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SUMMARY 

The Report describes a research programme undertaken at ARA in 1968-73. 
It represents the first attempt in the UK to design forecowl profiles for a 
podded engine nacelle of modern proportions, with the specific aim of obtaining 
favourable supercritical flow development over the cowl exterior. 

Six cowl shapes were tested, of empirical design but exploiting the 'peaky' 
pressure distribution principle previously evolved for high speed aerofoils. 
Earlier results for NACA I-series cowls were used as a basis of comparison though 
all the present cowls had larger lip radii than NACA 1-series cowls in order to 
improve the low speed performance in conditions that might correspond t o  a 
windmilling engine in single-engine flight of a twin-engined transport. 
essential measurements were of mass flow, drag (by wake traverse) and surface 
pressure distributions. 

The detailed pressure plotting throws light on the nature of the principal 
flow characteristics - peak suction, lip separation, recompression and reattach- 
ment, shock wave progression etc - and enables these to be related to the occur- 
rence of drag rise, from either increase of Mach number or decrease of flow ratio 
(spillage). 
designs tested was equivalent to or slightly better than the corresponding 
optimum NACA I-series cowl, superiority at low speed being retained throughout. 

as targets for design calculations by modern theoretical methods. This approach 
is likely to produce better cowls than the NACA I-series particularly for 
applications where non-aerodynamic factors dictate the use of non optimum 
geometric proportions. Overall, the aim of producing favourable supercritical 
pressure distributions by constructive design was reasonably well fulfilled. 

The 

The level of high speed drag performance reached by the best cowl 

The analysis provides some guidance on what pressure distributions to choose 

' Replaces ARA Report No.54 - ARC 38204 
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1 INTRODUCTION 

This  r e p o r t  d e s c r i b e s  t h e  aims and achievements of a r e s e a r c h  programme 

undertaken a t  A M  i n  1968-73 under a c o n t r a c t  from MOD(PE). The programme 

r e p r e s e n t e d  t h e  f i r s t  s e r i o u s  a t t e m p t  i n  t h e  UK t o  des ign  t h e  forecowl of  a 

podded n a c e l l e  f o r  a subsonic  t r a n s p o r t  a i r c r a f t  w i t h  t h e  s p e c i f i c  a i m  of  

o b t a i n i n g  a f a v o u r a b l e  s u p e r c r i t i c a l  f low development o v e r  t h e  o u t s i d e  of  t h e  

cowl i n  t h e  d e s i g n  c o n d i t i o n .  

v a r i o u s  geometr ic  parameters  had been s e l e c t e d  from a s t a n d a r d  f a m i l y ,  u s u a l l y  

t h e  NACA I-series which i s  a series of  shapes des igned  e s s e n t i a l l y  f o r  s u b c r i t i c a l  

f low. Now, i n  t h i s  programme, t h e  emphasis was on f i n d i n g  a shape t h a t  would g i v e  

a d e s i r e d  type of  p r e s s u r e  d i s t r i b u t i o n  i n  s u b c r i t i c a l  f low. I n  3968-73, t h e r e  

were no methods f o r  c a l c u l a t i n g  t h e  s u p e r c r i t i c a l  f low o v e r  a ducted body o r  cowl 

and so  t h e  d e s i g n  approach had t o  be empirical i n  n a t u r e ,  b e i n g  guided by a n  

a n a l y s i s  of ea r l ie r  d a t a  f o r  NACA 1-series cowls and by r e l e v a n t  exper ience  i n  

t h e  d e s i g n  of  advanced twa-dimensional a e r o f o i l s .  

P r e v i o u s l y ,  cowl shapes f o r  a g iven  choice  of 

1 
I f  t h e  programme were r e p e a t e d  now i n  1979, use would be made of new methods 

f o r  c a l c u l a t i n g  t h e  s u p e r c r i t i c a l  f low o v e r  a complete cowl. The e x i s t e n c e  of 

t h e s e  methods does n o t  d e t r a c t  however from t h e  v a l u e  of t h e  ea r l i e r  programme o r  

t h e  u s e f u l n e s s  of  t h i s  r e p o r t .  I n  f u t u r e ,  one w i l l  c e r t a i n l y  make use  of t h e  new 

t h e o r e t i c a l  methods b u t  one w i l l  s t i l l  need some i d e a  of a s u i t a b l e  shape a n d / o r  

t a r g e t  p r e s s u r e  d i s t r i b u t i o n  t o  s e r v e  as a s t a r t i n g  p o i n t  f o r  des ign  c a l c u l a t i o n s .  

Somewhat by chance, t h e  performance of t h e  b e s t  cowl of  t h e  s i x  t e s t e d  i n  

t h i s  programme was o n l y  s l i g h t l y  b e t t e r  t h a n  t h a t  of t h e  corresponding NACA 

I-series cowl. This  does n o t  imply t h a t  t h e  d e s i g n  approach was u n s u c c e s s f u l  

bu t  r a t h e r  r e f l e c t s  t h e  f a c t  t h a t  c o i n c i d e n t a l l y  t h e  p a r t i c u l a r  NACA I-series cowl 

gave a favourable  form of  s u p e r c r i t i c a l  p r e s s u r e  d i s t r i b u t i o n  a t  a n  a p p r o p r i a t e  

c r u i s e  Mach number o v e r  a f a i r l y  wide range of i n t a k e  f low r a t i o .  

des ign  approach coupled w i t h  t h e  new t h e o r e t i c a l  methods i s  t h a t  such f a v o u r a b l e  

p r e s s u r e  d i s t r i b u t i o n s  w i l l  e v e n t u a l l y  be o b t a i n e d  by cons t r -uc t ive  d e s i g n  r a t h e r  

than  by a c c i d e n t  and w i l l  permi t  t h e  use of a wider  range of o v e r a l l  geometry, 

thereby e a s i n g  t h e  d i f f i c u l t i e s  of meet ing e v e r  more s e v e r e  p r a c t i c a l  c o n s t r a i n t s .  

The v a l u e  of t h e  

The programme i s  concerned w i t h  t h e  d e s i g n  of t h e  forward p a r t  of t h e  cowl. 

S t r i c t l y ,  one should  c o n s i d e r  t h e  d e s i g n  of a complete cowl s i n c e ,  w i t h  present-day 

t y p i c a l  geometr ies ,  i t  cannot be c a t e g o r i c a l l y  assumed t h a t  t h e r e  i s  no i n t e r a c t i o n  

from t h e  r e a r  cowl on the f low over  t h e  forecowl .  

programme was condi t ioned  by t h e  r i g  a v a i l a b l e  a t  t h e  t i m e ;  fu r thermore ,  t h e  absence 

of s i g n i f i c a n t  i n t e r f e r e n c e  from t h e  r e a r  i n  p r e s e n t  tes ts  does n o t  a f f e c t  

conclus ions  as t o  what a r e  d e s i r a b l e  p r e s s u r e  d i s t r i b u t i o n s  f o r  t h e  forecowl ;  i t  may 

however a f f e c t  t h e  geometry needed t o  achieve  those  d i s t r i b u t i o n s .  

However, t h e  n a t u r e  of t h e  
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2 .  DESIGN OF PODDED INTAKES 

2 .1 .  General P r i n c i p l e s  

The func t ion  of an intake/cowl combination i s  t o  p re sen t  the  requi red  

a i r f low t o  the  engine wi th  the  minimum l o s s ,  d i s t o r t i o n  and f l u c t u a t i o n  and t o  

house the  engine i n  a n a c e l l e  wi th  the  smallest p o s s i b l e  e x t e r n a l  drag.  I d e a l l y ,  

low drag implies small f r o n t a l  area, small wet ted s u r f a c e  area,  no excess v iscous  

drag due t o  boundary l a y e r  th ickening  and/or  s e p a r a t i o n  and no wave drag.  

good internal  and external c h a r a c t e r i s t i c s  should be maintained over the  

ope ra t iona l  range of inc idence ,  Mach number and i n t a k e  mass flow. 

design process  i s  e s s e n t i a l l y  an at tempt  t o  f i n d  t h e  b e s t  compromise between t h e  

d i f f e r e n t  requirements.  

The 

The aerodynamic 

2 Neale has  descr ibed  the  problems faced i n  f ind ing  a s u i t a b l e  n a c e l l e  

shape f o r  t he  modern turbofan  engine of high by-pass r a t i o .  

because of t h e  low s p e c i f i c  t h r u s t  of such engines ,  i t  i s  more important  than  i n  

the  pas t  t o  o b t a i n  l o w  e x t e r n a l  drag  and good i n t a k e  p res su re  recovery whi le ,  on 

the  o the r  hand, the  shape and s i z e  of t h e  engine has  added t o  the  d i f f i c u l t i e s  of 

r econc i l ing  i n t e r n a l  and e x t e r n a l  f low requirements w i th in  the  o v e r a l l  geometric 

cons t r a in t s .  

geometry of t he  forecowl are def ined  i n  Fig.2.  C lea r ly ,  the  n a c e l l e  has  t o  wrap 

round the engine and i t s  a c c e s s o r i e s ;  t he  requi red  s tandard  of f low being o f f e r e d  

t o  the  engine and no i se  cons idera t ions  app l i ed  t o  i t s  ope ra t ion  tend t o  c o n t r o l  

t he  i n l e t  area and duct  length ;  f o r  t he  e x t e r n a l  cowl shape, one i s  l e f t  wi th  

refinement of t h e  choice of length  and maximum diameter  and wi th  the  problem of 

determining the  a c t u a l  cowl p r o f i l e  as a means of ob ta in ing  the  lowest p o s s i b l e  

drag. Considering the  in f luence  of i n t e r n a l  flow requirements ,  the  i n l e t  has t o  

opera te  wi th  low l o s s e s  a t  high mass flow r a t i o  under zero and low forward speed 

On the  one hand, 

A t y p i c a l  n a c e l l e  shape i s  shown i n  Fig.1;  terms desc r ib ing  the  

condi t ions ;  f o r  t h i s ,  an i n t e r n a l  con t r ac t ion  (or  'bel lmouth ' )  i s  requi red .  The 

th ickness  of t he  cowl i s  kept  t o  a minimum by us ing  a t h r o a t  (Fig.2) followed by 

a d i f f u s e r .  The minimum p o s s i b l e  t h r o a t  s i z e  i s  determined by t h e  maximum mass 

flow requi red  by the  -engine under o t h e r  f l i g h t  cond i t ions .  

condi t ion  i n  t h i s  r e s p e c t  depends on the  type of engine and i t s  a p p l i c a t i o n  but  

u sua l ly ,  i t  i s  e i t h e r  t he  climb o r  the  s t a r t  of c r u i s e .  Most of t h e  i n t e r n a l  duct  

length  i s  requi red  by t h e  d i f f u s e r  i n  which the  mean i n t e r n a l  s t ream v e l o c i t y  i s  

reduced from a near-sonic  va lue  a t  t he  t h r o a t ,  t o  t he  va lue ,  u sua l ly  about M = 0.5,  

requi red  by the  compressor o r  f an .  

and acceptab le  d i f f u s e r  angles  determine the  minimum diameter  r equ i r ed  f o r  the  

h i g h l i g h t  and i t s  a x i a l  p o s i t i o n  r e l a t i v e  t o  the  engine face., 

requirements having l a r g e l y  d i c t a t e d  the  h i g h l i g h t  diameter  and l eng th  of t h e  

n a c e l l e ,  one chooses the  t h i n n e s t  cowl t h a t  can 'be f i t t e d  around the  engine and 

The most demanding 

Estimates based on the  r equ i r ed  bellmouth a r e a  

Then, the  i n t e r n a l  
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its accessories as a means of min5mising the nacelle maximum diameter, Dmax, Fig.2. 

The need to minimise Dmax is much greater than it was, say 25 years ago; if Dmax is 
not kept to a minimum, basic profile drag level will tend to be unacceptable and 

practical constraints such as ground clearance for an underwing nacelle are likely 

to be violated. Essentially, this is the source of the added design difficulty; a 
typical value for the intake highlight diameter ratio, Di/Dmax, is now 0.85 whereas 

formerly it would have been about 0.5 - 0.6. This means that relatively speaking, 

there is much less frontal area for the cowl surface between highlight and maximum 

diameter. The function of this cowl forebody is to produce sufficient suction on 

the forward-facing surface to balance the change in momentum of the entering 

streamtube between freestream conditions and the entry plane, i.e. to compensate 

for the 'pre-entry drag'. Any failure to do this is normally described as spillage 

drag and is ascribable to excess profile drag, wave drag or a flow separation. 

smaller frontal area for this surface implies a higher mean suction and hence more 

risk of wave drag for a given freestream Mach number, or steeper adverse pressure 

gradients for a given mass flow ratio. 

the choice of forecowl length and maximum diameter and search for a shape for the 

COWL that will minimise the wave drag at cruise mass flow and high Mach number, 

will reduce the spillage drag at lower flow ratio and Mach number (in for example, 

an engine-windmilling condition) and finally, will give a satisfactory flow under 

high incidence conditions at low speeds typical of aircraft take-off and landing. 

A 

It follows that one normally has to refine 

2.2. NACA I-series Cowls 

Up t o  1968, it had been general practice to select a basic axisymmetric 

cowl for any new nacelle application for a subsonic transport from a standard 

family, e.g. in the UIC, the NACA I-series, and then to modify it as' required to 

cope with any asymmetric accessories and installation problems. 
the NACA I-series were defined in 1945 and extensive pressure plotting data were 

given in two NACA dating from 1945 and 1949. Later, in the period 1960-8, 

many forecowls of this family were tested in the ARA 9ft x 8 f t  transonic tunnel for 

R o l l s  Royce Ltd, primarily to obtain drag data by the wake traverse technique, 

using the rig to be described in 3 . 2 ,  and partly to extend the data to larger 

highlight diamn,ter ratios up to Di/Dmax = 0.90. 

which the designer can select a suitable cowl for his particular requirements have 

since been published, e.g. Refs.5,6. For  any given hikhlight diameterlmaximum 

diameter ratio, one can select a forecowl lengthldiameter ratio to give the best 

compromise between a high drag-rise boundary at cruise mass flow and a good 

spillage drag boundary at reduced mass €IOW and Mach number. 
tend to be in trouble at high Mach number because the suctions will be too high 

near the maximum diameter or crest (Fig.2); a longer cowl will tend to have 
premature spillage drag because the lip will be too sharp and the peak suction 

The ordinates of 

Correlations of the data from 

A shorter cowl will 
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too h igh ,  t hus  l e a d i n g  t o  a premature f low s e p a r a t i o n  i n  t h e  a d v e r s e  p r e s s u r e  

g r a d i e n t  a f t  of t h i s  peak. 

(1952). A t  modest D i / D m a x p  t h e  'optimum' i s  i n  f ac t ,  a range of p o s s i b l e  l e n g t h s  

and so t h e r e  i s  c o n s i d e r a b l e  freedom t o  choose a cowl geometry t h a t  w i l l  meet t h e  

o t h e r  requirements  and c o n s t r a i n t s ;  b u t  w i t h  i n c r e a s e  i n  D i / D m a x ,  t h e  optimum becomes 

more s h a r p l y  tuned,  e . g .  a t  Di /Dmax = 0.85, (LF/Dmax)opt = 0.45 k0.05 w h i l e  f o r  

D i / D m a x  = 0.90, i t  a p p e a r s  v i r t u a l l y  imposs ib l e  t o  f i n d  a s a t i s f a c t o r y  cowl w i t h i n  

the  NACA 1-series. It shou ld  be no ted  t h a t  t h e  change from D;/Dmax = 0.85 t o  

Di /Dmax  = 0.90 i s  n o t  t r i v i a l ;  i t  i m p l i e s  a r e d u c t i o n  of  more than  30% i n  t h e  

t h i c k n e s s  of  t h e  cowl. 

These g e n e r a l  t r e n d s  were f i r s t  d e s c r i b e d  i n  Ref.7 

The o r i g i n a l  a i m  w i t h  t h e  NACA 1-series was t o  o b t a i n  t h e  h i g h e s t  p o s s i b l e  

v a l u e s  of Merit, t h e  Mach number a t  which t h e  l o c a l  f l o w  o v e r  t h e  cowl f i r s t  

becomes s u p e r s o n i c .  The d e s i g n  p r e s s u r e  d i s t r i b u t i o n  f o r  a c r u i s e  mass f low 

c o n d i t i o n  t h e r e f o r e  was of  t h e  r o o f t o p  t y p e ,  i . e .  c o n s t a n t  C o v e r  as much as 

possib1.e of t h e  l e n g t h  of  t h e  fo recowl .  However, an a n a l y s i s  of t h e  s u r f a c e  

p r e s s u r e s  and d r a g  d a t a  f o r  t h e  NACA I-series cowls t e s t e d  a t  AEU showed t h a t  t h e  

Mach number (Md) f o r  t h e  s t a r t  o f  t h e  r a p i d  i n c r e a s e  i n  d r a g  w i t h  Mach number was 

c l o s e  t o  M c , i t  on ly  f o r  cases where t h e  f low f i r s t  became s u p e r s o n i c  a t  t h e  rear 

of t h e  fo recowl ,  i . e .  n e a r  t h e  c res t .  For  c a s e s  where t h e  low speed p r e s s u r e  

d i s t r i b u t i o n  con ta ined  a peak s u c t i o n  near t h e  l i p  of t h e  cowl fo l lowed  by a s t e a d y  

recompression,  Md cou ld  be as much as 0.2 h i g h e r  t han  Merit. 
no ted  much e a r l i e r  from t e s t s  i n  Germany i n  about  1943 ( s e e  Ref.9,  page 8 2 ) .  The 

more r e c e n t  a n a l y s i s 8  of  d a t a  f o r  NACA 1-series cowls sugges t ed  t h a t  t h e r e  was a 

s i g n i f i c a n t l y  b e t t e r  c o r r e l a t i o n  (though s t i l l  not  p e r f e c t )  between Md and M c r e S t ,  

t h e  Mach number a t  which t h e  shock f i r s t  moved back t o  t h e  c res t .  The b e s t  d r a g  

c h a r a c t e r i s t i c s ,  i . e .  Md up t o  w i t h i n  0.02 of  Merest, were o b t a i n e d  f o r  c a s e s  where 

t h e  p r e s s u r e  d i s t r i b u t i o n s  n e a r  Merest and Md s t i l l  c o n t a i n e d  a r a p i d  expansion 

around t h e  l i p  t o  a peak s u p e r s o n i c  l o c a l  Mach number fo l lowed  by a l a r g e l y  i s e n t r o p i c  

recompression w i t h  o n l y  weak shocks s i t u a t e d  a t  o r  n e a r  t h e  c res t .  

0 . 8 5 / 0 . 4 5  cowl, where Di /Dmax = 0.85, LF/Dmax = 0.45 g i v e s  p r e s s u r e  d i s t r i b u t i o n s  o f  

t h i s  type o v e r  a wide range of i n t a k e  mass f low and t h i s  accoun t s  f o r  i t s  s u p e r i o r i t y  

o v e r  o t h e r  NACA I-series cowls of  t h e  same h i g h l i g h t  d i ame te r  r a t i o .  C o i n c i d e n t a l l y ,  

t h i s  0 . 8 5 / 0 . 4 5  geometry h a s  proved t o  be ve ry  s u i t a b l e  f o r  v a r i o u s  p r a c t i c a l  

a p p l i c a t i o n s  b u t  i n  g e n e r a l  i t  had been r e a l i s e d  by 1968 t h a t  con t inued  use  of t h e  

NACA I-series f o r  a l l  a p p l i c a t i o n s  would mean t h a t  i n  some cases, i n c r e a s e s  i n  

e x t e r n a l  d r a g  would have t o  be accep ted  f o r  t h e  s a k e  of  mee t ing  o t h e r  r equ i r emen t s  

and c o n s t r a i n t s .  

'8 

Th i s  r e s u l t  had been 

The NACA 1 - s e r i e s  

2 . 3 .  Approach t o  S u p e r c r i t i c a l  Cowl Design 

A s  n o t e d  above,  t h e  problem of e x t e r n a l  cowl d e s i g n  becomes one of  

d e s i g n i n g  a s u r f a c e  w i t h  a p r e s s u r e  d i s t r i b u t i o n  which deve lops ,  w i t h  change of  

i n l e t  f low r a t i o  and Mach number, i n  a manner l i k e l y  t o  d e l a y  s e r i o u s  bourlfiary 



s e p a r a t i o n  and t h e  appearance of s t r o n g  shock waves n e a r  o r  a f t  of t h e  c res t .  

Analys is6  of t h e  d a t a  f o r  NACA I-series cowls showed q u a l i t a t i v e l y  what type  

of incompress ib le  p r e s s u r e  d i s t r i b u t i o n  and n a c e l l e  shape would be expec ted  t o  

show a f a v o u r a b l e  s u p e r c r i t i c a l  f low development; t h e  a i m  of t h e  r e s e a r c h  

d e s c r i b e d  i n  t h i s  r e p o r t  w a s  t o  demonstrate  t h e  achievement of  good s u p e r c r i t i c a l  

f low as t h e  r e s u l t  o f  d e l i b e r a t e  d e s i g n  and t o  q u a n t i f y  t h e  d e s i i a b l e  t a r g e t  

des ign  p r e s s u r e  d i s t r i b u t i o n s .  

C l e a r l y ,  up t o  a p o i n t ,  t h e r e  i s  an  analogy h e r e  w i t h  t h e  h i g h  speed 

des ign  aims f o r  a two-dimensional a e r o f o i l .  I n  b o t h  cases, one i s  i n t e r e s t e d  i n  

what Pearcey was t h e  f i r s t ' '  t o  d e s c r i b e  as a 'peaky'  p r e s s u r e  d i s t r i b u t i o n .  

had a l r e a d y  been l e a r n t  by 1968 about  how t o  des ign  t h e  nose of  a two-dimensional 

a e r o f o i l  t o  o b t a i n  f a v o u r a b l e  p r e s s u r e  d i s t r i b u t i o n s  of  t h i s  t y p e  and t h i s  

exper ience  s e r v e d  as a s t a r t i n g  p o i n t  f o r  t h e  d e s i g n  of t h e  f i r s t  two cowls of t h e  

p r e s e n t  programme. It was r e a l i s e d  from t h e  o u t s e t  t h a t  t h e  analogy could  n o t  b e  

pushed t o o  f a r .  

i n  d e t a i l ;  w i t h  a n  a e r o f o i l ,  one wants t o  c a r r y  as much l i f t  as p o s s i b l e  f o r  a 

given  shock s t r e n g t h ,  s o  t h e  t r e n d  w i t h  some advanced s u p e r c r i t i c a l  s e c t i o n s ' '  i s  

towards a c h i e v i n g  an extended s u p e r s o n i c  r e g i o n  c o n t a i n i n g  a peak s u c t i o n  n o t  

n e c e s s a r i l y  very  c l o s e  t o  t h e  l e a d i n g  edge;  w i t h  a cowl, however, t h e  pr imary aim 

i s  t o  recover  as much as p o s s i b l e  of t h e  pre-en t ry  d r a g  and t h u s ,  t h e r e  is  a need 

t o  expand t h e  f low q u i c k l y  t o  a peak s u c t i o n  c l o s e  t o  t h e  l i p  so  t h a t  h i g h  s u c t i o n s  

are genera ted  on t h e  forward f a c i n g  p a r t  of t h e  s u r f a c e  n e a r  t h e  l i p  h i g h l i g h t .  

Recognising t h i s  d i f f e r e n c e ,  exper ience  i n  t h e  d e s i g n  of 'peaky'  two-dimensional 

s e c t i o n s  was n e v e r t h e l e s s  u s e f u l  i n  approaching t h e  cowl d e s i g n  problem. The 

concept  adopted w a s  f i r s t l y  t h a t  t h e  l i p  p r o f i l e  should  be c i r c u l a r  f o r  some 

d i s t a n c e  on e i t h e r  s i d e  of  t h e  h i g h l i g h t  p o i n t :  t h i s  avoids  t h e  d i s c o n t i n u i t y  i n  

c u r v a t u r e  which occurs  w i t h  a s t r i c t  a p p l i c a t i o n  of NACA I-series p r o f i l e s .  

f o r  t h e  e x t e r n a l  p r o f i l e ,  t h i s  i n i t i a l  r e g i o n  of c o n s t a n t  c u r v a t u r e  was t o  be 

fol lowed by a r a p i d ,  though not  d i s c o n t i n u o u s ,  r e d u c t i o n  i n  c u r v a t u r e  fo l lowing  

'peaky a e r o f o i l '  p r a c t i c e .  

c u r v a t u r e  change and t h e  a r t  of t h e  exercise l a y  i n  f i n d i n g  a d i s t r i b u t i o n  of 

c u r v a t u r e  from l i p  t o  c r e s t  t h a t  would produce wel l -condi t ioned ,  n e a r  optimum 

recompressions ( i . e o  a v o i d i n g  s t r o n g  shock waves) over  a range of f low c o n d i t i o n s  

embracing both h i g h  f r e e  stream Mach number a t  moderate mass f low r a t i o  and low 

f low r a t i o s  a t  low f r e e  s t r e a m  Mach number. A s  w i t h  two-dimensional a e r o f o i l s ,  i t  

was f e l t  t h a t  one should  not  s t r i v e  f o r  l i t e r a l l y  shock-free recompression which, 

if i t  could be o b t a i n e d  a t  a l l ,  was l i k e l y  t o  p e r s i s t  on ly  o v e r  a very l i m i t e d  

range of i n t a k e  f low c o n d i t i o n s .  

Much 

The d e s i g n  aims, whi le  broadly  similar,  are  n e v e r t h e l e s s  d i f f e r e n t  

Then 

The peak s u c t i o n  would occur  n e a r  t h e  p o s i t i o n  of a b r u p t  

F u r t h e r  d e t a i l s  of t h e  p r o f i l e  d e s i g n  p r o c e s s  adopted are g iven  i n  

s e c t i o n  4 .  
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3.  DETAILS OF EXPERIMENT 
3.1. Choice .of Cowls 

Six cowls in three pairs were designed and tested in the present 

experiment. 
the highlight diameter ratio Di/Dmax and the forecowl length to diameter ratio 

L~/D,,, (Fig.2). 
Di/Dmax = 0.90, these values being selected on the grounds that the former was 
typical of nacelm'les being designed for subsonic transports at the time of this 
programme, while the latter prescribed what was expected to be the thinnest 
possible cowl for a cruise Mach number near M = 0.85. 

choosing these values was that several NACA ]-series cowls with D;/Dmax = 0.85 

and 0.90 had been tested previously on the same B.5 rig, although unfortunately 

the drag data for the 0.90 cowls are suspect and are not therefore included in 
the comparisons of this report. 
and 4 ,  0.499 for cowl 6 (due to a special circumstance which emerges in the 
discussion of section 4 )  and 0.35 for cowls 2 and 5 .  Thus, in the broad the 
cowls combined the proportions either 0.85/0 .45  (cowls 1 ,  3,  4 and 6 )  or 0.90/0 .35  

(cowls 2 and 5 ) :  combinations which the NACA I-series data suggested were near- 

optimum and which also were considered realistic values for practical nacelles. 

The parameters initially defining the external cowl geometry are 

Cowls 1 ,  3 ,  4 and 6 had D;/Dma, = 0.85 and cowls 2 and 5 ,  

Another reason f o r  

The values of LF/D,,, were 0.45  for cowls 1 ,  3 

The selected design conditions, against which the characteristics of the 

cowls were to be judged, were: 

(a) 
(b) low Mach number : MO = 0 . 4 ,  Ao/A; 0.35  - 0.4 

These conditions would be appropriate for a twin-engined airbus cruising in the 
Mach number range MO = 0.80 to 0.85 .  Condition (a) relates to cruising flight, 
the most critical case being in general the end of the cruise, this giving the 
lowest Ao/Ai. 
engined operation, an important design condition for a twin-engined aircraft, 

though of less significance for an aircraft with three or more engines. The choice 
of these two conditions for special attention does not mean that the cowl performance 
a t  other Mach numbers and flow ratios is not of interest: obviously, for example, 
a cowl having poor performance for high flow ratio at any Mach number between 0 . 4  

and 0.85 is undesirable. 

* 
high Mach number : MO = 0 . 8 5 ,  Ao/Ai = 0 . 6  - 0.7 

Condition (b) corresponds to a windmilling engine during singla- 

Characteristics of the test rig necessitated that all the model cowls 
had long parallel cylindrical centre sections, unrepresentative of true engine 

x 
Intake mass flow ratio is presented as Ao/Ai where A, is the cross-section,area 
of the entering streamtube under free stream conditions, and Ai is the highlight 
area. Ao/A; is related to the inlet mean velocity ratio V i / V o  by the expression 

Y+1 Y-1 Y- 1 
(y - 1 )  MO 2 ($1 - ( 1  + - MO2) [z] 

+ [%] = 0 2 2 
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n a c e l l e  shapes. 

the pa ra l l e l  seckion extended from the c r e s t  of the  forecowl back t o  2.07 Dma, 

a f t  of t he  h i g h l i g h t  and t h i s  was followed by a con ica l ly  tapered af terbody of 5" 
semi-angle and length  0.79 Dmrr. This s i t u a t i o n  was s i m i l a r  t o  t h a t  i n  which, as 

mentioned i n  s e c t i o n  2 . 2 ,  da t a  f o r  NACA I - ser ies  cowls had been der ived by e a r l i e r  

tests us ing  t h e  same b a s i c  r i g .  

Thus, the maximum diameter of the  models was 7 inches (17.78 cm): 

De ta i l s  of t he  i n t e r n a l  geometry are shown i n  Fig.3. A l l  cowls had a 

1.25 con t r ac t ion  r a t i o  from h i g h l i g h t  a r e a  t o  t h r o a t  a r ea ,  followed by a low-angle 

conical  d i f f u s e r  t o  blend t o  the  duct diameter on the r i g .  A f u l l  set of o rd ina te s ,  

su r f ace  s lopes  and curva tures  f o r  the  cowl e x t e r n a l  p r o f i l e s  i s  contained i n  Tables 

1-6. 

a l ready  def ined,  are discussed i n  s e c t i o n  4 ,  

Details of the  de r iva t ion  of these  p r o f i l e s ,  f o r  the  b a s i c  propor t ions  as 

3 . 2 .  

The cowls were t e s t e d  on the Rolls  Royce B.5  r i g ,  d e t a i l s  of which 

are shown i n  F igs .4 ,  5 and 6 .  A s  i nd ica t ed  i n  Figs .4  and 5, the  model cowl is i n  

th ree  s e c t i o n s ,  t he  f i r s t  comprising the  design forecowl and p a r t  of the  p a r a l l e l  

mid-section, the second being a s tandard p a r a l l e l  p i ece  and the  t h i r d  being the  

tapered conica l  af terbody.  There i s  then a shor t  p a r a l l e l  support  tube of diameter 

0.875 Dmax ahead of t he  s t i n g  which has a conica l  expanding t ape r  again of SO semi- 

angle .  

The i n l e t  mass flow can be cont inuously va r i ed  using an e l e c t r i c a l l y  dr iven  plug 

mounted on the f r o n t  of the s t i n g .  The four  wake t r a v e r s e  rakes are pos i t i oned  on 

the pa ra l l e l  po r t ion  of t he  support  tube. 

The i n t e r n a l  flow i s  exhausted around the  s t i n g  a t  t he  r e a r  of t he  model. 

Each cowl had approximately 40 s t a t i c  p res su re  tappings.  On cowls 

I and 2 these were arranged i n  two runs,  one a t  t h e  top of t he  cowl and the  o the r  

a t  the  bottom. On cowls 3-6, a l l  t he  holes  were i n  a s i n g l e  rug a t  the top of 

t he  cowl. I n  o r d e r  t o  avoid having the  p re s su re  tappings too  c lose  t o  one another  

near  the  h i g h l i g h t ,  they were spread t o  e i t h e r  s i d e  of the  v e r t i c a l  c e n t r e  l i n e ,  

the maximum dev ia t ion  i n  azimuth from the  v e r t i c a l  being less than 4 0 

3.2.2, I n l e t  mass flow 

Measurements were made according t o  s tandard  procedure f o r  the 

B.5  r i g .  Thus, i n t e r n a l  mass flow i s  determined from measurements of the  s t a t i c  

and t o t a l  p ressure  i n  a p a r a l l e l  po r t ion  of t h e  duct (Fig.4).  

i s  measured a t  5 p o s i t i o n s ,  one near  the cen t r e  of the  duct and four  around the 

circumference. 

the  duct and the o the r  a t  the bottom. These measurements and the  a s soc ia t ed  

ca l cu la t ions  a r e  made on the  assumption t h a t  t he  flow a t  the measurement s t a t i o n  

c o n s i s t s  of a l a rge ly  i s e n t r o p i c  core ,  of cons tan t  t o t a l  and s t a t i c  p re s su re ,  

The s t a t i c  pressure  

To ta l  p ressure  i s  measured wi th  two tubes,  one near  t he  cen t r e  of 



together wi th  a t h i n  boundary l a y e r  on the  wall of the  duct .  

p i t o t  and s t a t i c ' t u b e s  a t  the  cen t r e  of t he  duc t  determine condi t ions  i n ' t h e  

major po r t ion  of t he  flow and the  remaining ins t rumenta t ion  i s  used t o  determine 

the mass flow i n  the  boundary l a y e r .  When t h e r e  are s t r o n g  shock waves o r  major 

flow sepa ra t ions  i n  the  i n t e r n a l  f low, i t  i s  not  p o s s i b l e  t o  o b t a i n  an  accu ra t e  

measurement of t he  i n t e r n a l  flow rate  i n  t h i s  way b u t  t h i s  should not a f f e c t  the  

main conclusions from t h e  results i n  the  p re sen t  r e p o r t ,  

Thus, t he  s i n g l e  

3.2.3.. Drag 

Again fol lowing s t anda rd  p r a c t i c e  f o r  t he  B.5 r i g ,  t he  va lues  of 

ex terna l  drag  were determined by t h e  wake t r a v e r s e  technique using p res su re  

measurements from four  rakes  mounted 90 

hor izonta l  p lanes .  

rake has 26 t o t a l  p re s su re  tubes ,  t h e  o t h e r  t h r e e  rakes  have 24. The tubes are 

mounted a t  i d e n t i c a l  r a d i i  on each rake ,  t he  e x t r a  two tubes on t h e  upper s i d e  

being a t  g r e a t e r  r a d i i  t o  cover t h e  increased  wake he igh t  i n  t h e  lee of t h e  model 

a t  p o s i t i v e  incidence.  

rake,  the  innermost one being a s u r f a c e  s t a t i c  p re s su re  tapping.  A l l  t he  p re s su res  

were recorded using scaniva lves  and a l l  connect ions f o r  t h e  t o t a l  p re s su res  were 

arranged t o  have the  same l a g  c h a r a c t e r i s t i c s  with,  a time cons t an t  long enough t o  

ensure t h a t  small dis turbances  wi th in  the  wake could be damped ou t .  

0 a p a r t  around the  model i n  v e r t i c a l  and 

Details of these  rakes a r e  shown i n  Fig.4.  The uppermost 

The s t a t i c  p re s su re  is measured a t  t h r e e  p o s i t i o n s  on each 

The values  of drag were computed from t h e  rake t o t a l  and s t a t i c  

The 12 pressures  us ing  a compressible f low ve r s ion  of t h e  o r i g i n a l  Jones method . 
external. drag,  D i s  c a l c u l a t e d  by eva lua t ion  a t  t h e  t r a v e r s e  s t a t i o n  of t h e  

i n t e g r a l  

D = 1 k (Vo - v)dA 

where & i s  t h e  mass f low r a t e  thraugh an element of wake a r e a  dA, Vo i s  the  

freestream v e l o c i t y  and v i s  the  v e l o c i t y  i n  t h e  s t reamtube a t  downstream i n f i n i t y  

ca lcu la ted  on the  assumption t h a t  no f u r t h e r  t o t a l  head l o s s e s  occur  a f t e r  t he  

t raverse  s t a t i o n .  The in tegrand  becomes zero  when t h e r e  a r e  no t o t a l  head l o s s e s  

i r r e s p e c t i v e  of the  l o c a l  s t a t i c  p re s su re .  Thus, t he  i n t e g r a l  could i n  theory be 

evaluated over t he  whole area covered by the  rakes i r r e s p e c t i v e  of t he  e x t e n t  of 

the cowl wake. However, experience has shown t h a t  t h i s  approach g ives  l a r g e  

s c a t t e r  i n  the  f i n a l  r e s u l t s ,  and wi th  t h i s  p a r t i c u l a r  experimental  set-up i t  l e d  

to  drags which appeared t o  be somewhat too high.  These t r o u b l e s  were t r aced  t o  

minor spur ious  t o t a l  head l o s s e s  f a r  ou t s ide  t h e  wake due t o  e i t h e r  f a i l i n g s  i n  

the ins t rumenta t ion  OF s l i g h t  imperfec t ions  i n  t h e  tunnel  flow. 

t o t a l  p re s su re  were t r i v i a l  but  had a s i g n i f i c a n t  e f f e c t  on t h e  i n t e g r a t e d  drag 

because of t h e  l a r g e  area weight ing of t h e  outermost tubes .  

therefore  confined t o  the  wake only ,  t he  o u t e r  edge of the  wake being found by 

The l o s s e s  i n  

The i n t e g r a t i o n  was 
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asking the  compdeer t o  search  along the  rake measurements (from the outermost 

tube inwards) un i iP  a s i g n i f i c a n t  t o t a l  head l o s s  (AH =I 0.004" Hg, i . e .  0.013% Ho) 
was found. 

each rake,  w a s  then taken t o  be t h e  average of a l l  good p i t o t  readings ou t s ide  

the  wake. By the  app l i ca t ion  of s tandard  compressible flow r e l a t i o n s h i p s ,  the 

drag was then ca l cu la t ed .  

The re ference  f rees t ream t o t a l  p re s su re ,  used f o r  c a l c u l a t i n g  PO f o r  

E a r l i e r  i n  the  r e p o r t ,  i t  was s t r e s s e d  t h a t  the present  research  

i s  concerned wi th  the  design of a forecowl. 

t h a t  t he re  i s  l i t t l e  i n t e r f e r e n c e  from t h e  t runca ted  a f t  cowl. Neveftheless ,  i t  

should be noted t h a t  the drag measurements are f o r  the complete cowl and even 

inc lude  the s k i n  f r i c t i o n  on the support  tube ahead of t he  rakes .  It fol lows 

t h a t  absolu te  values  of CD are t o  be disregarded.  

t o  show how the drag v a r i e s  with Mach number and in t ake  flow r a t i o  and t o  provide 

a comparison between the d i f f e r e n t  forecowl des igns ,  

The long p a r a l l e l  mid-section ensures  

The purpose of the tests i s  

3 . 3 .  

The tes ts  were made i n  t h e  AM 9 f t  x 8 f t  t r anson ic  tunnel  a t  Mach numbers 

from M = 0.4  t o  M = 0.95 a t  a tunnel t o t a l  p ressure  of 1 atmosphere g iv ing  a tes t  

Reynolds number based on the  cowl maximum diameter va iy ing  from R = 1.5 x 10 

M = 0 . 4  t o  R = 2 . 4  IC 10 a t  W = 0.95. 

6 incidence but  the d iscuss ion  i n  t h i s  r epor t  concent ra tes  on the  r e s u l t s  f o r  0 

incidence;  i t  i s  known however t h a t  i f  the  r e s u l t s  f o r  3' had been included,  t h i s  

would not have a f f e c t e d  the conclusions from the  a n a l y s i s  t o  any apprec iab le  ex ten t .  

6 a t  
4 0 Tests were made 'a t  Oo, 3 and occas iona l ly  

0 0 

Boundary l aye r  t r a n s i t i o n  was f ixed  using roughness bands of B a l l o t i n i  

of 0.0035 - 0.0041 inches diameter extending from 0.4 inches t o  0.6 inches 

(x/Dmax : 0.057 - 0.084)  a f t  of h igh l igh t .  

The t e s t s  were made between A p r i l  1968 and November 1970. 

3 . 4 .  Presentation of R e s u l t s  

The a c t u a l  tes t  da t a  have been f u l l y  recorded g raph ica l ly  i n  Ref .12.  

The present  r epor t  concentrates  on a n a l y t i c a l  d i scuss ion  and t o  t h a t  end r e c a l l s  

a wide s e l e c t i o n  but  no t  the  whole body of r e s u l t s  f o r  p re sen ta t ion  in t h i s  

document. 

The p resen ta t ion  of r e s u l t s  i s  twofold. In  s e c t i o n  4 ,  which is concerned 

t o  descxibe the evolu t ion  of the cowl p r o f i l e  shapes,  the  drag r e s u l t s  i n  terms of 

Mach number and flow r a t i o  a r e  given i n  o rde r  t o  expla in  t h e  step-by-step process .  

I n  sec t ion  5 ,  d e t a i l e d  pressure  d i s t r i b u t i o n s  a r e  shown and analysed with the a i m  

of expla in ing  the  na ture  of flow breakdown as and when i t  occurs .  
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4. COWL PROFILES AND DRAG RESULTS 

4.1. Cowls I and 2 

The ,broad p r i n c i p l e s  adopted i n  der iv ing  the  cowl p r o f i l e s ,  f o r  given 

ove ra l l  p ropor t ions ,  have a l ready  been s t a t e d  ( sec t ion  2 .3) .  Cowls 1 and 2 

represent  the  i n i t i a l  a t tempts  t o  apply these  p r i n c i p l e s ,  f o r  proport ions 

0.85/0.45 and 0.90/0.35 r e spec t ive ly  . 
The only da t a  a v a i l a b l e  t o  ass is t  i n  the design of these  f i r s t  two 

cowls were those f o r  the corresponding NACA I - ser ies  cowls. These were analysed 

t o  give es t imates  of s t agna t ion  po in t  p o s i t i o n  and i t s  v a r i a t i o n  with Mach number 

and mass €low, coupled with angular  expansion r a t a s  from the  s t agna t ion  po in t  and 

around the cowl Lip.  

number of about 1 . 2  a t  MO = 0.85, A o / A i  = 0 . 7 ,  i f  comblned with a s u i t a b l e  

recompression a f t  of the peak, would probably give good reduced mass flow 

performance a t  t h i s  Mach number, 

t a r g e t ,  l a r g e r  values  of leading edge r ad i i .were  used than those app l i cab le  t o  

NACA I-ser ies  cowl shapes.  

I -ser ies  values  i n  parentheses ,  were f o r  cowl 1 ,  0.0224 (.0077) and f o r  cowl 2 ,  

0.0179 (.0045). A crude estimate was made of the  l o c a l  s lope  on the ex te rna l  

sur face  where the rap id  decrease i n  curva ture  should s tar t .  

f o r  t h i s  s lope  seemed t o  be about 45' f o r  cowl 1 (85/45) and about 50' f o r  cowl 2 

(90/35). The remainder of t he  p r o f i l e  was f i l l e d  i n  by eye t o  give what appeared 

t o  be an acceptable  d i s t r i b u t i o n  of curva ture ,  according t o  the  p r i n c i p l e s  being 

followed. 

( toge ther  wi th  those of l a t e r  cowls of the  s e r i e s ) .  

i n  Figs.9 and 10. 

The da ta  supported a suggest ion t h a t  a peak l o c a l  Mach 
I 

I n  o rde r  t o  meet the low Mach number design 

The a c t u a l  va lues ,  expressed as p/Dmax with NACA 

Appropriate values  

The curvature  d i s t r i b u t i o n s  which emerged a r e  shown i n  F igs .7  and 8 

Surface s lopes  a r e  p l o t t e d  

Some considerable  time was spent  i n  the  determinat ion of convenient 

a n a l y t i c a l  expressions f o r  de f in ing  the  shape of t h a t  p a r t  of the  cowl p r o f i l e  

between the end of the  c i r c u l a r  a r c  lead ing  edge and the c r e s t ;  the  aims of such 

expressions were t o  give con t inu i ty  of f i r s t  and second d e r i v a t i v e s  a t  the 

f a i r i n g  p o i n t ,  and adequate con t ro l  of the  curva ture  d i s t r i b u t i o n  downstream. 

Various forms of express ion  were t r i e d  and the  one f i n a l l y  s e l e c t e d  as being 

the most usefu l  was: 

x2 + axy + bx2y + cy2 + dx + ey + f = 0 

This form of expression ( the  equat ion of a genera l  conic  s e c t i o n  wi th  an e x t r a  

term i n  x2y) allows the imposi t ion of s i x  c o n s t r a i n t s ,  t h ree  of which a r e  needed 

a t  the forward f a i r i n g  p o i n t  and two a t  t he  c r e s t .  The s i x t h  parameter i s  

ava i l ab le  f o r  varying the  p r o f i l e ;  the  way it  was used in p r a c t i c e  was t o  de.fine 

the degree of curvature  a t  the c r e s t .  

were used f o r  the bas i c  shapes o f  a l l  s i x  cowls. The l a s t  two cowls (5 and 61, 
P r o f i l e s  generated from t h i s  expression 
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however, requi red  s.menumerical modif icat ion t o  produce e f f e c t s  no t  ob ta inable  

with the  bas i c  equat ion;  these  modif icat ions a r e  descr ibed l a t e r .  

1 and 2 a , l o w  value of curvature  a t  the c r e s t  was used i n  o rde r  t o  r e s t r i c t  

supersonic  expansion near t h e  c r e s t  a t  high Mach number. 

shapes of these  f i r s t  two cowls a r e  compared with the  equiva len t  NACA I - ser ies  

shapes i n  F i g e l l .  

With cowls 

The external l i p  

The i n t e r n a l  p r o f i l e  from h igh l igh t  t o  t h r o a t  was obtained by ca r ry ing  

the nose rad ius  i n t e r n a l l y  through about 20' angle  and than f a i r i n g  back t o  the  

th roa t  by a similar process  t o  t h a t  used e x t e r n a l l y .  

r a t i o ,  A i / A t  = 1.25 (Fig.lL), was used throughout and the  a x i a l  d i s t ance  from 

h igh l igh t  t o  t h r o a t  w a s  made equal t o  the d i f f e rence  i n  diameters ,  Xthroat = D i  - D t Q  

No at tempt  was made wi th  any o'f the  cowls t o  opt imise the  i n t e r n a l  shape wi th  

r e spec t  t o  i n t e r n a l  performance. 

A r ep resen ta t ive  con t r ac t ion  

The te'ets of cowls 1 and 2 showed t h a t  the performance a t  low Mach 

numbber (M = 0 . 4 )  was e x c e l l e n t ,  b e t t e r ,  i n  f a c t ,  than the t a r g e t  of r e t a i n i n g  l o w  

drag down t o  flow r a t i o s  Ao/A; = 0.35 - 0.4 ( sec t ion  3 . 1 ) .  

however the performance was not as good as had been hoped. 

Figs.12 t o  17,  where the  p r i n c i p a l  zero-incidence drag da ta  f o r  the  var ious  cowls 

a r e  shown. Figs.12 and 15  give e x t e r n a l  drag c o e f f i c i e n t  versus  flow r a t i o ,  

Figs .13 and 16 give  ex te rna l  drag c o e f f i c i e n t  versus  Mach number and i n  Figs.14 

and 17 the flow r a t i o  f o r  drag divergence i s  p l o t t e d  a g a i n s t  Mach number. 

Comparative da t a  f o r  t h e  NACA 85 /45  cowl have been included i n  Figs.12 t o  14. 
Divergence here  r e f e r s  t o  the  rap id  increase  of drag occurr ing  below a c e r t a i n  

l e v e l  of flow r a t i o  f o r  a given cowl a t  a given Mach number MO. 
l e v e l  can be approximated by the  express ion  

flow r a t i o  (A,/Ai)d i s  def ined a s  t h e  flow r a t i o  f o r  which CD = C D ~  -+ 0.01. 

A t  high Mach number 

This can be seen in 

The b a s i c  drag 
9t 

CDb '= 0.044 - 0.01 MO and a divergence 

It can be seen from F igs . l2 (a )  and 15(a) t h a t  a t  M = 0.4, n e i t h e r  cowl 1 

nor cowl 2 gives  any m j o r  inc rease  i i i  d rag down t o  the  lowest mass flow r a t i o  of 

the t e s t s  ( i . e .  j u s t  over 0.3), although the re  i s  a marked creep on cowl 2 which 

r e s u l t s  i n  a nominal divergence r a t i o  (Ao/Ai)d = 0 . 3 8 .  

philosophy of using a l a r g e  leading edge r ad ius  with no d i s c o n t i n u i t y  i n  curva ture  

a t  the  l i p  has been successfu l  a t  t h i s  low Mach number i n  keeping down the  peak 

v e l o c i t i e s  near  the  l i p  and hence i n  avoiding premature drag  divergence. 

w i l l  be discussed more f u l l y  i n  s e c t i o n  5. 

It seems c l e a r  t h a t  the 

This 

Fig.14 shows ' tha t  i n  terms of (A,/Ai)d, the divergence flow r a t i o  a t  

constant  Mach number, the performance of cowl 1 i s  supe r io r  t o  the NACA I - ser ies  

9t 
The l e v e l  decreases  wi th  inc reas ing  Mach number because of the  v a r i a t i o n  of t e s t  

Reynolds number with Mach number. 



14 

cowl up t o  M = 0.8.  

b e t t e r ,  f o r  example 0.07 i n  divergence flow r a t i o  a t  M = 0.85. 

supe r io r i ty  i n  drag r i s e  Mach number a t  cons tan t  flow r a t i o  can be seen i n  
Fig.13. 

to  say a t  t h i s  po in t  t h a t ,  compared with the  appropr ia te  NACA cowl, cowls 1 and 2 

have lower peak suc t ions ,  f u r t h e r  from the  l i p ,  but a l s o  have s t ronge r  terminat ing 

shocks, again f u r t h e r  from t h e  l i p .  

edge radius  used f o r  t he  present  cowls and i t  was concluded t h a t  i t  would not  be 

poss ib le  t o  improve the  h igh  Mach number performance s o l e l y  by changing the  

p r o f i l e  shape downs#:ream of the  l i p  r ad ius .  

be necessary t o  s a c p i f i c e  some of the  e x c e l l e n t  low Mach number performance i n  

order  t o  improve the performance a t  high speeds.  

Above t h i s  Mach number, however, the NACA cowl i s  markedly 

The corresponding 

This behaviour is considered a t  g r e a t e r  length  i n  s e c t i o n  5 :  s u f f i c e  i t  

The d i f f e rences  stem from the  l a r g e r  lead ing  

I n  o t h e r  words, i t  was f e l t  i t  would 

4 . 2 .  Cowls 3 and 4 
Cowls 3 and 4.were designed wi th  the  same o v e r a l l  p ropor t ions  as cowl 1 

(IYi/Dmax = 0.85, LF/Dmax = 0.45) ,  with the  aim of i n v e s t i g a t i n g  the  e f f e c t  of 

reducing leading  edge r ad ius .  

and 0.0186 f o r  cowl 4 (c f .  0.0224 f o r  cowl 1 and 0.0077 f o r  the equiva len t  NACA 

The values  of p/Dmax chosen were 0 . 0 1 4 3  f o r  cowl 3 

cowl). In  the hope of maintaining low peak s u c t i o n  l e v e l s  similar t o  t h a t  of 

cowl 1 ,  a change was made t o  the po in t  of depar ture  from the  lead ing  edge 

c i r c u l a r  a r c .  Using a v a i l a b l e  c a l c u l a t i o n  methods f o r  incompressible flow 

the s tagnat ion  po in t  p o s i t i o n  on the  l i p  was est imated as a func t ion  of l i p  

rad ius .  

r e spec t ive ly  f u r t h e r  round towards the i n s i d e  of the cowl than f o r  cowl 1: these  

anglee were the re fo re  added t o  the angle  of s lope  a t  depar ture  of the  ou te r  p r o f i l e  

from c i r c u l a r ,  the  keeping cons tan t  the  t o t a l  c i r c u l a r  s e c t o r  angle  from the  

s tagnat ion  p o i n t  t o  the  po in t  of departure .  Thus, as shown i n  Fig.7,  cowl 3 s t a r t s  

t o  f l a t t e n  out  a t  50' slape and cowl 4 a t  47.5'. 

1 4 , 1 5  

It was found t h a t  f o r  cowls 3 and 4 ,  the  s t agna t ion  po in t  was 5' and 2b0 

Somewhat d i f f e r e n t  phi losophies  were appl ied  t o  determining the  two 

' p r o f i l e s  a f t  of the c i r c u l a r  lead ing  edge. Cowl 3 was given a r ap id  f l a t t e n i n g  

a f t  of the l i p ,  followed by r e l a t i v e l y  more curva ture  than cowl 1 a f t  of x/Dma, = 0.1: 

the  aim was t o  o b t a i n  a quick recompression a f t e r  t he  peak suc t ion ,  which i t  w a s  

hoped would weaken the subsequent shock wave over a wide range of Mach number. 

I n  the case of cowl 4 the  a rea  of ~ Q W  curva ture  was spread over a l a r g e r  p a r t  of 

the cowl su r face  but  f i n a l l y  near  the  crest the  curva ture  was increased  r e l a t i v e  

t o  cowl 1 :  t h i s  w a s  beaause i t  w a s  considered t h a t  the low crest region curva ture  

of cowl 1 (and cowl 2)  had i n d i r e c t l y  cont r ibu ted  t o  the i n f e r i o r  performance a t  

high MO by s t rengthening  the shock wave (s ince  lower curva ture  a t  the c r e s t  

implies  higher  curvature  f u r t h e r  forward i n  the supersonic  flow reg ion) .  These 

curvature  d i s t r i b u t i o n s  f o r  cowls 3 and 4 a r e  p l o t t e d  i n  Fig.18 using cowl 1 a s  



a bas i s  and aga ins t  s lope  i n  Fig.19. 

The e fkec t  of these  changes from cowl 1 on the  t h e o r e t i c a l  incompressible 

flow can be seen i n  Fig.20. 
v a r i a t i o n  i n  t h a t  t he  pressure  d i s t r i b u t i o n  f o r  cowl 3 has a narrow peak followed 

by low v e l o c i t i e s  and a region of s l i g h t  re -acce lera t ion  near the  mid p a r t  o€ the  

p r o f i l e ;  w h i l s t  cowl 4 has a more gradual recompression a f t e r  the  peak, wi th  

v e l o c i t i e s  less than f o r  cowl 1 except f o r  a small  region near  the crest  

The changes a r e  c o n s i s t e n t  wi th  the geometric 

(x/Dma2c 3 0 . 4 5 )  I) 

Turning t o  the experimental  r e s u l t s ,  these  show (F igs . l2 (a )  and 14)  t h a t  

The divergence va lue  the  behaviour of both  cowls a t  MO = 0.4  was s t i l l  very good. 

of A,lAi  was lower f-han 0 . 3  i n  both cases  i . e .  s ~ g n i f i c a n t l y  b e t t e r  than the  deqign 

t a r g e t .  A t  M = 0.5 ,  however, ( F i g . l 4 ) ,  (Ao/Ai)d was increased  by nea r ly  0.1 €or  

both cowls as compared with cowl 1. A t  higher  Mach numbers cowl 3 was again 

p a r t i c u l a r l y  good a t  seduced mass flow (F igs . l3 (a ,b ) )  bu t  a t  high flow r a t i o s  an 

e a r l y  drag r i s e  w a s  exh ib i t ed  (Fig013(c)). A s  compared wi th  the  NACA 1-85-45 

cowl, cowl 3 was roughly equiva len t  a t  MO = 0.85 ,  equiva len t  (high flow r a t i o )  o r  

super ior  (low flow r a t i o )  a t  Lower Mach numbers but  i n f e r i o r  a t  h igher  Mach 

numbers* I n  terms of drag rise Mach number cowl 4 a l s o  was b e t t e r  than cowl 1 

and, unl ike cowl 3,  the  improvement i n  t h i s  case was sus t a ined  a t  the  higher  flow 

r a t i o s  (Fig. 13c) a 

Broad conclusions are t h a t  the design aims of cowls 3 and 4 were achieved 

i n  some measure i n  t h a t  t he  high Mach number performance was improved a t  the  expense 

of a n  acceptab le  d e t e r i o r a t i o n  i n  low Mach number c h a r a c t e r i s t i c s .  It seems t h a t  

the high Mach number performance of cowl 3 was degraded by the increased  curvature  

i n  the mid-cowl reg ion ,  which g ives ,  a t  high mass flow, a t r i a n g u l a r  p re s su re  

d i s t r i b u t i o n  with the  flow a c c e l e r a t i n g  up t o  the  shock wave: a t  reduced Mach 

number however, with the  shock wave ly ing  ahead of t h i s  reg ion ,  the performance 

was s i g n i f i c a n t l y  b e t t e r  than t h a t  of e i t h e r  cowl 1 and cowl 4.' To summarise: 

as f o r e c a s t  while the  cowls were being designed, cowl 4 i s  the  b e t t e r  cowl a t  high 

mass flow and high Mach number and cowl 3 the  b e t t e r  a t  reduced mass flow and 

lower Mach numbers. 

4.3.  Cowls  5 and 6 
_._.._I 

Despi te  the improvements produced by cowls 3 and 4 over the l e v e l  of 

performance of cowl I ,  the  high Mach number performance i n  p a r t i c u l a r  of the 

NACA 3-85-45 cowl had not  ye t  been matched (F igs . l3b , c ) .  C h a r a c t e r i s t i c s  a t  

MO = 0 . 4 ,  however, were s t i l l  s i g n i f i c a n t l y  b e t t e r  than the  nominal t a r g e t  s e t ;  

so i t  was f e l t  t h a t  a p r o f i l e  might be devised combining the b e s t  f e a t u r e s  of 

cowls 3 and 4 . ,  which wh i l s t  al lowing some f u r t h e r  s a c r i f i c e  of low Mach number 

performance, would be b e t t e r  than the  NACA I - ser ies  cowl a t  high Mach numbers. 



16 
Going f u r t h e r ,  the same p r i n c i p l e s  might be used t o  der ive  a successfu l  p r o f i l e  

f o r  the higher  diameter r a t i o  of 0 .9 ,  though here  the  comparisons would 

e s s e n t i a l l y  be made wi th  cowl 2 only,  the e x i s t i n g  drag da ta  f o r  the corresponding 

NACA I - ser ies  cowl being considered un re l i ab le .  Cowls 5 and 6 r ep resen t  these  

f u r t h e r  design a t tempts ,  cowl 5 having the  0.90 diameter r a t i o  and cowl 6 t he  0.85 
diameter r a t i o .  

The p r o f i l e  f o r  cowl 6 was der ived from t h a t  of cowl 3 ' i n  the  fol lowing 

way. S t a r t i n g  with the  cowl 3 d i s t r i b u t i o n  of curva ture  as shown i n  Fig.19, a 

modified d i s t r i b u t i o n  was s p e c i f i e d  from a po in t  near  x/Dmax =I 0.07, (somewhat 

ahead of the  higher  curvature  region of cowl 3 )  t o  the c r e s t .  This new d i s t r i b u t i o n  

of curvature  was of similar form t o  t h a t  of cowl 4 but  running a t  a lower l e v e l  ( i n  

terms of D,,/p versus  s lope  angle  0 ) .  

x = J p cos 0 $0 and z = J p s i n  0 d0 gave the  shape o r d i n a t e s ,  corresponding a t  

t h i s  s t age  however t o  changed va lues  of t he  o v e r a l l  dimensions Di /Dmax and 'LF/Dmax* 

Scal ing the  o rd ina te s  t o  the  requi red  value of D i / D m a ,  (0.85) r e s u l t e d  i n  a value 

0.499 f o r  LF/D,,, compared wi th  0 . k 5  f o r  the ea r l i e r  cowls. 

unnecessary t o  make a f u r t h e r  c o r r e c t i o n  f o r  t h i s  remaining d i f f e rence .  

I n t e g r a t i n g  the  curva ture  by means of 

It was deemed 

The f i n a l  shape had a small reduct ion  i n  nose r ad ius  (P/Dmax = 0 . 0 1 2 2 )  

compared wi th  cowl 3 ,  h ighe r  curva ture  near  t h e  nose and near  the c r e s t  and l e s s  

a t  intermediate  s t a t i o n s  approaching the  c r e s t .  The ca l cu la t ed  incompressi.ble 

pressure  d i s t r i b u t i o n  (Fig.20) shows a genera l  s i m i l a r i t y  t o  t h a t  of cowl 4 (w"ith 

lower v e l o c i t i e s  i n  gene ra l )  from which i t  was hoped t h a t  a good degree of slaock- 

f r e e  recompression would be provided a t  high Mach number. 

The design of  cowl 5 followed similar l i n e s  CO t h a t  of cowl 6 except  

t h a t  there  was no counterpar t  t o  cowl 3 i n i t i a l l y  a v a i l a b l e .  An ' i n t e rmed ia t e  

design'  was t he re fo re  deviead, using the  geometric forms used €or  cowls 1 and 4 :  

t h i s  had a reduced leading  edge r ad ius  (0.0129) compared with cowl 2 (0.01791, i n  

order  t h a t  t he  p r o f i l e  a f t  of t he  l i p  might be f l a t t e r ,  but a t  the  same t i m e  the 

c i r c u l a r  a r c  was terminated a t  a s lope  o f  5 2 . 5  

t o  counter the  e f f e c t  of the  reduced leading  edge r ad ius  on peak suc t ion .  

0 as compared with 50°, i n  o rde r  

I n  o rde r  t o  produce a cowl with analogous c h a r a c t e r i s t i c s  t o  t h a t  of 

cowl 6 the  ' i n t e rmed ia t e '  cowl was then modified so as t o  reduce the  suc t ion  

l e v e l  behind the pt?ak. This  was accomplished i n  ii similar way t o  the change from 

cowl 3 t o  cowl 6 .  

humcrically and the r e s u l t i n g  o v e r a l l  shape was sca led  t o  D i / D m a x  = 0.90. 

of  L1:/Dma, dame ou t  t o - b e  0 . 3 5 4 ;  only s l i g h t l y  higher  than t h a t  f o r  cowl 2 .  

leading edge rad ius  was 0.0109 Dmax as compared with 0.0045 D,,, f o r  the  NACA 

1-90-35 cowl. Curvature d i s t r i b u t i o n s  involved i n  t h i s  process  a r e  p l o t t e d  i n  F i : r e 7 I  

and incompressible pressure  d i s t r i b u t i o n s  i n  Fig.22. 

pressure  d i s t r i b u t i o n  behind the peak and the  increased  suc t ions  near  the c r e s t  may 

be noted. 

A new cutva ture  d i s t r i b u t i o n  was s p e c i f i e d  and i n t e g r a t e d  

The v d t i e  

The 

The h i &  concaviry o f  the c o w l  5 
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The resul ts  f o r  cowls 5 and 6 show q u a l i t a t i v e l y  the  expected changes 

i n  drag c h a r a c t e r i s t i c s .  On cowl 6 the  hoped-for shock-free flows seem;to have 

been obtained,  so  t h a t  the  drag- r i se  Mach numbers f o r  flow r a t i o s  0.6 and above 

(Fig. l3c)  compare favourably with those of t he  NACA 1-85-45 cowl. 

d e s p i t e  the  h igher  length  r a t i o  of cowl 6 (LF/D,,, = 0.499)  which i s  probably 

away from optimum, so t h a t  a comparison a t  cons tan t  length  r a t i o  might make 

cowl 6 look even b e t t e r .  

3 and 4 .  A t  lower Mach number (F igs . l2a  and 13a) the  r e s u l t s  f o r  cowl 6 remain 

supe r io r  t o  those f o r  the NACA cowl, w h i l s t  showing a d e t e r i o r a t i o n  as compared 

with cowls 1 ,  3 and 4 .  

s t i l l  meets the i n i t i a l  design t a r g e t .  

This i s  

There i s  a l a rge  improvement over the  ear l ie r  cowls 

The value of (Ao/Ai>d a t  MO = 0.4 i s  0 . 3 6 ,  i .e .  cowl 6 

Cowl 5 shows u p , t o  cons iderable  advantage a t  high Mach number compared 

with cowl 2 (Fig.16).  

about 0.045 higher .  

suggests  t h a t  cowl 5 i s  s t i l l  only j u s t  as good a s ,  o r  poss ib ly  s l i g h t l y  

i n f e r i o r  t o ,  the  NACA 1-90-35 cowl. 

combining good c h a r a c t e r i s t i c s  a t  both high and low Mach numbers. With such a 

high diameter r a t i o  as 0.90, i t  would seem t o  be necessary t o  concent ra te  more 

exc lus ive ly  on the  high Mach number design f o r  s i g n i f i c a n t  improvement t o  be 

achieved i n  t h a t  r e spec t .  

For example a t  A o / A i . =  0 .7  the  drag- r i se  Mach number i s  

Examination of the  su r face  pressures  ( sec t ion  5) however 

The r e s u l t s  i l l u s t r a t e  the d i f f i c u l t y  of 

5.  ANALYSIS OF PRESSURE DISTRIBUTIONS 

5. I .  General 

I n  t h i s  s e c t i o n  the  measured cowl pressure  d i s t r i b u t i o n s  a r e  examined 

with the  a i m  of expla in ing  the  f e a t u r e s  of the  flow which cause the  r ap id  

increase  i n ,  drag when they occur and how these  a r e  r e l a t e d  t o  cowl geometry and 

t o  the ca l cu lab le  c h a r a c t e r i s t i c s  f o r  incompressible i n v i s c i d  flow. It i s  

convenient t o  d iv ide  the  speed range i n t o  regions of low, medium and high f r e e  

s t ream Mach number as fol lows:  

( i )  low Mach number (MO = 0.4 i n  the experiment) where the  flow 

i s  wholly subsonic ,  

( i i )  in te rmedia te  Mach number (0.5 s MO 8 0.7)  where the  EZow r e a d i l y  

becomes supersonic  c lose  t o  the cowl L ip ,  

( i i i )  high Mach number (MO 

region e x i s t s ,  terminated by a shock wave some d i s t ance  from 

the l i p .  

0.7) where a more ex tens ive  supersonic  

For each speed range the flow over one of  the cowls i s  discussed i n  

some d e t a i l  and then t h e  d i f f e r e n t  cowls a r e  compared i n  o rde r  t o  expla in  t h e i r  

drag c h a r a c t e r i s t i c s .  The a n a l y s i s  concent ra tes  on the cowls with Di/Dmalc = 0.85 
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but re ference  i s  made t o  the  0.90 cowls and the  NACA 1-ser ies  where t h i s  i s  

thought t o  be he lp fu l .  

5.2. Low Mach Number 

I n  Figure 23 pres su re  d i s t r i b u t i o n s  a r e  shown f o r ' t h e  reg ion  c lose  t o  

the l i p  of cowl 6 a t  MO = 0.4. 

d i s t r i b u t i o n s  are compared wi th  those ca l cu la t ed  f o r  i n v i s c i d  incompressible  

flow by the  method of Re.f.14. 

For seve ra l  f low r a t i o s  the  measured p res su re  

A t  A o / A i  = 0.7,  t he  h ighes t  f low r a t i o ,  the  

ca lcu la ted  p res su re  d i s t r i b u t i o n  i s  a good approximation t o  the  experimental  

r e s u l t s .  A t  t he  next lower flow r a t i o  however (Ao/Ai = 0.6), t h e r e  is a 

d i s t i n c t  dev ia t ion  of  the  experimental  p re s su re  d i s t r i b u t i o n  between x/Dmax =I 0.01 

and 0.25 and t h i s  becomes p rogres s ive ly  more pronounced down t o  Ao/A; = 0.4.  

The devia t ion  i s  i n d i c a t i v e  of a bubble-type flow sepa ra t ion  emanating from the  

poin t  where the  experimental  p re s su re  d i s t r i b u t i o n  depa r t s  from the  i n v i s c i d  

d i s t r i b u t i o n .  The boundary l a y e r  i s  laminar a t  s epa ra t ion  and through the  

region of roughly cons tan t  p re s su re  which fo l lows;  t r a n s i t i o n  then occurs  and 

the  r e s u l t i n g  tu rbu len t  l a y e r  i s  ab le  t o  r e a t t a c h  g iv ing  a delayed p res su re  rise 

and u l t imate  r e t u r n  t o  approximately the  pressure  d i s t r i b u t i o n  f o r  a t t ached  flow. 

A s  the  f low r a t i o  i s  decreased t h e  peak s u c t i o n  inc reases ,  t he  sepa ra t ion  po in t  

moves forward (x/Dmax = 0.011 a t  Ao/Ai = 0.6,  0.007 a t  0 .5 ,  0.005 a t  0 . 4 )  and 

the bubble becomes s h o r t e r  while  the  p re s su re  r i s e  ac ross  i t  ina reases .  

A t  Ao/Ai = 0.3 the  experimental  d i s t r i b u t i o n  has changed s i g n i f i c a n t l y :  

the peak suc t ion  has co l lapsed  ahd the  separa ted  reg ion  has become much more 

extensive.  This change corresponds t o  the  phenomenon of 'bubble b u r s t i n g ' ,  a s  

descr ibed by Crabtree16 and o t h e r s  i n  the  contex t  of f low over an a e r o f o i l :  

the  s h o r t  bubble p re sen t  a t  h igher  flow r a t i o s  has  b u r s t  and been rep laced  by 

a long bubble,  o r i g i n a t i n g  c l o s e r  t o  the  l ead ing  edge, thus g iv ing  a lower suc t ion  

peak , a delayed t r a n s i t i o n  and a much g e n t l e r  p re s su re  r ise i n  the  approach t o  

the inv i sp id  p re s su re  d i s t r i b u t i o n .  

* 

The l i m i t i n g  p res su re  r i s e  t o  reat tachment  of t h e  s h o r t  bubble was 

found empi r i ca l ly  by Crabtree t o  be given by 

where the  s u f f i c e s  s and r r e f e r  t o  sepa ra t ion  and reattachment r e s p e c t i v e l y .  

From the measured d i s t r i b u t i o n  f o r  A o / A i  = 0 . 4  i n  Fig.23,  the  va lues  of Cps and 

* 
The second peak shown by the  p re s su re  d i s t r i b u t i o n  f o r  Ao/A; = 0.3 i n  F ig .23  i s  

be l i eved ta  be caused by the  s t agge r ing  of p re s su re  o r i f i c e s  on the model toge ther  

with some depar ture  of t he  flow from axial-symmetry i n  bhe range of t r a n s i t i o n  

from s h o r t  t o  long bubble.  
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Cpr a r e  -2.27 and -1.12, which y i e l d  a value of U i n  c lose  agreement wi th  

Crabt ree’s .  

A c l o s e  in spec t ion  of  t h e  CD - Ao/Ai v a r i a t i o n  f o r  H = 0.4  (Figs.lZa 

and 1 5 4  r e v e i l s  t h a t :  

(a) a small i n c r e a s e  i n  s lope  ( r a t e  of r ise  of drag  c o e f f i c i e n t  wi th  

decreas ing  flow r a t i o )  occurs  i n  the  mid-flow reg ion  (0 .36  d Ao/A; s 0.65) 

i n  ansoc ia t ion  wi th  t h e  occurrence of t h e  s h o r t  bubble;  

the  major drag r ise a t  lower flow commences s h o r t l y  before  (note:  

no t  a t )  the  change t o  a long bubble,  and thus i s  probably a s s o c i a t e d  

wi th  t h e  t u r b u l e n t  reat tachment  process  approaching i t s  l i m i t i n g  

(b) 

p re s su re  rise 0 

I n  broad terms, however, t he  flow r a t i o  f o r  bubble changeover remains 

the  e s s e n t i a l  parameter r e l a t i n g  t o  cowl s p i l l a g e  drag  a t  low Mach number and 

t h i s  f low r a t i o  i s  i t s e l f  l inked  wi th  the  s u c t i o n  peak i n  t h e  p re s su re  d i s t r i b u t i o n .  

In  Fig.24 the  v a r i a t i o n s  of peak s u c t i o n  (CPmin) 

cawls,  bo th  as c a l c u l a t e d  f o r  incompressible  f low and a l so  8s measured f o r  b$, = 0.4.  

Bubble b u r s t i n g  i s  shown by a major depar ture  of t he  experimental  curve from the  

t h e o r e t i c a l ,  as f low r a t i o  i s  reduced. Reference t o  the  drag  curves (F igsd12a  and 

15a) shows t h a t  wi th  one except ion  (cowl 2 )  t h i s  corresponds c l o s e l y  t o  the  va lue  

of CD r i s i n g  above a l e v e l  0.05. 

broadly pa i r ed ,  h ighes t  f o r  cowls 5 and 6 ( sma l l e s t  l i p  r a d i u s ) ,  lower f o r  cowls 3 

and 5 and not  reached (but  below 0.3) i n  t he  case of cowls 1 and 2. It i s  of some 

s i g n i f i c a n c e  t h a t  t he  va lues  of C 
i n  f a c t  Q use fu l  design guide may be obta ined  from the  flow r a t i o  f o r  which the  

t h e o r e t i c a l  incompressible  C has the  value -3.0, as t h e  followllng t a b l e  shows. 

wi th  fluw r a t i o  are shown f o r  a l l  t h e  

The va lues  of flow r a t i o  f o r  the  depa r tu re  are 

a t  depa r tu re  a l l  l i e  w i t h i n  a narrow band; Pmin 

Pmin 

Value of A o / A i  f o r  
which t h e o r e t i c a l  

Agreement is  good i n  a l l  cases  save t h a t  of  cowl 2.  It  i s  worth no t ing  

t h a t  even wi th  cowl 2 ,  t he  drag and s u r f a c e  pressure  r e s u l t s  a r e  c o n s i s t e n t  i n  the 

sense t h a t  both show no s i g n i f i c a n t  divergence i n  the  tes t  range; t he  mystery i s  
why f o r  t he  lowest t e s t  A o / A i ,  CD < 0.05 and a s h o r t  bubble s e p a r a t i o n  i s  s t i l l  

being maintained d e s p i t e  t h e  f a c t  t h a t  IC I > 3.0. It  i s  p o s s i b l e  t h a t  the  

explana t ion  l i e s  in t he  d e t a i l s  of t he  p re s su re  d i s t r i b u t i o n s ;  on cowl 2 ,  the  peak 
Pmin 



20 

suct ion i s  c lose r  t o  the  l i p  than on the  o t h e r  cowls and much of the  requi red  

pressure r ecove ry ‘a t  low flow r a t i o  apparent ly  occurs  immediately downstream 

of the peak where the  boundary l a y e r  i s  r e l a t i v e l y  t h i n .  

of pressure  holes  i n  the cowls i s  no t  real ly  s u f f i c i e n t  t o  de f ine  the pressure  

d i s t r i b u t i o n s  i n  the  d e t a i l  requi red  and a l s o ,  t he re  a r e  not  enough da ta  p o i n t s  

t o  be ab le  t o  compare t h e  pressure  d i s t r i b u t i o n s  on d i f f e r e n t  cowls a t  a given 

‘Pmin. 

However, the number 

5.3. Intermediate  Mach Number 

I n  the  in te rmedia te  Mach number range, l o c a l  supersonic  flow appears 

The behaviour i s  t y p i f i e d  by cowl 4 a t  MO = 0.65 €or  which near the cowl l i p .  

pressure d i s t r i b u t i o n s  are shown i n  Fig.25. 

(Ao/Ai = 0.692) the  flow i s  j u s t  s u p e r c r i t i c a l  a t  t he  peak s u c t i o n  p o s i t i o n  

(note the markings of l o c a l  Mach number on the  var ious  curves) .  

flow r a t i o  by 0.1, the peak l o c a l  Mach number increases  t o  about 1.24. The 

pressure  d i s t r i b u t i o n  developing i s  c l e a r l y  similar i n  cha rac t e r  t o  t h a t  a t  low 

speed (Fig.23) i . e .  i t  aga in  corresponds t o  a laminar s epa ra t ion ,  produced by 

the i n i t i a l  p ressure  r i s e ,  t r a n s i t i o n  i n  t h e  separa ted  flow ( t h e  p l a t eau )  and 

turbulen t  reattachment involving a f u r t h e r  sharp r i s e  i n  pressure .  The d i f f e rence  

from the  low speed s i t u a t i o n  i s  t h a t  now supersonic  compression i s  involved i n  the 

f i r s t  p ressure  r i se  (and, a t  s u f f i c i e n t l y  low flow r a t i o ,  i n  the  second p res su re  

r i s e  a l s o ) .  The laminar s epa ra t ion  appears t o  correspond c l o s e l y  t o  the type of 

shock-wave/laminar-boundary-layer i n t e r a c t i o n ,  wi th  t r a n s i t i o n  fol lowing,  descr ibed 

by Holder, Pearcey and Gadd.17 

here  (e.g. Ao/A; = 0.545, Fig.25) i n  which the  i n i t i a l  p re s su re  r i s e  and sepa ra t ion  

correspond t o  a se t  of weak compression waves extending forward from the  shock. 

A t  the  h jghes t  f low r a t i o  shown 

On reducing the  

They show pressure  d i s t r i b u t i o n s  of the  type shown 

A s .  t he  shock wave becomes s t ronge r  t r a n s i t i o n  moves forward and the 

turbulen t  separa ted  l a y e r  has more d i f f i c u l t y  i n  r ea t t ach ing ,  thps the  length  of 

the separated region r ap id ly  inc reases .  This can be seen i n  the’change  from 

Ao/Ai = 0.497 t o  0.401 and then 0.353 i n  Fig.25. 

separated region i s  accompanied by a l o s s  of suc t ion  a t  the  l i p .  This general  

s i t u a t i o n  i s  v i r t u a l l y  a repea t  of the  change from shor t  bubble t o  long bubble 

i n  s u b c r i t i c a l  flow, occurr ing  however a t  h igher  values  of flow r a t i o  f o r  t h e  

higher f r e e  stream Mach number. 

The inc rease  i n  area of the  

Returning t o  t h e  drag c h a r a c t e r i s t i c s  i n  Fig. l2b,  i t  i s  seen t h a t  while 

the separated region i s , o f  very l imi t ed  ex ten t  the  drag has a pronounced creep 

(g rea t e r  than a t  low speed) but no major divergence; t h i s  l a t t e r  occurs when the 

separated region grows r ap id ly ,  e .g .  between A o / A i  = 0.497 and 0.401 f o r  cowl. 4 .  

It i s  a l s o  noted from Fig.12b t h a t  a l l  four  cowls 1 ,  3 ,  4 and 6 a r e  on the po in t  

of flow breakdown near  A o / A i  = 0.5. The pressure  d i s t r i b u t i o n s  a t  t h i s  f low r a t i o  
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(approximately) f o r  a l l  four  a r e  shown i n  Fig.26. 

the  pressure  d i n t r i b u t i o n s  are of the  form descr ibed f o r  cowl 4 above. 

case of cowl 6 the  recompression fol lowing the  p l a t eau  i s  less s t e e p  than f o r  

the  o t h e r  cowls, i n d i c a t i n g  t h a t  t he  sepa ra t ion  region has en tered  the  phase of 

r ap id  growth. 

( i . e .  h igher  A,/A;) divergence f o r  cowl 6 (a f e a t u r e  p re sen t  a l s o  a t  low speed) .  

It w i l l  be seen t h a t  a l l  of 

I n  the  

This i s  r e f l e c t e d  i n  the  drag curves,  (Fig. l2b)  by an e a r l i e r  

The ex i s t ence  of an i n i t i a l  laminar boundary l a y e r  and, i n  p a r t i c u l a r ,  

of laminar s epa ra t ion  raises the ques t ion  of scale e f f e c t  between the model 

r e s u l t s  (Reynolds numbers of about 2 m i l l i o n  based on cowl diameter) and f u l l  

s c a l e  ( t y p i c a l l y  i n  the  range of 18 t o  15 m i l l i o n ) .  The f a c t  t h a t  t he  major drag 

divergence i s  r e l a t e d  t o  a spreading of t he  second recompression phase,  where the 

boundary l a y e r  i s  t u rbu len t  even i n  the  model tes ts ,  suggests  t h a t  scale e f f e c t  

w i l l  no t  be overwhelmingly l a rge .  

t he re  could be some favourable  scale e f f e c t .  A b e n e f i c i a l  f e a t u r e  of t h e  measured 

pressure  d i s t r i b u t i o n  t h a t  should ca r ry  ac ross  t o  f u l l  s c a l e  i s  the  apparent  near- 

i s e n t r o p i c  recompression ahead of t h e  p l a t eau .  

the pressure- r i se  t o  sepa ra t ion  would be g r e a t e r .  

condi t ions  when the shock i s  w e l l  ahead of t h e  c r e s t ,  sugges ts  t h a t  with a tu rbu len t  

boundary l a y e r  from near  o r  ahead of t h e  peak suc t ion  p o s i t i o n ,  s i g n i f i c a n t  

s epa ra t ion  would no t  occur u n t i l  t h e  l o c a l  Mach number ahead of t h e  shock were about 

1 . 4  and the peak l o c a l  Mach number perhaps 1.6 o r  more. 

measured p res su re  d i s t r i b u t i o n s ,  i t  then seems poss ib l e  t h a t  wi th  forward t r a n s i t i o n  

a t  a higher  Reynolds number, t he  drag divergence might be delayed by about 0.1 i n  

A o / A i .  

i s  t h a t  with a tu rbu len t  boundary layer /shock i n t e r a c t i o n ,  one would expect the  

shock t o  be poss ib ly  f u r t h e r  forward, i . e .  f u r t h e r  ahead of t he  c r e s t .  This 

d i scuss ion  has n e c e s s a r i l y  been somewhat hypothe t ica l  but t he  t e n t a t i v e  conclusion 

t h a t  at f u l l  s c a l e ,  t h e  drag divergence might be delayed by about 0.1 i n  A o / A i  

should poss ib ly  be regarded as an o p t i m i s t i c  assessment applying f o r  f r e e  stream 

Mach numbers up t o ,  say ,  0.75. 

However, t he re  are grounds f o r  sugges t ing  t h a t  

With a t u rbu len t  boundary l a y e r ,  

Experience wi th  a e r o f o i l s  f o r  

By comparison wi th  the  

Another reason f o r  be l i ev ing  t h a t  t he re  could be a favourable  s c a l e  e f f e c t  

5.4 a 1 General c h a r a c t e r i s t i c s  

A s  t he  f rees t ream Mach number inc reases ,  the  supersonic  region 

inev i t ab ly  becomes l a r g e r  i n  e x t e n t ,  so the  te rmina t ing  shock wave becomes longer  

and hence i t s  wave drag (measured i n  the  wake t r a v e r s e )  even f o r  the  same shock 

s t r e n g t h  becomes a more important f a c t o r .  Drag divergence can be obta ined  even 

with shoclc s t r eng ths  less than t h a t  requi red  t c  s epa ra t e  a t u rbu len t  boundary 

l aye r  and gradual ly  the  viscous p a r t  of t he  flow assumes a second o rde r  

'displacement su r face '  e f f e c t  by comparison wi th  the  wave drag. 

the displacement su r face  can modify the  wave drag but  gene ra l ly ,  wi th  an a t t ached  
I n  p r i n c i p l e ,  



22 

boundary layer, one would expect this effect to be small and certainly, one 
would expect the changes with Reynolds number to be negligible. 
in this regime that an accurate method for calculating the inviscid transonic 
flow over cowls will prove the most useful for speeding up the design process. 

Also, it is * 

Since cowl 6 is the most successful high Mach number design 
among those for which Di/Dmax is 0.85 ,  it is instructive to examine the pressure 
measurements for this cowl in some detail. Pressure distributions for cowl 6 at 
two approximately constant mass flows, 0.64 and 0.69 ,  are plotted for various 
freestream Mach numbers in Fig.27. At the higher of the two flow ratios, 
supersonic flow (P/H c 0.528) first appears at MO = 0 .65 :  there is however no 
clear indication of the presence of a terminal shock wave until MO = 0.84. 

Even here, the Mach number ahead of the shock (corresponding to P/H G 0.45)  is 
only 1.15, signifying a weak shock wave: the,same may be said of the distribution 
at MO -- 0.85 so that up to this Mach number the fIow is virtually shock free. 
Beyond MO =I 0.85 the shock moves steadily rearward, reaching the crest position 
at MO = 0.89 ;  the shock strength is then that corresponding to an upstream Mach 
number of I .  18. 

At the slightly lower flow ratio 0 .64 ,  the development of this 
terminal shock follows much the same pattern for Mach numbers MO from 0.85 

upwards. 
shock free and it is to be noted that this involves compression from a supersonic 
Mach number as high as 1.45 (corresponding to a peak suction value P/H = 0.29). 
The result is comparable with those achievable on supercritical aerofoils. 

The pressure distribution at MO = 0.85 may be regarded as virtually 

Below MO = 0.85 there is evidence, at this lower flow ratio, of 
a more forward shock wave forming the termination of a short bubble of separation 
on the lip. As is the case at lower Mach numbers, little or no drag rise is to 
be expected from this feature. This conclusion can be confirmed from the drag 
plots in Fig.13~ where the flow ratios of Fig.27 are bracketed and more clearly 
from Fig.28. 

Brag-rise Mach number, according to the definition used earlier 
(i.e. when CD = 0.054 - 0.01 MO) is 0.89. 

upstream of the terminal shock is approximately 1.2. 

A t  this Mach number the Mach number 

The above discussion of the results for Ao/Ai = 0.69 and 0 .64  

is summed-up by the correlation shown in Fig.28 between the variation of CD with 
Mach number and the variation of Cpmin and Cp 

noted that the minimum CD appears to occur at or near the Mach number at which 
there is the greatest recompression ahead of the shock. 

ahead of the shock. It can be 
S 

* 
Now available - see Ref.1. 
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Fig.29 shows the development of pressure distributions on 

cowl 6, with MO :: 0.85, for flow ratios below 0.64. 
decreased, a (terminal shock appears, moving rearwards and increasing in strength. 

At the lowest mass flow shown, (Ao/Ai  = 0.287) the presence of a just supersonic 
tongue at the foot of the shock wave indicates that the shock is just strong 
enough to provoke a separation of the boundary layer, (upstream Mach number + 1.38).  

If the flow ratio were to be reduced still further the flow would eventually 
separate completely from the lip. 
cowl 5, shown in Fig.3Q. ‘It would appear that as separation develops at the 
foot of the terminal shock, the rearward progress of the shock is halted, the 

separated region grows and eventually becomes incompatible with the remainder 
of the flow, which then breaks down to that corresponding to the distributions 
at flow ratios 0 . 3 9 3  and 0.289 where separation has run forward to the lip with 
almost complete loss of lip suction and virtually constant pressure under the 
separated flow. 

Figol5b shows that a major drag rise due to spillage has already taken place, 

associated with the terminal shock development in the higher range of flow ratio 

A s  the flow ratio is 

This phenomenon can be seen in the case of 

Drag results are not available for this last situation, but 

(0.8 to 0.5). 

5.4,2. 
Fig.31 gives a comparison of pressure distributions on cowls 1, 

Reference to the corresponding drag 3,  4 ,  6 at MO = 0.85 for three flow ratios. 
plot (Fig.12~) shows that at Ao/Ai = 0.7, whilst cowls I ,  4 and 6 are at the 
‘basic‘ drag level, cowl 3 has a measurably higher drag. The pressure distributions 
indicate that the terminal shock on cowl 3 is at an upstream Mach number 1 .2  

(P/B = 0.41) whereas the shock on cowl 1 is weaker and cowls 4 and 6 have virtually 
shock free flow. The explanation of these comparisons lies in the higher curvature 
given to the cowl 3 profile in the mid-forebody region: the reacceleration of flow 
in this region, ahead of the terminal shock, is clearly featuredin the pressure 
distribution. It is instructive to take this point further by noting (Fig.32) the 
progressive development of the pressure distribution on cowl 3 at constant flow 
ratio, from the incompressible (calculated) distribution through the range of 
experimental Mach numbers. Retrospectively, the undesirability of the region of 

small reacceleration shown on the incompressible flow distribution is clear. 

At the lower flow ratios in Fig.31 the pressure distributions on 
all the cowls become similar in character though at a given flow ratio the terminal 
shocks are displaced relative one to another 
(Fig.12~) are also much alike but displaced relatively pn the scale of flow ratio. 

Clearly, the drag rise is associated with the development of the terminal shock, 
i.e. its position and strength. At a given flow ratio, cowl 1 has the strongest 

terminal shock (Fig.31) and the highest spillage drag (Fig. 12c) 

The spillage drag characteristics 

For Ao/A; = 0 .6  
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and 0.5,  cowl 6 gave the  lowest drag and t h i s  i s  cons i s t en t  wi th  the ind ica t ion  

i n  Fig.31 t h a t  the  shock i s  weaker and f u r t h e r  forward than wi th  the  o t h e r  cowls. 

The gradual  t ransformation of pressure  d i s t r i b u t i o n  on cowl 3 ,  

from tha t  a t  high flow r a t i o ,  discussed e a r l i e r ,  e x h i b i t i n g  a prominent r eacce le ra t ion  

i n  the mid-profile reg ion ,  t o  t h a t  a t  low flow r a t i o ,  which i s  more comparable with 

those of t he  o the r  cowls, i s  shown i n  Fig.33, 

The e v e  drag a s soc ia t ed  with a normal shock wave i s  dependent 

on i t s  s t r e n g t h  (def ined s.ay by the Mach number ahead of i t )  and by i t s  ex ten t .  

As  the ex ten t  of t h e  shock wave w i l l  p r imar i ly  be determined by the  s ize  of t h e  

supersonic  region we may expect t o  f i n d  a c o r r e l a t i o n  between shock s t r e n g t h  

necessary t o  cause drag divergence (def ined a t  (Ms)d the upstream l o c a l  Mach number 

of the shock wave a t  (Ao/Ai)d as def ined  previous ly)  and i t s  a x i a l  p o s i t i o n  .(X/Dmax)S. 

That t h i s  is  broadly the case can be seen i n  Fig.34 which p resen t s  da t a  f o r  a l l  the  

cowls a t  Mach numbers between 0.70 and 0.95. A s  expected, t h e  f u r t h e r  forward the  

shock wave p o s i t i o n ,  t h e  g r e a t e r  t he  shock s t r e n g t h  which can be t o l e r a t e d  before  

drag divergence is reached. I f  t he  l a te ra l  ex ten t  of the  shock wave i s  a c t u a l l y  

propor t iona l  t o  (x/Dmx)s then s ince,wave drag is a l s o  roughly propor t iona l  t o  
(Ms - l ) 3 D  w e  would expect  t h e  produce (x/D,,)s x (Ms - 1 )  3 a t  (Ao/Ai)d t o  be 

roughly cons tan t ,  This i s  a l s o  confirmed i n  Fig.34. The conclusion and the  

r e l a t i o n  shown i n  Fig.34 should be use fu l  when applying theo r i e s  which while  

p r e d i c t i n g  shock s t r eng th  and p o s i t i o n  q u i t e  w e l l  do not  necessa r i ly  p r e d i c t  the  

c o r r e c t  wave drag. 

5.4.3. Comparison wi th  NACA I-series cowls 

Deta i led  comparison with r e s u l t s  f o r  NACA I-series cowls i s  not  

easy because of t he  coarseness  of pressure  p l o t t i n g  i n  ear l ie r  work and i n  the  

case of the  90/35 cowl, a lack  of r e l i a b l e  drag  da ta .  

I n  Figs.35a,b, however, the  p re s su re  d i s t r i b u t i o n s  f o r  var ious  

mass flows a t  MO = 0.85 and 0.90 f o r  cowl 6 are compared wi th  those f o r  the NACA 

85/45 cowl. 

p o s i t i o n  f o r  the  NACA cowl but  i n  gene ra l ,  one can conclude t h a t  the  shock s t r e n g t h s  

f o r  the two cowls are f a i r l y  s imilar .  However, a t  M = 0.85 and the  h igher  mass 

flows, there  i s  a tendency f o r  the  pressure  d i s t r i b u t i o n  on the NACA cowl t o  re-expand 

or 'hump' immediately downstream of an i s o l a t e d  peak suc t ion  near  the l i p  and a t  

M = 0.90, t h i s  has developed i n t o  a t rend f o r  t he  pressures  t o  expand ahead of the 

shock giving a g r e a t e r  shock s t r eng th .  This presumably c o r r e l a t e s  wi th  the  poorer  

drag c h a r a c t e r i s t i c s  of t h e  NACA cowl r e l a t i v e  t o  cowl 6 above M = 0.87, as shown 

i n  the  da ta  p l o t t e d  i n  F i g . 1 3 ~ .  It i s  i n t e r e s t i n g  to no te  t h a t  t h i s  tendency. f o r  

a re-expansion ahead of the  shock was more pronounced on cowl 3 (see the e a r l i e r  

d i scuss ion)  and again,  the  drag da ta  i n d i c a t e  t h a t  i t  i s  an unfavourable f e a t u r e .  

In  some cases ,  i t  i s  d i f f i c u l t  t o  i d e n t i f y  the  shock s t r e n g t h  and 
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Comparison of cowl 5 with t he  NACA 90/35 cowl is restricted to 
the pressure di8tPibUtiQns shorn in Fig.36a9b for MO 0.85 and 0.90. Again, 

the distributions are similar, the NACA cowl gives a higher peak suction but the 

terminating shock wave is on average probably about the same strength as %or 

cowl S. 

 he apparent conclusion that the performance of cowl 6 a t  high 
Mach number and high mass flow represents an improvement relative to the 
co~responding cowl Of the NACA series may possibly be challenged by some read0rs 

on the grounds that ~atricily, cowl 6 is not an 85/45 hut an 85/0.499 cowl and 
that this change would have improved the high Mach number performance even if one 
had stayed within the NACA family. 
one would not  generally have been prepared to change to an 85/50 NACA cowl because 
the high Mach number, high mass flow performance would have been improved at the 
~xpense of an unacceptable deterioration in the spillage drag characteristics. 
This is not the case with cowl 6. Hence, one can fairly claim t h a t  use of a 
design approach such as thak described i n  t h i s  repor t  will enible the use of 

gmmetric propor t ions  t h a t  would otherwise not be favoured. 
design problems associated with practical constraints. 
is still some room f o r  manoeuvre within a range of possible geometries even when 
designing f o r  a high highlight diameter/maximum diameter ratio such as 8.85 - 0.90. 
This is in fact, a major advantage of using a des ign  approach in which modern 
theoretical methods are employed to achieve suitable external pressure distributions 
in appropriate design conditions a 

However - and this is the important point - 

This should ease 

It should mean that there 

6 0 CONCLUSIONS 
The main conclusions of the work presented c.an be stated in broad terms as 

, .  

fQllOwB: 

1 )  The use of a larger lip radius than is provided by the NACA, B-series cowls 
is succeseful in keepling down peak velocities near the lip and hence 
restricting the low Mach number drag divergence (spillage drag) to lower 
values of mss flow ratio (Ao/Ai), 
t o  suffer however (e.g. with cowls 1 and 2 )  so that f o r  overall gain a 
restricted increase in l i p  radius coupled with careful detailed design of 
the cowl profile from lip to crest is necessary. 

The high Mach number performance tends 

2)  A flattening o f  the cowl p r o f i l e  aft of the lip, with an increased 
curvature near the crest, leads to good performance so long as t h e  

terminal shock remain8 ahead of the region of increased curvature; 
at sufficiently high Mach number:, however, and with high A,/Ai, local 
s u p r s o n i c  flow occurs over part of t h e  region of increased curvature 



and hence as a result, there is an increase in shock strength and hence 
in drag. This is the essence of the comparison between cowls 3 and 4 .  

Compromising on the distribution of profile curvature, in accordance 
with conclusion 2, and compromising further on lip radius in accordance 
with conclusion 1 led finally to a design (cowl 6) slightly superior to 
the NACA I-series profile at high Mach number and still markedly superior 
at low Mach number. This is for cowls with 0.85 diameter ratio (Di/Dmax). 

At the higher Di/D,, of 0.9 it seems unlikely that any improvement on the 
I-series profile could be obtained except by concentrating exclusively on 

the high Mach number performance, a situation not specifically investigated 

in the present work. 

The detailed pressure plotting of  the present tests throws light on the 

nature of the principal flow characteristics - peak suction, lip separation, 
recompression and reattachment, shock progression etc. It is shown (Fig.34) il 

that the start of the rapid drag rise can be related to a finite shock 
strength, the value depending on the position of the shock relative to the 
crest of the cowl, i.e. if the shook is further forward, a greater strength 
can be tolerated without excessive wave drag. At low flight speeds an 
interesting correlation emerges between the flow ratio for drag divergence 
and the calculable incompressible flow characteristic. (Cpmin near -3.0, 
see pages 19-20) 

The overall aim of producing favourable supercritical pressure distributions 
by constructive design has been reasonably well fulfilled in these experiments. 
The evidence provided should be helpful in guiding the course of future work 
in the subject, whether experimental or theoretical/numericaI.~ 

In particular, the analysis, and specifically the correlation in Fig.34 
should be a useful guide to the pressure distributions t o  choose for design 
calculations by the modern theoretical methods. 

capable of producing better cowl shapes than the MACA I-series particularly 
for applications where non-aerodynamic factors dictate the use of non-optimum 
geometric proportions. 

This approach should be 
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NOTATION 

A Cross-section area 

A o l q  Flow ratio 

v 
M Mach number 

P J p  

N, AN Total head and total head loss 

D, CD 

lia 

x9 r Axial and radial coordinates of cowl p r o f i l e  

P 

8 

Be a0 c i t y  

Static pressure and pmsoure coefficient 

Drag and drag coefficient 

Rate of mass flow through element of wake 

Radius of curvature of p r d f i l e  at a point 

Angle of slope of profile a t  a point 

Other cowl geometry notation in Fig.2 

U Crabtree's coefficient (section 5.2) 

s 

r 

Suffices 

0 Free stream 

i Entry highlight plane 

t Xnternal throat of inlet 

crit Local flow On COW1 f i r s t  beCOXIEs s O n i C  

a Drag divergence, usad with cjither Mach number, M or flow ratio, 

A, /Ai 

Flow separation 

Flow reattachment 
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Fig 2 Cowl geometry nomenclature 
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Fig 4 B5 rig general arrangement 





/ tE/ 

n I I  

V 
3 

k 
r 4  
w 



F i g  a 



Fig a 

q- 
' I  

I 1 1  

t 

t I 1 
I I I I I  

i I I f  I l i i +  llt mtrl 

Fig 8 Curvature distributions for cowk 2,5 
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Fig 10 Slope distributions for cowls 2,5 
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Fig 12c 

Fig 12c CD - A,/Ai M = 0.85,0.98 
01 = 0" 85/45 cowls 
































































