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By Warren H. Nelson
SUMMARY

An investigation was conducted to determine the effects of spanwise
variations in thickness ratio on the aserodynamic characteristics of wings
at transonic speeds. The 1ift, drag, and pitching-moment data asre pre-
sented for three wings having aspect ratios of I, taper ratios of 1.0,
0.5, and 0.2, NACA 63A006 sections at the roots, and NACA 63A002 sec-
tions at the tips. The Mach number range of the tests was from 0.6
to 1.1, corresponding to a Reynolds number range of 1.4 million to 1.9
million.

The results Indicate that near & Mach number of 1.0, the drag of
the wings with spanwise variations in thickness ratio and that of wings
having conestant thickness ratios can be correlated effectively in terms
of thickness ratio if a weighted thickness ratic is used. .

INTRODUCTIOR

Systematic research to determine the aerodynamic characteristics
of various unswept wings through the transonic speed range has been
initiated in the Ames 16-foot high-speed wind tunnel. Investigations
to date have been made of symmetrical rectangular wings to determine the
effects of aspect ratio and thickness; the results of those tests are
reported in references 1 and 2. The effect of camber on rectangular
wings having the sgame aspect ratios and thicknesses was Investigated
and has been reported in references 3 and L, The effects of taper in
plan form have also been investigated and the results are presented in

reference 5.
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The purpose of thils report is to present that part of the general
program Involving the effect of spanwise variations of thickness ratio,

Three wings having an aspect ratio of 4 and teper ratios of 1.0,
0.5, and 0.2 were investigated. The wings had thickness ratios of
6 percent at the roots and 2 percent at the tips. The equal-percent-
chord stations of the root and tip sectlons were connected by straight

lines.

NOTATION

b2
agpect ratio, =

twice semispan drag
qsS

drag coefficient,

minimum drag coefficient

friction-drag coefficlent, assumed equal to the minimum drag
coefficient at 0.6 Mach number

minimum pressure-drag coefficient, assumed equal to

Chpin = CDf

1ift coefficient, L¥ice semispan 1ift

qs

pitching-moment coefficient, referred to 0.253,
twice semispan pitchlng moment
asSc

lift-drag ratio
nmaxipum lift-drag ratio

mesn Mach number in region of wing
local Mach number }
total wilng area, twice wing area of semispan model, sq ft
velocity, ft/sec

twice span of semigpan model, ft

locel wing chord, ft
GONTRPRRiiy
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¢ mean serodynamic chord, 2 s TH

fb/z ay

c

(o}
q dynamic pressure in region of wing, %DVZ, lb/éq ft
.’CE thickness-to-chord ratio

a/s
7N fb/z (3)5/3 e dy
<}€> welghted thickness-to-chord ratio, ° <
rbi2
L b ew |
Y spanwise dlstance from plane of symmetry, £t
(o4 angle of attack, deg
tip chord

A taper ratio, Toot chord
(&) air density in region of wing, slugs/cu £t
%E% slope of 1ift curve measured at zero 1lift, per deg
dCnm .
EEE - slope of pitching-moment curve measured at zero 1lift

APPARATUS AND MODELS

The tests were conducted in the Ames 16-foot high-speed wind
tunnel utilizing a transonic bump. A description of the transonie
bump mey be found in reference 6. The forces and moments were meas-
ured by means of a strain-gage balance mounted within the bump.

Figure 1 is a photograph of one of the wings mounted on the bump
and figure 2 is a sketch of the models. Three wings having aspect
ratios of %, taper ratios of 1.0, 0.5, and 0.2, and equal sreas were
constructed of steel. The root profile used for each wing was the
NACA 63A006, and the tip profile was the NACA 63A002. The constant-
percent-chord lines comnecting the rocot and tip sections were straight-
line elements. As a result, there was a linear variation of absolute
thickness fror root to tip. The spanwise variation of thicknesa ratio
in percent chord is shown in figure 3. The tips of the wlngs were
constructed by rotating +the tip sections.

[ o
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A fence 3/16 inch from the bump surface was used to prevent the
flow through the gap between the wing support and bump surface from
affecting the flow over the wing.

The preclslion of the data in this report has been established
from consideration of repestability of data for identical conditions.
On this bagls, the Mach numbers are accurate to £0,01l, the 1lift coeffi-
clents are accurate to £0.005, and the drag and pltching-moment coeffi-
clents are accurate to £0.001.

TESTS AND PROCEDURE

The 1ift, drag, and pitching-moment data were obtained for the
wings over a Mach number range from 0.6 o0 1.1. Thig Mach number range
corresponded to an extreme Reynolds number range of 1.4 million to
1.9 million, baesed on the mean aerodynamic chord of the wings. In
general, the angle-of-attack range was from -2°© to the stall, or to
where the root bending stress became critical.

A Mach pumber gradient existed in the flow over the bump where the
wings were mounted. Typlcal contours of the local Mach number over the
bump in the absence of the wings are shown in figure k¥, Outlines of
the wings have been superimposed on the contours to indicate the Mach
number gradients which existed over the wings during the testis. No
attempt has been made to evaluate the effects of these gradients. -
The test Mach numbers presented are the mean values in the region of
the wings.

The data have been reduced to standard NACA coefficients. A tare
correction to the drag was made t0 account for the drag of the fence
and support. The drag tare was evaluated by cutting the wing off
flush with the fence and measuring the forces on the fence and support.
The interference effects of the fence on the wings and the effects of
leakage around the fence gre unknown.

RESULTS AND DISCUSSION

The basic 1ift, drag, and pitching-moment data are presented in
figures 5 through T. .

A weighted thickness ratlo was used in comparing the wings having .
spanwige varlations In thickness ratio with those having a constant
thickness ratio. Since thickness effects have a large influence on
the drag in the transonic region, the weighted thickness ratlos were
determined on the basls of drag. It has been shown In reference 2
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thet at a Mach number of 1.0, for wings having values of A(t/c)™’>

greater than 1.0, the minimum pressure drag varies approximately as
the 5/ 3 power of the thickness ratio. Equating the drag of =z wing
having a constant thickness ratio to that for a wing having a spanwise
variation in thickness rstic {assuming that the pressure drag varies
as the 5/3 power of the thickness retio) results in the following
weighted thickness parameter:

— y —8/5
b/z 5/3

=~ | 20

=) Q

<c>' 2
_'f° Y _

In the remainder of this report, eny discussion of thickmess will
be 'on the basis of the weighted thlckness parameter. The weighted
thickness ratios for the wings having taper ratios of 1.0, 0.5, and
0.2 are 4,1, k.7, and 5.4 percent, respectively.

The drag coefficlent as a funetion of Mach number for the wlngs
is shown at three 1lift coefficlents in figure 8. The drag coefficlent
for the wing having a taper ratioc of 0.2 was slightly higher than that
for the other wings at zerc 1ift and 0.6 Mach munber. This difference
in drag is probably the result of surface conditions a.nd., to some
extent, errors in the drag tares.

In order to correlate the wlngs better, the minimum pressure-drag
coefficient has been plotted as a function of Mach number in figure 9(a).
Included in the figure are data from reference 5 for wings having aspect
ratios of 4, plan-form taper ratiocs of 0.5, and constent thickness ratios
of 2, 4, and 6 percent. .The minimm pressure-drag coefficient at any
Mach number was assumed to be equal to the minimm drag coefficlent
minus the minimum drag ccefficient at 0.6 Mach number. The data show
an lncrease in the minlmum pressure drag as the thickness was increased.
To correlate this drag increase with thickness, the minlmim pressure-
drag coefficients at Mach numbers of 1.00 and 1.08 are presented as

5/39 -
functions of the similarity thickness parameter (—2—) in figure 9(b).
The minimum pressure drags for the wings correlated well with the

welghted thickness ratio to the 5/3 power as shown in figure 9(b). The
greatest deviation from the falred line occurs at a Mach number of 1.08

7 5/8
for the wing having a taper ratio of 0.5, and a (%) of 0.0061;

this deviation amounts to & 6-percent difference in minimum-pressure-
drag coefficient. It would appear that the minimum pressure drags for

CONTTDINR
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the wings having spanwise variations in thickness ratio can be correla-
ted effectively wilth the minimum pressure drage for wings having a con-
stant thickness ratio if a sultable weighted thickness ratio is used.
The effect of changes in plan-form taper on the minimum pressure drag
(at least for the taper ratios used in this investigation) was small
and secondary to thickness effects.

The lift-curve slope as a function of Mach number is shown in
Tigure 10. Included in the figure are lift-curve slopes from reference 5
for wings having aspect ratios of 4, taper ratios of 0.5, and constant
thickness ratios of 4 and 6 percent. In comparing the wings having
taper ratioe of 0.5, on the basis of thickness, 1t appears that the wings
were in sequence at the peak lift-curve slope. The differences in 1lift-
curve slope for the wings having vaerying spanwlse thickness ratios, in
general, are small throughout the Mach number range. If the separate
effects of thickness and taper are considered using the data of refer-
ence 5, the wing having a teper ratio of 0.5 would be expected to have
a maximum lift-curve slope approximately 10 percent greater than the
wing having a taper ratio of 0.2; however, only about 5-percent lncrease
was realized in this investigation.

The lift-drag ratio is shown as a function of 1ift coefficlent in
figure 11. The variastion of maximum lift-drag ratioc, and 1ift coeffi-
clent for maximum lift-drag ratic, with Mach number is presented in
figure 12. The values for maximum lift-dreg ratio shown are corrected
for the differences in minimum drag at 0.6 Mach number. The minimum
drag coefficient for the wing having a taper ratio of 0.2 was corrected
80 as to be egual to that for the wing with a taper ratio of 1.0. The
correction increased the maximum 1lift-drag ratio from 13.1 to 14.3
at 0.6 Mach number, and from 6.4 to 6.8 at 1.08 Mach number. The wing
having a taper ratio of 1.0 and the smallest welghted thickness ratio
had the highest lift-drag ratio throughout the Mach number range.

The pitching-moment-curve slope as a function of Mach number 1s
presented in figure 13. The slopes were taken through zero 1ift. Data
from reference 5 for wings having aspect ratios of k4, taper ratios of
0.5 and constant thickness ratios of 2, 4, and 6 percent have been
included in the figure for comparison. When the wings having taper
ratios of 0.5 are compared, it is seen that the wing having a weighted
thickness ratio of 0.047 does not fall into sequence with the wings
having constant thickness ratios; however, the differences are small,
amounting to a difference in the serodynamic center equal to gbout 2 per-
cent of the mean aerodypamlc chord. The over-all center-of-pressure
travel 1n golrng from subsonic to supersonic speeds remeined about the
seme, A comparison of the wings having spanwlse variations in thickness
ratio indicates that the wing with 0.5 taper ratlio had the greatest
over-all center-of-pressure travel in golng from subsonic to supersonic
speeds; however, agaln the maximum difference was only sbout 2 percent

SNSRI i
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of the mean aerodynamic chord. These smell differences in center-of-
pressure travel in terms of mean aerodynamic chord actually become
more significant when the differences in the lengths of the mean aero-
dynamic chords are considered. Expressing the maximum over-all travel
g8 absolute distance traveled, the wings having taper ratios of 0.5
and 0.2 had 16 and 21 percent greater travel, respectively, than the
wing having a taper ratio of 1.0.

CONCLUDING REMARKS

The results of tests to determine the transonic aerodynamic char-
acteristics of three wings having teper ratlios of 1.0, 0.5, and 0.2,
and spanwise variations in thickness ratios indicate that near a Mach
number of 1.0, the drag can be correlated effectively in terms of thick-
ness ratio with the drag of wings having constant thickness ratio when
a weighted thickness ratio is used.

Ames Aeronautical Lseboratory
National Advisory Committee for Aeronautics
Moffett Field, Calif., Dec. 17, 1953
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Figure l.- The wing having an aspect ratio of 4 and a taper ratio
of 0.2 mounted on the bump-



10

GONTETIEII, NACA RM AS3L1T

~

i- /—\

N

N

N o

N X

N Q

N

~N

q Taper ratio 0.2 \)__

~

—=~0.0/6 0.229 [~ -

e Bump surface

N

\.“—‘FchO

N

N 3

3 X

N L%

~N

J

N Taper ratio 0.5

N

N

N

AN

N T

N 3

N R

hN QS

N

N

Q Taper ratio 1.0

~ All dimensions In feef
Taper Root Tip c Semi- Root Tip
ratio chord chord span section section

0.2 0.694 0.139 0.478 0833 634006 634002
0.5 585 278 .432 833 634006 634002
1.0 417 417 417 833 634006 634002

W

Flgure 2.~ Sketches of the wilngs.

GONBRDENF ki



NACA RM A53L1T SRNEER M it

g
-~
Q
]
S 6
Sl S S gt
"~ - A'
L] \ \\ \\
QO —— = 2.2
X 5\\“= I~ 2.5 | -
- 1.0 ~ ~
S 4 <
3 \\\_ \
; \\\*\~\ >~
~N
g ~\\“\ ‘~:}
S 2 Sy
2
<
N
q;iggg;;=
o
o 4 4 .6 g 1.0

Spanwise station, J’/b/z

Figure 3.- Spanwise variation of thickness ratio for the wings.



12 - : SOV NACA RM AS53L1T7

M, L1l

5
AR 0 =N
, WAL A N AN Y /\',/\' Al Aty =
’ A X VWAL AV AN G E N\
s D44% 2% V4 4i9aRA\N
XYV A KNS A\
N AT \
HHAEEEEEEEIEAEEEEAEEANAANANN

M, 0.93

~
O

3
\

I~ e
\'.9/ \
N\
2l Y

i\\ ~.

L~ //, /I “‘\\ K- [~~~

1 [ ~
I N N NNV

o

\
\

\

ANy

\
u
s

Distance from bump, inches
Q

M, 0.60
15
10 T | T~ 4’6;
W/ N i
1{/ y
d ///, X i 'saw\
, AL TN N
aRRIIIIIIIRIIIIIRIRTT®TST
&0 80 100 1o 120

Bump station, inches

Figure 4.- Typical Mach number contours over the transonic bump in the
Ames 16-foot high-speed wind tunnel.



L2
VT TV
*0 aK Y |
# %0r /1 1A
i} 2% il A |9
¢ . A AT .AF:AY
AT AT avVAD AN AN
g APar:| P
% /] ABParavanm
x .2 ba A AN fa/
N .P a ¢ E ArAVErar ¥ 60

apco bpOdakro
833

5 aDi
-p . . F o8
102
1.06
~a 108
-4 0 4 8 12 16 20 Angle of attack, a, deg SHaca "
| | | | I i I | |
2of0 @ e% 0 VI S N T 4

R R
for M of 060 .70 T8 .80 85 80 94 .98 o2 [LO6 |08

(a) Taper retio = 0.2

Figure 5.- The variation of 1ift coefficient with angle of attack.

LTIEGY WY VOVN

£ET



L2 %ﬂ
10 : :
> | ¥ '/@/\a /
8 S
y: A A
G A fy o AN
6 / / '
3 d A ! LI },L?/
£ 4 ANAN: / / Vi
H / /AR SV, B {17
;’ 2 PP A J e d ' f{ A { y7i
3 ) 4 | A A 1A o 0.60
o % }'P 2 8 7
A A AAAAY L
-2 -8 2 r d A a .94
§ soe
(S A
iy © /08
-4 0 4 8 /g i6 20 Angle of attack, a, deg
| | [ | | I I ] [ | |
¢ @ @ o o ¢ ¢ o 0 0

I | l [ I [ I
forMof 060 .70 .75 .80 .85 .90 .94 .98 02 (06 [08

(b) Taper ratio = 0.5

Figure 5.- Continued.

HT

LTIECY WY VOVH




L2 -
o P
e
AN - R o
"Wes-dP4ANA
8 AT A i
. | O 9L A f/“ ”7” N4 4 ,/
¢ 6 A/ o ViRVimyaw
s of LA 1) V14 /4 AN
g < AW i [ / TV £
3 / f ANANAPAr, i 4
% .2 R D; ﬁ ; ‘é ' J
3 P g d E
VO L A LA A A g b
9 3 y A . a .94
-2 d _d = & K o @' dﬁ‘ g fgg
A 106
iy | 4 410
-4 o ¢ 8 12 /6 20 Angle of attack, a, deg
| | | | | | | | | | |
AT S A A O S A A
forMof 060 .70 .75 .80 .85 .80 .94 98 102 (06 IO

(e) Taper ratio = 1.0

Figure 5.- Concluded.

LTTECY WY VOVN

¢t




12 | j
P -
L0 T o
T A ] B
el B % D ]
8 = ﬁﬂ% 7
ENENERREa. o A
G:.G 2 e /j'. [ . % . V) /O’ pod -
g mes® A %
3 / J/ d | |y /|
o
S &
3 A

T ofer
»H—EDre

; ) o
s e

afclogofol Jlod: Ral:do)
&

o 04 08 12 U6 .20 B4 .28 Drag cosfficien!, G,

} | | I ] | f
o Q 0 0 g o 0
I I | I I I !
forM of 060 70 7§ .80 85 .90 .94 .98 [o2 [06 [o®

| |
Gp Of? ('7

—_—

() Taper ratio = 0.2

Figure 6.- The variation of drag coefficient with 1lift coefficient.

@

9T

LTTECY WY VOWN




12
10 D o
o /ﬁ;
e re
. NENP = s Ca e 22t
’0/‘_ ‘/’g:_ [ ] :_'nv/yﬁ/, e //'B/
o .
6 A LA ) pa 4
g ,If/ ,)k/ {ij; ///Xf 4 4 }j’ /9( /if//
8 ¢ )4 AR AN f/ AN
v ARVARV(NY; R AR ARVEV
3 : T 4 p P
n .2 . "
3 ? 0.60

s

{3
o

F
- /
EREN
- a
!

dbosbpidadboe
o
Q

X 94
-2 g hd .98
.08
108
g ! | o ‘o8
0 .04 .08 4z U6 .20 .24 .28 Drog cosfficient, Gy A~
R A Y R N N S S
Gofo © ¢ © o 9 o0 0 0 0
| I | I | | | | I | !
70 .75 .60 .65 .90 .94 .98 02 106 LO8

for M of 060

(b) Teper ratio = 0.5

Figure 6.~ Continued.

LTTEGY WH VOUN

LT




a1t

.2 -—/—b
0]
Fn=. O)
“ 1 :rﬂb) P, ol
8 . . Spana s e, -“'Fr”- |
6 A o / A L7
2]

4PAr4r AP

Ky
e o 11 8

Lift coefrficient, &

M
0.60

75
85
.94

.02

106

110

b
N
\
R
[N
N
N N
N
, N
T Tl i N
hN
PN
N

T
P 5

&t
|
oD
<]
A 9
hpooDpOLObe
3883

-4

o 04 08 f2 .6 24 .28 Drag coefficient, Gy W

20
| | | A l I | | I | I
Cp of @ ? @ 0 ? o 0 ¢ 0 ?
forM of 0.60 7O .75 .80 .85 .90 .94 .98 /02 L06 IO

(e) Taper ratio = 1.0

Figure 6.- Concluded.

LTTECY WY VOVN




L2 0 Ju
" 141V
90 |
8 . R / A P
AR AW AV AN AT
. o ‘ff lF Al | g /-
[ £ |8 anviny, /

Lift coafficiant, G,
. . .

-0
D]
]

o i
ol
e
S U
~O~o
-
N
il -

T
i DI

-2 : Y Y LT

ABeoDPOAEDE

N o ~/ ~& Pitching-moment coefficient, Gy

N N N A I (R [ [
c,,,ofooooaaaooocli

! | ! I { I f ! l !
forM of 0.60 .70 .75 80 .85 .90 .94 .98 02 |06 [08

(a) Taper ratio = 0.2

FPigure T.- The variation of pitching-moment coefflcient with 1ift coefficlent.

LTTECY Wa VOVN

61



12 :
. < /9 o

Lo

?‘{D
N

o
et

Lift coefriclent, C;
[ n g

Sff;ﬁ.
RERE
P

J 0 -/ -2 Pitching-moment coafficient, Cp
|| I | | | | | l !

|
Cmof0 0 © o0 o0 o @ 06 @ © 0
| I | | ! I | l | | |

forM of 060 70 .75 .80 .85 .90 .94 .98 [l02 [06 108
(b) Taper ratio = 0.5

Flgure 7.- Continued.

§

03

LTTECY WY VOVN




L2

10

3.
LTTIEGY WH VOVN

s Ll )

g 'SR AN 7{ AN ARV

' i AmTamr,

3 | e g | J

WP

3 ﬁ.ﬂ & - ,@r Y60

D=

|

|

EENEEREBER AN [
B M
z& '_:jjff

APSODPOAOPO
‘o
Q

¥ o -/ =2 Pitching-moment coefficient, Cy W

| | | | | | | | | [ I
¢mofo 0 ©0 © 0 o0 ©0 0 0 0 0
| I I I I I [ I | I I

forM of 060 .70 75 80 .85 .90 .94 .98 02 06 |10
(¢) Taper ratio = 1.0

Figure T.- Concluded.

TS



22

GoNSERETTRY, NACA RM A53L17
.08
CL 2 0.4
.06 -2
- ,’,
77
7
4
o4 e L / /
RS SO e S
.08 _
A t/¢c
Q? 1.0 004/
N A S I I R R 0.5 .047
‘E —_——— 0.2 .054
s O
3
S .04
g /]’///—
S .02 WL
L s S-S
o
l04
CL y O
,‘—~—
.02 ,/'_ -
L ol
- — _:—_________:_;:4
0 e
€ 7 8 .9 1.0 L1

Mach number, M

Figure 8.~ The variation of drag coefficient with Mach number.



NACA RM AS3L1T

04
.03
02
.0/

o

.04
.03
.02

.0/

.04

Minimum pressure-drag coefficient, (GDp Imin

.03
.02

.0/

SolNERDmE——
A e
L - ——0.5 0.060
A==t 2 .054
e e T——o0.5 .047
VISR e o5 .040
A7 1.0 .04/
FEZ] — 0.5 .020
.6 7 -4 .9 1.0 1./
Mach number, M
() (¢ ) vs. M
DPmin
M, 1.OO —
! A t/c
. © 0.5 oozo
B o5 .040
~ & 10 .04/
|| A 05 .047
4 0z .054
| — a 0.5 .060
e
o 002 004 006 008 010
M, 1.O8
/ﬂ/
//
o [~REE~
o 002 004 006 008 .o/o

(b) (CDP>mi ve. (t/c)
4}

(F7c)%7%

5/3

Fligure 9.- The variation of pressure-drag coefficlent with Mach number

and thickness ratloc.

GRS

23



a0,

da

Lift-curve slope,

GNP meEEy NACA RM A53L1T

A4
A t/c
1.0 0.04/
------- 0.5 .047
—-— 0.2 .054
12 —— - 05 .040
———--05 .060
10 . i
/7 \\
7/ -//N
e Y
e TR
08 e -
| T ;’/I‘/
R
06
.04
.02
o l

.6 7 8 9 1.0 l/
Mach number, M

Flgure 10.- The veriatlon of lift-curve slope with Mach number.



20
16
N
Sz AN TN A aRN
LA IR DR AALA ,(\ Ll
S g lu / ANENAVANS
v 7 [¥§ N v y N =<
ol e LA LE T LT TS
S, A s el T T A A A
T TV T T L 2 TS [ e
', v / / P Vi N W M\p
)
0 2 4 .6 Lift coefficient, C,
1 1 I | | | | | | | !
AT A A S S S A A
forMof0.60 .70 .75 .80 .85 .90 .94 .98 LOZ [O6 108

(a) Taper ratio = 0.2

Flgure 1l.- The variation of lift-drag ratio with 1ift coefflclent.

LTIEGY RY VOVN

¢e




26

/

AN \(\
/

20

N
Vi
VAR
S
S
ﬁ \\ M1
)N
08—
S
(| A Tse
S
_.._.\. JIIO —
/.Ir
T%—
o N @ < S

a/1 ‘onps boip -7

SOIFEDENTI

6 Lift coefficient, C,

4

0

[++]
—_—a—- 9
—_— m
—_O— m
—_—C— D

o
—_— M...
—_—— Qo.
—0— 9
—o— 9

g
° 2
—o—- R

o

—o— 2
v 6
- =
R -

HACA RM AS3LLT

(b) Teper ratio = U.5

Figure 11.- Continued.
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Figure 11.- Concluded.
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for maximum lift-drag ratio with Mach number.
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Figure 13.- The variation of pitching-moment-curve slope with Mech number.
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