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SUMMARY

Charts are presented for the theoretical wave drag at zero-1lift of
straight-tapered wings with streamwise taps, and with double-wedge or
parabolic~arc sections, A bibliography of theoretical reports is
included, and their contents are revicwed,

This note supersedes R.A.E, Technical Note No, Aero 2139 revised
(Cp 116), which containg errors,
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1 Introduction

This note has been written to supersede RAE Tech, Note No, Aero 2319
revised (CP 116)%, and to give a new standard set of charts of linear
theory wave drag at gero lift, since certain errors were found after the
previous note had been issued, A complete revision has been made, and,
whilst we have followed the methods of analysis and presentation adOpted
by Lawrence, the opportunity has been taken to extend the scope of the
work by includlng more recent results,

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

for the drag when AJMZ = 1 = 0 for 2ll the wings considered, and also
the available results for fully tapered wings of parsbolic-arc scction,
There is still a lack of results for wings of parabolic-arc section and
arbitrary taper, and for wings of arbitrary section and general planform,

It is worth emphasising that this note is concerncd with theoretical
results only: work is actively proceeding on comparisons betwcen theory
and experimcnt,

2 Presentation of results

2,1 Choice of paramcters

Three geamstrical parameters aro required to definc a wing planform
with straight cdges and streamwise tips (sce Fig.1(a}), and we have chosen
the aspect ratio A, the swecpback of the half-chord line A1 and the taper
ratio »,

The supersonic similarity laws show that for wings of samiler scction,

— = £ (AJM? -1, A tanas,n)
2 2

AT

where Cp = wave drag coefficient; ¢ = thickness/chord ratio,

We have thercfore adopted the gimilarity parameters given in this
equation in the prescntation, This selection of parameters has been found
to be the most illuminating and follows that used by Starmbrook® for the
lifting propertics of wings.

We have chosen a range of values of A of 0, 0.2, 0,5 and 1, The

parameter Q-n then has velues of 1, 23, 1/3 ena 0, and since the
(1 +»)

“-=»)

(1 +2)
polation for other teper ratios is reasonably accurate,

curves arc nearly lincarly spaced with respect to » linear inter-

2+2 Shape of drag curves

Due to the approximations of linear theory, kinks occur in the drag
curves when lines across which the flow is turned through a finite angle
become sonic, namely leading and trailing edges and ridge-lines of poly-
gonal gsections, These kinks are not realised in practice since they
correspond to flow conditions for which the linearised equation is no

longer valid. L



In addition to these kinks, there are fimite changes in the curvature
of the drag curves whenever = Mach line from one of the discontinuities in
slope of the root section (leading edge , trailang edge or ridgo—line),
crosses a discontinuity in slope of the tip section, Similar chenges
occur when therc is interaction between the tips, In general thesc changes
arc small, and they are shown in the curves only for untapered wings, where
several interactions are superimposed to produce rather larger changes in
curvaturc,

In Fig,1(b) the general cases are shown for which kinks and changes
in curvature occur. The corresponding values of the Mach mumber con be
obtained from the following formulae, When there is interaction between
centre-line chord and the tip, then

2(1 = 2h -2 [ 1 ~ 2ht])
1+ 0

A2 o =

A tan A4 +
2

(1)

and when the tips interact,

omh, -n )

t

afu? -1 = o
1+

(2)

where h is a fraction of the centre-line chord aft of the wing apex;
and hy, ht1 and htz are al) fractions of the tip chord aft of the leading

cdge of the %ip.

3 Source of data

3,1 Double-wedge sections

3,11 Fully tapered planforms

Some of the carly results for tapered wings were due to I-“uckettl*', who
considered the drag of the delta wing, of truc triangular planform, for
various maxdmum thickness positions, Later in reference 5 he extended his
calculations to particular sweptback wings., These were for values of
Atan Ay =2 (the delta wing) end A tan At = 6, for a consistent ronge of

moximum thickness positions, and for subsonic and supersonic leading cdges.

The results of Multhopp and Winter® have been used to derive the bulk
of Figs.2(a), 2(b), 2(c), 2(a) and 2(¢). These authors have prepared charts
from which the drag of fully tapered wings with doublce-wedge scctions can
be easily computed, In addition, these results can be applied to wings
with polygonal séctions, but the calculations become very laborious,

Between the above references, and also references 7, 9, and 10 there
is some overlap in the rcsults, but they acre all in agrecment within the
accuracy of the calculations,

3.12 Plonforms cof arbitrary taper

The curves for the unswept wings (A tan A,% = 0), have been derived from

Nielsen7, who hag evaluated this case for a range of A of 0, 0,25, 0,5, 0.75
and 1, but only for moximum thickness position at half-chord (m = 0.5)s The
remainder of Pags.3 and 4 2) has been prepored using the work of ChangB, who
presents charts for the particular values of A of 0,2 and 0,5. Chang's

.-5.-



results have only been used for large velues of A\sz - 1, as the data
cannot be crossplotted with sufficient accuracy at lower volues,
Margolis' 89,10 ‘cquations have been computed to provide the results for
the lower range, ond have also been evaluated at the higher values of

AJMZ - 1 4o verify Chang's results.
3.13 Untapercd planforms

This case has been dealt with fully by Margolis“, who gives
equations for arbitrary maximum thickness pesition, Two values of m,
the maximum thickness position as a fraction of the chord, have been
chosen,n = 0,3 and 0,5,and the rcsults are presented in Figs.5(a) and
5(b). Sinee the equations for the drag are symmetrical with respect to
the meximum thickness posation, the resulits for m = 0,3 cover also the

_case m = 0,7, For A\/Mz - 1> 4 tan A% + 2 the drag coeflicient for

the swept untapercd wing is the same as that of an infinite aswept wing
nemely,

% 1 1

2 A2 (M2 - - 42 2 1 -
At / (M 1) tan A m m)

This formula shows how the drag coefficient vories with moximum thickness
position, and helps In the interpolation between the curves,

FPor A M2 -~ 151 the rectangular wing (A ta.nj% = 0) has the same
1 1

drog as the two~dimensional wing i.c. 5 = .
At AfME = 1 m(1 - m)

For AV M:2 = 1 ¢1 the curve for the‘recta.ngular wing with m = 0,5 has
been cbtained from Nielscn7. -

2,2 Parabolic-arc sections

3,21 Tapered planforms

The work of Beane'? and Picard!? has been presented in Pigs, 2(f)
and h.(b). For fully tapered wings Becane hag given results for values
of A tan A1 = 0, 2 and 2,8, whilst Picard has worked out the drag when

A tan A% =2, 3, and hobe For the common velue of A tan AL = 2 the
results are in excellent agreement,

Beane also presents charts for values of A of 0,25 and 0,50, and
cvaldues of A tan A% botween O and 2,8. The data is only given for super-

sonic leading edges, and the size of the charts does not permit accurate
crossplotting, However we have decided to present the data for N = 0,5
in Fig.4(b) in order to give some idea of the effect of teper ratio,

2,22 Untapered planforms

Fig.5(c) has been derived fram references 44 and 15, The drag can
be obtained from the charts given in the two reports, but not sufficiently
accurately for prescntation, end so the curves shown herc have been

recomputed from the original formloe.

-6-.



3,5 VWave drag when AVMZ - 120

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

AVM2 - 1 = 0 sometimes appear unrealistic, they have been included for
carpleteness and because, without much difficulty in computing, they offer
& guide in determining 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~/ M% -4 = 0, the result can
be used as a measure of the transonic drag rise, For other wings the
meaning of the value must be carefully assessed, The predicted drag may,
{for example, be unduly high because the trailing edge has only a small
angle of sweep, but the result may still be of use in comparing one wing
with another having similar trailing edge conditions,

52
Some curves near AVM® - 1 = 0 have been shown as dashed lines
to indicate that over thas range the curves have not been verified by
caloulations,

2.31 Double~wedge sections

Puckett and Stewart? have found a solution for the wave drag of
fuily tapered wings for A\/M2 ~ 1 = 0, This has been used to give the end
points for Fig,2., The results for the tapered and untapercd wings are due
to Cano17, and have been evaluated using the area rule,

332 Parsbolic-arc sections

The resulits for fully tapercd wings have been computed from a formula
given by Nonweiler16, except for A tan AL = 0. This curve ond the results
for A = 0,5 have been calculated numericilly using the area rule method given
in reference 18. For the untapered wings we have used the explicit formuia
given by Harmon and Swa.nson'“i-, which has recently been verified by Lord,

Ross and Eminton!8,

N Discussions

Le1 Effect of maximum thickness position

4,11 Double-wedge sections

The effect of maximum thickness position on the wave drag of wings
with double-wedge sections is shown in Fig,6 for A = 0 and in Fig,7 for
ro=1,

Puckett® shows that for fully tapered wings, the optimum position of
the maximum thickness is approximately at 204 of the chord if the lcading
edge is subsonic, and between 50/ and 60% of the chord if the leading edge
is supersonic, It is seen from Fig,6 that the increment in drag duc to
changing the maximum thickness position is roughly constant over the range

of values of Ay M2 - 1, provided thc lines of maximum thickness of the wings
being comparcd arc either both subsonic or both supersonic,

In the case of untapered wings, thc theory predicts that for subsonic
edges the position of meximum thickness has little effect, But for supersonic
edges, Margolis's results show that there 1s a well-defined optimum with
maximun thickness position.at the half-chord,

....7-



4,12 Paraholic-arc sections

Beane has considered the effect of maximum thickness position on
the drog of wings of parabolic-arc section, but only for a particular
sweptback fully tapered wing, However in this case the optimum positions
of meximum thickness are roughly the same as those for wings of double-
wedge section, and Sheppard‘i has shown that this 1s also truc for
untapered wings,

|

4,2 Effect of taper

Fig,8 shows the effect of taper on the wave drag, for values of
A tan A_%. =0, 1, 2 and 4, for wings having symnetrical double-wedge

scctions (m = 0,5). It is apparent that taper has an amportant effect

for subsonic trailing edges, especially near A\ M2 ~ 1 = 0, whilst for
supersonic leading edges the effect 1s not nearly so noticesble, since
the drag coefficient is tending to the two-dimensional value,

There is not sufficient information to show, in detail, the effect
of taper for wings having parabolic-arc sections, but, from the two cases
which we have shown in Fig.8, the general conclusions given for the
double~wedge sections also appear to be true here,

LIST OF SYMBOLS

A Aspect ratio
spen
c centre line chord
o4 tip chord
CD wave drag coefficient
f arbitrary function

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

fraction of the tip chord aft
ty J0*1" the leading edge of the tip

|
ht2 {
Mach number
m maximum thickness position as a fraction of the chord
Ay sweepback of hal{-chord line
IS taper rat‘io, ratio of tip chord to root chord
u Mach angle = cosec™ ' M
T thickness/chord ratio
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APPENDIX

Bibliography of theoretical data

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

¥

Author Re‘f. Notes
Jones 3 Thain aerofoil theory is applied to calculate

the pressure distribution over swept wings

of symmetrical double-wedge and parabolic-
arc sections, The pressure distribution over
an untapered swept wing of parsbolic-arc
section is plotted, and indication given as
to the method of solution for tapered wings.

Puckett L The author uses source distraibution methods
to compute the wave drag of a delta wing of
double-wedge section, for subsonic and
supersonic leading-edges. The effect of
maximum thickness position is considered.

Puckett, 5 The work of reference 4 is extended, and

Stewart equations for fully tapered wings are
derived for various maximum thickness
positions., Charts are presented giving the
drag of a delte wing (& tanAi = 2) and a

gencral swept wing (4 tan A_% 6), for

e = 0,2 to 0.5, A formula for the dreg at
M =1 is given,

B

ilulthopp 6 Punctions are given from which the drag of

Winter fully tepercd wings of double-~wedge section
can be evaluated, Modified wedge sections
can be considered, but the computations
become laboriocus,

Nielsen 7 Expressions are derived for the drag of
unswept wings of double-wedge section,
m = 0,5 and arbitrary taper., Equations
are presented for 0< A< 1, and simplified
equations for » = 0 and A = 1, The results
are given in charts from whach the drag can
be deduced for A = 0, %, %, 2 and 1,

Chang 8 Von Kayman's Fourier Integral method is used
to calculate the wave drag of sweptback wings
of symmetrical double wedge scction for both
intermediate and full taper, The formula
given for the drag at M = 1 is incorrect,

The results of calculations for d» = 0,2 and
A = 0,5 are presented in charts, and the
drag can be directly read,
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Author

Margolis

Margolis

Margolis

Eichelbrenner

Eichelbrenner

Robinson

Rebinson

Kleissas

Grant,
Cooper

10

1

21

22

23

25

28

APFENDIX (Contd,)
Notesg

Equations are derived for the drag of
tapered wings of symmetricsl double-wedge
section for O < A< 1, for subsonic maximum
thickness line, The limiting solutions
are also given for A = Q and A = 1,

The work of refercnce 9 is extended to
wings with supersonic maximum thickness
line,

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

wing,

Source distribution methods are used to
calculate the wave drag of untapered wings
of symmetrical double-wedge section with
maximum thickness at the halfwchord,

The analysis is not explained in detaal,

The work of reference 21 i1is cxtended to
include the wave drag of tapered wings,
and the results arc presented in charts,
The results arc not compared with Margolis,
and 1t has been found that the resulis of
this work are not correct.

The pressure distribution and wave drag
is caleculated of a wing of double-wedge
section and symmetrical diamond plenform,
The drag is compared with that obtained
by strip theory, but the plotted results
are in error for tany /tanpu< 1. (¥ =
leading-edge sweep),

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

The author computes the drag of tapered
wings of symmetrical double-wedge section
for subsonic leading edges from formulae
given in an earlier report by Smith26,
The results are presented in charts for
various values of A , but are not in
agreement with the results of Margolis

or Chang, and it is thought that this

is because the author has used numerical
metheds 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 taniL%

from O to 18 is covered, and\jMZ - 1 cot A,
from 0.2 to L.,
- 13 -
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Kainer
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APFENDIX {Conta, )

Notes

A detailed dascussion is givon on the use of
gource distribution methods to calculate the
wave drag. The author considers the infinite
yawed and infinite triangular wings, and
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 A:lé, <2,

and verious maximum thickness positaions,

Source distribution methods sre used to cal=~
culate the wave drag of tapered wings of
parsbolic-arc scction, The profile is
replaced by a polygon with sixteen sides,
Charts are presented from which the drag can
be read for A = 0, 4 and %, for low values of
A tanA% and supersonic leading-edges, The

scale of the charts prevents accurate crogs-
plotting,

The method based on a polygonal appraximation,
suggested by Bismut in rcference 30, is used
to calculate the drag of fully tapered wings

of perabolic-arc section, Charts giving the
drag for three values of A tan Af = 2,3 and 4.6

are presented, The results for the delta wing
are in agreement with Beane,

The method suggested by Jones in reference 3
is used to calculatec the drag of untspered
wings of parabolic~arc section, Equations

are derived for the drag for subsonic leading
edges, and also for the limiting case of

M = 1, The authors give the results in charts,
but do not allow accurate rcading,

The author extends the results of reference 1
to wings with supersonic leading-edges,

Numericel methods are used to evaluate the
drag of a particular wing of parabolic-arc
section, A tan AL = 2,77, % = 0.53 and

AM2 - 1 = .65,

An expression is obtained for the wave drag

of fully tepercd wings of arbitrory section,
in the form of o double integral, The author
suggests that in gencral the drag will need to
be computed by numcrical integration, but a
direct integretion is obtained to give a
formula for the drag of wings of various
sections, including & parsbolic-arc acction

s ey 1

near AgMZ -1 = O,
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The wave drag of wings of polygonal section is
evaluated, provided the edges are swept, using
superimposed source distributions, The
individual contributions of each facet of the
wing are given in charts and have to be
canbined to give the total drag of the wing.
Subsonic and supersonic edges are considered,

and results can be obtained for A\[ﬁz -1=0,

Buwomrnin's second order approximation is applied
to a double-wedge section. The results are
cxtended to other sections, including parabolic-
arc sections,

The drag is computed of untapered wings of
symmetrical double-wedge and parabolic-arc
sections using references 11, 14 and 15, It is
shown that for supersonic cdges, the ratio of
the drags of these wings is approximately equal
to the ratio of the drags of their sections,

The anthor investigotes the drag of untapered
swept wings of infinite span, with subsonic
edges and arbitrary scction, The drags of a
number of sections arc compared with thet for
the parebolic-arc scction, and a correction
factor is deraved, which 1t 1s suggested may be
applied to the results for wings of parabolic-
arc section, with subsonic edges and of high
aspect ratio,

For wings with supersonic leading-edges, the
drag is found by corrscting the results
obtained from strap theory., The method is
applied to double-wedge wings with bevelled
tips.

Printed wn Great Britain.
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FIG. 6, EFFECT OF MAXIMUM THICKNESS
POSITION ON THE WAVE DRAG OF WINGS
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FI1G.6 (cont0). EFFECT OF MAXIMUM THICKNESS
POSITION ON THE WAVE DRAG OF WINGS
OF DOUBLE - WEDGE SECTION.
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FIG.7. EFFECT OF MAXIMUM THICKNESS
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