\‘2

~

i

NACA TN No. 1448

'NATIONAL ADVISORY COMMITTEE /w

FOR AERONAUTICS

2

, 'j A e . .
TECHNICAL NOTE T Lk

No. 1448 _ _

Lieshmer R

SUPERSONIC WAVE DRAG OF SWEPTBACK TAPERED
WINGS AT ZERO LIFT LT T
. BxKenneth Margolis e el _

Langley Memorial Aeronautical Laboratory B Lo
La.ngley F1e1d Va. izl

WW

Washington i e
October 1947 b i A L

. lu

e NACALJSKAFY

,am LEY MEMORIAL meB'AL'TlLM S

LABDRATORY
Langloy Fieid, Vo

— e



——— I

NATTONAL ADVISORY COMMITTEE ¥FCOR AERONAUTICS

m}mmu 'NOIE'NO.'- TS R

SUPERSONIC WAVE DRAG oF "WEPT’.BACK TAPERED
' VINGS AT. ZERO LT

Br Konneth Ma:r:_goli's ‘

On the basis of a recently ‘developed theory for sweptback winge
at supersonic velocitles, equaticng ere derived for the wave drag of
sweptback tapered wings with thin agymmetrxical double-wedge sectlions

at zero lift. Calculatiocus of section wvave-drag distributions and
wing wave drag are presented for families of tapered plan forms.

_Digtributions of section wave drag mlong the span of tapsred
wings are, in general, very similar in shape to those of wntapsred
plan forms. For a given taper ratio and agpect ratio, an appreciseble
reduction in wing wave-drag ccefficlent with increased sweepback ig
noted for the entire range of Mach number considered. For a given
sweep and taper ratio, higher aspect ratios reduce the ving wave~
drag coefficisnt at substantially subcritical supeé¥sonic Mach numbers.
At Mach numbers approaching the critical value, that is, a value equal
to the secant of the swespback angle, the plan forms of low aspect

. ratio have lower drag coefficients. e

Calculations for wings of eq_ual root bending stress (anﬁ. hence
different aspsct ratio) indicate that tapering the wing reduces the
wing weve-drag coefficient at Mach muibers considerably less than
the critical value but increases the drag coefficlent st Mach numbers
.near the critical valuss. Comparisons on the basis of constant aspect
ratio, however, indicate an increase of the wing wave-drag coefficient
vith taper at Mech numbers considerably less than the critical value

and a decresse of the drag coefficient wlth taper at Mach numbers
near the critical value. .

) INTRODUCTION : - : T

Recent developmsn’cs in airfoll theory fox supersonic apeeds
(refemgences 1 and 2) indicate pronounced favorable effects of mweep-
back on the wave drag. In reference 1, a method i developed for
calculating pressure drag at supsrsonic speeds for sweptback airfolls
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having thin sections at zero lift. Reference 3 applies this method
to calculate the supersonic weve drag for a series of untapered wings
with SImmetrical biconvex airfoil Sections. _

The present paper apnlies the method of reference l to derive
the generalized equations for the sectlion wave drag and wing wave
drag of sweptbhack tapersed wings with thin symmstrical double-wedge
gections at zero lift. Section vave-drag dlstribubtions and wing
wvave~drag calculations are presented far specific familles of tapered
plan forms. The airfoll sections and wing tips are chosen pasrallel
to the direction of flight. The angle of sweepback 1s reforred to
that of the line of maximum thickness, and the range of Mach number
congldered is between 1 and ‘the critical value corresponding to tho
condition where the Mach lines are parallel to the maximum~thiclkness

line, that - is, to a Mach number equal to the secant of the &weepback .
angle. _ ; _ - -
SYMBOLS _
X, ¥, % fi;Gaftesian cooxdinates _ o . S e
v ‘veloéity in f£light direction . -
0 density of air ) . . - T
Op ""PféSBUfé’lndrqment"' a e e e e e
a . dynamic pressure EﬁV .
) Co .disturbance-velociﬁy potential ) o . =

Mach number

dz/dax slope of airfoil surface-

a - root semichord, measured in flight direction —.:_._ - -“‘;

¢ chord length at spanwise station ¥, measured in flight -
.. dirsction o ) _ e - . . o

t L mﬁximum thickness of sectioﬁ.at apanwisé etaéion' y -
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A angle of sweep of the-line of maximum thiclkmess, degrees
my slope of linse of maximum thic]mess (cot A)
‘my slope of wing leacling edge o
my My

m, slope of wing trailing edge. |- —_—

- ' gml ) mO
b gpan of wing

s ' wing area - 5_ o

A snect ratio ( ) o

A tape: ratio, ratio o:t‘ 'bip chorc‘L to root chord

ca gection wave-drag coefficient at spanwlise station ¥
® exclusive of tip effect

cd‘b' - increment in-section vmve-drag coefficient at spanwise

in station y . due to tip.
Cq -'sec't.ion wave-dyag coefflcient at spanwise station ¥
(cdbo + cd‘bi ) : D .

Cp . ving yave-drag coefficient exclugive of tip effect
thip- . 1ncrement in wing wave-drag coefficlent due to tip ’
.G g .- 7 -. . g 'C + .

A D. | wing wave-drag coef .i_ciezll’c ( D, _CDt ip)

'Subsqrii;’c .8 refers to conditions at root
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- ANATYSIS

The analysis 1s based on supersonic thin-airfeil theory and on
the assaumptions of small disturbandes end a constant veloclity of
sound throughout ths fluld. These assumpbions lead to the linearized
equ&tion for the velocity potential @ (reforence h)

(} - M? Py + Py + Ppg = O = (1)

vwhere M ls the Mach number of the flow and the derivatlves are
taken with respect to the variables =x, y, and 2z of the Cartesian—
oooriinate system. It should be noted that ithe linearized theory

is not expected to be applicable near Mach number unlty. On the
basis of this linearized theory, a solution for a uniform swept—
back line of sources in the pressure field 1s derived in reference 1.
The pressure Iield asscolated with thilsg solution corresponds to

that over an alrfoll of wedge section. The prossure coefficlent

&p/q et s spenwise station y end point x along the wedge is

.= QL-————-—1—~—- cosh™ 1~§L:;EEELX_ - -(2)
— g wdx ViL‘" a2 l , B‘y - ml;l ' _

where iy ‘-1s ‘the slope of the leading edge of the wing, dz/dx 1is
‘the tangent of the half—wedge angle (apprcx. equal to half-wedge-

angle-gince the angle is small), B = \/Mp —~ 1 and the origin of
the line gource ia taken at (0,0).

The distributlion of pressure over sweptback wings of desired
plan Tora and profile is obtained by superposition of wedge-type
golutlong, In order to satisfy the boundary cofiditlons over the
surface of a tapered wing of symmetrical double~wedge section, semi—
infinite line socurces are 'placed at the leading and trailing edge of
the wing and a semi—infinite line sink of twice the astrength is placed
along the line of maximum thickness so that all three lines intersect
at one point. -At the tlp where the wing 1s cut off in the flight
direotion, a reversed dlatribution ¢f these lines of sinks and sources
are placed so ag to cance] exéctly all effects of the original distribu—
tion farther spanwise than the tip. Figure 1 shcvws the distributions

i
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of sinks and sowrces for a tapered wing and ic¢enbifieg the system
of axes and the symbols associated with the derjvation of the drag

equations.

The disturbances caused by the slemenbtary line sources and
ginke are limited to the reglons enclosed by thelr Mach cones.
Figure 2 shows the Mach line configuratlon for the tepered-wing
plan form and indicates the regions of the wing affected br each
line sowrce and sink. For pwurposes of simplification the tapered
wings considered were resitricted to those with no tlp effects other
than the effects each tip exerts on its own half of the wing. For
a wing of taper ratio 0, no tip effects need be considered since
the Mach lines originating at the tip do not enclose any part of the
wing.,

The pressurse ccefficisnts obtained from superimposing solutions
of the type shown in egustion (2) are converted inbo drag coeffi~-
cients by the following rela*ions._ .

Foxr seotion drag at a spenwise pbation ¥

Trailing edge . - -
2L (3

CaC = 2
ac = ax

q
Leading edge

where

_T(my - mpy + campmy
T

1s -the chora length at y, and the 1ntegration is performad along
the chord paral‘el %o the flighﬁ direction.
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1

The-wing wave-drag coefficient is cobtalned by Integrating the
section drag along the span and dividing the reeult by the vwing
areas - - ; ' T -

|
I8, |

‘ x \IL .'

} Tip o ITip T.E.'

“1g

ag-
A ix dy (4)
Root .. MRoot. yL.E.

ol

Lih

where .S -1s_the ﬁing area, and the lntegration wlth respect to ¥
is performed elong the span.

‘l

DERIVATION OF GENERALIZED BQUATIONS

hth

By superposition of wedge~type solutions {equation (2)), the
pressure field 1s obtalned for a tapered wing wlith leading edge,
trailing edge, and line of maximum thickness sweptback. The drag
equations are derived for half .of the wing since the drag is dimtri-
buted symmetrically over bobh halwves. The induced sffects of the
oppogite half-wing are represented by the conJugete terms in the
integrands of the drag integrals- Y L L

For a symmetrlcal double-wedge profile,

|

M

- dz t
R e U
‘dx c _.

S

.

frey

where +/c 18 the gection thickness ratio. The generalized equa-
tion, exclusive of tlp effects, for the wing wave drag is obtained -
as fo]lgws. (See fig. 3 for information pertinent to integration
limita. ) _ -

i
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) my f fmo A ax dy - f [ A dx dy
> yramy I
am y+am2
Zmg 175%11 f % o [
1 - 8%my® \Jo By o L
¥y
. B dx dy
amy (y-amy
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| amo 1y
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vhere A, B, and C refer to the pressures resulitlng from the leading
line aources, line sinks, and treiling line sourcss, respechively.

-] X+ a+ m.ﬁey Sy X8 -l ﬂ ¥
1 L + cosh. 1 1

B[y +MmX o+ amll Bl; - mix - am |

. A = cosh

-1 X+ mop %y osnt = m052~

R

Bly + mpx| B‘|~"“’03‘l

B = ¢osh

L X mas meﬁefr 1 X - & - mpy

C = cosh + cosh
B,y m?x - &m?[ B‘y - moX + amzl
a.ml -
The liniting case (taper ratio 0) is obtained by letting 4= m,
"1

and the wing of constant chord (taper ratio 1.0) is obtained by
squating my = My = m,. The integrations in equation (5) are por-
formed and the resulting formulas for the section wave drag and ‘the
ving wave drag for the complete range of conventional taper (0 tapexr
ratio < 1.0) are presented in appendix A.

It was stated.previously that the tapared winge conesidered have
no tip effects other than those each tlp exerts on 1tz own half of
the wing. Thie implies that the Mach lines Tfrom one tip do- not
enclose any part of the opposite half-wing. This conilition I8
expressed mathemetically as follows: .

For ﬂme‘g'l ) - -
- :
Aspect watio = o > — o (6a)

a(l + A) 7 (1 + A)(Buymy + my - my)

and for BmE > 1

2dmg
a{l +.2) (l + k)(l + ﬁml)

_ - bmy
Aspect ratio =.

'ﬁ\/

(6b)

e

|
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Tip chord

_ Root cherd
equations (6) that this ‘simplification doss not materially limit the
range of Mach number that may be considered. For small taper ratlos
this limiting effect is negligible and for taper ratio 0 thers is no
limitation whatsoever gince equations (6) reduce to expressions that
are glways valid.

vhere A 1s the taper ratio ). It can be seen from

The wave-dras contribution of the tip is (see fig. 3)

TESCD_biP . T dmo
S(o/e)®  h(ofo)? |Emomal1spiy )-zamymy Netp” ¥
ml(l+ﬁm2)
I
SR T N D ax dy
\}l - [32m12 dmy=( L+Bmy )~emymg dm ( 1+Bmy Y-my (a+By)
Tm(Leemp) 0 m
, y+amy
dmo : s D ax .,a-y
am?( 1+pmy J-amymg - .
U my (L) Zo
., 80P (1B )-amyg yremp
1 .
. m(lpmg) | mp | D ay
dmomp ( L+pmy )- 2amlmn dmp{ 1+Bmy }=my (a+By)
my (1+Pmp ) : my '
y+aly o
1 dm.
emy o oo
- B dx dy (n

\ll - Bamga( dmpL+fig) -emp ga{Ll+pmy )-By

l+[3m,2
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vhere D and E refer to the pressures resulting from the lesding
line eink and line source, respectively.

oy m(x ¢ a) - amp - m Py - amp)
. '_ '_ Bﬁlly _-“l‘ni_(_x + a)] '

v
f

= co8

=
1

- L -_;.d_—_ ?_.. o _"- s
. cosh™t - Boo(7 d'mO) L . o

ﬁ]y - mox|

The Mach cone from the trailling line sink at the tip does not enclose
any part of the wing and, hence, has no effect on the wave drag.

Equation (7} is solved for section wave drag and wing wave drag
for the camplete range of taper and the resultc are presented in
. appendix B. The total wave-drag coefficients are then obtained by
- the following relations: -

- £ - & .

£

il

ca___-_- cdzso * cd-tip
- T e @
LT Oy

It is found that thip' is identlcally equal to zero for all

cases satisfylng the aspect-ratio limitations expressed in equa-
tiong (6) and, hence, Cp = Cp, for the tapered wings consldered.

" The conditions imposed in equations (6), although not materially
limiting the xange’ of Mach number for tapered wings, do limit to a
certain extent the range of Mach number for low-aspect-ratic wings
of constant chord, Equation (6a) for this case reduces to

|

Aspect ratio 2

R -

since ml = My = m2
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For untapered wings of aspect ratio 2, 1, and 0.5, the lowest
Mach numbere that can be considered without taking into account
additional tip effects are 1.118, 1.hlh, and 2.236, respectively.

It is desirable, therefore, to taka into consideratlion for wntapered
plan forms the induced effects of the opposite tip when the Mach
lines from one tip enclose parts of the opposite half-wing. Figure &
shows the Mach line configurations for these induced effects, and the
drag equations are derived in appendix C. The wing wave-drag coef-
ficient ie then obtained from equation (8) whers GDtip for these

cases includes the effects induced by the opposite tip.'

RESUILS AND DISCUSSION

Calculations were made for families of tapered plan forms, each
family characterized by a constant sweepbacdk of the maximum-~thickness
line. The plan forms were obtained by considering the moment of the
area sbout the root chord divided by the cube of the root chord %o

be constant for any given family. The aspect ratio varies with
taper ratio because of this area-moment parameter.

For a constant thickness ratlo the parameter, area moment
divided by the product of the root chord and the square of the root
thickness, 1s also constant, This condition is intended to imply
that to a first approximstion the root bending stress is the sams
for all members of any family having the same thickness ratio. A
representative feamlly of tapered plan forms and aspect-ratio varia-
tion with taper ratio is shown in figure 5.

Section wave drag.- Section wave-drag dist“ibutions for wings
of taper ratio0, C 5, and 1.0 are presented in figures & to 10 for a
Mach number of 1.Lih and sweepback of 60°. The distributions of
section wave drag of tapered wings are, in general, very similar to
those of untapered plan forms. As a point of interest, the induced
effects of the opposite half-wing and ‘the tip-effect distrlbubiqn
are shown in figure 10 as separate curves. The total section wave-
drag dlstribution is then obtained by adding the tip drag curve to
the solid-line curve. The tip effect is placed correctly as shown
for a wing of aspect ratio 1.0; for a wing of aspect ratio 2, this
tip drag distribution should be shifted 1 semichord to the right.
It is seen by reference to figure 5 that figures 6, 8, and 10
(fig. 10, A = 1) are section wave-drag distributions for one family
of wings and that figures 7, 9, and 10 (fig. 10, A = 2) are for
another family of winge vhose aspect ratios are tw1ce as large,
respectively.
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It is Interesting to note at this point that for a given Mech
number the section wave-drag coefficient at the root is a function
of the sweep. of the maximm-thickness line only; the terms Involving
leading-edge sweep adding up to zero. (See section drag equation
in appendix A for y = O.) o ) ’ -
Wing wave drag.- Typlcal variations of wing wave-drag coeffi-
clent with Much nunber for wings of taper ratio O and taper ratio 1.0
of the game femily are shown in figures 1I, 12, and 13 for 50°, 60°,
and "(O ‘sweepback, regpectively. At some Mach numbar between 1.0
and the critical value (Mgritical = 8ec A), the drag curve for the
tapered wing has a dlscontinucus slope. This discontinulty occurs
at that Mach number corresponding to the condition where the rear
Mach line orosses the ‘bra_ling edge of the wing, that is, vbere . =3
1. om - Ig
ﬁ AD smern A v b
mg mlmf} - b el
In this region and near the critical Mach nmumber (13 = -n-lc-)-), 'tha
theory 1g not expscted to be applicable because the aeawn_ption of .
small disturbances is violated, but the results are presented in
order to gire @ more coiplete picture of the linearized thecrv. -

It is sesn from f‘igures 11 to. 13 that taper red.uces the m’.ng
wave~drag coefficient at Mach numbers substantlially below the
critical valus but increasss the drag coeffilicient at Mach numbers
approaching the critical valus. This trend is similar to the one
shown by the effeot of high agpect ratio on the wvave-drag coeffi-
clent of wings for a given taper ratio. It must be remembersd
that for the famlilies of tapered wings considered in these calcula-
tionsg, howvever, the wings with greater taper have hilgher aspect
ratios and, hence, the effacts of aspect ratio as well as taper
are incl‘w.ed in this trond. . S

Variations of wing wave~drag coefflcient with teper ratio for
different: sweopback angles at & Mach nuuber of 1.2 are shown in
figure 4. The untapered wing for this famnily has an acpect ratio
of 1.0 and the variations of aspect ratio with taper ratio are
presented in tabular form in the figure. For a given sweep angle,
the wing of taper ratio O has the lowest drag coefficient and the
untapered. wing the highest. As the Mach number approaches'the

critical value ({3 = ;—O—), this trend would reverse itself and the

1

1

-
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i
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unxapered wing woul& Have tHe ioﬁést dra coefficient as can bé
seen by referencé th figures il to 13.: It is aiso svidont from
figure 1L thht for & given taper reblo and aspect ratio, an

appreciable reduction in wing vave-drag coefficient is accomplished
with increased swespbhck. )

Figure 15 presents variations of wing wave-drag coefficient
with taper ratlo for three families d&f winge based on untapersd plan
forms of aspect ratio 0.5, 1, and 2, respectivelr, The results are
presented for 60° sweepback and a Mach number of 1.41h! Pertinent
details of the wings are presented in tabular form in the figure to
facilitate interpretation of the plotted curves. The aforementioned.

. trend of reduction in wving wave-drag coefficient assoclated with

high aspect ratios at Mach numbers substantially below the critical
Mach pumber for a given taper ratio is clearly seen in this figure.
By choosing points aleng ‘these curves corresponding to wings of the -
same aspect ratlo, 1t is seen that for g conabant aspasct ratio .
tapering the wing increases the wing weve-~8rog coefficient. By a
simllar procedure it can be shown that for winzg of constant aspect
ratle baper reduces the wing wave-drag coefficlient at Mach numbers
near the critical value. The increase in aspoct ratio with taper
ratio defined by the area~mument'parameter thus has the effect of
offsetting the adverse effects of teper at the lower Mach niwmbhers.

CONCLiJSIONS

1. Distributions of section wave drag along the span of tapered
wings are, in general, very simllar in shape to those of untapered
plan forms.

2. The section wave-drag coefficient at the root is a functlion
of the Mach number and the awesp of the maximum-~thickness line and
1s independent of taper.: -

3. The Increment in wing wave-drag coefficient ceused by the
tip 18 ldentically equal to zero for all tapersd and untapered wings
for which-the Mach lines fram one tip do nobt enclose any part of
the oppesite half-wing.

L. For winzs of equal root bending stiresg, taper reduces the
wing wave-drag coefficient at Mach numbers considerably less tian
the critical value - that is, a value equal to the secant of the
sweepback angle - but increases the drag coefficient at Mach numbers
near the critical value.
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%. For wings of constant aspect ratio, taper increases the wing
wave—drag coefficient at Mach munbers -congiderably telew the .critical
velus and decreases the wing waw—dragrcosffj zsient et ,Mach numbers : -
near the cribical value. . . _ o

6. For a giv—én taper ratioc and aspéé'b"retib,'- ,a_a."l aﬁyrecieble
reduction in wing wave-drag coeffilcient with increased aweepback 1s }
noted for the, entire range of Mach n-umbe“ congidered. - : ; e

7. For a given swoep and ta;per rati,o, ‘higisr as:pect ra tios.
reduce . the wing wave-drag coefficisent at.substantially subcritical
Maoch numbersg. . At Mach numbers apprr‘ach ing the critical value, the
plan forms, of loiwr aspoct ratio have lower drag coefficlents.

The generalized equations prezse.nbed :In the appendixes may be
used. to calculate—the subcritical supersonic wave drag at gero 1ift
for any conventionally tapered or untapered wing with symmetrical
double-wedge airfoil sections and with leading adée, tﬂr_linr edze,
and line of maximum thickness awep’c.baok. . :

Lanf_‘;lew Memorial Aeronautical Laboratory . . o .
Netional Advisory Committee For Aeronaatics L -
Langley Field, Va., April 7, 19h7 :
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APPENDIX A

EVALUATION OF EQUATION (5) FOR SECTION WAVE DRAG AND WING

WAVE TRAG EXCLUSIVE OFTIPME_g_L]' M

Y

Sectlon Drag for 0 $_= Taper Ratio < 1

neg, © ) i o _ ey
et = . Por 0§y§-———-—-—--
4t /c)? R
an
=A+3B i S <ys —0
l--Bm:L =1~ fmy
: 2am:
= A+ 3B +0C s A s
. | 1-fmg T 1-fmy
2amy . . amym:
- =A+B+0C+D -—-—-3-'—-<y$--—-——-3;-
' ' 1 - fmy T mp tmy
where

. . )
y(mo +my )+ Bmgm -1 ¥ (1 + momp®) + emg
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Fﬁzmle I B@(mo +m )+ amlmO]

-1 1+ p%m;2 . y (o - mp) + amymg cosh™L F(l - D%omlﬁe) + &ty
2pmy o By (mg - my ) - amymg |

~ ¥y cosh
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-1 y(l + momlﬁa) T amy
Bly(mo + my ) - amgmy |

2 J[Y(’-’”o +m) - a,moml] cosh

mlqz‘:‘r‘ L

-1 y(l - momlﬁe)_’ amy ]
Bly(my - mp) + emymp |
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'?;.mom'e'y% T Pla(mo + mp) - emg |

+ [¥(my - mg) - amgmg] cosh Bl7(mg - mp) + amyp|

-1 y(l-momeﬁe)—amo}
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L y(1 - mlmeﬁe) - oamy

' yim, - + 2amy 1 cosh_l
mlme:g{“. T S - me) + s

D=

2 G mlmeﬁg) - eamy }
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" APPENDIX B
EVALUATTON OF BQUATION (7) FOR PIP EFFHOTS I-B < %n;]

,Section Drag Increment for 0 < Taper Ratio < 1 ) L

' For aspect-ratio limita{:ibn.s, see equatioms (6).
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There 15 no tip effect whatsoever for the wing of taper ratio o,
and the increment in wing wave .dreg caused by the tip is 1dent1cally
equal to zero for all camges satlisfying these aspect-ratio limitations.
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Figure 2.- Mach line configuration for a tapered plan form.
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Figure 4.- Additional tip effects for wing of constant chord (taper ratio 1.0).
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Figure 5.- Family of tapered plan forms used for calculations. Plan forms shown have
same area.
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Figure 6,- Section wave-drag distribution for wing of taper ratio 0. Mach number, 1.414; |
aspeet ratio, 3.46; sweepback angle, 60°,
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Figure 7.~ Section wave-drag distribution for wing of taper ratio 0. Mach number, 1.414;

aspect rat

io, 6.92; sweepback angle, 60°.
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Figure 8.~ .Section wave-drag distribution for wing of taper ratio 0.5.
Mach number, 1.414; aspect ratio, 1.63; sweepback angle, 60°,
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aspect ratio, 3.26; sweepback angle, 60°,
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Figure 10.- Section wave-drag distribution for wing of constant chord (taper ratic 1.0).
Mach number, 1.414; sweepback angle, 60°,
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Figure 11,- Variation of wing wave-drag coeificient with Mach number. Sweepback angle, 50°.
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Figure 12.- Variation of wing wave-drag coefficient with Mach number. Sweepback angle, 80°.
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Figure 13.~ Variation of wing wave-drag coefficient with Mach number. Sweepback angle, 70°,
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Figure 14.- Variation of wing wave-drag coeftlcient with taper ratio for different sweepback angles.
Mach number, 1.2,
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plan forms. Mach number, 1.414; sweepback angle, 600,
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