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ESTIVMATED LIFT-DRAG RATIOS AT
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By Robert T. Jones

SUMMARY

Recent developments in supersonic flow theory are applled
to obtain estimates of the lift-drag ratios that may be
achieved by aircraft employing swept-back wings. Lift-drag
ratios greater than 10 to 1 cen be maintained up to a lach
number of 1.4 by the use of large angles of sweep and high
aspect ratios. As the speed increases in the supersonic range
the attainable 1lift-drag ratios decrease and the gain due %o
swreepback also appears to diminish. An efficient configuration
for M= l.4 would require about 60° sweepback, an aspect
rotio of 4 and a wing loading of one-third the atmospheric’
pressure. For a wing loading of 50 pounds per square foot the
ecruising altitude would be 60,000 feet and the indicated
airspeed 290 miles per hour.

INTRODUCTION

The work required to propel an airplane a given distance
in steady flight is eguel to its weight times the distance
travelled divided by the lift-drag ratio of the airplane.

Hence the fuel expenditure per niie of flight need not increase
with speed so long as the lift-drng ratio of the airplane can
be maintained. - However, with present shapes a prohibitive

loss of lift-drag ratio occurs on passing beyond the speed of
sound and it is.evident that a radical chaonge in configuration
will be necessary for efficient flight at higher speeds.

The problem of an efficient configuration for flight at
supersonic speeds was investigated by Busemann in 1935
(reference 1). Busemann concluded that an improvement in the
lift-drag ratio at supersonic speeds could be obtained by
sweeping the wing back ot an angle just shead of the Hach
cone, but failed to recognize the relatively much greater
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efficiencies obtalnable when the wing ig swept back behind o3
the Mach cone. The change in the ty pe of flow when the wing

lies inside the Mach cone, and the sulting increase in

efficiency have been brought out in refevrence 2. However,

both reference 1 and reference 2 are restricted to considera-

tions of two-dimensional flow and hence aspect-ratio effects

could not be determined. Recent devélopments in aerodynamic

theory have overcome this difficulty, making it possible to

estimate the 1ift-drag ratio obtainsble witih practical

configurations.

The present report applies these new theoretical results
to obtain estimates of the lift-drag ratios that may be
achieved with an efficient aircraft at supersonic speeds.

The estimates are all bﬁaed g e Feacory. of small disturb-—-

ances, first because this iz thé only adequate theory
avallable, and second because 1t is reasoned that an alrcraft
producino a large disturbance in the external flow would be

inherently inefficient.

At very high Mach numbers even thin bodies and emell
angles of attack cause relatively large ssure dilsturb- .
ances and consequent heating of the fluil re the hestling
effect of friction becomes no longer negl . . LSueh
conditions are likely to be encountered by kets’ however,
in these cases the effilciency of steady flig 2y not be of
primary concern.) The pregent analysis is therefore limited
to more moderate speeds where the efficiency in steady flight
1s of primary importance and wvhere 1t is evident that such
efficilency can be achleved by known means.

FUNDAMENTAL RELATIONS FOR WING LOADIN

oY)

ALTITUDE AND MAXTIMUI! LIFT-DRAG RATIO

The 1ift-drag ratio of a conventional airplone depends
primarily on 1its external configuration and on the angle of
attack and '‘does not vary gre”tly with speed provided the
correct relation between wing loading and eltitude is main-
tained. For maximum efficienov the airplene should b

flovm at that 1if% -coefficilent GLODu Tor wnich 1lift-drag ‘(:
ratio is a maximum. An inereage in"wpc d, then, necesglitates :
an incregse in-altitude, since with Ti Vﬂﬂ 14Tt coefficient I
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(For o complete list of symbols see appendix.)

g%:fe;a _ (1)

vhere the subscript o refers to conditions at sea level.

With lift-drag ratio fixed, higher speed does not involve
any increase in the thrust required for level flight; this
thrust is simply :

= TR | (2)

m
ES

If the propulsive efficiency of the engine does not drop off
with altitude, the increanse in speed will thus be accomplished
without any incrense in the fuel consumption per mile of
flight. Furthermore, the lncrease in speed 1s not accompanied
by any significent change in the alr loads or pressures on the
airplane and hence no increase in structural stiffness 1s
required. An obvious advantage of this method of increasing
the cruising speed is.that it does not interfere with the
ability of the airplane %o slow down at lower altitudes and
1and on short runwoys. A more complete discussion of these
factors will be found in reference 3.

The altitude nand specd of the airplane, of course, cannot
be increased indecfinitely ot constant thrust, since eventually
a critical Mach number will be exceeded and the lift-drag
ratio of the airplane will begin to decrease. The limiting
speed and the corresponding altltude may be determined from
the relations

V = Mya (3)
and
/s
E;; = CLopt (L)

2

where Mi 1is the Mach number ot which, for CL = CLopt:
the drag begins to rise abruptly, a 1s the velocity of sound
and W/S 1is the wing loading.
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Equations (3) and (4) may be combined in the form

(5)

where
p atmospheric pressure ot altitude
v ratio of specific heats for air (1.4).

Equation (5) gives the relation between wing loading and
atmospheric pressure for maximum speed without loss of aero-
dynamlc efficiency. This condition can hardliy be attained at
low altitudes since with an atmospheric pressure of 2000 pounds
per square foot, for iy = O0.75 .and the usual values of CLO +
the wing loading required would be of the order of LOO pounds
per square foot. At 50,000 feet, however, the required wing
loading works out to be the more practical valus of 30 pounds
per square foot.

Later calculations will show that similar considerstions
apply to supersonic aircraft; that is, the best lift-drag
ratlos are obtained when the wing loading is an apprecilable
fraction of the atmospheric pressure.

At subsonic speeds it is customary to divide the drag into
two marts, one the result of friction (including the friction
draeg of- the fuselage) and the other - the induced drag - the
result of the 1ift. The friction drag is considered nearly
independent of ‘the angle of atteck.’ Thus

F i3
o
~

Ch = Clig + 0Dy

where OCp, 18 the drag at zero 1ift, and for subsonic flow
equals Cpp, the friction drag. If the velocity and pressure
disturbances produced by the airplane are small, the drag
erlsing from the 1ift wlll be setisfactorlily represented by
the well-known formule

Uby = EL— (7)




1

7 NACA TN No., 1350

or e

«Q
J
b
=
—~
(023
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and the friction drag will be nearly indevendent of the angle
of attack. The lift-drag ratio at any angle is then

#
~

Solving for the 1lift cocfficient at maximum lift-drag ratio
results in

\ On

) g

/ 1o = \

) G*—'opt 1 CDi T2 (10)

and therefore
%

(by. o'k A (11)
\D/mex 2 / Cpg{Cp4 /CL3)}

In calculating lift-dreg ratio for supersonic speed the
drag mey again be divided into two components, one inde-
pendent of the 1ift and one proportionsl to the squere of the
1ift coefficient, However, in this case the drag at zero 1ift
includes a pressure drag which veries with the thickness of
the body or wing. Also, at supersocnic speeds, the drag due
to 1ift can no longer DPO\CPLV be cnllcd "induced drag.' At

n subsonic speeds the drag arising from the 1lift can be traced
5§ to the influence of the t%oilin” vortex wake on.the wing -
§ hence the designation "induced." ‘At sumersonic gpecds,
. however, the forward influence of the weke usuvally constitutes

only a qm 11 part of the drag arisine from the 1ift and hence
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the term "induced drag" coes not seem app
divisions of the drag due to 1lift into components of wave

ropriate, Different

drag and induced draq have been proposed, but the proportions

-

nllotted in any pnrtlculﬂ“ case depend on the method of calcu-
lation employed. In the present report the drag i

by integrating the pressure distribution in the ne
of the body and in this case Cpy appears simply

pressure drag proportional to the scuers of the 16X%
cient The subscript 1 1is retesined to identify th
aristion with that of the induced drag at subsonic sp

al 35 o
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hborhood

P
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coeffi
e law o
speeds.

Then, for comparison with the subsonic case, we may writ

E‘J
s
O

Cp
1N
CDi (C )CL2

where OCps 1s the total friction drag, end ODy the total
thickness drag, due to wing and fuselage, The factor
CDl/CL2 bears ‘no simple relation to the aspect ratio as it
does in the subsonic case, but is a comphlex function of the
wing plan form and load distribution.

C
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¥ith the values of 0D - &
sonic conditions, ecuations °(10
coefficlent and max1mum value o
velid., Maximum L/D is obtain
equal (Lo the dreg abt zero 1ifty
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DRAG AT ZERO LIFT
Thickness Dreg of ‘Wings

The thickness drag of the wing mey be calculated by the

"‘J.(’.)-l ated

revised ‘for super-—
the optimum 1ift

rogAue to LURL is

methods of rcf‘“ence I or 5. Figure 1 shows the variation of
< 5

thickness drag with Mach number caleculated by the method of
reference 5 for a rectanguler wing and for several swept—
back wings. In these cases the airfoil is of symmetrical
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biconvex section 5 percent thick. The results for the
swept-back airfoils wers obtrined from reference &, T
curve for the rectangular airfoil is the same as tha
for the infinite wing by tne Ackeret theory s‘rﬂu, a

been demonstrated by J. N. Nielsen 4n an unpupbl ished

cation! of the same method, the int egrated effect of remov
outboard portions of the ming on the drag of the remainder
the wing is zero, at leas \t so long es Zinch cone I
tip does not intérsect the opposite tip. The thick:
coefficient of the recten ngular airfoil is tAC”efO“C

when

where

A aspect ratio

When the wing is swept well behind the lMach cone the
flow over most of the wing i¢ of the subsonic type. (see
reference 2.) The pressure arng is small and may be
attributed to oepnrtures from the subsonig tVJV of flow in
the region of the root section. In t_ 18 condition the
outboard sections of the wing hove little or no Frn:, and
hence the drag coefficicnt is inversely proj oru;onu* to the
aspect ratio. At higher specds, when thc Mech ngle
approaches the lcc61n4~ban angle, the:distri %utvon of drag
changes and the drag cocfflcient incrcases rapi idly, pertic—
ularly on the outhonrd scctions. If the leading edge is
too near the Mach conc, the drag of the swept ‘wing will
exceed that of the strairkt wing, i
Figure 2 shows a plot similar to figure 1 of the

var 1ﬁtion of drﬁg w1t“ Hach number for tehe“ d swept-bhack
airfolls. Thes esults were obtaincd by I + Margolis of
Lﬂnglev meorlnl A”ronquf*ch Laboratory us1n4 the method
of refprcncg 5. An extensive series of caleulstions for
tapered wings has been given recently by Stewert and Puciet
I tenoe 7).  In order to simplify the celeulations a
double-wedse scction weg assumed, thougzh it is not to bde

=]

'Data on file at Ames Laboratory,
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supposed that such a section would be desirable in practice.
Here the eangle of sweepback (60°) is that of the midchord

line of the airfoils, which is also thec line of maximum thick-
ness. The sharp rises in drag coefficient ncar M = L. 527and
¥ = 1.71 occur when the Mach angle approaches the angle of
the trailing edge. Evidently all generators of the wing
curface must lie behind the lach lines to insure favorable
drag velues.

According to the thin eirfoil thcory the calculated flow
for a given airfoil plan form and Mach number will actually
be similar to the flow over another plan form at a glfferent
Mach number, provided the two plan forms are oriented similarly
with respect to the corresponding HMach lines. This relation
may be preserved by changing the X coordinates of the plan
form (fig. 3) in the proportion that the x coordinates of
the Mach lines are changed, that is, as «iF-1. For plan forms
having similar flow patterns the ratio

cot leading-edge angle will be

” : constant.
cot sweep angle of Mach 1incs :

m =

The aspect ratio will then vary with Mach number according %o

A J/iF-T = constant ik

and thin airfoil theory shows that thc drag cocfficient will
be proportional to

(t/c)?
o LREL

o

Cpy WIB-L ~ (t/c)? (13)

where t/c 1s the thickness-chord ratio measurcd in the strecam
direction. Figure 4 shows the coefficient

CDt il®=1
(t7c)§
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plotted against m for the constant-chord blconvex airfoils.

Friction Drag of VWing
In general, the friction drag of the wing will be of the
same order of magnitude s the thickness dragz. At very high
speeds a2 consideradle amount of heat is generated in the
boundary layer and the resuvltant tsmperature veriation affects
the navdﬁtude of the skin friction. For moderate supersonic

speede, however, the healting effect 1s not large an
relauion of skxin friction to Reynolds number will n
greatly modified.

For presgent purposes a congervative value of CDf = 0.006

corresponding tc e turbulent boundary layer at a Reynolds
number of 107 has besn usged.

Drag of Fuselacge

A method for calculating the wave drag of a slender
fuselage at supersonic gpeeds was given by von armen in 1935
(reference &). This method was applied in rcfnrbrc 8 to a
geries of bhodies of paravolic arc shape and estimates of the
friction drag added %o obtain total drag. More recently the
calculations of Hzsck (refersnce 10), Sears‘(reference 11),
and Lighthill (refereq :,12) havse become available. These
investigatore apply Xerman's method %o the determination of
body forms heving 2o minimum wave orag for certain conditionse.
The minimum probiem is solved for three caseg: viz, I, given
volum@ and given lzngth; II, given length and given diameter;
and II1, given dlameter and given volume.

The following equations may be obt tained?® from Hasa
report (reference 10). The length 1 1s so chosen T
T

-

body lies betwsen +1 and -1 on the x—axis; r/ro 1is

radius at any station in terms of the maximum radiuvus ro and

(&)

a 18 the frontal area mro®. The volume 1s jiven in terms
of the volume of the circuamscrihed cylinder, and the drag

e

coefficient, which doss not include friction, is given in

“The formulas given as the final relations dn the report are
in error. However, the correct relations can eaglly e
derived from the preceding ecuations.

d the normal
0
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terms of the frontal area. The factor d/l is the fineness
ratio, diameter/length.

Case I: Given length, given volume
<.._I:— 2 g ( 1..\" -)3
o are ]
2
Volume = = 71l 1@ 2 (1h)
16 o

A
Cese II: Given length, given dilameter

\ @
/—£L> = a/1-X%X2 -~ xXecosh™1 %

o
VI | ]
}
Volume = % T T2 P (15)
e At XA
LR (7,,/
Case III: Given diameter, glven volume
| \
I’z_ e g 2 a-—ll |
oy BfI-x2 - 2(y1I-%7)® ~ 3x2cosh .
| o 5
| Volume = = 1 ne, (16)
= Sle Fate
bp. = wi \L,)

Figure 5 shows the body shapes computed from thesc formulas,
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nighes with increas

i &
a given volume or a given

Although the wawve drag di:
dernese, the friction érag for

crosg section tcnde to ineresage because of the greatcr
gurface arce. With ususl < aluc" of the frictieon coselficicnt
a favorable balance batween the two components r:cuires such
a slender bhody that in most cases the dimensions will actually
bel saverned hy the minimunm ¢ Ve, cross section. For =
slender oocv the surfoce arca pund hapee the frictlion drag

i

n
aggociated with a 5ivc; srose section 1s proportional to 1/4,
while the wave drag ie D*OWortio s o tafil® .. TE follows
that the total drag o minimum when the slenderness
ratio is such that t;

ction drag is twice the wave drag.

-“O"
o

It will be noted that the body shape for case I actually
hes very little more drag than the csse IX body of the st
liamcter, and since pody I hes & greater uscful volume, it
seems a logical choice for practical gign. PFlgure shows
the wave drag for csse I and also the total dr~g, based on a
skin-friction coefficient of 0,0021, a function of the
finenees ratio. The valuc of thies friction coefficicont was
obtained from reference 13, and corresponds to a fully turbu-
lent boundery layer and a Reynolds number of 10°, %With this
friction coefficient the optimum fineness ratio 1s about 16

5o i,

DRAG DUE 7O LIFT

The drag due to lift is estimatcd from theoretical
golutions for thc supersonic flow over thin lifting surfaces.
Theoretical ﬂolut* ons are known for ccscs in-which the
lifting surface is curved and twisted in such a wey as to
support a urlfO“* loaéd (referencedi} end, for gertain -
rectangular, trisngular, or tapered flat surfaces (“cfcronoos
Bl e 15),

The solution for the unhiformly loaded surface be
derived by methods similer to those deéscribed in TEful ence b
for thc nonlifting airfoil.. In that report fthe preseure duc
to thickness on an airfoil obliguc to the stream wee obtalned
by snper,osing the effects of oblique line sources in tae
acceleration potential ficld. The effect of a line gource is
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to cause a deflection of the stream line gsource
like the deflection caused by a thin wed “that
1g, the line source 1s followed by on nre ;he

vertical velocity w 1is constant ond of above

and below the chord plane.

Similarly, an oblique vortex gives rise to.s constent

difference in the horizontal velocity increment u, and there-
fore in the pressure, above and below the plane o* flow crocss—
ing the wortex. 'The correspohfiny ' w- I4r & semi-anrinite
vortex 1s given by

W o= (fI<H= goshliiiis  gogh™? 31) (17)

T Al ) iy

where =x' = x - my and y' denoteg the absclutc valuc of
y - mx (Thc geometry of the figure hss been adjusted, o8
described in the preceding section 3 rererente 5,50
correspond .to the case in whiech the ilnch ¢ g 1d U459 thet isl,

WE=1 = 1,)

The shape of the surface and the constant pressure arc
related ‘to the ' velocity increments by the following formulas:

Soada (19)
ax /

alf
i

4
<

Thus the camber of a triangular airfoil shaped to support a
uniform load (fig. 7).may be obteined by superimposing two
oblique vortices to form a V colneiding with the lcading
edge of the trisngle. Integration of equation (17) for this
casc yields: ;
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P —
z = ;h’ r Na=i /y cosh X' _y' coech x )
FTTm i m 'yll ‘y‘l' -
R
-2 (k cosh™t fé—-—; X° - ¥ \)j
\ B : J ]

wheare

x! = x+ my and y! = v + mx

To obtain s lifting surfece of finite choré 1t 1e necessary
to introduce a nezative V-ghaned vortex at the desired chord
length dovnstresm. (See fig. 8.) Through the use of a finite
number of etraight vortex sezments eny »Hlan form bounded by
etraight lines can be obtained.

The variation . of w over the area enclosed by the
ortex segments not only giveg the camber and twist of the
eurface required to supvort a uniform load, but also can be
used to calculate the drag 2rising from the 1i1ff. It can be
seen that, since the preseure dilstribution is uniform over
the section, the resultant force will lie in a direction at

right angles to the chord line, or the line joining the
leading and tralling edge, regardlese of the camber of the
surface. Hence the ar 10 of attack of the crord line at any
gsection timeg the 1lift gives the dreg due to 1lift at that
section.

U
U

1

ok ,3
G

In case the leading edge of the alirfoll 1s shead of the
Mach cone the uniformly loaded s rf“ce ie flat over »nortions
of the wing not ir fl:enced by the root or the tip, as 1s given
by the Ackeret th . More interesting cases ere those in
which the leading e are swent behind the lMach cone.

In the csge of the sweot-~back wing it is found that the
angle of attack has a logerithmic infinity at the center
gection. Hence the wing would require an infinite ftwiet to
maintain the uniform load ecross thie section. At a diestance
from the center gection the ehane of the lifting surface
receribles that of the femiliar "conetant load mean line" used
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for subsonic airfoils. The twist and hence the sectlion drag
disappear rapidly with distance from the eenter gection.
There is consecuently a merked reduction of drag coefficient
with increasing aspect ratio, just as in the case of the drag
due to thickness. '

The infinite twist recquired at the root section, of
course, makes the construction of such a wing impractical.
We may conclude that in a practical wing there will be some
falling off of the 1ift across the center sectlon, and calcu-
lations of the 1lift distribution for flat surfaces show such
a loss. The uniformly loaded airfoil gives a useful picture
of the varistion of dragz with plan form, hovever. In spite of
the fact that the local drag coefficlent at the root sectlon
tends towerd infinity, the integrated or over-all drag
coefficient of the swept-back wing is finite and at reasonable
aspect ratios is considerebly lover than that of the flat
unswept wing.

s
e

b2
=5

due to 1ift
rfoilsg having a

Figure 9 shows the coefficlent of dra
Cpi/CL, for a series of uniformly loaded s
constant chord and varying degrees of sweep. To simplify the
calculations, an approximetion was made for the effect of the
wing tip. With the tip cut off parallel to the direction of
flight a large twist rould theoretlcally have been required %o
maintain the uniform load right out to the tip. Instead of
calculating this additional twist at the tip, the shape of the
infinite wing with uniform load was assumed without modifica-
tion and a loss in 1ift within the Mach cone originsting at
each tip was taken into account. Since the 1ift will have the
full value along the boundery of the cone and will fall %o
zero at the tip, an average value of half the full load was
used over this region. Since the effect of this approximation
to o tip effect on the total drag velue was small, any error
involved in the approximation must also be small. If the tip
were cut off along the Mach lines, slightly lover vaiues of
Cpy/CL would have been obtained. :

o Re0Q

Figure 9 shows thet the values of Cpy/Cl at super-
sonic speed are in general higher than the value corresponding
to the same aspect ratio at subsonic speed but approach this
value as the angle of sweep is increased (i.e., 28 m>0).

The practical difficulty of meintaining a given aspect ratio
of course increases as the angle of swee» 1is 1increased.
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Flat Lifting Surfaces

Rectangular plan form.- For a flat rectangular wing of
infinite aspect ratio The Ackeret theory gives

ol | I (21)
Sa . T Jiet
Since the 1ift is at right angles to the chord,
CD, = Cr Xa (22)
l 265
and
C
L (23)
JEPSL . O, ®

At a Mach number of 1.4 this value is nearly five times;thé
drag due to 1ift of a subsgonic airfoll of aspect ratio oO.

If the wing has a finite aspect ratio there will be a
reduction of 1ift at. the tip and a consequent reductlion in
o801, /0a from the value given by ecquation (21). The distri-
bution of 1ift over the tin of a flat rectangular wing has
been calculated by Busemann (reference 14).. The 1ift over the
portion of the wing between the Tip Mach cones (£ige -10) 1ie
constant and equal to that given by the Ackeret theory.

Within either tip cone the 1ift pressure falls from this value
to zero at the tip. If y/x represents the fractional
distance from the tip tovard the Mach line at a given chord-
wise position, then the 1ift pressure varies according to

the function

cos™ <1 —~1 % ) SO 113
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Superposing the effects of the tﬁd tip eones where they. -
overlap and integrating the pressure over the whole wing gives
for the 111t 'coefficient

Hz—l A Vﬁz—l

and for the drag due to 1ift

b
|
=
n
ON

Busemann's solution is valid for A JB-1 > 1.0, that is,

go long as the Mach cone from one tip does not cross over the

opposite tip. It is interesting to note that vhen AIE-1=1.0
the 1ift falls to zero along the “hole treiling edge and the
span load distribution is elliptical, a8 shown 1in reference 16
for airfoils of very low aspect ratio.

Triongulqr plan form.- Formulas for the
and ¢Cp /o0 Tor a rlat tri"nov‘ﬂv airfoil behind the Mach
cone hqv been given recently by Stevart (refer 108 L5ra
Stewart finds thv the 11f€ FimtlehulOﬂ 28 predicted from
elementcry considerations for very slender triangles (refer-
ence 16) actually holds for all: lea d1n<~LQQe ﬂndle unGidl tne
leading edge touches the Mach cone. Stewart finds also

no

—— 0 ‘
MRl 6542 ggm ( 7)

vhere E = E(/I=m°) is the elliptic integral.

In the cese of the flat surface vith the leading edge
behind the Mach cone, the chordwise 1ift distribution has an

Athinihe distribution<
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infinite value at the leading edge just as it does in the
subsonic case., Here the reqult nt force will be inclined
forward relative to the chord plane because of the suction
force at the leading edge.

The drag due to 1lift for the flat triangular airfoil
was evaluated by setting up the complex expression for the
velocity field u and w by means of Busemann's method
(reference 1L). The drag was then calculated from the
formula

Cp \/pLJ % ds (28)

by integrating around a contour ¢ & short distance awvay
from the airfoil surface and enclosing the singularity at
the leading edge. The result is

¥ CDi # 2E = /1 ~ m=2

e =] GL" Urtm

A similar formula has been given recently by I. D. Hayes
(reference 17).

In this formule, the first term represents a drac
to the 1ift times the angle of attack, and the second term
represents the thrust at the leading edge. It ie noted that
this latter term disappears »rogressively as tae edge
approaches the Mach cone (i.e., AVITo—1->l). At the other
limit, the slender triengle near the center of the Hach cone,
E>1, and :

Cpy 1 .
C_I—:E = ﬁ—i (OO)
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a forward

alfel lERE TAE T 19)E
ized In pracbice
us or camber.

as in reference 16. Although the theory shows
thrust on the thin plate with a sharp e

expected that this characteri 7
unless the leading edge 1is gl

Tepered plan form.~ The theoretical 1ift ‘distribution
for a flat untapered swcpt—baok wing with the leading edge
behind the Mach cone has not yet been determinec. ‘However
golution for the flat triangular wing may be rch‘ly extended
to include a special family of tﬂpbrea 7ings. This extension
ig based on the fact that an area of the triangular wing ma

.

be removed by making cuts along Mech lines without affecting
B,

ne

-

L e

4

o

the flow over the area remaining shead of the cuts. In
particular, the removal of such area will not affect the
suction force on the leadinz edge, as long as the area rcmoved
does not include any of the leadi ge so that the
coeffficient @f tnrust will be it aged as areca is eut away.
Evidently the most efficient mumb“rs of sthie familiy of eir-
foils are those in which the meximum ares 1is

triangle, that is, the wing is tapered to a point. (See
fig. 1)

With the trailing edge fixed at the Mach engle,
of taper and’ hence the qpcct ratio of fthesc wings vari
the angle of swecp in such a menner thet

- Myr o
Vel e (31)
5 L—m

aporoaches the Mach cone m ->1.0

as the leading odic
atio. epproeschge infinlity.

and the asgspeet T

The lift-curve qlo;c of " these oirfoils is determined
simply by integrating the pressurc distribution for Thc
trianguler alrf01l_o er the appropriaté area,  The calcula-—

fion gives

. L e
ey O%L . _Um 1 scof (om) 4p /1m0 (32)
ocr TomE E A\ L+ m N Ltm o

and for the drag due to 1ift
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Yoo 0Dy o o e
JHe-1 on? JERIYL 66y J/l m Yrm - (33)
Wiy ’ 75;

where N 1is the ratio of the lift-curve cloae of fle
triﬂngulnr airfoll %o that of XHKE' thpeﬂed aivrfoldl , That is,

Wi (n/2) /T2 (34)
co8T* (~mi " 1-m .
1+m '” W 1+m .

Equations (31) through (34) apply to the case of the
wing tapered to a point. In subsonic flow such extreme teper
1s known to lead to high local 1ift coefflcignts over the
tip portions and to tne possibility of tip stalling even at "
moderate 1lift coefficients. A gimilar tendvncy is evident
at supersonic speeds; in fact, the section 1ift coefficients
tend- toward infinity ot the pointed tip. Hence the extreme
taper should not be used in practice and value of CD /Crz
calculated for these coses will be. gomewhsat optiwlstic.

Comparison of Lift snd Drrg. Values for Flat Surfrces
Curves showing the voriation of lift-curve slope with

‘Mach number and aspect ratio for the rectangular, triangplar,
¢1"'

and topered alrfoils are shown in figure 12. . At
the leading edge of -the triangular nirfoil touches the iiach

cone and, as shown by Puckett (reference J-) the 1ift charac-
teristics 2t higher aspect ratios are 1denticol V1t1 those of

-8 rectangular nirfoil of infinite aspect rantio.

The drng due to 1lift versus nspeot ratio for the verious

flat wings is shown in figure 13. According to the Ackeret

theory

1 G gt (35)




20 NACA TH No. 1350

triangular airfoils spuroach this value at higher aspect ratiocs.
At

the leading edges of the trisnguler airfoil are behind the llach
cone and the drag due to lift is reduced somewhat because of

She suction on the leading edge, However, the really favor-

able values of CDi/CL2 are obtained only with the swept-bacit

wings of relatively high aspect rstio. The fact that the
values for ‘the £lat Do¢nta6 wings agree with those for the

cambered, untepered.girfoils shown on fizure 9 is an indi-
cation thet the dre"‘ﬁve Lo 1ITT 48 primarily o function of

sweepback and asgect ratio.

The total drag of » c
estimated by adding up c mj g
with an allowance for the fric g
smell allowance for the tail surfaces.

Since the lift-drag ratio increasses with increasing slen-
derness of the wing, it is necessary to establish some standard
of slenderness to obtain comparative velues. A rough measure
of the structural stiffness of a wing is The maximum spar
depth at the wing root divided by the distance, measured along
the spar, to'the centroid of area of the wing. 4 value of
LS seems to be "bOdb the limit of present-cay construction.

Airplane with Constant Chord Swert-back Wing

Figure 1l shows lift—dva;_rofioo obtainable at ¥ = 1.4 as
a function of m ‘with a confizuration €u~ofying the constant
chiord;’ uniforu 145 airfell amgl s Wype 1 bedy of 1b to 1.fing-
ness ratio, An allowance of CDe= 2,008 “wes made for the
friction drag on the wing and a value ecual to 1C percent of the
wing drag was allotted to the verticel tail. No horizontal
tail is shown, since it is not clear that such a tall would be

ke Co
reouired with this configuration. The frontal area of the Dbody
was assumed %o be 4 percent of the wing area. The drag and 1ift
of the wing were assumed to carry across the center sections.
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without being modified by the nresence of the body.

The airfoll chape is obtalned by suderimdoeing & mara-
bolic arc thickness distribution unon-a cembered ané twisted
eurface designed, as discussed earlier, to sunvort a uniform
load. The varion in sweepback, or m, in this case was
acssumed to be obtained by rotating the wing manels without
changing their length-width ratio, hence the asnect ratio
varies with sweep as shown. The ”inx in the unewept position
would have en aswnect ratio of 12. If the ratio of the root
thickness to the snar length from the root section to the
centroid of the wing wanel ic W/ 5, the thickness-chord ratio
of the unewent vin" would bﬁ 0.2. The eeme wing rotated
through 60° (m = 0.577) has an as»ect ratio of 3 and a t/c

(¢ measured marallel %o the etream} of 0.1,

ei
a

The cealculations for the uniformly loaded wings show
higher 1ift-drag ratios for still higher aspect ratios and
greater thicknese-chord ratioe, but it is doubtful that the
calculations based on the theory of emall disturbancee apply
in these cases.

Because of the higher zspect ratioe attainable with a
tapered wing it is found that these configurations are more
efficient than the constant chord wings, and therefore they
will be discussed in somevhat greater detail.

Airplane with Tapered "ing

Figure 15 showe the lift-drag ratioe obtainable at M = 1.l
with the flat »ointed wing. The »nronortions of furelage and
tall are the esame as in the »réceding case, and the same value
of Cpr was used. The calculations were made assuming double-
wedge sectlonq (ag in fig. 2), but an apnroximate correction
factor of L /2 was inserted into the thickness drag to take
account of the greater sverage glone of tThe biconvex »rofile.
The quantity L/u ig the ratio of the wave drag of the biconvex
section to that of the double-wedge section in two-dimensional
flow. The maximum wing thickness 1n each case is again 1/15
the distance from the wing root to the centrold of area of the
half wing. The variation of t/c (Qt*e mwise) is ehown in
figure 15. Since the trailing—edge angle is fixed on the Mach
line, the aspect ratio increases indefinitely as m aovroaches
1, according to equation (31). The optimum 1ift coefficient
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calculated by equation (10), ie algo shown in figure 15.

Figure 16 shows the varistion of (L/D)pex with ©n at
different Mach numbers. It ig noted that the ontimum value of =m
ig different for different Mach numbers; there apnears to be
no fixed relation between the sweepback angle snd the Mach
angle. Evidently relatively greater sweepback angles cshould
be used at smeller Mach numbers. The optimum values of m will,
of couree, be influenced by the magnitude of the friction drag.

DISCUSSION OF RESULTS

Effect of Plesn Form

Figure 17 shows the lift-érag ratios replotted agalnst

aspect ratio and commared with values estimated for a straight
wing-body combination. It will be noted that u» to ¥ = 2 the
swept=back wing ie much more efficient than the etraight wing.

The difference ies emaller at the higher Maeh numbeérs, however,

and the adventages of sweepback at very high Mach numbers may

be quegtioned. In each case the efficiency diminiches with Mach
number., R

Although the configurations shown in figures 14 and 15
appear from the calculationsg to give the best 1lift-drag ravlos,

LIT (8]

it 1g not to be assumed that there configurstions are actually -
the most suitable for nractical use. In dractice the wing must
of couree have a finite tin chorc end may eleo require some
camber or twigt to avoild the high concentration of loasd near
the ‘tips. Alco,  2r hes been dreviously remerked, the locatlon
of the trailing edge on, rether than behind, the Nach lines
was chiefly 2 computetional device. It ig probeble that a
greater sweep of ths trailing edge would be decirable.

Such mocéifications will of course cause ch An ‘The
1ift—drag refilo. However, it 1k believed that cheet 1ift-
drag velues sghown can actually be approached with nractlcal

configurastions. The theoretical wvalues of CD_._/CLE fo
wing with ite treiling edge along the Mach cone are somew
more favorsble than the values to be exnected with a wing
having ite trelling edge behind the Mach cone. On %the other
ha:dé, the logation of the tralling e Mach 'line 1s

unfavorable from the standpoint of thickneee drag, as chovn by ~
figure 2. Hence the net effect of trailing-edge location on
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(L/D)max is not expected to be very pronounced. The benefi-
clal effects of tapering the wing indicated by figure 17 may
also be assumed to hold qualitatively for more moderate degrees
of taper.

Airfoll Section

No attempt was made in the analysis to find an optimum
airfolil profile. The section assumed for the calculations
has a parabolic thickness distribution. In practice, as
previously mentioned, it would be necessary to round or
camber the leading edge to achieve the predicted values of
Cpy/CL2. It might also be advantageous to use (with the
tapered plen form) a cusped trailing edge. This device would
enable the designer to take advantage of the high 1ift to be
obtained by placing the trailing edge along the ifach lines,
while effectively giving the thickness distribution a greater
angle of sweep and thus averting the large wave drag which
arises when the generators of the thickness distribution are
too near the Mach lines. :

Friction Drag

The allowance of 0.006 made for the friction drag coeffi-
clent of the wing corresponds to o turbulent boundery layer
at a Reynolds number of 107. The assumption of turbulent
friction for both wing and fuselage is believed %o be
conservative, since there are indications that large areas of
laminar flow can be achieved ot supersonic speeds. The
importance of maintaining laominar flow or otherwise reducing
the friction can be seen from the magnitudes of the various
drag components with the best configuration (fig. 15, m = 0.5)
at a Mach number of 1.4, The various components are shovm
in the. following table:

(1) Thickness drag of wing 0.0041
(2) Friction drag of wing ' .0060
(3) Thickness drag of bédy .0020
(L) Friction drag of body . 0036
(5) Drag of vertical tail . 0010
Total drag at zero 1ift: Cp, = .016
Drag due to 1lift Cpy = . 0167
Total drang 0.03%%

Friction drag (2) + (&) 0.0096
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Note that the friction drag is more than 50 percent of the

total drag at zero lift. In this cease the maximum lift-drag
ratio 1s 10.7; with completely laminar flow the ratio would
increase to about 15. ;

Optimum Ting Loading and Altitude

The analysis indicates that reasonebly good aerodynamic
efficlencies are obtainsble up to Mach numbers of l.5. At.
M = 1.4 the best configuration studied should operate near o
11ft coefficient of 0.35. From equation (5), the 17ing loading.
for this case works out to be about one-half the natmospheric
pressure. This pressure disturbance can no longer be considered
small and the question arisesg as to vwhether the linearized
theory can be considered applicable in this case. No accurate
analysis of this limitatlion can be given at present. However,
an approximate criterion can be deduced by compnring the flow
over the swept-bnck wing with the two-dimensional subsonic Tlow
over a wing section at the some component Mach number as
suggested in reference 2. When this comparison ig made for
configurations neor the optimum in figure 15 it is found that
the wing sections are operating beyond their critical liach
numbers ot the indicnted optimum 1ift coefficient. Thus 1%
appears that the optimum 1ift coefficient will actunlly be -
smoller thon is indicnted by the linearized theory. For the
best configuration at ¥ = 1.4, it ~ppeors thnt the optimum
1ift coefficient moy be nenrer 0.25 thon the 0.357 indicnted
by figure 15. In this casc the L/Dpax will be diminished
from 10.7 to 10, and the optimum wing lording from one-half to
approximately one-third atmospheric pressure. Al sea level
the wing loading recuired would be 70U pounds per square foot,
but for operation at 60,000 feet the much more reasoncble flgure
of 50 pounds per sauare foot is obinined. At thle cltitude the
true alrspeed is 900 miles per hour and the Indicnted nirgpeed
290 miles per hour.

Ames Aeronauticel Laboratory, »
National Advisory Committee for Aeronsutics,
Moffett Field, Calif., May 1947.
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APPENDIX
SYMBOLS
v flight velocity
Vo velocity at sea level
p alr density
Po deﬁsif?ué%‘sééulevéi‘.
P atmospheric pressure
thrust
W weight
L 1ift
D drag
M Mach number (.;_f.)
a velocity of saund
CL 1ift coefficient <57§£75§>
S wing area
4% ratio of s»ecific heats (v = 1.4 for air)
Cop drag coefficient [ D
\p/2 V28
Cho drag coefficient at zero 1lift
CDt coefficient of drag due to thickness
Cpy coefficlent of drag due. Go T3t

Cor friction dreg coefficient
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asnect ratio
wing epan (perpendicular to direction of flight)
coordinate along direction of Flig!

parameter indicating relative elone of

cotengent leadina—-edge angle >
cotangent sween angle oI Kach 1lines

thickneess of wing at midchord

wing chord

length of fuselage

radiue of fuselage

maximum radiuse

maximum Gieameter of fuselage (& = 2ro)
emall vertical velocity disturbance
gmall horizontal velocity disturbance
lateral (epanvise) coordinate

X -my X' =x+ nmy

bt G A BT

complete

ratio of

coordinate of wing camber line
attack
ellintic integral of the eecond kind

s | e

lift-curve elope of triangular eairfoll %o

that of the tevered airfoil
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Figure 10.- Lift distribution over flat rectangular surface (ref. 7).
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Figure 11.- Lift distribution over swept-back tapered wing with trailing edges along

Mach lines.
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