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SUMMARY

The aerofoil NLR 7301 , 16.5Z thick, was designed at NLR by their generalised
hodograph method to give supercritical (inviscid) shock—free flow at the design
condition~M~,, = 0.72, CL 0.6. The paper describes a theoretical study of this

aerofoil by the latest form of the RAE ‘VGK’ method for calculating Viscous

effects in two—dimensional transonic flows. First, comparisons are given with

experiments in the NLR Pilot Tunnel at a low Reynolds number (2 x 106). Large
discrepancies are shown near the design condition and at higher Mach numbers,
which are ascribed to a laminar (transitional) shock wave/boundary layer inter-

action in the transition—free experiments; this causes an apparent weakening of

the shock wave and a spuriously low level of the measured drag. Next, calcu lations
were made at two higher Reynolds numbers, with transition fixed near the leading

edge: ~~~~~~ to simulate conditions in a medium—sized wind tunnel; and 5 x 107,

typical of full—scale conditions. Favourable scale effects are predicted on drag—

rise Mach numbers, for CL > 0.5, and on separation onset at all lift coefficients.

It is concluded that the aerofoil should have an excellent performance at high
Reynolds numbers. - ~~
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INT RU 1)U CT ION

The a e r o t o i l  NLR 730 1 is a I h . 5~ t h i c k  su p e r c r it i ca l  a e r of o i l , desi gned by

h~’ genera i i  s ed hodograp h me t h u d  u I tIoe rs toe  1 and Hui  zi ng ; i t was Se icc  ted by

N L R  f o r  i n c l u s i o n  in the ‘d a t a  base ’ oi e x p e r i m e n t al  i n f o r m a t i o n  supp l i ed  to  the

AGARL) Fl)1’ WC4 . The p resen t  Repor t  desc r ibes  an extensive theoretic al study of

t h i s  a e r o f o i l  by the  me thod  of Co l l y er  and I~ock 3 ’9; comparisons w i t h  e x p e r im e n t s

in  the NIH Pilot Tunne l (at a Reynolds number  of 2 ~ 106) are included , but most

o t t he’ ~-a 1 CII I a t  ions  have been made at h ig her  Reyno lds  numbers  — I O~ to rep resent

condi t ions in a I arge r w i n d  t u n n e l , and 5 x IO ~ to  r e p r e s e n t  t e d  I s ca l e  c o n d i t i o n s .

2 t ut-: N H I  AL METHO L)

The m e t h o d  ot c a l c u l a t i o n , d e scr i b e d  b r i e f l y  in  Ref -~ (p -~t~~ ) and fully

in  Re f  2 , i s  an adapt  iou  of the  i uvi  Sc i d t i n i t  e di t i e rence method of Garabed i  an

and Korn
5 (C & K) , c o m b i n i n g  i t  w i t h  the  ‘ l a g— e n t r a i n m e n t ’ method  of Green ~~

fo r  cal cu t  at i ng  the  boundary  l a y e r  and wake to  a l l o w  f u l l y  t or v i scous  e t  t ec t s  ;

the ‘ t r a n s p i r a t i o n ’ mode l of  the  d i s p l a cem e n t  ot  te ct i s  used to  p rov ide  an inner

b o u n d a r y  condi  t ion f o r  t h e  I nv i s c id  c a l c u l a t i o n s , both  on the aero foi  1 s u r f a c e

and i n  the  w a k e .  The method has been ret - c’ ~ t lv  improved  by i nco r p or a t  j u g  a van  an t

of Jameson ’s
7 

‘q u a s i— c o n s e r v a t i v e ’ (Q—C)  d i f f e rence ’ scheme ; a p a r a m e t e r  \ has

be cit  i n t r o d u c e d  i n  the  ‘s h o c k — p o i n t ’ d i f f e r e n c e  o p e r a t o r  w h i c h  is such that \ 0

g ives a non—c o n s e r v a t i v e  ( N — C )  scheme , k I gives the  Q—C scheme , wh i l e  i n t e r —

media te  va lues  n a t u r a l l y  Lead to i n t e rm e d i a t e  r e s u l t s .  Since i t  has been

g e n e r a l l y  noted t h a t  n e i t h e r  the  ‘N— C ’ or ‘Q—C ’ ex t reme s give  uniformly good

agreemen t  w i t h  ex p er i m e n t  (when  v iscous  e f f e c t s  are ’ a l l owed  f o r ) ,  i t  is not

su r p r i s i n g  t h a t  a v a l u e  of \ of about  0.5 does g e n e r a l l y  g ive b e t t e r  agreement

w i t h  e x p e r i m e n t :  see Ref 3 f o r  e x a m p l e.  T h i s  v a l u e  of \ has been used in a l l

t h e  c i l cu l a t  i ons  de scr i b ed  below. O t h e r w i s e  the  s t a n d a r d  parameters  of the

met hod have t~ee ’n used* : r e s u l t s  are ’  a l l  t or the  ‘ I m e ’ 160 ~ 30) g r i d , making

norma l l v  50 i t e r a t i o n s  on t h e  ‘ coarse ’ (80 ~ I S )  g r i d  f o l l o w e d  by about 200 on

the tin e g r i d .

I CALCUl AT I ONS FOR I N V I S C I D  FLOW

the ac rot  o i l i s shown in Fi g I . Cal cu t  at i ons  of t h e  p r e s s u r e  di st r i but ion

b r  the ’ de s i g n  condition ~M = 0 . 7 2 1 , a — — 0.2
0
, C, 0.59’~

) are shown in  Fi g 2 ;

t l i~ t u l  t l i n e  he’ I ng t he ‘ exac t  ‘ (shock—f ret’ ‘1 sol Ut  on ob ta i  ned hr the  de si g n

met hod and the’ dashed I i  He’ that oh t a I ned by t he’ p re’se’n t di nec t m e t  hod. :~gret’mt’nt

I I ’ )  * the ‘ a t -  I i t  I c  t a t  v i  scos it v ‘ p t  ramet  e r eT f -I’) is  set a t  0. 8 t h r o u g hout
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is excellent except near the rear sonic point , and there the shock predicted

by the direct method is so weak that a drag coefficient of only 0.00016 is

calculated. Fig 3a&h show how the pressure distribution develops at ~c 0 .20

as the free stream Mach number (M) is increased from 0.68 through the desi gn

Mach number (0.72) up to 0.73. As expected a shock of moderate strength appear

near the leading edge (N — 0.68) which moves back as M is increased , growing

weaker while a second (also weak) shock appears at ~ 0.6 (Me,, = 0.7 15). At

the design condition these two coalesce to form one weak shock, which grows

rapidly in strength as N is further increased. A rather similar pattern is

seen in Fig 4a&b, which show how the presence distribution varies with a (from

—0.5° to +0.1
0) at the design Mach number (0,72). As is usual with a super—

critical aerofoil of this type , quite small changes in either N or a from

their design values came appreciable changes in the pressure distribution , but

Fi g 5 shows that for values of a or N bcl~i~ the design values the drag
‘creep ’ is small , not exceeding about 0.0005 in CD 

. Above the design point ,

the drag increases rapidly.

4 VISCOUS THEORY: COMPARISONS WITH EXPERIMENT

A model of the aerofoil , of O.18m chord , has been tested in the NLR Pilot

tunnel (0.55 in ~ 0.42 m ) at a Reynolds number of about 2 x 106. Because of the

low Reynolds number , the dilenuna of whether to test with transition ‘fixed’ or

‘free ’ was more acute than usual; in fact tests of both types have been made ,

though as we shall see later each type has its particular defects.

First , we note from Fig 6 the very large reduction in lift predicted by

allowing for viscous effects at the design condition (M 0.72, a — — 0 , 2 °) ;

the lift coefficient is reduced from 0.6 to 0.3, almost exactly halved. (here ,

the position of transition was taken to be at the suction peak on the upper

surf ace (x/c 0.07), and at x/c — 0.3 on the lower surface.)

We consider next the combination of M and a which appears at first

sight to lead to an experimental distribution (transition free) most similar to

that for the inviscid design condition. This is at M 0.747, a = 0.85°

(uncorrected) and is shown in Fig 7. In an endeavour to obtai n a good match

between viscous theory and experiment , the following procedure has been used in

this and other cases. Firs t the presence ratio p/H over the first 20Z chord

on the upper surface is matched by varying a , keeping M fixed. Next M is

varied:  as is we ll  k nown, the val ues of p/H on the :4/ i~ ‘ surface near the

leading edge suction peak are almost invariant with M~ when the flow is supe r—

critical so that a match with the 7~~~’c i  surface pressure distribution over the Il~
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there are signs of a laminar separation bubble near x/c — 0.5 w h i c h  cannot  of

course be predicted by the theory .

The results for the same case , but with transition fixed at x/c — 0.3 on

both surfaces , are shown in Fig 8. With a norma l calculation (full line) having

these transition positions , the agreement with experiment on the upper surface

is again poor behind x/c — 0.3, while over the rear part of the lower surface

the measured pressures are much lower than those predicted , suggesting that the

roughness band has thickened the boundary layer sufficiently to bring it near to

separation at ~i h o i t t  70Z chord . Some support to this hypothesis is provided by

some additional calculations made with an increment in momentum thickness

~~
‘
~tr~ 

artificially added at the transition point (on both surfaces), shown by

t h e  d a sh e ’d l ines ;  c l e a r l y  the pressures are now nearer the measured ones on

both surfaces. Note that a double shock pattern occurs on the upper surface ,

w h ic h  i s  not  predicted by the theory .

Fi gs 9 to 12 compare theory with experiment (transition free) at a constant

value or i (0.85°) in the latter , through the set of Mach number values 0.6,

0.7, 0.72 and 0.77. At the three lower Mach numbers agreement is quite good ,

except in the region of laminar separation on the lower surface mentioned

previously, and also over the last 10% chord on the upper surface , where the

present method is usually found to overestimate the pressure rise to the trailing—

edge slightly. However at M 0.774 (Fig 12) there are again signs of a marked

laminar interaction in the experiment. )It was not possible to reach this Mach

number in the calculations ; even at N — 0.765, boundary layer separation is

pre’dicted from the foot of the shock to the trailing edge , while at higher values

~f N the method diverged.)

Figs Ii to 15 compare results at constant M (0.745) as 1
T 

varies I ron
c_i 0 0 0 , . . . ,—2 through 0 to +2 • At a

T 
— — 2 we have chosen the transition fixed

conditions in the experiment. On the upper surface agreement is good but on the

lower surface it is probable that separation is insninent (note the hi gh value of

H , 2.2 , predicted at x/c = 0.8), provoked by the strong shock wave at

x/c = 0.45 and the subsequent adverse pressure gradient. At ci
T 

— 0 (transition

t ree) agreement is [air on both surfaces (Fig 14); but at = + 2° (transition

fixed) (Fig 5) it was impossible * to reach a sufficiently high value of a in

* Because the calculations diverged (owing to excessively high values of ii ). 119

_ _ _  _ _  _  *~ -~~- _ _ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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the  c a l c u l a t i o n s  ( c i  match with the experimental pressures  over the ’ tir a t 2 5%

chord — even so t ht’ agreemet i t i s  m o d e r a t e l y  good on both surfaces and in  pa r t  i c u —

1st i t is c l e a r  t ha t  a l aminar  i nt e ’r~t c t  ion has been avøided in  the  e x per i m e n t

by f i x i n g  t r a n s i t ion  aht ’ad of the shock.

Our f i n a l  comparison with experiment is in F i g  Ib , w h i c h  shows measured and

p I t ’ d i  c( e’c l y . e  [ t i e s c i t  I I or t lie ’ ‘I l- .I i i S  i t  I OI l I I c e ’ ’ c e i t i d i  t i o u  w i t  11 c
1 

i

( t ak i ng ( lit ’ hio s it t o l l  c ’I t I . t i i s i t  t O n  i i i  t i l e ’  c a l c u l i _ I t  t o i i s  as t . t i  hack  c ’i i  ( l I t ’ It0icI

t he’ rn, t h o d  w i l l  . e i l  ow* as ni.tikt’d i i i  ( l i e  app rop ti at e i t  gu r  es) .  I t  s t  11 be se’Ct i t h at t lie ’

t heory si i ghi t 1 ‘.‘ cwe ’ re’s t i mates  the  drag t rom M — 0. b t o  0. 7 (usuS I I  y I or othe r

aerot o i  is , w i t h  t r an s i t i o t i  t i  xe’d near the leading edge , it i s found
9 

to

e s t i m a te  by about th~ same am ou n t ) .  However , t he most ma rk ed d i sc repa n cy

is that the ‘bucket ’ in  the e x p er i m e n t a l  measurement s at N — 0 .747 is rep lLt e’e’d

in the theory by a rap id rise in drag at about the same Mach number. [‘his

st rong ly suggests that the laminar shock wave/boundary l ayer  i nt e r a c t i o n  present

in the experink’nt is producing unrealistically low ** values of the drag, parti—
cularly at the hi ghe r Mach numbers whe’re the shock is far  back along the chord .

Note  a l so the dotted curve marked ‘C . ‘ (twice the momentum thickness c a t —I) V t S c - O L I S
cu la ted at ‘infini ty ’ downstream in the’ wake ) .  This ~~~~ have a marked ‘bucket ’ ,

due to the rapid movement of t r a n s i t i o n  on the upper sur face , back f rom

x/c — 0.09 at M — 0.72 (Fig I I )  to 0.6 at M — 0 . 7 4 5  (F ig  7). Without this

transition movement, the value of the total drag coefficient calculate d at

H — 0.735 would have been mue’h higher , by about 0.004; so that drag—rise Macli

number , M
D , 

would have been predicted as about 0.71 , as opposed tel the apparent

value of 0.75 from Fig It’.

A p i c tor i a l  sunmiary ot the’ comparisons of pressure (Mach numberi distribu-

tion is provided by Fig  17 , w h i c h  gives on a s m a l l  scale a ‘ t raverse ’ through

the Mach number range 0.t-c to 0.77 at constant ci
T 

— (1.850 and through the’ range’

of ~i from —2° t~~ 
2 0 at H 0.745.

S CALCULVI’ IONS AT UI(HER REYNOLDS NUMBERS

Because of certain unsatisfactory f e a t u re s , r e f e r r ed  to above , c’t the 
C

exper in ie i i ta l  i n f o r m a t i o n  at present ~ avai lable fo r  t h i s  aer o fo i  I — unavoidable

at the low Reynolds number of the NLR tes ts  — i t  was decided to make a purely

* Set’ tootnote din page’ S

19 ** In the  sense t h a t  they would no t occur in In! lv t u rb u l e n t  f lo w , even at high
Reynolds numbers ( see se c t ion  5) .

t The aerofoi  1 has now been te’ste ’d in  the’ l ock h eed ~eorgta  Compress ibl e ’  ~1ow
facility at high Reynctiels numbers , hut r e s u lt s  are not ye’ t available.
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1 ~I t i o tt  huti b I t ’ c_toCS nc_ ’t reach  the rat ii ug ed ge’; so that t he’ prod Ic ted value’

b r  ~ may nc’ in  I .ic - t  bt’ c_~~i t  i r n i  s h e ’ •

Turning now to  ( he’ c a l c u l a t  ions  .u f u l l — s c - a l t ’  R e yn o l d s  nutube’r (S  ‘ l O
p

)

we show in F ig  . l I a&h how t h~ p t e ’Ss ure’ d i s t t - i h u t  ion  c_ a rie s wi (h M c_ u t  ‘-
~~

and i n  F i g  .13a&h at C
1 

— (1~~~,S . At first sight the t’t b e e t  ot  tht• increase uI

Reynolds t ic _ u mber •ipp t ’~i r s  smc_i l 1; but  a c - l o s t ’ compar j Sc ’It of F i gs lob (Re’ I 
*

— ~•~‘I ~~~~~~ 1’ ~~~~~ 
— ‘ ~ — i- I . P1 shows that t h e ’ s t t c ’ c’k s re’ng t hi is

s l i g ht  lv  weak er  .11 th e ’  h i g her Re ’sno 1 els uiui n iht ’r . Some Prt’ssc_irt’ di S t  r I but 1011$ .11

M — 0 , 71 s- i t  hi C
1 

I tic rt’as i l i d ~ up t o  s e’ p c _ i t c _ l  I ion cond i t  ic_m s 0~ S I )  a r e ’ shown

in ~~tg  .~-. .

.~ ll i I~ t i’I e ’ st t t ig compar I Sc ’II i s  ti~ide’ in  F I g  .15 • in which art’ shown at c _ but ’

‘d t ’S I gu pe ’ j i l t  ‘ M — c_i . 7 •‘ , c_
1 

— c_i . ii) t i le’ pr o  S S c _ t r e’ di  sIn but  i otis c _ i t  Re’ 10 ’ and

S h O  - 
• comp ared w i t h  the c_ c _ ilc ’ c k — t  r e t ’  dis tribution given by t h e  full I inc • At

Re’ — t O  a stioe’k is  pr e’ $e ’l it  S c _ I f  C i . ’ 1 e’ t t t  l v  st  rotig to cause a p p re c i a b l e’ S c _ I V~~’ cli c_ ug

I S O  (blat this p o in t  is  s-~- l l  ht ’yond the’ d r a g — r i s e ’  boundary — see Fi g 17 1 ; h u t  at

Re’ — “ I0~ t he shock i s  weakt’r and Ill t c_ic t t l i i  s cotid i t  ion turns out to be an

optimum c ’Ot ’ (gic_ ’ l ng t ile ’ maximum v~ilut ’ ot  Ml iii a t  f u l l  scale t o n  t h i s  a t ’r o f o i l

Some’ t y p i c a l cu rv e s  showing th~ c_ ’ari c_ it I t’ui c~ t t ’
11 

w i t h  M at  Cel tt S t St l t

are’ sheiwii in Fi g IP • At c_ ’
1 

— 0. 4 t h e r e  i s  l i t t  le s. c_i i t ’ c t  ft ’ct  on c i t  h e r  cit - ag

c-r et’p or 
~l) 

At CL — 0 .5 there ’  is much less drag c-re’ep f u l  l — S e ~c_ I l e ’ t h a n  at

Re’ — I 0 , though H.0 
i s  nec_ I great 1 V a tt ec t e’d . But c _ i t  C

1 
— 0. t’ t he drag creep

i S  S~~ large at Re — I O ~ t h a t  i s  o t i l v  O. o~, . as oppo Sed t e i  0. If ~ at Re’ — ~‘

Ti lt’ fina l t i gc_tre , F ig  17 , gives t h e ’ drag r i s e’ and Se ’ ~ c _ t i c _ t  I i oIl houiidac_- it’s

e’St i nwited for tlii s ~ic’rc ’ f o i l  c _ i t  the ’ two Rt’vnc_~ 1 ds numbe’ i s .  As mont  iouie ’cI abo c_ c’ , a

S t ron g  favourable’ Sc,ilt ’ e’ t b c ’c_ - t  Oil M11 i S  pre’dte’tt’d b r  C
1 

0.5; and as i e ’gc _ u t d s

I lit ’ sep arli t ion boc_tndary the e f f e c t  i s  t a v c i c _ i u a t ’  I t ’ at a ll [ i t t  e’ c ’t’ t t i e - i e’nt s tc_ i h~ ve’

0.4 )  , though i t  dot ’s increase f u r t  her w i t  hi . I’hets under  fu l  1—sea l  e could i t  ions

the ae’r o f c i i l  c _ i t  i t S  e lp t i mU~~ Oofld i t i t ) t l  M — 0.71, C
1 

— 0.ti should have a marg in t o

se’pa rc_u ( ion ot about 0.0 in Mach number and 0.11 in lift e’oe’f f i c  ie ’ i it

We have a lso  inc luded  in Fig  .17 sketches of the’ Macti number d ist ri hc _ It ion at

a number of points on tht’ drag—rise and separation houndarit’S (full—scale) ,

showing how the shape of the c u r v e s  v a r i es  ovt ’n a wide range of condit 1011$. I C

i S  i nt e ’r e s t i f l g  to note’ t hat , at t he c_ip t  imum Poin t (H — 0. 7.1 , C
1 

0 . t~) 
, the

pr essure ’  d i s t r i b u t i on corresponds e’ losel  c_’ t o  Whi tcomh ’ ~ reconsuendat t O I l S  
RI 

t ci r  c_i

good sup er . - r it i cal ,it’ro t o il • wit ii c_ i s-t’ak oxpalls i o n  j list t’ehi l I d  the’ sh ock wale ’

I I bc_ it wit hi t i l e ’ . tc l c le ’eI ad vant  age c i t  a more ‘ i’t’ak c_- ’ uppt’r t in t’  I Set ’ pt’ t’ s sur e’ c_ l i s t  r i bc _ it  j c _ l f l ,



r~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~
I 0

~ i t b i  app r e c i a b l e  c_ s e n t r o p ic .-ompr ess ion  ~f r om H 1. 3  t o  about  1 .2 )  a t c _ e - ,td oX t ite

Thus the  a e r o f o t  I shows ev e r ,’ s i gn o h  b e i n g  an e x t r e m e l y  good one i t t

plact i oti ; b u t  c_ i S WC have me’uitioned earlier the’ exis tiulg experimental inforuc_ation

about it is extreme ly misleading. For examp le Fig lb would iuc _ d ica t e ’ a value’ of

H.0 oh  about 0.755 (at C
1 

— O .- .S) ;  th i s point has been marked on Fi g .17 , and i t
eati be seen that this value of M~ is about 0.01 h igher  t h a n  t he v a l u e p r e d i c t e d

•“:,
‘ — c_

~ ’ c _ : , for the same C
1 

. i t  must be emphasised that this dc i t’s ‘ c _ - ~ appear

to  be a b l c ’ck age prob lem: i t  is e n t i r e l y  due to the  suppress ion  e’t the  5hc ’~~k

Wave’ at the  low - Reyno lds  number c i t  the tests by interaction with the laminar

bounda ry l a y e r .

‘1

I I ’ ~

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~
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