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SDMIURY 

Ordinates, surface slopes and curvatures are listed for the two 
eerofoils together with a detailed tabulation of lift, drag and pitching 
moment data obtained at Mach numbers between 0.3 and 0.85 ln the NPL 
36 IL x 14 ln. trensonx tunnel. The aerodynamic characteristics and all 
the pressure distribution are plotted, with some comparisons. 

1. Introduction 

NACA 0012 is a standard section frequently used for helicopter 
rotors and NPL 9615 is a derivative of it having a 6.20 extension to the 
chord and a drooped leading edge with larger radius of curvature. The 
position of NPL 9615 in the current programme of aerofoil section development 
for helicopter use will be reported on separately, but as this section has 
been found to possess advantages over NACA 0012, its description and measured 
aerodynamic characteristics are given herewith and some comparisons are drawn. 

2. Section Shapes 

in 1932 
, The NACA four-digit series of wing sections was first reported on 

, and the following formulae for the thickness distribution and 
leading edge radius are taken from Ref. 2. 

f y/c = t/c- 0.29690 v’x/c - 0.12600 x/c - 0.35160 (x/c)’ 
0.20 ( 

+ 0.28430 wc)3 - 0.10150 wc)4 
> 

R,/" = 1.1019 it/c12 

NACA 0012 is obtained by putting t/c = 0.12 in the above equations, and the 
ordinates are listed in 'IYLBLR .l together with surface slopes and curvatures. 

The new section, NPL 9615, was obtained by taking the rear portion 
NACA 0012 and modifying ordinates forward of the position of maximum thickness, 
extending and drooping the nose. The ordinates for NPL gb15 are non-d~mens~onal~seci 
with respect to the extended chord and are listed in 'l.kBLR 2, also with surface 

slopes/ 

*Replaces A.R.C.30 657 - NPL Aero Special Report 017. 



slopes and ciirv3tures. The nose portions of the serofo1ls are com:jnrcd. in Fig. : 
and the upper surf2ce ",wvature aistr5ut1r;ns 3hC'd cf ~osltiorl of liV?x1mum 
thickness ars compared in Fig. 2. The tbickness/chorl ratio of NPL 9615 is 0.413 
commpsrei ~th. 0.12 of INCA 0012, and the eev: profile blends smoothly into the 
NLCh 03 2 rem i;ortion st ';/c (b ased 0.1 the neb+ chord end nose posltioa as orq,in ) 
aqxl to 0.28333 for the nppcr surfzoe end eq~,cl to 0.3$09, t% poc,ition for 
ma~murn thickness, on tho lover. 

'J&e leading-edge radius of N?L 9615 is O.Ol88j, non-d~mansiocclised in 
term of the actual cho?d. Th3s should be compared >:ith O.@Y? for the standard. 
NACA OOi2, (a figure ,rhich is reduced to O.r)M for a NACA four-digit thickness 
distribution with the II.% thickness/chord ratio of NPL 9615). 

Cne of the &ms of the design features of NPL 7615 W.SS to reduce the 
curvature of the upper surface, relative to that for NACA 0012, in the region rihere 
supersonic floz develops at incidenoe. This helps to reduce the maximum 
velocities and hence the strength of the shock wave that tarmlnates the supersonic 
region. The reduction of curvature was made possible by the extended leahng edge 
which also allowed the ixorpcxation of leading-edge droop and 311 Increase of 
leading-edge radius, both of mhich help to insre%se ths lc;: qeed CL,,, . Thhe 
droop and increased radius also have an effect on t;le development CI? the 10~31 
supsrsonic firm. 

3. Test Conditions 

The aero&;namic data for the tiiro section- ner: obtcined under i,&nticel 
xnditions SO that the coupar?son should no? be i:?flucrced by these conditions. 
The tests were carried out ~1t.h IO in. (0.254 m.) chord model3 spacnlng tC I& In. 
(0.356 m.) dimension of the NF'L 36 in. x 14 in. (0.72 n. x 0.36 m.) transonic 
wind-tunnel, which operates at atmospheric stngnsttlqn pressare. The floor and 
ceiling of tie tunnel were slotted (& slots, overell open-area rztlo = 0.33) and 
were 31 in. (0.79 m.) apart throughout the length of the xrorkxnG section. These 
conditions s-e close to those giving blockage-free anti loft-lcterference-free 
resulC,s, and no corrections for wall constraint have been ..pplie:. 

tither tests are now in hand to determine optimum test conditions 2nd 
to calibratz fhe tunnel precisely. Lift iderf'erence 2nd blockage ar? affected 
by both wall divergence and open-area ratio and it is not clear whet!xr a rial.l 
configuration can be found to give zero values 01 n lift interference and blockage 
simultaneously, or Thsther such a mall vould remain entirely interference-free at 
the high values of CL and Mach numbtir which nzcZ to be covered in the present 
tests. 

For the present, it should suffice that any nsglected cor,straint 
correction; should be small, and may be equivalent to a small change in frsa-stream 
Mach number. Furthermore, the oq~r,rison hatvrcen the 5.~0 sections sho!GS not be 
influenced by mhether the idsntxal test conditions art; entirely interfarenoc-fret. 
In one respect they are not: the YllCk en&--:~sll 3OUrldq~ layer.5 lead to a SerLotis 
departure from two-dimensional testing conditions at high angles of incidence and 
hence to a reduction in CL - 

max 

Companion tests hsve been carFled out in the 13 ft x 9 ft loti speed wind 
tunnel on a model of NAG OOl2. llthough the end effects 3re much further removed 
from m-La-span wzth a planform aspect ratio of 3.6 compared sith 1.4 for the 
36 m. x 14 in. iflnd tunnel, the tests revealed e gain in CL ImY of over 0.1 when 
prematurs flow sspnrstion at the ends yrss inhibited by- boundary-layer control by 
suction. 
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All results wero obtained v~lth a roughness band of 730-270 mesh 
carborundus? presentbet-ween the leading edge and 0.02 chord on both surfaces. 
Sufficient roughness was required to prcxiucc b:Jndary-layer transition ahead of 
strong shocks in order to avoid optimistic values for CL max at high Mach number. 
On the other hand, too much roughness Was likely tc prcduce 10,~ values of CL ma:: 
at low speed and c hi& d-zerall level cf drag. T!le ban: that iiab chosen ~rO~lded 

a compromise roughess that could be used over the whole range of the tests and 
gave a reasonable simulation of the conditions on a full-scale helicopter blade. 
However, the most important point to note is tha t the same roughness band was 
used on both models so as to ensure a valid comparison of one set of results with 
the other. DLrect-shadow photographs revealed +&t with the band present, 
transition oc-cd between 0.10 and 0.40 chord ;o"mstream of the band., depending 
on Mach number and pressure gradient. Without the band, trcnsition mould have 
occurred in an ursealistic position much further aft. 

44 Results 

Lift and pitching moment =ere found by integration from the distribution 
of pressure round the centre portion of the aarofoil measured at about 43 static 
pressure hole stations in the surface of the model. Profile drag was ohtaiqed 
by make traverse. 

The measurements were taken in order to construct tables of aerodynsmic 
characteristics at 0.05 intervals in Mach number and $' intervals in incidence 
requxed as input for the comparative machine computation of rotor performance 
and it was therefore necessary to double-smooth ths expermental observetions. 
This has therefore J.reedy been done and the tables here presented contain the 
smoothed values, limited to the (M, a) regions actually covered by the tests, 
and obtained by Interpolation where necessary: Only a few of the $d settings 
wers actually tested. The graphs on the other hand make use of vsZ.ues measured 
at 0.025 intervals in Idach number in regions where the values are varying rapidly. 
TABLIZ 3 lists values of CL, CD and Cm 

C/I 
1 for WL 9615 at Mach numbers betneen 

0.3 and 0.85 with incidences between -2' and the stall, and TA%?? 4 contains 
corresponding information at positive values of inridence for the symmetrical 
section NACA 0012. The test Reynolds number varied fran 1.7 x 10s at M = 0.3 
to 3.75 x 10s at M = 0.85. Curves shoving the variation at CL, CD, md %I& 
with incidence are plotted in Figs. 3, l+ and 5 forNPL 9615, and m Figs. 6, 7 
and 8 for NACA 0012. 

The pressure distributions for NPL 9615 are plotted for each incidence 
in Figs. 9 a - q. Up to 3O incidence the uppe- * and lower surface distributions 
are plotted separately; above this incidence the 'cue distributions are combined 
on the same diagram. Correspcnding pressure dlst?zhutions for NACA @Cl2 are 
shcsvn in Figs. 10 a - cl, for positive mciderces up to 12'. 

5. Some Comparisons 

The effect of the profile chanss refer-ed to inSection 2 on the 
aerodynamic characteristics of the 'GJO scctiors is summarised in Fig. 11. This 
figure shws en improvement in the values of CL max over the vfhole Mech number 

range of the tests and also gives boundaries in the (M, CL) plane for the onset 
of a rapid change in pitching moment cni; for the onset of a rapid rice in drag. 
The latter boundaries are not easily defined everyWhere, and are only approximate 
in their location. In particular, at incidences belo>; I', NPL 9615 exhibits a 
pronounced drag creep preceding the more rapid rise, as can be seen at zero lift 
in the drag comparison of Fig. 12. This figure serves to emphasise an&her 
limi'ation of Fig. 11. This is that the values of CD, cm and OL differ 
____________________------- - -____________ 

*2X-2,0 mesh carbmund~m lm~lies grains that were sieved through a %?u%e vrlth 231 wlms to the linear Inch, but 
which were retained by P ea"ee with 270 wires to the Inch. This ,m,,lles 'inIlls that passed throu&!h P 59"pTe 
Ppen~ rith side 0.0~7 IL (0.062 mm) but not through one with side 0.0023 In. (O-053 m). 
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in general between the twosectloiis ?t any point on thet figure, ad also ilong 
the boundaries: the values mvst be 1lferr-d from the Tables, but are shown 
in sore more de%iled ?ompar~sons vhlch follow. 

NPL 9615 has dightly larger zero-lift &a& than NJ&A Sl? et Mach 
numbers below dreg rise, (Fig. 12), though its crlticsl Mxh number for rrpid 
&rag rise is marginally grextw, an& beyowl t:us point Its ratr of increase of 
drag is apprecjably less. This latter featxre rriurs also at zL+ze;-o values 
of CL! hoth vith respect to increase of Mach number and also wrth r?spsct to 
increases of ST, at constant Mach number, a.s can be SW? from thP comparison of 
drag polars, Fig. 13. 

Drag reductions are odzined in regions of high drag at e.11 Mach nunbers, 
with both sub-rritxal 2nd super-critical flow. The largest drag redxtionr are 
obtained et Mach nunbers between 0.55 and 0.65, a ran% that c0ver.s the tip Mach 
numbers of many hellcopter rotors, and at values of C L 1~ the regw,~ of CL maLY 

fcr %4CA OcIl2, the saving in drag ten amount to es much as 3a. In w?er-cr3.ticsl 
flow, a comparison of t~~cal pressure dlstlzbutions 1s marip in Fig. 14 for & Mach 
number of 0.6 anI1 a CL wlue of 0.76. (The dlstributfon for WL 9615 was 
interpolated bet;veen C;lo obzexvatlons). It &llbe seen that the profxle chsn<:e 
has red.ucedtheveloc~ti?s in the svparsonic region as expected, ard thx has 
resulted j-n the desired re?.uction =n shock strength, and hence ill .oave drag. 

The improvements In CL max and the reduction.? in the hqh-drag level 
together result in an xnprovement in the maxunum value of the llft/clrag ratio 
over the whole Mach number range of the comparison, Fig. 15. 

The pitching-moment varlatlons w.th Mach n.mber are compared In Fig. 16 
for angles of 3' and below. On account of its camber, NPL generally show a 
nose-down bias compared with that for the symmetrical section: this also shows 
up at zero-lift, Fig. 17. At high Mach numbers, the pltchlng moments on both 
sections change rapidly. 

6. Conclusions 

A slightly drooped extension wlth larger radll of curvature at the leadIng 
edge and on the upper surface has been fItted to NACA 0012. This reduces the 
maximum velocities in the supersonic region at high Mach numbers and also the 
strength of the shock wave that terminates it. 

The modification has reduced the thxkness/chord ratlo from lz toll.J:, 
but a zero-lift pitching-moment coefflclent at M = 0.3 of -0.008 has arisen 
because of the droop (Fq. 17). The followlngbeneflts have been secured by 
the redesign.- 

An mcrease in CL max of between 0.08 and 0.14 at Mach numbers below 0.65 

(Fig. 15) despite the reduction in thickness/chord ratlo. 

An increase of about 0.02 In the drag-rise Mach number (Figs. 15, 18). 

A reduction of drag in the hlgh-drag region, particularly vhere supersonx 
flow is present. At values of CL m the region of CL max for NACA 0012, 
the saving in drag can amount to as much as 3& (Fig. 13). 

The maxunum values of lift/drag ratio are increased at all Mach 
numbers (Fig.14). 

Conclusions/ 
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TABI. I 

NACA 0012 CRDIXXFS 

X 
(t 

z e 0 P 
I 

0 0 63,291 
cl. 0005 0.00~0 SF.5 
0.0010 0.0056 70 
0.0025 0.0087 59.6 
0.0050 0.0122 49.8 
0.0075 c.Ol49 43.5 
0.6100 O.Ol7O 39 21.062 
0.0225 o.cl89 35.6 

0.015 3.0206 0.02 0.0236 :i=: 
0.03 0.0284 :3:, 

10.893 
6.976 

0.04 0.0323 19.5 4.9E5 
0.05 0.0355 16.g TJ.p15 
0.06 0.0383 14.8 
0.08 0.0430 II .8 
0.10 0.0469 9.6 q.663 
0.12 0.0499 7.9 
0.14 0.0524 6.4 
0.16 0.0544 5.2 
0.18 0.0560 lc.2 
0.20 0.0574 3.3 0.741 
0.225 0.0586 2.3 0.644 
0.25 0.0594 1.4 c.568 
0.275 0.0599 0.7 0.505 
0.3 0.0600 0 0.~52 
0.325 0.0599 -0.6 0.407 
0.35 0.0595 -1 .I 7 0.368 
0.375 0.0588 -1.68 
0.4 o.o:Eio -2.13 0.305 
0.425 0.0563 -2.55 
0.45 O.0558 -2.93 
0.475 0.05ut -3.29 
0.5 0.0529 -3.61 q.zq 8 
0.55 0.0495 -4.19 
0.6 0.0456 A70 0.165 
0.65 O.04l3 -5.14 
0.7 0.0366 -5.56 0.138 

0.75 0.0715 0.8 0.0262 2 5'; 
-& 

0.1 3-l 
C.85 0.0205 
::;, 0.0080 0.0145 -7.53 -7.10 0.142 

I .oo o.ool3 -8.02 0.169 

0 :: Surface slope, degrees 

P = Surface curvature = C/';r 

Leading edge radns: 3o/o = l/p" = O.ol5P 
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P 
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1 
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0.27806 

I 

I 0.27806 -o,Oy$8 -o,Oy$8 
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o.j1990,-0.056~~ O.jl990, -0.05643 
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iL 
c 
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-0.0075 
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-0,002~ 
‘0.0006 
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