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SUMMARY 

An investigation was conducted to determine the effects of spanwise 
variations in thickness ratio on the aerodynanrtccharacteristics of wings 
at transonic speeds. The lift, drag, and pitching-moment data are pre- 
sented for three winga having aspect ratios of 4, taper ratios of 1.0, 
0.5, and 0.2, NACA 63~006 sections at the roots, and NACA 63~002 sec- 
tions at the tips. The Mach number range of the tests was from 0.6 
to 1.1, corresponding to a Reynolds nmber range of 1.4 mlllfon to 1.9 
million. 

The reeults indicate that near a Mach number of 1.0, the drag of 
the tings with spanwise variations in thickness ratio and that of wings 
having constant thickness ratios can be correlated effectively in te&ms 
Of thickness ratio if a weighted thickness ratio is used. . 

INTRODUCTION 

Systematic research to determine the aerodynamic ChBracteristicB 
of various unswept wings through the transonic speed range has been 
tiitiated 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 teets are 
reported in referencea 1 and 2. The effect of camber on rectangular 
wings having the same aspect ratios and thicknesses was investigated 
and has been reported in references 3 and 4. The effects of taper in 
plan form have also been investigated and the results are preeented in 
reference 5. 
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The purpose of this report is to present that part of the general 
program involving the effect of spantise variations of thickness ratio. 

Three wings having an aspect ratio of 4 and taper ratios of 1.0, 
0.5, and 0.2 were investigated. The tings 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 sections were connected by straight 
lines. 
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NOTATION 

aspect ratio, b= 
s 

drag coefficient, twice semisp~n drag 
qs 

minfmum drag coefficient 

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

rntiimum pressure-drag coefficient, assumed equal to 
%min -. CD, 

lift coefffcient, twice SemiBpS.ll lift 
qs 

pitching-moment coefficient, referred to O.25;, 
twice semispan pitching moment 

s= 

l 

. 

_. 

lift-drag ratio 

maximum lift-drag ratio 

mean Mach number in region of wing 

local Mach number 

total wing area, tu9ce wing area of semispan model, sq ft 

velocity, ft/sec 

twice apan of Bemispan model, ft 

local wing chord, ft 
- 
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E mean aerodynamic chord, 
I--‘* “$ ft 
I,"/' c ay 

9 dynamic pressure in region of ting, $PV*, lb/sq ft 

t 
E thickness-to-chord ratio 

t 
0 E weighted thickness-to-chord ratio, 

pi2 ;fL;; dyr 

Y spanwise distance from plane of symmetry, ft 

a angle of attack, deg 

x 

P a.ir density in region of wing, slugs/cu ft 

slope of lift curve measured at zero lift, per deg 

slope of pitching-moment curve measured at zero lift 

APPARATUS AMD MODELS 

The tests were conducted in the Ames 16-foot high-speed wind 
tunnel utflizdng a transondc bump. A description of the transonic 
bump may be found in reference 6. The forces and moments were meas- 
ured by means of a strain-gage balsnce 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 hav3ng aspect 
ratios of 4, taper ratios of 1.0, 0.5, and 0.2, and equal areas were 
constructed of steel. The root profile used for each wing was the 
&WA 63~006, and the tip profile was the NACA 63~~. The constant- 
percent-chord lines connecting the root and tip sections were straight- 
line elements. As a result, there was a lfnear variation of absolute 
thickness from root to tip. The spantise variation of thickness ratio 
In percent chord is shoxn in figure 3. The tips of the wings were 
constructed by rotating *he tip se&kms. 
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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 precision of the data in this report has been established 
from consideration of repeatability of data for identical conditions. 
On this basis, the Mach numbers are accurate to fO.O1, the lift coeffi- 
cients are accurate to L-0.005, and the drag and pitching-moment coeffi- 
cients are accurate to fO.OO1. 

TESTS AND PROCEDURE 

The lift, drag, and pitching-moment data were obtained for the 
wings over a Mach number range from 0.6 to 1.1. This Mach number range 
corresponded to an extreme Reynolds number range of 1;4 million to 
1.9 million, based on the mean aerodynamic chord of the wings. In 
general, the angle-of-attack range was from -20 to the stall, or to 
where the root bendfng stress became critical. 

A Mach number gradient existed in the flow over the bump where the 
wings were mounted. Typical contours of the local Mach number over the 
bump in the absence of the wings are shown in figure 4. Outlines of 
the wings have been superimposed on the contours to indicate the Mach 
number gradients which existed over the wings during the tests. 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 to 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 are unknown. 

RESULTS AND DISCUSSION 

The basic lift, drag, and pitching-moment 
figures 5 through 7. 

data are presented in 

A weighted thickness ratio was used in comparing the wings having 
spanwise variations in thickness ratio with those having a constant 
thickness ratio. Since thickness effects -have a large influence on 
the drag in the tranaonic region, the wefghted thickness ratios were 
determined on the basis of drag. It has been shown in reference 2 
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that at a Mach number of 1.0, for w%ngs having values of A(t/c)l/' 
greater than 1.0, the minimum pressure drag varies approritely as 
the 5/3 power of the thiclmess ratio. Equating the drag of a wing 
having a constant thickness ratio to that for a wing having a spanwise 
variation in thickness ratio (assuming that the pressure drag varies 
as the 5/3 power of the thickness ratio) results in the following 
weighted thickness parameter: 

In the remainder of this report, any discussion of thickness will 
be.on the basis of the weighted thimess parameter. The weighted 
thickness ratios for the xlngs having taper ratios of 1.0, 0.5, and 
0.2 are 4.1, 4.7, and 5.4 percent, respectively. 

The drag coefficient as a fun&ion of Mach number for the wings 
is shown at three lift coefffcients in figure 8. The drag coefficient 
for the wing having a taper ratio of 0.2 was slightly higher than that 
for the other wings at zero lift and 0.6 Mach number. This difference 
in drag is probably the result of surface conditions and, to some 
extent, errors in the drag tares. 

In order to correlate the wings better, the minimum pressure-drag 
coefficient has been plotted as a titian of Mach number in figure g(a). 
Included in the figure are data fram reference 5 for wings.havFng aspect 
ratios of 4, plan-form taper ratios of 0.5, and constant thickness ratios 
of 2, 4, and 6 percent. .The minimum pressure-drag coefficient at any 
Mach number was assumed to be equal to the minimum drag coefficient 
minus the minimum drag co&ficLent at 0.6 Mach number. The data show 
an increase in the minimum pressure drag as the thickness was increased- 
To correlate this drag increase with thickness, the minimumpressure- 
drag coefficients at Mach numbers of 1.00 and 1.08 are presented as 

-5/3 . 
functions of the similarity thickness parameter $ 0 in ffgure g(b). 

The minimum pressure drags for the tings correlated well with the 
weighted thickness ratio to the 5/3 power as shown in figure g(b). The 
greatest deviation from the faired lfne occurs at a Mach number of 1.08 

-513 
for the wing having a taper ratio of'0.5, and a 2 0 of 0.0061; 
this deviation amounts to a 6-percent difference in minimum-pressure- 
drag coefficient. It would appear that the minimum pressure drags for 



6 NACA RM A53Ll7 

the wings having spanwise variations in thickness ratio can be correla- 
ted effectively with the minFrmun pressure drags for wings having a con- 
stant thickness ratio if a suitable weighted thickness ratio is used. 
The effect of changes in plti-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 
figure 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 havtig 
taper ratios of 0.5, on.the basis of thickness, it appears that the wings 
were in sequence at the peak lift-curve slope. The differences in Uft- 
curve slope for the wings having varying spanwise thickness ratios, in 
general, are small throughout the Mach number range. If the separate 
effects of thictiess and taper are considered using the data of refer- 
ence 5, the wing having a taper 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 increase 
was realized in this investigation. 

The lift-drag ratio is shown as a function of lift coefficient in 
figure Il. The variation of maximum lift-drag ratio, and lift coeffi- 
cient for maximum lift-drag ratio, with Mach number is presented in 
figure 12. The values for maximum lift-drag ratio shown are corrected 
for the differences in minimum drag at 0.6 Mach number. The ml&mum 
drag coefficient for the wing having a taper ratio of 0.2 was corrected 
so as to be equal to that for the wing tith a taper ratio of 1.0. The 
correction increased the maximum lift-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 weighted thickness ratio 
had the highest lift-drag ratio throughout the k&h number range. 

The pitching-moment-curve slope as a function of Mach number is 
presented in figure 13. The slopes were t&en thrbugh zero lfft. Data 
from reference 5 for wings having aspect ratios of 4, 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 havin&a weighted 
thickness ratio of 0.047 does not fall into sequence with the wings 
having constant thickness ratios; however, the differences are small, 
smounting to-a difference in the aerodynamic center equal to about 2 per- 
cent of the mean aerodynamic chord. The ov&x3ll center-bfipressure 
travel in going from subsonic to supersonic speeds remained about the 
sane. A comparison of the wings having spanwise variations in thickness 
ratio indicates that the wing with 0.5 taper ratio had the greatest 
over-all center-of-pressure travel in going from subsonic to supersonic 
speeds; however, again the maximum difference was only about 2 percent 
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of the mean aerodynamic chord. These small 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 
as 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 RRMARKS 

The results of tests to determine the transonfc aerodyna&c char- 
acteristics of three wings havtig taper ratios 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 he correlated effectively in terms of thick- 
ness ratio with the drag of -s having constant thichess ratio when 
a weighted thickness ratio is used. 
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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. 
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Figure 2.- Sketches of the wings. 
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Figure 3.- Spanwise variatfon of thickness ratio for the wings. 
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Figure 4.1 Typical Mach number contours over the transonic bump in the 

Ames 16-foot high-speed wind tunnel. . 
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Figure 5.- The variation of lift coefficient with angle of attack. 
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Figure 8.- The variation of drag coefficient with Mach number. 
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Figure 9.- The variation of pressure-drag coefficient with Mach number 
and thickness ratio. 
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Figure lo.- The variation of lift-curve slope with Mmh number. 
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Figure IL- The variation of Uft-drag ratio with lift coefflclent. 
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Figure 13.- The variation of pitching-moment-curve slope with Mach number. 
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