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1 Introduction 

This Ate has been written to supersede RAE Tech. Note No. Aero 2319 
revised (CP 116)l, and to give a new standard set of charts of linear 
theory wave drag at zero lift, since certain e&ors were found after the 
previous note had been issued. A complete revision hss been made, snd, 
whilst we have followed the methods of analysis end presentation -ted 
by Lawrence, the opportunity has been taken to extend the scope of the 
work by indud~ng man? recent results. 

As in Lawrence~s report, the wings considered all have straight 
leading and trailing cages, strcarnwise tips and. a constant thickness-chord 
ratio. The new results introduced include the values given by linear theory 

for the drag when A/x = 0 for all the wings considered, and also 
the available results for fully tapered wzngs of parabolic-arc section. 
There is still a lack of results for wings of parabolic-am section and 
arbitrary taper, and for wings of arbitrary section and general plenfonn. 

It is worth emphasis- that this note is ooracerncd with theoretical 
results only: work is actively proceeding on comparisons between theory 
and experiment. 

2 Presentation of results 

2.1 Choice of parenders 

Three gecznetrical parameters arb required to &fin0 a wing planform 

with straight edges and stremse tiis (see Fig.l(a)),and we have chosen 
the aspect ratio A, the sweepback of the half-chord line Ah end the taper 
ratio h. 

The supersonic similarity laws show that for wings of stilsz section, 

s -e f(AM 
AT2 

/-, A tmq,h) 

where s = wave drng coefficient; T = thickness/chord rntio. 

We have therefore adopted the similarity parameters given in this 
equuntion in the presentation. Thle selcctlon of paremoters has been found 
to be the most illuminating and follows that used by Stanbrook for the 
lifting prcrpertics of wings. 

We have chosen a range of values of h of 0, 0.2, 0.5 arCi 1. The 

(1 -TX) parsmeter - 
(1 +i) 

then has values of 1, 2/3, ‘/3 and 0, nnd since the 

curves arc nearly linearly spaced with respect to 
(I'-xl , linear inter- 
(1 +h) - 

polation for other taper ratios 

2.2 Shape of drag curves 

Due to the npproximatmns 

is rensonebly accurate. 

of linear theory, kinks occur in the dr+? 
curves when lines across which the flow is turned through a. finite C&e 
become sonic, namely leading and trailing ed@s and ridge-lines of poly- 
gonnl sections. These kinks are not ree.Jisad in practice since they 
corresponcl to flow conditzons for which the linearised equation is no 
longer valid. 
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In addition to those kinks, there x-+ fimte changes in the curvature 
of the drag curves whenever a Mach line from one of the dxcontimities m 
slope of the root se&Ion (leading edge, tradmng edge or d&c-line), 
crosses a discontinuity in slope of the tip section. Similar changes 
occur when there is mtcractlon between the tips. In gcner<al these changes 
are dl, and they are shown in the curves only for untqered wings, where 
sevcrnl lnteractlons are superimposed to produce rather larger changes in 
cunaturo. 

In Fig.l(b) the general cases are shown for which kinks and changes 
in curvature occur. The corresponding values of the Mach number CQ~ be 
obtained from the following formulae. When there is interaction between 
centre-line chord and the tip, then 

(1) 

pad when the tips interact, 

A M2 J 
_ 1 = 2X(htl - ht2) 

1 +-A 
(2) 

where h is a fraction of the centre-line chord aft of the wing a.pex; 
o-na ht9 ht, and ht2 are all fractions of the tip chord. aft of the leading 

edge of the tip. 

3 Source of data 

3.1 Double-wcQe sections 

3.ll Fully tapered. plmform 

Some of the crrrly results for tapered vnngs were due to Puckett4, who 
considered the drag of the delta wing, of true triangular planfom, for 
various maximum thckness positions. Later in reference 5 he extended his 
calculations to particular sweptback wings. These were for vdues of 
Atann&= 2 (the delta WI.& snd A tans = 6, for a consistent range of 

moximum thickness positions, and for subsonic ,and supersonic lodng edges. 

The results of Multhopp and Winter6 have been used to derive the bulk 
of Figs.2(a), 2(b), 2(c), 2(d) and 2(e). These authors have prepared charts 
from which the drag of fully tapered wings with double-wedge sections can 
be easily computed, In ndditlon, these results ccn be applied to wings 
with polygonal sootions, but the calculntlons become very laborious. 

Between the above references, and also references 7, 9, and. 10 there 
is scme overlap in the msults, but they c.rc all in agreement wlthin the 
accuracy of the cdoulations. 

3.12 Pl~llfonns of arbitrary taper 

The curyes for the unswept wings (A tan 9 = O), have been derived from 

Nielsen7, who has evaluate& this cnse for a range of X of 0, 0.25, 0.5, 0.75 
and 1, but only for mzimum thdcness position at half-chord (m = 0.5). The 
remainder of 3'~gs. 3 and 4(a) has been prepared using the work of Chm&, who 
presents charts for the particular values of h of 0.2 and 0.5. Chang's 
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results have only been used for large values of A \I M* - 1, as the datn 
cannot be crossplotted with sufficient accuracy at lower values. 
Margolis'sV~lO'cquations have been computed to provide the results for 
the lower range, x-d have also been evaluated at the higher values of 

A&?-? to verify Chang's results. 

3.13 Untapercd planforms 

This case has been dealt with fully by Msrgolis'l, who gives 
equations for arbitrary maximum thickness position. Two values of m, 
the msximum thickness position ss A frsctlon of the chord, have been 
chosen,ni = 0.3 and 0.5,and the results are presented in Figs.5(n) and 
5(b). Since the equations for the drag are symnctrical with respect to 
the maximum thickness posltion, the results for m = 0.3 cover also the 

c‘ase m = 0.7. For A - 1 > A tnn A$ + 2 the drag coefficient for 

the swept untapered wing 1s the seme as that of M infinite swept wing 
-ly, 

CD 1 1 -= 
AT* /A* (M* - 1) - A2 tan2 3 

. 
m(1 -m) 

This formula shows how the drag coefficient vczies with maxirmun thickness 
position, and helps in the lnterpolntion between the curves. 

For A M* J - 1 >I the rectangular wing (A ten 3 - 0) has the some 
CD-%- 1 drag as the two-dimensiond wing i.e. - - -* 

F- 

A=* A@*-1 m(1 - m) 

For A M - 1 tl the curve for the'rectsngular wing with m = 0.5 has 
been obtained from Nielscn7. 

3.2 Parabolic-arc sections 

3.21 Tapered planforms 

The work of Beone'* and Picard' has been presented in Figs. 2(f) 
and 4(b). For fully tapered wzngs Beane has given results for vslues 
of A tan 1 = 0, 2 and 2.8, whilst Picard has worked out the drag when % 
A tan A&. = 2, 3, and 4.;. For the c-on value of A tan A$ = 2 the 

results are in excellent agreement, 

Besne also presents charts for vdues of h of 0.25 and. 0.50, and 
,val.ues of A tan 1 between 0 and 2.8. % 

The data is only given for super- 

sonic leading edges, and the sise of the charts does not permit accurate 
crossplotting. However we have decid.ed to present the tits for X = 0.5 
in Fig.4(b) in order to give some idea of the effect of tEp,er ratio. 

3.22 Untapered plsnfonns 

Fig.5(cj has boon derived from references 14 an& 15. The drag CSJI 
be obtained from the charts given in the two reports, but not sufficiantly 
accurntely for presentation, end SO the curves shown here have been 
recomputed from the original fonnu1a.e~ 
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3.3 Wave draa when At/M2 - 1 = 0 

Although the values given by linear theory for the wave drag when 

AK;- - 0 sometimes sppear unrealistic, they have been included for 
completeness and because, wlthout much difficulty in ccmputing, they offer 
a guide in determini ng the shape of the drag curves in this region. The 
significance of the value of the wave-drag given by linear theory must be 
interpreted individually for.each wing. For instance, for a wing which 

has a nearly constant drag coefficient near .A J M2 - 1 = 0, the result can 
be used as a measure of the transonlc drag rise. For other wings the 
meaning of the value must be carefilly assessed. The predicted drag msy, 
for exemple, be unduly high because the trailing edge has only a smdl 
angle of sweep, but the result may still be of use in comparing one wing 
with another having similar trailing edge conditions. 

Some curves near AdM2 - 1 = 0 have been shown as clashed lines 
to indicate that over this range the curves have not been verified by 
calculations. 

3.31 Double-weke sections 

Puckett and Stews&5 have found a solution for the wave drag of 

fully taperedwxngs for A M J' - 1 = 0. This has been used to give the end 
points for Fig.2. The results for the tapered and untapcred wings are due 
to Csnc'7, and have been evaluated using the area rule. 

3.32 Parabolic-an: sections 

The results for fully tapered wings have been computed from a fonrmln 
given by Nonweiler'6, except for A tan ti = C. This ourvc and the results 
forh = 0.5 have been calculated numeridlly using the area rule method given 
in reference 18. For the untaperedwings we have used the explicit formula 
given by Hsrmon and Swwnson%, which has recently been verified by Lord, 
Ross and Emintonl8. 

4 Discussions 

4.1 Effect of meximum thickness position 

4,ll Double-wedge sections 

The effect of maximum thickness position on the wave drag of wings 
with double-wedge se&Ions is shown in Fig.6 for h = 0 and in Fig.7 for 
-A =I. 

Puck&t4 shows that for fully tapered w-s, the optimum positron of 
the maximum thlokness is approximately at 2Qd of the chord if the leading 
edge is subsonic, and. between 5@ and 6@ of the chord if the leading dggc 
is supersonic. It is seen from Fig.6 that the lncremcnt in drag due to 
changing the maximum thickness position 1s roughly constant over the range 

of values of A J M 1, provided the lines of maximum thd~~?ss of the wings 
being oomparcd are either both subsonic or both supersonic. 

In the case of untapered wings, the theory predicts that for subsonic 
edges the position of maximum thickness has little effect. But for supersonic 
edges, Mergolis's results show that there 1s a well-defined optimum with 
-UXUI thickness posltlonjat the half-chord 

-7- 



4.12 Parabolic-arc sections 

Beane has considered the effect of msxmum thickness position on 
the drag of wings of psrabollc-sro section, but only for a particular 
sweptback fully tapered wing. However in this oase the optimum positions 
of m~imum thickness are rou lil.y 

-5 
the sane as those for wsngs of double- 

wedge section, and. Shcppardd has shown that this IS also true for 
untapered wings. : 

I+.2 Effect of taper 

Fig.8 shows the effect of taper on the wave +,ag, for values of 
A tan A+ = 0, 1, 2 and 4, for wings having symnctrxcil double-wedge 

scotionr (m = 0.5). It is apparent that taper has an urrportant effect 

for subsonic trailing edges, especially near A\ M p-Z= 0, whilst for 
supersonx leading edges the effect 1s not nearly so noticeable, since 
the drag coefficient is tending to the two-dimensional value. 

l'herb is not sufficient information to show, m &tad, the effect 
of taper for wings hmiq pmabolio-am sections, but, fmm the two cases 
which WC hme shown m Pig.8, the general conclusions given for the 
double-wedge sections slso appear to be true here. 

LIST OF SYMBOLS 

A 

b 

GO 

Gt 

%I 
f 

h 

ht. 

wave drag coefficient 

arbitrary function 

a fraction of the centre-line chord aft of the wing apex 

[fraction of the tip chord. aft 
htq 5 of the leading edge of the tip 

Aspect ratio 

span 

centre line chord 

tip chord 

M Mach mber 

m msdmm thickness position as a fraction of the chord 

A? sweepback of half-chord line 

x" taper ratio, ratio of tip chord to root chord 

P Mach angle = coseo"'M 

T thickness/chord ratio 
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APPENDM 

Bibliographv of theo<etical data 

A list is given of theoretical reports on wave drag, with notes 
outlining the scope of the work covered an3 the results presented in the 
reports. It is not intended to provide a comprehensive list of 
references, but to s umarise the various works relevant to this note. 

Author Ref. 

Fuckett 

Puckett, 
Stewart 

Jones 3 

4 

5 

ilulthopp 
Winter 

Nielsen 

Chang 

6 

7 

0 

Notes -- 

Thn aerofoil theory is applied to calculate 
the pressure distribution over swept wings 
Of symmetrical double-wedge and parsbolic- 
arc sections. The pressure distribution over 
an untapered swept wing of persbolx-arc 
section is plotted, and. indxatlon given as 
to the method of solution for tapered. wings. 

The author uses source distrlbutlon methods 
to compute the wave drag of a delta wing of 
double-wedge section, for subsoruc and 
supersonic leading-edges. The effect of 
msximum tl~~~k~~ess posa-tion 1s considered. 

The work of derenoe 4 is extended, and 
equations for fully tapered was are 
derived for various maximum thiokness 
pdsitions. Charts are presented giving the 
drag of a delta wing (A tanA& = 2) and a 

general swept wing (A tan .A& = 6), for 

m = 0.2 to 0.5. A formula for the drag at 
M P 1 is given, 

Functions are given from which the drag of 
fully tepcrcdwings of double-wedge section 
can be evaluated, Modified wedge sections 
can be considered, but the ccmputations 
become laborious. 

Expressions are derived for the drag of 
unswept wings of double-wedge section, 
m = 0.5 and arbitrary taper. Equations 
are presented for O< h< 1, and simplified 
equations for h = 0 and h = 1. The results 
arc given in charts from whxch the drag can 
be deduced for h q 0, 3, $, 3 end 1. 

Von Kazman's Fourier Integral method is used 
to calculate the wave drag of sweptback wings 
of symmetrical double wedge section for both 
intermediate and full taper. The formula 
given for the drag at M = 1 is incorrect. 
The results of oslculations for h q 0.2 and 
h = 0.5 are presented in charts, and the 
drag can be directly read, 
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Author 

Margolis 

Msrgolis 

Mmgolis 

Elchelbrenner 

Eichelbrenner 

Robinson 23 

Robinson 

Kleissas 

Grant, 
Cooper 

Ref, 

9 

10 

11 

21 

22 

25 

28 

APPENOIX (Contd.) 

Notes 

Equations are derived for the drag of 
tapered wings of symnetricsl double-wedge 
sectlon for 0 c ?,c 1, for subsonx maximum 
thxkness line. The limiting solutions 
are also given for 7\. = 0 andh q 1. 

The work of reference 9 is extended to 
wings with supersoruc maximum thickness 
line. 

Equations showing the effect of maximum 
thickness position on the drag of un- 
taperedwings of double-wedge sectzon are 
derived, and. it 1s found that the optimum 
posltion 1s at the half-chord, if the tip 
does not affect the other half of the 
King. 

Source distribution methods are used to 
calculate the wave drag of untapered wings 
of syn'metrical double-wedge scctlon with 
maximum thickness at the half-chord. 
The analysis is not explmed J.II detail. 

The work of reference 21 1s extend&l to 
include the wave drag of tapered I-S, 
and the results arc presented VI charts. 
The results arc not compared with Margolis, 
and It has been found that the results of 
this work are not correct. 

The pressure distribution and wave drag 
is calculated of a wing of double-wedge 
section and symmetrical diamond planform. 
The drag is compared with that obtained 
by strip theory, but the plotted results 
are in error for tany/tan~<l. (y = 
leading-edge sweep). 

The calculations made in ref.23 are 
described in detail. 

The author computes the drag of tapered 
wings of synrmetrical double-wedge section 
for subsonic leading edges from formulae 
given in an earlier report by Smith26. 
The results are presented in charts for 
various dues ofh , but are not in 
agreement with the results of Margolis 
br Chang, and it is thought that this 
is because the author has used numerical 
methods of integration. 

Tables are given from which the drag can 
be computed for fully tapered wings of 
arbitrary section, The wing section is 
replaced by twenty equally spaced straight 
segments and the drag is evaluated using 
source distributions. A range of A tanA .--- 

from 0 to 18 is from 0.2 to 4. COVC~C~, mdjM2 - 1 00t A, 
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Author 

Ferri 

Ref. 

19 

Picard 

Harmon, 
Swanson 

Hwmon 

Kainer 

Nonweiler 16 

12 

13 

14 

15 

. 32 

APPENDIX (Contd.) 

Notes .- 
A detailed d;Lscussion is given on the use of 
source dastribution methods to calculate the 
wave drag. The author consaders the infinite 
yawed snd,infinitc trlsngular wings, end 
double-wedge and parabolic-arc sections. He 
presents some of Pucketts results for fully 
tapered wings of double-wedge section, and 
independently derives the wave drag of a 
family of fully tapered wings for A tan~&<2, 
and various maximum thickness positrons. 

Source distribution methods sre used to oal-, 
culato the wave dreg of tapered wings of 
parcbolac-arc section. The profile is 
replaced by a polygon with sixteen sides, 
Charts sre presented from which the drag OM 
be read for h = 0, 4 and $-, for low value&-zf 
A tenA; ant? supersonic lcsding-edges. 
scale of the charts prevents accurate cross- 
p1ottlng. 

The method based on a polygonal npprcxjmation, 
suggested by Biemut in rofercnoo 30, is used 
to calculate the drag of fully tapered wings 
of parabolic-arc section. Charts giving the 
drag for three values of A tan A& = 2,3 and 4.; 
are presented. The results for the delta wing 
are in agreement with Beane. 

-The method suggesteit by Jones in reference 3 
is used to calculate the drag of untepered 
mongs of parabolic-arc section. Eouataons 
are derived for the drag for subsonic leading 
ed.gc3, and also for the limiting case of 
M = 1. The authors give the results in charts, 
but do not allow accurate reading. 

The author extends the resuits of reference 14 
to wings with supersonic leading-edges. 

Numerical methoils arc used to evaluate the 
drag of a particular wing of parabolic-arc 
sectaon, A tan A& = 2.77,X = 0.53 & ---_ 
AJM' - 1 = 4.65. 

An expresson 1s oblzined for the wave drsg 
of fully taper& wings of erbitrrq section, 
in the form of n double integral, The author 
suggests that in general the drag will need to 
be computed by numerical integration, but a 
direct integration is obtained to give a 
formula for the drag of wings of various 
sections, including a parabolic-nrc seotlon -.-__ 
I& A,j'M2 - 1 = 0. 

- 14 - 
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APPENDM (conta.) 

Notes 

The wave drag of wings of polygonal sectaon is 
evaluated, provided the edges are swept, using 
superimposed. source distributions. The 
individual contributlom of each facet of the 
wing are given in charts end have to be 
cmbmed to give the total drag of the wing. 
Subsonic md supersoruc edges are considered, 
and results can be obtaxned for A, M - 1 = 0. P--- 

Buxmmn's second order approximation is applied 
to a double-wedge section. The results axe 
extended to other se&Ions, inoluding perabolic- 
arc sections. 

The drag is computed of untapered wings of 
symetricd double-wedge end parabolic-an: 
sections using references 11, 14 end 15. It is 
shown that for supersonic edges, the ratio of 
the drags of these wings is spproximately equal 
to the ratio of the drags of their sectxms. 

The author rnvestigates the drag of untapemd 
swept wings of mfinite span, with subsonic 
edges end ezbitraTy section. The dregs of a 
number of sections a.772 comparedwith that for 
the parabolic-arc scctlon, Canla a correction 
factor is derxved, wh-lhlch It 1s suggested msy be 
applied to the results for wings of parabolic- 
arc section, with subsonic edges and of high 
aspect ratlo. 

For wings with supersonic leeding-edges, the 
drag is found by correcting the results 
obtained from strip theory. The method is 
epplxed to double-wedge wings with bevelled 
tips. 
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FIG.1 (a). WING NOTATION. 

FIG. I (b) . MACH LINE CON FIGURATI ONS. 
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FIG.2 (a) .WAVE DRAG OF WINGS OF 

DOUBLEyWEDGE SECTION 
X= 0, m=O-2. 
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FIG?(b). WAVE DRAG OF WINGS OF 
DOUBLE - WEDGE SECTION. 
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FIG Z(d). WAVE DRAG OF WINGS OF 
DOUBLE-WEDGE SECTION. 

X=0, m= O-5 
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FIG4(b).WAVE DRAG OF WINGS OF 
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FIG.6 (CONT’D). EFFECT OF MAXIMUM THICKNESS 
POSITION ON THE WAVE DRAG OF WINGS 

OF DOUBLE -WEDGE SECTION. 
A = 0. 
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