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SUMMARY

Results are presented of wind tunnel tests made to examine the 1ift,
longitudinal stebility and drag of a ocambered wing with an ogee planform in
the Mach number range 0.40 to 2,00. BSome flow visualisation tests have also

been made and photographs of the patterns obtained are included,

Replaces R.A.E, Tech, Note No. Aero 2933 - A,R.C. 25 837.
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1 INTRODUCTLION

As part of the research programme on wing design for a supersonic transport
aircraft, tests were made in the 3 £t wind tunnel on a series of slender wings,
some of which were plane and some of which had varying amounts of oamber., The
programme was intended to investigate the principal serodynamic characteristics
of the models and to examine the flow patterns whioch existed.

Measurements of normal force, pitching moment and axial force were made
over the Mach number range 0.40 to 2.00 on one such cambered model, of ogee
planform, which represented a poasible aircraft shape. Surface flow patterns
were examined by means of the oil-flow technique. The lateral stability
characteristios of this model are being reported separately1.

2 EXPERIMENTAL DETATILS

2,1 Model

The wing design was based on slender wing theory following the general
design principles outlined by Maskell and Weber in Ref.2. The wing thickness
distribution resembled that of a possible aircraft, The camber surface which
has & design Cp of 0.025 was chosen so that the centre of pressure at this CL

was at 0.585 Co' Thias centre of pressure position, which was 0.12 C ahead of

the slender wing serodynamic centre, was chosen to give (assuming linear develop-
nent with GL) a centre of pressure 0.0L Co ahead of the aerodynamic centre at

the cruise CL’ (a 0.075). Weber's camber deslgn method3 gives a family of

camber surfaces with this design condition; the surface finally arrived at was
a compromige between various requirements outlined in Ref.2, together with a
1imit of leading-edge droop, perticularly near the wing apex since previous
tests have shown that large leading-edge droops can adversely affect the vortex
developuent and so, possibly lead to a severe loss of 1lift,

Fig.1 is an outline drawing of the model showing clearly the ogee planflorm;
the inset curve shows the variation of the leading-~edge sweepback angle along
the leading-edge. Fig,2 illustrates the extent of the camber by showing oross
sections through the model at various stations on Co end the curve at the top

of the figure shows how the various oross sections are displaced relative to
each other by the chordwise camber. Fig.3 contains the main details of the

model together with the equations of the leading-edge and the spamwise camber
shoulder line.

The model was an aluminium-bronze casting of such quality of surface
finish that little hand finishing was required and apart from coatings of black
cellulose paint the model was virtually ready for the tunnel direct from
casting, This method of manufacture gave a quick useful model but by supersonic
wind tunnel standards the accuracy of manufacture was very low. Generally the
thickness of the model was within about 0,020 in. of the design value but
locally (perticularly near the apex) it was rather worse than this, The
average thickness of the wing trailing edge was 0,038 in.; the manufacturing
design value being 0,020 in.



In order to accommodate the sting support a cylindrical fairing was
included on the model: this is shown in Fig.1,

2e2 Tegt details

The tests were made over a Mach number range of 0.40 to 1,02 in the
glotted transonioc woﬁking sectiont* of the 3 ft tunnel and over a Mach number
range of 1.42 to 2.00 in the supersonic section?. Tests were not made at Mach
numbers gbove 1,02 in the transonic section because of the uncertainty of the
effeots of shock waves reflected from the tumnel walls. The model was tested
through & nominal incidence range of -2° to 12°, The Reynolds number per inch
was 0,13 x 106 at all Hach numbers except M = 2.00, where, owing to power
limitations, it was reduced to 0.11 x 109,

Bands of distributed roughness were used to ensure that the boundary
layer on the model was turbulent, They consisted of a mixture of carborundum
grains and a suitable adhesive, applied so that closely spaced individual
grains projeocted from a very thin layer of the adhegive, For the supersonic
tests, greing of maximum height 0,007 in. with araldite adhesive were used and
for the tests in the transonic section, grains of maximum height 0.0045 in,
with alumlnium paint adhesive. The distributed roughness was applied in a band
gbout § in, wide, normal to the leading-edge, begimming % in. from it. No
check was made of the effeotiveness of the roughness in causing transition but
it was thought to be satisfactory except at a Mach number of 2,00 at low 1ift.
Any results which are doubtful because of a suspected failure of the roughness
to cause transition are indicated in the text,

The tests consisted of measurements of normal force, pitching moment and
axial force using a strein-gauge balance incorporated in the sting support.
Base pressure was measured by a pressure tube situated in the balance cgv1ty.
Flow visualisation tests were made using the surface oil-flow technique®,

2.3 Accuracy of results

No interference corrections have been made to the transonio results
obtained in the slotted working section as these are small but not accurately
known. No corrections for flow asymmetry and curvature have been applied to
results cbtained in the supersonic working section as these are also small,
The results have been corrected for sting deflections and balance interactions
and the drag results have been corrected to a base pressure equal to free
stream static pressure, The base area used in this correction did not include
the area of the wing trailing-edge. No corrections have been made to account
for the sting shield.,

Forces and moments have been reduced to coefficient form with a moment
reference point at 0.585 centre-line chord (Co). The model constants used in
computation of the coefficients were the wing projected area and the centre
line ochord length.

The results are estimeted to be aoccurate to within the following limits:-



n

M * 0.005 CL * 0.005
o * 0.05 Gm * 0,001
CD * 0,0005 '

3 RESULTS
31 General

The tunnel data are tabulated in Table 1. In sections 3.2 to 3.5 the
principal aercdynamic characteristics are described and briefly discussed.
No attempt is made to draw general conclusions.

3,2 Lift

The 1lift curves, Fig.h, show non-linear tendencies which are similar at
all test Mach numbers, though becoming less proncunced as Mach number is
increased sbove M = 1,0. The 1lift curve for a given Mach number has a minimum
slope at some positive Cp and the increase in slope away from this minimum is

greatest at trensonic speeds. The increases in 1lift curve slope are assooiated
with leading-edge separations, which produce vortices above or below the wing
acoording as the incidence is above or below the incidence for minimum slope.
The fact that minimum slope ocours at a positive CL results from the wing

oamber, whioch is intended to give attached flow et the design Cp (0.025). 1In

this context it should be noted that the 1ift curve slopes show that this
attachment condition oocurs close to the theoretical design condition at M = 094
and M = 0.98 but rather above it at other Mach numbers. The variation of

aC
(}—Jﬁ with Mach number is shown in Fig.5.

0 Jurw

3.3 Pitching moment

The pitching moment curves, Fig.6, have steble slopes throughout tha
test ranges but show non-linearities associated with the leading~edge separation,
Pig.7 shows the variation of pitching moment ccefficient with Mach number for

€, values of zero and 0.025 (design CL).

The variation of aerodynsmic centre position with Mach number for vardous
values of C; is shown in Fig.8. At low G (G}, ¢ 0.1) the aerodynamic centre
position is-between 0.69 and 0.70 CO at subsonic Mach numbers and between O.74
and 0.75 Comatxguﬁérsonio Mach nimbers, the rearward shift begimning at
M 2~ 0,30. With inoresasing CL the tendency is for the. asrodynamic centre to

shift forward at subsonic and supersonic Mach numbers and rearward between
M=0.90 e.nd-M: 1.020



Curves showing the variation of centre of pressure position with CL for

each Mach number are plotted in Fig.9. Fig.10 shows the variation of centre
of pressure position with Mach number for various values of CL' At CL = 0,025

the o,p. position lies between 0.58 and 0.59 Co up to a Mach number of 0.86
ebove which it moves forward to 0.55 Co at M = 0.98 and then aft to 0.585 C0
at M = 1,02. The supersonioc c.p. position is 0.06 to 0.07 C aft of the
auvbsonic position at CL = 0.05 but rather less {(0.05 Co) at CL = 0,25, It is
interesting to note that at M = 1,0 and CL = 0,025, the centre of pressure
position is approximately 0,02 Co ahead of the design position.

30’4- Dr%

CD versus CL curves are shown in Fig.11 from which it will be seen that

minimum drag for any Mach number does not ocour at CL = O, This results from

the asymmetrioc nature of the model due to the leading-edge camber. The value
of CL at which CD occurs varies with Mach number but is generally between
MIN
0.01 and 0.02, Curves showing the variation of CD and GD with Mach number
o] MIN
appear in Fig.12 and these show CD to be of the order 0.0005 less than CD
MIN o
throughout the Mach number range. These curves are terminated at M = 1,82 as
there is some doubt as to whether transition was taking place at the leading-

edge at low CL at M = 2.00, Values of CD ard C at this Mach number there-

0 Pury |,
fore, are not to be trusgsted, CD is plotted against GL in Fig«13 and above the
value of Ci for CD " the ourves are approximately linear. BSince results for
MIN
the same wing without camber are not available it is impossible to analyse the
]
nA.\QD CD '

drag results in terms of the induced drag factor K = ———5—— where CD

C o

L

refers to the uncembered wing.

3.5 Flow development

The flow development was studied, by means of the surface oil flow
technique, at Mach numbers of 0.40, 1.42 and 2.00., Figs.tk, 15 and 16 indicate
that the flow development with incidence at Mach numbers of 0,40, 1.42 and
2,00 is relatively straightforward. Up to about 5° incidence the flow remains
attached over the upper surface but above this incidence signs of leading-edge
separations are apparent over the outer parts of the wings. At incidences just
above that at which separation first occurs there are signs of a number of
distinet vortices, for example M = O.4 at a = 6,1° and M = 1,42 at o = 6,80,
However as incidence is further increased, these vortices combine in a single
vortex on each side of the wing. This vortex then anproaches the wing apex as
incidence is increased.

-7 -



It was suspeoted that at M = 2,0, at incidences below about 50,
transition of the boundary layer was not being fixed at the roughness band by
the test grade of rou hness* (roughness A). 01l flow tests were therefore made
at this Mach number at low incidences, firstly with a coarser grede of roughness
(roughness B ~ maximum height 0.014 in.) and secondly with no roughness band.
Roughness B fixed transition at the leading-edge umier the test oonditions and
hence the flow photographs at a = 2.8° and 4.8° in Fig.16 are of the model with
this roughness. Fig.17 shows flow photographs of the case with no roughness at
a = 2,89 and for comparison the case with roughness A at this inecidence. With
transition free there appears to be separated flow at the leading-edge by
o = 2.80, and thus & very different flow pattern from the corresponding case
with transition fixed is apparent.

SYMBOLS
A aspect ratio
c drag coefficient (-—-ﬁdzg \
/

CD nininum drag coefficient

MIN
GD drag coeffiolent at zero 1ift

o
c 1ift coeffioient (—-—-1”"\
c pitohing monment coefficlent pitohing moment

! gd Co

Co centre line chord
CePs centre of pressure
acL
e 1if't curve slope per radian
b drag
h distance of aerodynamic oentre from apex
L 1lift

*Past experience had indicated that roughness of this size was normally
suffiocient to fix transition under these test conditions.
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SYMBOLS (Contd)

free stream Mach number
wing ares
enclosing rectangie

kinetic pressure

wing area

gemi span {at trailing-edge)

longitudinal displacement from apex (Fig.3)

distance of ocentre of pressure from apex

transverse displacement from centre-line (Fig-3)
vertical displacement from trailing-edge datum (Fig.2)
pting inocidence plua corrections for bending under load

‘:wigg v;ltzlme]
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TABLE 1

Table of results

M o C;, C, cD M o C, cm Cy

0,40} -2,05 [ -0.080 | 0.0122 { 0.0138 0.90( -2.08 | =0,091{ 0.0157 | 0.0140

-1,02 | -0.054 | 0.0093 | 0.0117 -1,04 | -0.060] 0,0115 | 0.0113

0 -0,025 | 0.0058 | 0,0102 0.01 | -0.029| 0.0073 | 0,0097

1,02 | 0,002 | 0.0026 | 0,0091 1.04{ © 0.0035 | 0.0088

2,04 | 0,025] 0,0001 }0.0092 2.08{ 0,024 0.0007 |0.,0088

3.06 | 0.046 | ~0.0020 | 0.0097 3.12 ] 0.0491 -0.,0023 { 0.0095

L,08 | 0,068 | -0,0042 { 0.0107 4,16 | 0.074| -0.0050 | 0.0108

5,10 | 0.090 { -0.0065 | 0,0121 5.21 | 0,101} -0.0083 | 0.0132

6,13 | 0.121 | -0.C099 | 0.0154 6.26] 0.135] -0.0124 | 0.0171

7.15 1 0,155 | ~0.0138 | 0.0198 7311 0,172} =0.0174 [ 0,0226

3.18 | 0,188 1 ~0,0174 | 0,0252 8.36 | 0.,212| -0.0227 { 0.0306

9.29 | 0.224 | -0.0213 | 0.0331 9.421 0.2511 -0.0277 | 0.0L00

10.265 | 0.259 | -0.0243 | 0.0424 10,49 | 0,294 | ~0.0331 | 0.0521

11,29 | 0,297 | =0.0284 } 0.0542 11.55| 0.337| -0.0387 | 0.0657

12,32 | 0.334 | -0.0316 | 0.0670 12.62 | 0,379 -0.0439 | 0.0810

0.70{ -2,07 | -0.085 | 0.0135 | 0.0144 0.4 | -2.08 | -0,094 | 0.0167 | 0.0147

-1.04 | =0.056 | 00,0100 | 0,0120 -1.0 | =0.063| 0,0122 { 0.0120

6] ~-0,027 | 0.0064 | 0,0103 0.01 | =0.031{ 0.0078 | 0.0100

3.10 | 0.047 § -0.0024 | 0,0092 3.3 0,049 | -0.0022 | 0.0093

L.13 ] 0.069 | <0.0045 | 0.010L .17 | 0,074} =0.0050 } 0,0107

5.17 | 0.096 | ~0,0073 | 0,0127 5.29 | 0.102 | -0.0085 | 0.0133

6.21 | 0.125 | -0.0107 | 0,0160 6426 { 0,137 | =0,0129 }{ 0,0175

7251 0,161 | =0.0151 | 0.0247 7.34 { 0,1751{ -0.0182 | 0.0238

8.30 | 0.198 | ~0.0194 | 6.0282 8.37 | 0.216 | -0,0240 | 0.0320

9.35 | 0.234 | =0.0233 | 0.0364 9.5 | 0.260 | -0.0299 | 0,0466

10411 0.275 ] -0,0279 | 0.0473 10.54 | 0.301 | -0.0355 | 0.0541
M.47 1 0.312 | -0.0317 | 0.059%
12,54 | 0.354 { -0,0362 | 0.0743
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TABLE 1 {contd)

M a C,, cm ¢, M a cL cm ¢y
0,98 | -2,07 [~0.099 | 0.0187]| 0.0155 1,61 | -2,05 | -0.066 | 0,0126 | 0.0137
-1,02 [-0,066 | 0.0140]| 0.0126 -1,01 1-0,037 | 0.0080} 0.,0112
0.02 |-0.033| 0.0090{ 0.0105 0.02 {-0,009 | 0.0035 | 0.0096
1.05 |-0.002 | 0,0045] 0.0094 1.05 1 0,016 |-0,0004 | 0.0090
2,09 | 0.0241 00,0011 | 0.0091 2,03 | 0.0k |-0.0043 | 0,0092
3,43 | 0.050| ~-0,0021 | 0.0097 3,12 | 0,064 |~0.0080 ] 0.0105
4.18 | 0.075{ -0.0049 | 0.0110 4,15 | 0,090 |~0.0121 | 0.0127
5.22 | 0,104 ] -0.008L | 0,0135 5.19 | 0,116 }-0,0161 | 0.0154
6,27 | 0.141 | =0.0136 | 0.0181 6.23 | 0.144 |-0,0203 | 0.0197
7.32 | 0.177 | -0.0189 | 0.0242 7.27 | 0.176 |-0,0254 | 0.0256
8,37 | 0.225]| -0,0269 | 0.0334 8,31 | 0.205 |=0,0297 | 0.0327
9.42 | 0,264 | -0.0327 | 0.0433 9,36 | 0.237 |-0.0343 | 0.0412
10.47 | 0.311 | -0,0406 | 0.0562 10,42 | 0.267 | -0.0385 { 0.0507
11.53 | 0.357 | -0,0477 | 0,0711 11.47 | 0.297 |-0.0425 | 0.0611
12.59 | 0,402 | -0.0546 | 0,0877 12.53 | 0.328 | -0.0465 | 0,0732
1,02 | -2,06 |-0.099 | 0.0191 | 0,0173 1.82 | -2,06 |-0.066 { 0,0122 | 0.0133
1,03 1-0.06l.1 0.0132 | 0,0140 -1,02 |-0,039 | 0.0080 | 0.0109
0.01 [-0.032| 0.,0086 | 0.0122 0,01 |-0.,014 | 0.0040 | 0.009%
1,05 {-0.001] 0.0038 ] 0.0111 1.04 | 0,011 | 0.0001 | 0.0087
2,09 | 0.027| -0.,0002 { 0.0114 2.07 | 0.034 | -0.0035 | 0.0086
3.43%5 | 0.0551 -0.0044 | 0,018 3.11 | 0.068 | -0,0071 | 0,0094
h.16 | 0,085 ] -0.,0085 | 0.0136 4,15 | 0,082 | -0,0108 | 0.0116
5.20 | 0.116 | ~0,0133 | 0.0165 5.17 | 0,107 | =0,0147 | 0.,0146
6.24 { 0,154 | -0,0187 | 0,021 6.21 | 0.133 { -0,0186 | 0.0186
7.29 | 0.481 | -0.0252 | 0.0275 7.25 | 0.160 | -0,0226 | 0.,0238
8.34 | 0.233 | ~0,0314 | 0.0364 8.29 | 0.188 | -0,0267 {0.0304
9,39 { 0.277 | -0.0383 | 0.0466 9,34 | 0,215 | -0,0304 | 0.0380
10,45 | 0.317 | =0.0441 | 0,0583 10,39 | 0,244 | ~0,0342 | 0.0468
11.51 | 0.363 | -0.0511 | 0.0729 1ty | 0,272 | -C.0379 | 0.0567
12,57 | 0.405 | -0.0573 | 0.0888 12.50 | 0.299 | -0.0413 | 0.0674
1,42 | -2,0L |~0.075 ] 0.0153 | 0.0149 2.00 | -2,05 {-0.062 | 0,0112 {0,0119
-1,01 |-0.045| 0.0103|0.,0123 -1,02 1-0.036 | 0,0073 | 0.0092
0,03 [-0.016 | 0.0055 | 0.0106 0.0t [-0.013 | 0.0039 {0.0079
1,06 | 0,011 | 0.0012 | 0.0098 1,03 | 0.011 | -0.0003 | 0.0077
2.09 | 0.036 | -0.0028 | 0,0098 2,06 | 0.033 | ~0,0036 | 0.0078
3,13 | 0.062 | -0,0068 { 0.0111 3,08 | 0,055 | -0.0069 |0,0086
Lo16 | 0,088 | -0.0108 { 0.,0130 k.11 | 0.077 | =0.0103 | 0,0102
5,20 | 0.116 | =0.0152 | 0.0158 5.14 | 0.101 | -0.0139 | 0.0130
6.24 | 0.146 | -0,0200 | 0.,0203 6,17 { 0,125 | -0,0175 | 0.0168
7.28 | 0,182 | -0.0257 | 0.0266 7.20 | 0,151 | -0,0212 |0,0218
8.33 | 0,216 | -0.0309 | 0.031 8.23 | 0,175 -0,0246 | 0.0296
9,38 | 0.250 | ~0.0359 | 0.0434 9.27 | 0.201 | -0.0281 {0.0348
10.43 { 0,285 | «0.0411 | 0,0539 10.31 | 0.227 | -0,0315 | 0.0428

the Royal Aircraft Establishment, Farmborough. W.T.60.K.4.
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