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THEORETICAL SUPERSONIC LIFT AND TRAG CHARACTERISTICS
OF smmmcm WEDGE-SHAPE-ATRFOIT SECTIONS 45
" AFFECTED BY SWEEPBACK OUTSIIE E‘HE MACH CONE -

By H. Reese Ivey and. Edward N. iBowen, Jr.
SUMMARY ——

The theoretical supersonlic section 1ift and -drag characteristics
of thin, wedge-shape, untapered airfoils with sweepback are presented.
The results apply to those parts of the wirg in two-dimensional i
flow and are not applicable to wings swept back within tle Mach cone l\
of the center section. The results may also be applled to swept- ¥
forward wings if the engle of sweep is not enough to put the wing
wilthin the Mach cons from the tips.

INTRODUCTION =

A simplified methocl is presented in reference 1 for determining
the pressurs dlebtribution mround thin, sharp-nose airfoils at
supersonic speeds. This method considers the entropy increase
through the shock waves and calculates the presgsure changes through
the shock end expansion waves. The method was shown to be
accurate for wedge-shape airfoils and to give a close approximation
for continucusly curving airfoils.  The celculated pressure distri-
bublon was shown to check the experimental distribution at low
Reynolds numbers except for a smell region of separated flow near
the trailing edge. The type of flow encountered when . extreme
sweepback (within the Mach come) is used at supersonic speeds is
discussed in reference 4. In that report it was shown that low drag
coefficients could be obtalned when the wing wes swopt back sufficiently
to meke the veloclty ccmponent perpendicular to the leading edgs of
the wing subsonic. . Experimental results at higher Reynolds markers
show that .the region of breekaway becores negligiblo as the Reynolds
number licreeases and hence the calculations should. be eccurate for
full-scale aircraft. - -

Y

Reference 2 used the method of referefice 1 to calculate the —
characteristics of thin double-wedge alrfoils at supersonic speeds.
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The section characteristics for wing sections swept bhack outside

the Mach cone were first debermined by Busemamn in reference 3.

. In that paper the component theory was introduced and used to calculate
scme of the alrfoil characteristlice of swept-back wings.

The present paper extends the work of Busefnm (reference 3)

#nd mekes use of the component theory in con,jmction with the
method of reference 1 to determine the sectlon lift and dreag
cheracteristics of swept-back double-wedge-alrfoill sections. A
brief discussion is included of the trends indicated by the resulis.

cd

)

SYMBOLS

gpeed. of sound in alr, feet per sescond

section pressure-dirsg c.oef;f‘icient

section 1ift coeffic’:_lenb o : o .-;

Mech number

thickness of airfoil sectlon, feet

length of chord, feet

component of free-stream velocity normsel”to plene of shock
component of free-str-eam veloclty in plane of ghock
yressure coefficlent e .

difference between locel statlic pressure and free-stream
static pressure

dynemic pressure

sbatlc pressure on upper leeding edge of alrfoil

AH

statlic pressure on upper trailing edge of alrfoll
static pressure on lower leading edge of alrfoil
static pressure on lower tralling edge of alrfoil

ratlo of specific heats



NACA TN No. 1226 - o ®03

1ift

L

D
dey :

—2  glope of 1lift curve
do

angle of attack, degress . _ -

B angle through which flow turns (that is, change in surface
angle of airfoil), degrees S

A sweep angle, degrees
¢ half angle of airfoil, degrees
¥ Mach angle, degrees

Subscripts:

a after shock

b before shock

o] nmeasured in free-stream direction

é measured perpendicular to leading edge .

T total | |

M = 1 for the flcw conditlon when Mach number eqguals unity
M'= O ‘for the Flow condition when Mach number equalé Ze1o

THEORETICAL CONSIDERATTONS

The equations of Meyer as given In reference 5 show that the
veloclty camponents normal to any plane shock (herein designated
uy, ‘before shock, and wug, after shock) are related to the speed

of sound before the shock corresponding to & Mach number of unity
end the free-stream~velocity component in the plans of the shock by
the follcwing equationt”

Ypla = M 1;f Z_:-L.v2
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where
aM=l speqd of sound corresponding to a Mach number of unity
2
before shock ((.a'M==O)]/ )
7+ 1,
v campenent of free-stream velocity in plane of shock
8o stagnation speed of sound before shock
Since
2 2 7 =1 2)
8, = A
(\ M=o) b ( 7 %
and ; =

it follows that

Upl, = :;-":-I + ;T-i- ub

From this relation 1t can be seen that, for a given value pf
local speod of sound before the shock 8,,, the ‘change of state
across & plene shock is determined only by the free-stream-velocity
component normal to the shock plane up. This fact is useful in
calculating the theovetical section pressure distributjons of the
swept-back wings oconsidered herein.

The obvious limitations to the mothod ars that the wing
section considered must not be swept back within the Mach cono
of the center section and that the wing soction shouls not exceed
the limits illustrated in figures 3 and 4 »f veference 1.

For the present study the free-gstream-velocity vector is
broken into components, one of which is parallel to the leading
odge of the wing and is therefare in the plane of the attached
shock wave. Bince this component of free-stream velocity has been
shown to have na effect on the change of state across the shock,

Y Hh

-t



NACA TN No. 1226 s

the pressure distributions can be celculated from the velocity
vectors normel to the leading edge.

For wings swept back outside the Mach cone a part of the
wing 18, effectively, in two-dimensional flow. Figure 1 defines
the zones of two-dimensionsl flow for the wing plan forms consldered
in the present papsr. The part of the wing lying in the central and
tip arees indicated in figure 1 will have considereble three-
dimensional flow. The calculations presented are valid only for
the part of the wing in two-dimensional flow. The characteristics
of a swept-back wing of finite aspect rastio (tips and center
section belng considered) can be approximated by a cambination
of the results presented herein and the linesasrized msthod of
reference 6. The calculations presented herein are suitable for
swept-Lforward as well as sweptb-back wings. In order to l1llustrate
the effect of sweepbeck on 1lift and drag, a simplified anslysis of
the flow over the example wing shown in figure 2 will be discussed
firgt. For this example, the wing is assumed to be operating under
the followlng conditions: - '

Free-stream Mach mumber, M, « « « « « ¢ o« o o o o o000 B
Angle of attack, a , Gegrees . . . . . . . . . . 00 .. 1
Thickness ratio perpendicular to the leading edge, (—E—)e e « . 0.05
Sweepback angle, A, degrees . . « « 4 4 . T e 0., 60

Figure 2 glives plane and side elevation views of the example wing
for the operating condltions specified. Figure 2 differentiates
between two methods of measuring section thickmess ratlo; namely,
perpendicvler to leading edge (section A-A) or parallel to free-
stream direction (section B-B). In gensral,sll calculations are
carried out for vealues of (f) = 0.05 end (~) = 0.05 end 0.10.
o .
The subscript "e" signifies effective and indicates that the
component is measured. perpendicular to the leading odge and the
subscript "o",that the ccmponent is measured in the direction of
the free-streem velocity. In order to make the celculations the
free-gtream Mach nuwmber vector is broken into threo componentse:
M; porpendiculer to tho leading edge and lying in the plemnse

dstermined by the chord lines, M> perpendiculax 'bp the plane- '_
determined by the chord lines, end M3 parallel to the leading
edge. Except for tip effects, which do not influence the section

belng studied, the flow parellel to the leading edge does not
affdct the pressure distribubion amd hence will be mneglected.
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In order to expadite the calculaetions for the illustrative
exemple, some gimplifiad ecustions arve ussd lngboad of the exact
cquations which are given in the appendix. It sweh be exghasized
that the approximate method hes bPeen used ornly in the H1lustretive
SXEMDI0 . ' _

For .amell angles of attack
My M, cos Ao
and
My, = M, &in o,

Now an effective engle of atbteck o is based on M; and Mp
insteed of M,.. The vector sum of M, and M, 1s eflective

free-stream Mach number M.. Tho eoffective angle of attack Uy
is then T ' T T

M : o)
te = arc ben -~ o orc tan M_ gin+— cos A
e TR, Mo T Y .

For small engles of attack, sin &, and tan ¢, mey te replaced
by dy. Then

CLQ °
o, = arc ten —— <2
cog . A

and since My = /5112 +M,% =z M, the problem las boon simplified
to the extent that the 1lift sund drag chersctordistics of an

unewept wing section ah 2° angle of attack and Hach nurbor 2

can be used. ReTerence 2 gives tho pressure drag ccefficlent of
this airfoll as

Cd_ = 0-0085
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and the lift coefficient as

°z=°@&_

These coefficlents are based on the dynsmic pressure correspoending
to Mg. In order to base them on M, the coefficients must be

EYRY:
miltiplied by {\ﬁ§> = cos®A . It must also be remembered that only

one component, ¢3 cos A, of the dvag force is in the free-stream

direction; consequently, the 1lift and pressure-drag coefficients
based on free-stream condlitions become

0.08 X 0.52 = 0.0205 .

C
7'0

s 3 - .
S, 0.0085 X 0.5 0.00106

Some allowence must be made for skin friction, which is changed only
by & Reynolds number effect due to the mweepback. The exact nature

of supersonilc skin-friction dreg is not as yet completely defined

but for the present analysis 1ts effect can be shown by agsuming

that the supersonic skin-drag coefficlent remains constant in the
superscnlc range at a reasonable subsonic velus. If the effect of

a skin-friction ~oeffictient other than the value assumed herein is
desired., the curves preosented in this paper may be shifted accordingly.
For this example the skin-friction drag coefficient is assumed to be
0.006 and the total drag coefficient is

ch = 0.006 + 0.00106 = 0.00706

The pressure drag 1s thus only a small part of the total drag.
Reference 2 may be used to determine the mection 1ift and drag
coefficients of an unswept wing with & thickmese ratio of 5 percent
vhen thickness is measured perpendicular to lcaling edge for ag = 10

and Mgy = k. These data may be compared with the swept-back-wing
sectlon coefficlients, as follows:

Swept-back Unswept wing
wing, A = 60°

cdJT 0.0C706 0.00900

ey 0.0205 0.01€



8 NACA TN No. 1226

In this particular case the additlion of sweepback increesed the
1ift and decreased the drag of the sectiom. It must be remembered,
however, that this exemple serves cnly to point out the problems
involved in calculating the airfolil characteristics of swept-back
wings and is not intendsd to lead to any particular conclusions

a8 to the general advantage of sweopback. Same of the equations
used for this illustratlive example are approximetions which do

not apply at high angles of attack. The exact equatiocns used

in the paper are cumbers-me and hence are presented in the appendix
in order that the main body of the paper not be unnecessarlly
ccmplicated.

PRESENTATION OF RESULTS

Slope f the 1i1ft curve .~ Reference 2 has shown that the
Blops of the lift curve decreases as the Mach number increases
above 1.0. It can be expected, therefore, that the addition of
sweepback at high superacmic speeds will tend to lncrease the
11ft by making the effective Mach number spproach 1 and by
increaging the effecilve angle of attack but will tend to decrease
the lift by decreasing the effective dynamic pressure. The
resultent effect depsnds on the actual spseds and asngles involved.

Figure 3 presents the varlation with the sweepback of the
glope of the section 1ift curves (based on free-stream angles of
attack and free-streem 1lift cosfficlents) for a wing section of
S5-percent effective thiclkness ratio. Curves are given for constant
values of free-stream Mach number. The curves show that at low
supergonic speeds substantial increasss in the slope o the 1lift
curve are the result of incrsasing angle of sweepback. For

. ds

example, at My = 1.5, dmzo = 0.0630 for A = 0° and dczq/hao
has increassed to a value of 0.0735 for A = 30°. However, at
higher {'orward Mach numbers the slope of the 1lift curve dces not ..
change appreciably with lncreasing sweepback until the sweepback
1s sufficient to reduce the offactive Mach number to the vicinity of
unity.

Since reference 2 has shown that thiclness ratic has no
appreciable effect on the slope of the 1lift curve, figure 3 has been
limited to a single value of thickness ratio.

Minimum drag coefficlent.- The effect—of sweepback on the secticn
minimm drag coefficients is shown in figure k.
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If the thickness ratio measured in the fres-stream direction
is held constent, the section minimum dreg coefficient will in
general Increase slightly with an increase in sweepback. If the
effective thickness ratio is held constant, the drag coefficient
may decrease apprecisbly before 1ncreasing. This descrease is
evident at Mach numbers cons:Ld.e:r‘ea.‘bl:;r greater than unity. (See
fig. (a) at My = 8.)

Ratio of section 1lift to drag.- The ratio of section 1ift to
section drag hes been selected as the parameter which represents
most clearly the effectiveness of en eirfoil section acting as a
1ifting device. This parameter hes been calculated and plotted
as a function of section 1lift coefficient c¢; for various ccmbl-

.t . -
natioms of A, o> and M. (See table I.) The results include
both the pressure drag and total drag. It should be noted that, _
vherever & cambination of A, C14? and M resulted in a va.luo

of effective Mach number My, 1less than the minimxm value for

which application of the method of reference 1 is considered valid,
the curves were either omitteod or restricted in extent. For
operating conditions epproaching these limits and with 8 wing of
finite aspect ratio, the portion of the wing for which these
calculations are valid is a small percentage of the total wing area. _

An exemination of figures 5 through 16 yields the following
generel trends:

t
(1) For a given combination of M, and (E) an increase in
)
the sweepback angle subgtentially increases the values of maximum
Cz CZ
__2 and ._._.___9_._._8..
' t
(2) For a given combination of M, and (-) an increase in

the sweepback angle does not appreciab_y affect the value of maximum
c c
A lo

Cag or Cag * 0.006"

(3) For a given combination of M, and (P—> or (E) an
c c

increase In the sweepback angle has no appreciable effect cn the

' ®lo °l
value of czo for maximum ——— ¢

iy
Cdq Cd, + 0 003
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(h) For & glven combination of A and ( ) G:') an’
o]
increase in the operating free -gtreax Mich number substantially
. : L c:
decreases the value of ¢; for maximum 2 or  — 2 .
o S, cqy + 0.006

(5)'1":01' a given combination of A end &El or. (g) an
) _ A

increase in the operating free-stream Mach num'ber def*reases the‘ '

c
lo
valus of meximum ———%%-— but has no aypreclable effect on the )
_ . cq, + 0 .006 _
S ) Cy o
velue of maximm -—=, ; .
' Cd_o' -

It may be of .’mterest to compare 't‘he axact results of the
progent. paper with the a.ppraximate formulas developed fram the
linearized supersonic theory. JThe linearized thecry is, of course »
restricted to thin airfolls ab smell anplos of attack and at stream
Mach numbers large encugh to glve an attached shosk.

. By uso of the coamponent theory the approximiate formulas for

d.etermining the cheracteiistice of the ratio of maxlmum 11Tt tc . .
pressure drag or swept—back sections are

RO}
Dlmex 2 cos ANV

S C“0 =<§)e ‘cos_f
| l!-(-) cosCA -

ot —

o
V(Mo cos £)° -1

These formnles provide close approximation to the. exact values
of the ‘present peper within the limits of thair apnlication.,

It is evident that for both swept-l:ack end u.nswept wedge-shape
sectlons the maximum ratio of 1ift to Pressure drag occurs when.
two sides of the wing section are parallel to the direction of flight.
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| CONCLUSIONS

The celculated results presented in this paper indicate
thaats | ' ) " : .

1. Increasing sifcerback at a conghtant stream Mach.number
increasos the velue of the ratio of 1ift to pressure drag and the
ratio of 1ift to total drag, provided that the thickness ratlo
measured in the free-stream direction im allowed to decreass.

2. Increasing sweopback at & consmtant strsanm Mach increeses
the slope of the 1ift curve substantislly except at high strean
Mach numbers where the eflfect is negligible.

3. Increasing sweorback at a constent stream Mach number
docreases the minimum drag coefficient provided the free—strcam
thickness ratio is allowed to decrease.. L _ -

k, The mection lift coefficient for the meximm ratio of lift
to pressure dreg and of 1lift to tohtel drag decreases with an '
incroasec in free-stresn Mach mwiber rega:ule s of m;eepback

5. The' approximete linearizci solucion for the 1ift end drag
characteristics of a swerb-rvack wing sect,gon at the maximvm valus of
the ratio of 1ift to presasure drag agree well with the exect-values 6F
the prosent paper provided that: (a) the alrfoi_l is thin, (b) the
alrfoll is at a mmell angle of attack, and {c} the free-stresm Mach
mmber 1s well ebove the minimm value for an attached shock.

Lengley Memorial Aeronautical Leboratory =~ - - L
Netional Advisory Committee for feronautics
N Lengley Field, Va., Septegber 20, 1946
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APFENDIX
METHOD OF COMPUTATION

The follewing formulas are derived by the application of
trigoncmetry end anslytic gecmetry to the basic wing sections
cengldered. (See fig, 2.)

The effective Mach number M, which 1g the componentof the
free-stream Mach number M, acting perpendicular to the leading
edge, 18 expressed in terma of the angle of sweepback A and the
free-stream angle of attack o as

Mgy = Movfl - ginA coszab

where

effective Mach number; that 1s, the campcnent of My
acting perpendiculsar to the leeding edge

Mg

The effectlve Mach nuwber M, can be further broken up into

(a) The component of Mg (and therefore also of My} lying
in the plane of the chord linsg end perpsndicular to the leading
edge glven by M, cos ag coc :

(b) The component of Mg (and therefore also of M,) perpen-~
diculaer to the plane of the chord lines, glven by M, sin «

The effective angle of attack, that is, the angle of attack
of the airfoil sectlon measured perpendicular tr the leading edge, is

tan oy

Gy = arc tan
cos A

and the effective thickness ratlo, thaet is, the thiclness ratio
measured perpendicular to the leading edge, is
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If ¢e is the half-angle of the alrfoll meassured perpendicular

to the leading edge and B, is the angle through which the flow

turns (that is, change in surface angle of airfoil) measured in the
Plane perpendicular to leading edgs, then

t
¢e=@e+ﬁe=arctan(_z)_°_
cos A

Ap '
Pressure coeffliclents —q; are now dstermined by the method

of reference 1 for the effective airfolil section opsrating at the
effoctive angle of attack end st the effcctive Mach number. These
-pressure coeffliclente are then converted to 1ift and drag section
coeificients baged on free- stream neasurements by the following

formules:
1 C) [,___.‘EEL»_ 1, con - 510 a

_____.-————-’—\'__/'1{3'

sl [y N
e |

L/ cos o, + gin
0

_ % B | -

t
-———-—+—-——i§) gin o, + cO8 G
Apy APy &
+ -— - {3 sin o, + cos Uy
o

where the subscripts 1 and 2 refer to the leading anu trailing parts,
respectively, of the upper surface of the airfoil and the subscripts 3
and & refer to the leading and tralling parts, respectively, of the
lower surface.
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TABLE T. - PRESENTATION OF RESULTS
_ 3 5 A
Figure Parazge‘?ers oo —c—) . (5) o (deg) M,
ah(a) - Io.lo el Biahdatatets 1.5 to 8
(b) |fdegainst ¢ -~ . 05| ==--| ==--===] 1.5 to0 8
(C) {1 © ——— 0.05 | =====—= l-5t0 8
5(a) | ' do0f ----1 0 1.5 to §
() e1, . o ---- 115 1.5t0 8
(e} |lcy_  against — - Q0 ----1| 20 2t0 8
(a) ° g 10 ---- | B5 2 to 8
(e) | °© 107} ----| 60 % to 8
6(2) || " ) . 10| ----10 %o 15} 1.5°
() | aingt L0 ! 10| -—-j0tol5] 2
(c) [[Clo B88-18L — A0} ----10 %o 60} &
(ay { “d, 10| --~-10 to 60} 8
(a) | 10| ----{o0 1.5 to 8
(v) e, .o =-=--115 1.5%0 8
¢) |foy. againgt———=——F .10} ----| 30 2 to 8
a i ° cg, + 0.006f| .20} -=-- |15 2 to 8
e) | o L 10| ----} 60 b to0 8
8 a.g { o 10| ----]0 to 30 1.5
b , o ol =-—--lotols|2 .
o) |[C10 2E8ARSE —————— i 10| ----|0C %0 60| k
a i Cdy Bl | O ~=--1G to 60| 8
9(a) | ' "5 ---- 1o 1.5 to 8
b) L ey 05| ----115 1.5 to 8
9) oy egainst —2 . ) 05| ----1{30 1.5 to 8
gd) ° ca, 054§ ----1L5 2 to 8
e) L 05| ----| 60 b to 8
1o§§; o oy [ -0 -~ |0 %o 30| 1.5
o § 0Dl ---- {0 o 5] 2
o) rc1, egeinst - 05 | -=== 10 to 60| k&
(a) do | 05| ---- |0 to 608

8Angle of attack, o« = O°

NATIONAL ADVISORY
COMMITIEE FOR AERONATUTICS
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TABLE I, - PRESENTATION OF RESULTS - Concluded
b t A

Figure Peremeters (g)e (E)o (deg) Mo

11(a) | (0,05 | --=- | 0 1.5 to 8
(b) 1, .05 | ---- 115 1.5 to 8
(c)|p c1, e@ainst ———>e 1} .05 | ---- | 30 1 1.5t 8
(a) cg. + 0.006 .05 | --=- I L5 2-to 8
(e) |} © [ .05 | -~-= | €0 4 to 8

|

12 ag oy r .05 | -~--~{0 to 30} 1.5
DI L o 05 | —---| 0 to b5} 2
o) {[ Clo o8NSt ——— oely 05| --=-l0to 60| 4
a) i do ) 05 f---~ |0 to 60| 8

13(e) {] -1 050 1.5 to 8
(p)il °1, -—=- 1 L05]15 1.5 to 8
(eXy 07, agelnst —— § ~===] .051230 1.5 to 8
(a) Cq . mmme b L05 | BS 2 to 8
(e) i L ----}{ .051]60 L to 8

1&?%1 - { —---| .05 |0 to io 1.5
b 0 a-e= ] L0510 to 5] 2
o) |[ Olo BeAinst — - | 05| 0 to 60} &
(a) ] do L ==} .05]0 to 60} 8

15(a) - ---= | 0510 1.5 to 8
(b} °1, m——e b 05|15 1.5 to 8
(c)ir o1, egalnst — 3 =m=- 1 0% 130 1.5 to 8
Ed) cg +.0.0063} --~- | .05 k5 2 to 8
o)l ° [ ---- ] .05 |80 % to 8

16(a) [] _ (===~ .07 {0 to 30| 1.5
(o) L %15 1 wee ] L0510 to U5 2
(e){[ C1, esalnst - -~--] .05{0 to 60| L
(a) | Cg, * 0:0064] ____ | 050 to €0 8

BATIONAL ADVISCRY

COMMITTEE FOR AERONAUTICS
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%70-=Arc sin (L
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Figure 1.- Zones of two-dimensional-flow application.
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T—___f (%- 0: 0.05 cos 60":0.&25'

—7}4}-— é—)e:a o5

Figure 2.- Example wing.
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