Cp wvaries as ¢, and further, the similarity law shows that the
dependence upon M can be absorbed into the dependence upcn the geometri-
cal parameters, so that the functional focrm becomes

VM2 L

12

ey = f {4 ¢M2~1, cot A M2—1, Y
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It is believed that the cherts wall be of most general use if they
contain lines which represent the drag of given wings, over a range of M,
rather than lines which show the effect on drag of changing one or more
of the geometrical parameters. For this reason 1t 1s suggested that Mach
number should appear in only one of the parameters, and that the curves
should be plotted against this parameter. This can be accomplished by
revriting the functional expression for C in the form

C
2D - orfaVve® -1, A tan A, 0]
A'r2
C
We have, therefore,chosen to plot et against A M2 -1 for constant
AT

A tan A and A, and to prepare a separate diagram for each A. Further,

c
K% is plotted logarithmically, to cover a wide range with uniform
T

accuracy.

We have also to consider which line of sweep we are to use to
define A, and the choice has falicn on the half-chord line, because
thas line gives the best measure of the Yaverage" sweep of a wing, A
wing having a high degree of sweep on the leading edge, but 1ittle or no
sweep on the trailing edge (a delta, for examplcr;% only exhabitis the
featurez of moderate swoep in its aerodynamic characteraistics., Thas can
be allowed for by considerang the half-chord sweep. Further, half-chord
sweep has been used as the basis for other aerodynamic parameters, 1if't
curve slope and asercdynamic centre, for example. The use of maximum
thickness sweep 13 ruled cut by the fact thoi 1t does not depend solely
upon the planform but involves in addition a knowledge of the sectional
shape, The sweep of the half-chord line wiall be denoted by A% .

The method of presentation chosen has the feollowing advantages

(a) it is a plot basarcally of Cp ¥ M,

(b) Cps M and A% appear only once each in the parometers, so that the
variations with M and A_12_ can be seen readaly,

(¢) the curves are conveniently spaced cn the chart and linear inter-
polation 1s facilitated,

() the percentage accuracy with which the ordinate of any curve can
be read is constant.

The diagrams contain lines of constant A fon Ay  in intervals of
unity from O to 6, which 1s cons:uier_%@_'to cover the rénge of greatest

present interest, and go up to AVMZ ~1 = 7, which in general puts the
leading edge superscnic,

If we consider the basic geometry of a swept tapered wing (Fig.1),
then several fundamental relationships may be derived.

1"‘)\._ 1 A 1-0
T4 N z & tan g . 2
tan /A
and el SRS R TS
tanAO

e



A
where g = aweep ratio = tan 1
tan dq
r = position of any line aft of leading edge - fraction of

chord.

Now the sparwise line distant rc behind the leading edge, and having
sweep A, is sonic when

A M2-1 = A‘EanAr,

Hence the leading edge 1s sonic when

AVHE -1

A tanAo

= A

{ -
tan Ay + 5 C. < tan AO]
— 2 —_—

c
Sy

1 -
bpen(122)

A tan %+ WL

the trailing edge is sonic when

i

i

a3 A tan A,

1 =N
A tan A4 --2(-—-)
z 19N

and the line of maxaimum thickness is sonic when

i

AP -1

1

A tan Am

1 -

1

A [tan Ag+{E-m) c. tan AOJ
2

1 1 =2
A tan Ay o+l (5 -m) (1 +7x>'

1l

The main characteristics of each family of curves for a wang of sym~
metrical double wedge scetion are shown in Fig.2. Each ourve refers to
a family of wings of constant A, m and A tanAi1, derived from one
z

another by stretching the planfoim spanwise at oonstant chordwiaze tip
position as illustrated in the inset diagram, Curves to the left of
each figure refer to wings of locw A tan A%_, ani curves to the right to

wngs of high A tan A1, derived as 1llustrated by shearing the tip
crordwise a- constant 25pa.nwise tip position,

* In the past the term "symmetrical double wedge" has been used to refer
to a diamond shaped or doubly symmetrical section i,e, one that is
both symmelrical with respest to the chord line, and has the maximum
thickness position at mud-ohord., By anology with aerofoil section
terminology, we here use the term "symmetrical" as synonymous with
“uncambered" and leave the mexamum thaickness position to be further
specLfied,



Now peaks (discontinuities in the slope) occur an the drag curves
whenever changes arase in the fiow patbtern e.g. when any line of dis-
continuity in the slope of the section (such as leading and trailing
sdges) becomes sonic, and when the Mach line from any change in planform
crosses any other change in planform (such as the Mach line from the lead~
ing edge of the root chord crossing the trailing edge of the tip chord).
On wings of symmetrical double wedge section, for which most of the theory
has been worked out, there are three major peaks, respectively when the
trailing edge, maxdimum thickness line and leading edge become sonic. As
shown in Fig.2, they are spaced from one another by a constant interval
in A\fM =1, For aerofoil sections the peak when the maxirum thickness
line becomes sonic disappears. When h 18 not zero, the peaks due to
changes in planform beccme very numerous but quite small in magnatude;
Figs. 6,8 indacate their magnitude in the particular case of an untapered
wing of symmetrical double wedge section (A = 1.0, m = 0.5). These minor
peaks are ignored in all other cases.

3 Summary of Calculations

3.1 Wedge Profiles

3.11 PFully tapered planforms - A = 0O Fag.3

Puckett's oraginal Wosz considered a delta wang gf gymetrical
double wedge profile (m = 0,5), and later, with Stewart® this was extended
to cover other fully tapered planforms, and maximum thickness posziions,
The solutions were evaluated only for A tan A1 equal to 6 and 2, The
solutions apply for both "subsonic" and "supersonie" conditions. Neilson?
dealt with the unswept wing (& tan A1 = 0) while Kleissas® considers a
limited region with a "subsonic" leading edge. Both these authors give
their results in chart form. Multhopp and Winter?!s prepared charts from
which, with some labour, the dreg of any fully tapered wing can be
determined.

A1l these results have been compared, and no major discrepancies
detected. Figs. 3{a), 3(b) and 3{c) have been colculatcd from Multhopp

and Winter for larpge values of A\/M? -1, and the values at A M -4 =0
were obtained by toking a limiting case of the results in Ref.8.

Multhopp and Winter's charts can be applied to a fully tapered
planform of multiple wedge profile havaing any combination of flats, but
the application becomes increasingly laboriocus.

2.12 Tapered planforms 0 < A < 1,0 Figs. 4,5

Margolas treated the tapered wang in the f'ully subsonic case
(trailing edge subsonic) in Ref.6 and later (Ref.11) extended this to
the case when the trailing edge 1s supersonic. In neather reference has
any general numerical evaluation of the soluticns been aitemp??d.
Kleissas® has again done some limited evaluataion for A = &, /3, 2
and Chang17 has produced voth an analytical solution and on evaluation
for A = 052 and 0.5, Neilsen? has evaluated the unswept wing drag for
A=

i 41 2
4y 2> &

A1l these results are for a mid-chord position of the maximum thick-
ness {m = 0.5), and there are no inconsistencies where they overlap.

's gpacing an A of O : 0.2 : 05 : 1.0 gaves 1 : %/g : /3% 04n

(1 =2)/(1 +21) i.e. 2 linear spacing and (see Fig.8) the ocurves are
nearly lanearly -spaced, moking interpolation casier; +this spacang is
adopted., Fags. 4 and 5 are cross—plotted from Changts-curves for values
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of Ay Ve -1 greater than that at which the traizling edge becomes sonic.
For a completely subsonic wing Chang's curves are on too zmall a scale to
allow reliable cross-plotting, and the curves were computed from Margolis'
theory (Ref.6),

3+13 Untapecred planforms A = 1.0 Fig.b

Jones' considercd this case originally, buk gave no evaluations.
Bonney'3 consadered the unswept wing, again purely from the analytical
aspect; Klcissas? did some limited evaluation. Neilson? gives an evalua-
tion for the unswept wing. Margolis!O considered the effect of maximum
thickness position on drag and evaluated the result for one planform.
From 2 computing point of vaiew, this treatment is the most convenient and
has been used to derive Fags. 6(a) and 6(b)} for m = 0.5 and 0,3 respec-
tavely. Comparison will show that the effect of m 1=z small and odmost
confained to the "supersonic" region; the curve for m = 044 13 not
reproduced,

In these figures the minor peaks referred to in paragraph 2 above
liave been 1eproduced in their entirety, to show their magnitude., In the
case of tapered wings they will be of relatively smaller moagnitude (1.e.
smaller deviation from %he smooth curve) disappearing completely for the
fully tapered wing.

3.2 Baconwvex profiles

3.27 Fully tapered planforms = A = O

Beane16 has dealt with a circular arc¥ bilcomvex section by approxa~
mating with a2 multisided polygon. However the application is limited and
there are no significant evaluations, No curves are reproduced.

3.22 Topered planforms 0 < A <1.0

Beane again has dealtow1th this case, but only when the wing is
purely supersonic. Koiner'? has considered the tapered planform of
parabolic axrc* biconvex section, and evaluatved his result for cne wang
of A =0,831, m= 0,5, A tan.Am = 2.76, at A\)M’2 -1 = 4.6k,

3.23 Untapered planforms A= 1,0 Fag.7

Harmon and Swansor?/ have computed the drag of the untapered wing
of parabolic arc* biconvex section. The results are given an Fig.7.

3.3 Effect ol Taper

In Fag.8 we have cross plotted, from Figs., 3(a), 4, 5 and 6(&) the
curves for wings of & tan A: = L,m = 0,5, 1t wall be seen that there
are slight inoonsistencies in the curves; thas is nobt surprising consader-
ing their origins and the sizes of diagrom from which Fags. 4,5 have been
crossplotied. No attempt is madec to remove these discrepancies by moking
the curves self consistent, but the i1nconsistencises are allowed to remaan
as an indieat on of the sccuracy of the Figures. Otherwise the cuxves
are falrly linearly spaced in %1-K) (1 + A} as pointed out previously,
which should make interpolation easier,

3., Effect of Maximum thickness position

In Fag. 9(a) 2s chown the effcct of maximmm thickness position on
the drag of fully tapered wings, for two planformsa. The fact that the

* Within the accuracy of the theory dealt with in these cases there is
no difference between circular arc and parabolic are biconvex sectliens.
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ordinate change for a given change in m s fairly constant when the wing
is fully subsonic or fully supersonic, gives a useful lead on interpola-
tion.

For_untapered wings, the effect 1s showm an Fag. 9(b). Nonweilor Tk
and Shaw'” have made preliminary studies for the case where 0 < A < 1.

4 Developments

The most i1mmediate need i1s for a comparison of these theoretical
results with actual measurements of the dreg of represcntetive waings.
This work 1s in hand. Tt should giave some informotion how best to esta-
mate the drag of wings of round nose section, which are of immediate
practicel interest. It may reveal the need for mors charts to supplement
Figs. 4 and 5, although they can probably be derived with suffacient
accuracy by interpcolation betwesn Figs. 3 and 6.

5 Notation
A aspect ratio

Cp wave drag coefficient
Mach number
me position of masamum thickness line af't of leading edge

taper ratio = tip chord/root chord

5 7

sweepback of leading edge

sweepback cf maximum thickness line

o

sweepback of half chord line

Ay sweepback of trailing edge

c sweep ratic = tan A1/tan Ay
T thickness/chord ratio
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FIG.1&2.

FIG.l. BASIC GEOMETRY OF A SWEPT
TAPERED WING.
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FIG.2. FUNDAMENTAL CHARACTERISTICS OF

THE WAVE DRAG CURVES FOR A SWEPT WING
OF DOUBLE WEDGE SECTION.
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FIG.3(b).
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FIG 4.

SUPERSONIC WAVE DRAG OF
A=02, m=05,

SYMMETRICAL DOUBLE WEDGE WINGS
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