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Summary.--In R. & M. 18381 calculations of profile drag were made based on wing sections of conventional design, 
and were later extended in an Addendum 2 t o "  low-drag " ,Mng sections with convex trailing edges. Further calculations 
were required for low-drag sections of more recent design with cusped trailing edges. Calculations were made on 
sections of the NACA 65-family of thickness 0" 12c and 0" 23c with maximum thickness at 0"4c from the leading edge, 
over a range of Reynolds number and position of the transition points. The results were found to differ considerably 
from those of Ref. 2 when the transition points were far back from the leading edge, the calculated values of the drag 
coefficient being in some cases as much as 25 per cent. less than the previous calculations. 

The results were in good agreement with wind-tunnel tests made at the National Physical Laboratory and the Royal 
Aircraft Establishment 6, but showed a large discrepancy with flight tests made at the Royal Aircraft Establishment 7.8. 
In these flight tests transition was fixed by means of tapes, but no account was taken of the possibility that transition 
may have occurred behind the tapes and not necessarily at the tapes themselves. In this way the drag for a supposed 
mean transition point may have been underestimated. 

1. Yntroduction.--In 1940 Squire and Winterbottom ~ made calculations of the profile drag of 
wing sections with their maximum-thickness position at about 0.5c and with convex tails ; these 
sections were representative of low-drag designs at that  time. Modern low-drag designs, however, 
tend to have concave tails, and evidence has recently accumulated which suggest that  the calcula- 
tions of Squire and Winterbottom do not apply to such sections, particularly where the laminar 
layers are extensive. This is not altogether surprising, for we may expect that  with far back 
transition differences in the shape of the rear of the section and in the trailing-edge angle with 
the corresponding differences in velocity distribution will result in differences in the profile drag, 
since the drag is dominated by the contributions of the turbulent parts of the boundary layers. 

I t  was therefore decided to repeat the calculations for low-drag sections more representative of 
modern practice. The modern trend appears to be towards sections having the maximum 
thickness in the region of 0.4c, with favourable pressure distributions over the design lift-coefficient 
range extending back to 0.5c. Further, it is now being recommended, on the basis of German 
test results, that,  on aircraft which are destined to operate under some circumstances above the 
shock stall, the sections should be symmetrical. The sections chosen for these repeat calculations 
were therefore symmetrical members of the NACA 65-series. 

2. Method. - -The  method of Tetervin ~ and Holt was adopted in place of that  of Squiie and 
Young used in Refs. 1 and 2. In this method a similar formula to that  of Ref. 4 (which was 
adopted in place of Polhausen's method in Ref. 2) is used for the laminar boundary layer, but 

* R.A.E. Report No. Aero. 2130, received 5th December, 1946. 
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for the turbulent boundary layer, instead of the step-by-step method of integrating von K~rm~in's 
boundary-layer momentum equation which was originated in Ref. 1, a formula is found to fit 
the experimental skin-friction relation which makes the momentum equation directly integrable, 
thus reducing the calculation to a simple integration and considerably lessening the labour 
involved. As a check, three cases were worked oat independently by both methods, and as the 
difference in no case exceeded 3 per cent. it was concluded that Teteivin's method was of the 
same order of accuracy as that of Squire and Young, and it was therefore used throughout the 
subsequent calculations. 

3. Details of Calculations.-- The results for a fiat plate used in Refs. 1 and 2 were incorporated 
without alteration. For the further calculations the aerofoils NACA 65-1, 012 and 65-2, 023 
were used, being symmetrical sections of thickness 0.12c and 0.23c respectively, each having the 
maximum-thickness point at 0.4c and maximum-suction point at 0" 5c over the favourable range 
of lift coefficient. The velocity distributions for these aerofoils used for the calculations were 
obtained from Ref. 5, and are shown together with the section profiles in Figs. 1 and 2. Calcala- 
tions of profile drag were made for Reynolds numbers 106, 107 and 5 × 107, with the transition 
points at 0.05c, 0.3c, 0.6c, and 0.8c, at zero lift coefficient. The values obtained for the profile- 
drag coefficient are given in Table 1, and are plotted against thickness in Figs. 3-5 and against 
Reynolds number in Figs. 6-9. 

In addition, two calculations were made for the section of thickness 0.23c at a lift coefficient of 
approximately 0.2. It was found that  within the limits of the accuracy of the method, the 
profile drag was identical with that at zero lift, and it is therefore concluded that  the results 
obtained for zero lift are in fact valid over a small range of lift coefficients. 

4. Comparison with Previous Calculatio~¢s. As was expected, the calculated values of the profile 
drag for this type of aerofoil are considerably less than the corresponding values of Ref. 2 when 
the transition points are well back from the leading edge, but agree fairly well when the transition 
points are near the leading edge. The curves of Ref. 2 are plotted in Figs. 3-5 for comparison. 

5. Comparison with Experime~#.---5.1. Wiud-tumzel Tests.--Wind-tunnel tests have been made 
in the 13 ft. × 9 ft. tunnel" at the N.P.L. and in the No. 2, ll~-ft, tunnel at the R.A.E2 on the 
Boulton and Paul low-drag wing, which ha s  the symmetrical section NACA 63-3, 018. The 
position of the transition points was determined by visual methods, and the profile drag was 
calculated from pitot-comb measurements in the wake, over a range of Reynolds namber from 
2.5 × 100 to 13 x 106. The two experimental curves of profile drag coefficient against Reynolds 
number are shown in Fig. 10, together with the corresponding curves calculated at. the N.P.L. 
by Tetervin's method. (For Reynolds numbers less than 6 × 106 the transition points were in 
tile same position in both experiments; for higher Reynolds numbers they differ in the two 
cases and the two corresponding theoretical curves have been drawn.) It is seen that there is 
good agleement between theory and experiment over the greater part of the range of Reynolds 
number covered, though a divergence begins to appear at low Reynolds numbers, as might be 
expected. In all the experimental cases transition occurred between 0.5c and 0.6c, with the 
exception of two cases at the N.P.L. when the position of the transition point was somewhat 
uncertain. There is therefore no experimental check on the calculations when the transition 
point is near the leading edge, but it is probable that in fact they will be of the same order of 
accuracy. 

5.2. Flight Tests.--5.2.1. Flight tests have been made at 'the R.A.EY on the NACA sections - 
66-2, 116 and 66-2, 216 fitted to th.e " King-Cobra " F.Z.440. The values of the profile-drag 
coefficient, determined from pitot-comb measurements in the wake of the wing with the transition 
points supposedly fixed by tapes, are plotted against the distance of the transition points from 
the leading edge in Fig. 12, together with the corresponding curves obtained by interpolation 
from the calculations of the present report and of Ref. 2. It is seen that both sets of theoretical 

2 



values differ greatly from the experimental values, particularly when the transition points are 
near the leading edge ; but that  the present report shows better agreement than Ref. 2 when 
the transition points are further back. 

Since the discrepancy between theory and experiment was still large, and in the flight tests 
sections were used with maximum thickness at 0.5c instead of those with maximum thickness 
at 0.4c used for these calculations, two additional calculations were made on the section used 
for the flight tests, with the Reynolds number of the tests (15 × 106) and with the transition 
points at 0.05c and 0.6c. These however showed no appreciable difference from the corre- 
sponding values interpolated from the calculations on the 65-family. 

There is therefore still a considerable discrepancy to explain. The fact that  the theoretical 
results agree fairly well with the wind-tunnel tests (see section 5.1) suggests that  the error is 
probably to be found in the flight tests. The curves of Ref. 7 (see Fig. 11) giving the variation 
in profile-drag increment with thickness of tape, show that  in the case when tapes were fitted 
at 0. lc the drag increased with tape thickness even at the greatest thickness used ; if this rate of 
increase were due to the drag of the tape, then the tape drag coefficient in terms of frontal area 
would have to be about 3.0, an inacceptable figure, bearing in mind its fineness ratio.* Little 
can be deduced from the results with tapes at 0.3c, although the very large scatter of the results 
with ailerons sealed cannot be overlooked ; and with tapes at 0.5c it appears that  the drag incre- 
ment was practically independent of tape thickness. I t  is therefore possible that  in the first 
and second cases (tapes at 0. lc and 0.3c) the transition points had not in fact been fixed at the 
desired position. This is particularly likely since at these points the pressure gradients are such 
tha t  a considerable disturbance to the boundary layer would be necessary to produce immediate 
transition. If in fact transition actually occurred at about 0. lc behind the tapes, the results 
would now show fair agreement with theory. When the tapes were fitted at 0.5c it certainly 
appears that  transition actually occurred in the neighbourhood of the tapes; but in this case 
the difference between theory and experiment is smaller and probably within the limits of 
experimental error. 

5.2.2. Further flight tests have been made at the R.A.E2 on the Hurricane II Z.3687 fitted 
with low-drag wings of maximum thickness 0.17c at 0.42c from the leading edge, designed to 
give maximum suction at 0.5c. As in the previous tests, the transition points were brought 
forward by tapes;  the results, shown in Figs. 13 and 14, are seen to be of a similar nature to 
those o:I tile previous tests, and the discrepancy between theory and experiment, which is of the 
same order as before, may be explained in the same way, viz. the tape height and the drag for 
which transition occurs at the tapes have been underestimated. Again we may note that  if in 
fact the drag rise shown in Fig. 13 with tape height was due to the drag of the tapes, then the 
tape drag coefficient in terms of frontal area would have to be about 1.7 with the tapes at 0. lc 
and 2.4 with the tapes at 0.3c. 

5.2.3. It  is suggested in Ref. 7 that  these discrepancies between flight tests and theory may be 
explained on the grounds that  the theoretical assumption that  transition occurs sufficiently 
sharply to be located at a point is an over-simplification and that  in fact transition occurs over 
a considerable region. Against this a[gument we may note that 

(a) all direct measurements of transition made in flight so far have never failed to indicate a 
sharp transition readily defined for practical purposes by a point 

(b) tunnel measurements of transition by visual methods at Reynolds numbers sometimes 
approaching but frequently below those of flight tests have generally shown sharp 
transition fronts; were transition spread over a large region we should expect to see a 
blurred indication over this region. Transition regions of appreciable extent have only 
been noted in wind tunnels at Reynolds numbers below about 106 

(c) the argument of Ref. 7 should apply to all sections, but these flight tests are the first to 
indicate any serious discrepancy between theory and flight measurements. 

* Ref. 9 shows tha t  a r ivet  of fineness rat io  0-15 has a drag  coefficient in terms of f rontal  a rea  of 0.23,  whilst  for a 
blunt  lapjoint  the  drag coefficient is 0.34. 
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5.2.4 .  T o  c l e a r  u p  t h i s  d i s c r e p a n c y  b e t w e e n  f l i gh t  a n d  t h e o r y  i t  is s u g g e s t e d  t h a t  in  f u t u r e  
f l i gh t  t e s t s  s o m e  a t t e m p t  s h o u l d  b e  m a d e  to  g e t  a d i r e c t  i n d i c a t i o n  of  t r a n s i t i o n  p o s i t i o n ,  a n d  a n  
i n v e s t i g a t i o n  of  t h e  e f f ec t  o f  t a p e  h e i g h t  o n  t r a n s i t i o n  p o s i t i o n  w o u l d  n o t  b e  u n p r o f i t a b l e .  

No. A ~tlhor 

1 Squire and Young . . . . . .  

2 Winterbottom and Squire . . . .  

3 Tetervin . . . . . . . . . .  

4 Young and Winterbottom . . . .  

5 .lacohs, Abbott and Davidson . . . .  

6 Tile Staffs of thc N.P.L. 13 ft. X 9 ft. 
Tunnel and tlle R.A.E. No. 2, 11½ ft. 
× 8½ ft. Tunnel. 

7 Smith and Higton . . . . . .  

8 Smith, ftigton and Bramwell . . . .  

9 Young, Serby and Morris . . . .  
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Calculations of Profile 

T A B L E  1 

Drag for Aerofozls of the N.A.C.A. Series 65 

Wing 
thickness 

chord 

0"12 

0"23 

Reynolds  
number  

Distance of 
T,P. behind 

the L.E. 
C~,o 

10 6 

10 r 

5 X 107 

10 6 

107 

5 X 107 

106 

l0  T 

5 X 107 

0 
0.2c 
0 .4c  
0 .6c  

0 
0,2c 
0 ' 4 c  
0 .6c  

0 
0 .2c  
0 .4c  
0 .6c  

0-05c 
0"3c 
0"6c 
0-8c 
0-05c 
0-3c 
O" 6c 
0-8c 
O" 05c 
0"3c 
0"6c 
0 .8c  

O'05z 
O ' l z  
0"3c 
0"6e 
0 .8e  
O.05z 
0"3c 
0 .6c  
0 .8c  
O'05z 
0 .3c  
0 .6c  
0 .8c  

0"00922 
0,00822 
0 '00712 
0 '00592 
0 '00609 
0.00518 
0"00422 
0"00322 
0 '00470 
0"00394 
0-00316 
0-00234 

0"01246 
0-01054 
0"00697 
0"00460 
0"00825 
0-00654 
0-00375 
0"00209 
0"00639 
0-00494 
0"00266 
0"00135 

0.01652 
0.01603 
0"01329 
0"00782 
0"00538 
0.01074 
0"00828 
0.00394 
0"00218 
0"00832 
0"00629 
0.00273 
0.00136 
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P.O. Box 569, LONDON, S.E.1 
134 Castle Street, EDINBURGH, 2 1 St. Andrew's Crescent, CARDifF 
39 King Street, MANCrmSTE~, 2 Tower Lane, BRISTOL, ] 

2 Edmund Street, BmlmNGHAm, 3 80 Chichester Street, BELFAST 

or through any bookseller. 

S.O. Code No. 23-24i 9 


