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SUMMARY 

Surface oil-flow pat te rns were used a t low speeds on both th ick 
and th in aerofoi ls to show the onset of three-dimensional i ty in e i t he r 
separation or re-attachment when there i s an appreciable extent of the 
separated flow t h a t accompanies the development of the s t a l l . Observa­
t ions on a th ick aerofoi l in compressible flow showed a similar trend in 
the re-attachment behind a shock-induced separa t ion . A form of boundary-
layer control applied at the corners a t the ends of the aerofoi l was able 
to prevent separation of the corner flow but not to i nh ib i t the development 
of three-dimensional i ty . 

In order to be able to measure CT with confidence, fur ther 
XJ max 

experiments are in preparation which will allow the spanwise load distribu­
tion associated with the three-dimensionality to be measured. More 
extensive suction slots and regions of distributed suction are also proposed 
for the end walls in an attempt to suppress the three-dimensionality. 
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1. Introduction 

Aerodynamics Division, N.P.L., is currently engaged in a programme 
of aerofoil development for use on rotor craft. This is being achieved by a 
continuing process of designing profile modifications and examining theoretical 
pressure distributions calculated in sub-critical compressible flow. The 
actual performance of the more promising profiles is checked by two-dimensional 
tests in both low-speed (M < 0*16) and, up to transonic Mach numbers, in 
high-speed wind tunnels' (0-3 < M < 0»9). An increase in C in order 

to improve the performance of the blade tip is one of the desirable features 
being sought and achieved. Improvements are required both at low Mach 
numbers (M K 0*4) for the retreating sector at high forward speed, and at 
medium Mach number (M « 0*6) for all azimuth positions in hover. The 
minimisation of pitching moment and the reduction of wave drag are also 
important for rotor applications. On a rotor, the incidence, Mach number 
and local sweep all fluctuate with time, and there is a centrifugal force 
field acting on the rotor-blade boundary layer. Other experiments are needed, 
therefore, in order to relate the improvements that are obtained in steady 
two-dimensional flow conditions to those that obtain in the unsteady environ­
ment of a rotor. Preparations are in hand for NPL to make a contribution 
towards this deeper understanding by making measurements on two-dimensional 
aerofoils undergoing combined pitching and plunging motions at appropriate 
Mach numbers. 

Until such times as this understanding of the unsteady flow is 
achieved, the theoretical computer programmes that have been developed for 
calculating helicopter rotor performance both in hover and at forward speed 
are based on quasi-steady flow conditions, although the downwash variation 
over the disk due to the periodic vortex wake created by the rotor in earlier 
revolutions is taken into account. Steady-flow, two-dimensional, sectional 
characteristics are stored in the computer as reference data, though modifica­
tions such as assuming that C, remains constant at incidences above the 

Jj 

s t a l l are made in order to improve the match between measured and calculated 
ro to r performance. This pa r t i cu la r modification i s very plausible as in 
conditions close to separation, the centr i fugal force f i e l d generates a d r i f t 
of boundary-layer a i r along the ro tor blade which could act as a form of 
boundary-layer control and go some way towards maintaining constant l i f t beyond 
the s t a l l . 

The foregoing remarks place considerable emphasis on the accurate 
measurement of Cx over a wide range of Mach number in two-dimensional 

L max 
flow, and knowledge of i t i s no less important for aerofoils developed for 
fixed-wing a i r c r a f t . However, Moss and Murdin1 recently encountered con­
siderable d i f f i cu l ty in measuring the l i f t var ia t ion during the pi tching 
o sc i l l a t i on of an aerofoi l a t the s t a l l because the flow switched in te rmi t t en t ly 
between two d i s t i n c t types of cycle : in one case the flow unstal led during 
par t of the cycle, in the other i t did no t . Further examination revealed tha t 
i n steady flow conditions i t was impossible to obtain a ful ly two-dimensional 
s t a l l because rear separation moved rapidly forward a t one local spanwise 
posi t ion with consequent loss of l i f t . The part-span vort ices a t the edges 
of t h i s i n i t i a l l y s t a l l ed region induced an upwash between them and a downwash 
outboard of them, thus s t ab i l i z ing a n s t a l l - c e l l n of span less than the span 
of the model, and which appeared t o extend to the end walls only a t higher 
incidence. 

iv 
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It was therefore decided at NPL to investigate carefully the flow 
encountered in nominally "two-dimensional" test arrangements as the incidence 
is increased to that at which CT is reached. The investigation seemed 

L max ^ 
essential in view of our current interest in CT in both steady and 

L max * 
osc i l l a to ry flow condi t ions . The experiments carr ied out so far on RA.CA 0012 
in the $6 in x 14 in transonic tunnel are described in Section 2 . 1 . Those 
in the 13 f t x 9 f t low-speed wind tunnel on t h i s and on another aerofo i l 
sect ion, which also exhibited a t low wind speeds a t ra i l ing-edge or combined 
type of s t a l l , are described in Section 2 . 2 . Experiments in the 13 f t x 9 f t 
wind tunnel on a l'h$, thick aerofoi l which exhibited a th in -ae rofo i l type s t a l l 
are described in Section 3 . 

A general discussion follows in Section 4 on the three-dimensional 
pa t te rns that were found. There i s a need to delay t h e i r appearance in 
steady-flow conditions u n t i l an incidence above tha t a t which C„ i s 

L max 
reached so tha t the accuracy of measurement of t h i s quantity may not be in 
doubt. For unsteady (osc i l l a to ry ) flow t e s t s i t i s desirable to prevent 
three-dimensional flows from occurring at a l l , l e s t t h e i r appearance in 
p o s t - s t a l l conditions a l t e r s the way in which unsta l led conditions are r e ­
gained during the decreasing incidence par t of the cycle : the th ree -
dimensionality may even be the prime cause of the lack of r epea t ab i l i t y 
experienced by Moss and Murdinl . Plans for further experiments to improve 
our understanding of the phenomena, and which take fur ther steps aimed a t 
completely eliminating the three-dimensional flow regime, are presented and 
discussed. 

2 . S ta l l Development on Aerofoils having Trailing-Edge or Combined Type 
Low-Speed S ta l l s 

2.1 Observations in the % in x 14 in transonic wind tunnel 

With subsonic, s lo t t ed , l ine r s in posit ion the working sect ion 
of the 36 in x 14 in transonic wind tunnel i s roughly 0*79 m (31 in) high by 
0»36 m (14 in) wide and two-dimensional t e s t i n g i s undertaken with 
0#36 m (14 in) span models mounted horizontal ly between schlieren glasses in 
the walls of the tunnel . Chords of 0-254 m (10 in) or 0*127 m (5 in ) are 
used, giving Reynolds numbers of 1»7 x 106 or 0*85 x 10 s respect ively a t 
M = 0*3 , increasing to 3*75 x 108 or 1*88 x 106 a t M = 0*85. The r a t io s 
of span/chord for these two s izes of model are 1*4 and 2 '8 respec t ive ly . 

Oil-flow pat terns obtained on the la rger chord model of NACA 0012 
at a Mach number of 0*3 are shown in Fig. 1 . The pa t te rns were formed by 
the flow of d i sc re te blobs of o i l , which for t e s t s below the s t a l l were 
applied to the surface in a spanwise row near the leading edge, or for t e s t s 
a t incidences beyond the s t a l l , were applied near the t r a i l i n g edge. In 
t h i s F ig . , and in a l l planform views of o i l flows except for F i g s . 3 and 5, 
the pictures have been cropped a t the edges of the model. The ends of long 
oil-flow streaks indicate the approximate posi t ion of flow separat ion, and 
t h i s i s confirmed by the accumulations of o i l t ha t can be seen, showing that 
separation was the reason for the termination of the flow ra the r than the 
running out or drying out of the o i l . At 11° incidence (CT = 1*09) , 

turbulent boundary-layer separation occurs ahead of the t r a i l i n g edge 
(a t x/c = 0*84 a t mid-span), and rapid growth of the end-wall boundary 
layers i s indicated by the divergence of the end oil-flow streaks from the 
adjacent wa l l s . At 12 '5°, which corresponds to maximum measured CT of 

1*15, F ig . 2, separation i s fur ther forward a t mid-span (0 '75c) , but 

back/ 
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back a t the t r a i l i n g edge j u s t ou t s ide t h e t unne l -wa l l boundary l a y e r . At one 
end, t h e co rne r flow i s complete ly s e p a r a t e d . Above 12*5°, the a e r o f o i l i s 
completely s t a l l e d i n t e r m i t t e n t l y and no meaningful o i l p a t t e r n can be ob ta ined 
u n t i l an inc idence s e t t i n g of 14° i s reached and the a e r o f o i l i s s t a l l e d a l l 
the time . The o i l - f l o w p a t t e r n then shows a curved s e p a r a t i o n l i n e l oca t ed 
a t 0-04 c a t mid-span, b u t bending back as i t nea rs the t u n n e l - w a l l boundary 
l a y e r , j u s t outboard of which l i e s a s i n g u l a r s p i r a l s e p a r a t i o n p o i n t , F i g . 1f. 
In t h e s e c o n d i t i o n s , the flow r i g h t i n the c o r n e r i s f lowing i n a rearwards 
d i r e c t i o n and away from the co rne r , as can be seen from F i g . 3« 

Also shown in F i g . 3 a re o i l - f l o w p a t t e r n s ob ta ined a t two h ighe r 
Mach numbers a t i nc idences c lo se t o t h e s t a l l ( F i g . 2 ) . At these Mach numbers 
t h e s t a l l i s due t o shock-induced s e p a r a t i o n and the s e p a r a t i o n f r o n t s a r e 
much more n e a r l y two-dimensional than those a t a Mach number of 0*3, though 
again bo th shock and s e p a r a t i o n t e rmina te a t the ou te r edge of the wal l boundary 
l a y e r . The flow was i n d i c a t e d by o i l d i s t r i b u t e d e i t h e r uniformly over t h e 
sur face or l o c a l l y i n J > l o b s , and a t both M = 0« 65 and M = 0*825 , flow r e ­
a t tachment occur red a long a curved f r o n t , t h e s e p a r a t i o n bubble be ing much 
longer a t mid-span than i t was n e a r e r to t h e t unne l wa l l s . Thus as i n t h e 
s t a l l e d flow case a t M = 0» 3 , t h e d i s t r i b u t i o n of t r a i l i n g v o r t i c i t y i s such 
as t o induce an upwash i n the c e n t r e of t h e span, thus mainta in ing s t a l l e d 
f low, and a downwash c lo se to t h e t u n n e l w a l l s , thus ma in ta in ing s e p a r a t i o n -
f r e e f low. Oi l - f low p a t t e r n s on the end wal l for the t h r e e p r e - s t a l l cases 
of F i g . 3 a re given in F i g . 4 . They c l e a r l y show the presence of t h e w e l l -
known horse -shoe v o r t e x l y i n g i n the end-wal l boundary l a y e r , and wrapped 
round t h e o b s t a c l e ( i . e . the a e r o f o i l ) , which p ro t rudes through the l a y e r . 
The photographs v i v i d l y demonstra te t h a t the flow in the corner between t h e 
model and t h e end w a l l i s not t h e u n d i s t o r t e d t u n n e l - w a l l boundary l a y e r 
approaching t h e model . The g rea t width on t h e t u n n e l wa l l towards t h e r e a r 
of the a e r o f o i l of t h e reg ion between the two branches of t h e th ree -d imens iona l 
s e p a r a t i o n l i n e when t h e a e r o f o i l i s a t h igh angles of inc idence should a l s o 
be n o t e d . 

The r eg ion of t r a i l i n g v o r t i c i t y when shock-induced s e p a r a t i o n 
occurs l i e s c l o s e t o the ou te r edge of the boundary l a y e r . This i s t o be 
expected s ince the shock d i s appea r s a t t h e edge of t h e l a y e r , as t h e v e l o c i ­
t i e s i n t h e l a y e r r a p i d l y become wholly s u b - c r i t i c a l . In the low-speed 
(M = 0*3) s t a l l e d - f l o w case t h e t r a i l i n g v o r t i c i t y a l so l i e s c l o s e t o the 
o u t e r edge of t h e w a l l boundary l a y e r (which i n und i s tu rbed c o n d i t i o n s i s 
about (25 mm) 1*0 i n t h i c k ) , b u t not i n F i g . 5 , which shows t h e development 
of t h e s t a l l a t a Mach number of 0*3 on t h e 0*127 m (5 i n ) chord model. Here, 
t h e r a t e s of t u n n e l - w a l l boundary- layer t h i c k n e s s to a e r o f o i l chord i s much 
l a r g e r , and adve r se p r e s s u r e g r a d i e n t s due t o t h e a e r o f o i l a r e more i n t e n s e , 
t h e co rne r - f low s e p a r a t e s a t a lower angle of inc idence and t h e r eve r se - f low 
reg ion on t h e a e r o f o i l p e n e t r a t e s f u r t h e r towards the c e n t r e of the t u n n e l . 
The a e r o f o i l f i n a l l y s t a l l s a t about 1° lower inc idence t h a n i s t h e case a t 
double t h e Reynolds number. The t r a i l i n g v o r t i c i t y , which has oppos i t e 
sense t o t h a t t r a i l e d from t h e corner s e p a r a t i o n , i s then wel l o u t s i d e t h e 
boundary . l a y e r , and i s s t rong enough to induce s u f f i c i e n t downwash between 
i t s e l f and t h e t u n n e l wa l l t o p reven t corner s e p a r a t i o n . At 12° mid-span 
t u r b u l e n t s e p a r a t i o n i s f u r t h e r a f t than a t 14° a t double t h e Reynolds number, 
and i n consequence the s e p a r a t i o n f ron t i s more h igh ly cu rved . I t should a l so 
be no ted t h a t t h e p o r t t u n n e l - w a l l boundary l a y e r i s s l i g h t l y t h i c k e r than t h a t 
of the s t a r b o a r d one and e x h i b i t s s epa ra t i on a t a s l i g h t l y reduced i n c i d e n c e ; 
i n F i g s . 1 and 5 t h i s shows up a t t h e r i g h t - h a n d end of t h e model, as, t h e s e 
photographs were taken looking upstream with the a id of a 45° i n c l i n e d mi r ro r 
he ld above t h e model. 

.2' 



- 5 -

2.2 Observations in the 13 ft x 9 ft low-speed wind tunnel 

The possibility of separation of the corner flow in tests at a 
Mach number of 0»16 in the 13 ft x 9 ft wind tunnel had been foreseen, and 
provision for boundary-layer control to prevent i t had been made.̂  The 
provision took the form of a fixed suction slot in the end walls of the wind 
tunnel just ahead of the leading edge of the aerofoil. Near stalling incid­
ence, the slot extended for a distance roughly equal to the aerofoil thickness 
on either side of the chord l ine. Into this slot was sucked air at a rate 
which ensured that about one half the undisturbed boundary layer was removed 
over the span of the slot. This implied removing boundary-layer flow from 
the region between the surface and the point where the velocity was 0*95 of 
the free-stream value. In addition to th is , 0*304 m (1 ft) of span at each 
end of the 2#74 m (9 ft) span model was perforated with 6 rows of closely 
pitched holes distributed between the leading edge and the 0*03 chord position 
on the upper surface. Distributed suction here, in combination with slot 
suction, ensured that the s ta l l was no more likely to start at the ends of the 
span than at any other position. 

Detailed oil-flow observations in the 13 ft x 9 ft wind tunnel were 
carried out on NPL 9619, as this was the section under test at the time the 
desirability of exploring flow conditions in the neighbourhood of the s tal l 
first, became apparent. NPL 9619 was developed from NACA 0012 by the intro­
duction of a droop-nosed extension. The resulting aerofoil had a chord of 
0-83 m (32*8 in) with a span/chord ratio of 3*29 and was 11-0$ thick. The 
camber line was closely similar to the NACA 230 camber l ine. The variations 
of l i f t coefficient and position of turbulent-boundary-layer separation with 
incidence at a Reynolds number of 3*14 x 108 (M = 0*16) are shown in Fig. 6 
for a variety of transition-free test conditions. The corresponding curve 
for the 0*76 m (30 in) chord model of NACA 0012 tested at the same wind speed 
with similar boundary-layer control arrangements has been added for comparison: 
Ref. 2 indicated that there was some scatter in the recorded values of CT 

L max 
for this section, which are some 0*02 to 0*09 less than the value of CT 

' L max 
obtained on the cambered variant. Later, a few check oil-flow observations 
were taken on the NACA 0012 section, and showed that the stall development 
followed the pattern obtained on NPL 9619, though corresponding stages were 
of course reached at slightly different incidences and lift coefficients . 

Pictures of oil-flow patterns on the surface of the NPL 9619 model 
and on the end wall, which were taken to indicate the development of the stall, 
are shown in Figs. 7-12. For these photographs, with one exception, liberal 
blobs of oil were applied in a regular pattern over the surface of the model. 
In order to obtain suitable contrast between the oil-flow patterns and the 
natural finish of the bare aluminium models and to avoid troublesome lighting 
reflections, saturn-yellow "Dayglo" powder was added to the normal oil mixture 
used in the low-speed tunnel tests and the pattern was illuminated solely with 
a 40 W. ultra-violet fluorescent lamp. This caused "the pigment to fluoresce 
with a light green light, and this was photographed using a dark green filter. 
The boundaries of the model were defined by means of strips of paper coated 
with the saturn yellow placed partly behind the leading and trailing edges of 
the aerofoil. 

i t / 
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I t must also be appreciated that the model stood v e r t i c a l l y in the 
wind tunnel so t h a t in regions of weak shear, gravi ty forces gave a downward 
bias to the o i l - f low. A further reservation needs to be made. Although the 
photographs are loosely described as showing stall-development, they were 
obtained by applying the o i l , se t t ing the incidence and then rais ing the wind 
speed from zero to the t e s t va lue . Now the Reynolds number of these t e s t s was 
around 3 x 1 0 8 , which was higher than the values of 0#85 x 10 s and 1*7 * 106 

obtained in the runs a t low Mach number in the transonic tunnel (Figs. 5 and 1) 
and the s t a l l occurred a t a higher incidence because of favourable scale e f f ec t s . 
Even in the steady-flow conditions which are reached following slowly-made 
changes, therefore , the s t a l l i s a function of incidence and Reynolds number 
as well as the d i rec t ion in which these parameters are changed, since there may 
be a difference in the corresponding movements of separation and re-attachment 
f ron t s . The s t a l l thus develops e i ther as a r e s u l t of increasing incidence at 
constant Reynolds number, or i f the incidence l i e s in a high but narrow band, 
by reducing Reynolds number a t constant incidence. I t i s not proven that the 
pat terns that develop are i den t i ca l , and indeed suction peaks hehave dif ferent ly 
in the two cases; but i f we assume that the pat terns are i den t i c a l , then the 
pat terns of F igs . 7-12, obtained at fixed incidence by increasing Reynolds 
number from zero, should be regarded as equivalent to those obtained a t fixed 
Reynolds number by reducing the incidence to the s ta ted value from a higher one, 
and so indica te the collapse of the s t a l l . Therefore, where there i s a 
hysteres is loop in the l i f t incidence r e l a t ions the pat terns r e l a t e to the 
lower return branch and do not necessari ly represent the s i tua t ion which might 
obtain when the s t a l l i s approached at constant Reynolds number (or wind speed) 
by increase in incidence. Such patterns cannot readi ly be obtained since, i f 
o i l i s applied to the surface when the wind speed i s zero, a confl ict ing and 
unwanted pa t te rn i s obtained during the process of r a i s ing the wind speed to 
the required va lue . For th i s reason, as commented on l a t e r , one aerofoi l model 
i s being modified for an o i l injection technique which wi l l allow the o i l to 
be applied when the required conditions have been es tab l i shed . This a lso avoids 
a further source of confusion, that separated flow present during flow accelera­
t ion i s to some extent suppressed and modified by the accelerat ion i t s e l f . 
Oil-flow pa t te rns close to the s t a l l far more frequently show signs of two d i s ­
t i n c t flow regimes than the samples selected for t h i s paper might lead the 
reader to imagine. 

I t should be noted that the individual observations of l i f t coefficient 
and incidence fo r NPL 9619 shown in F ig . 6 were measured during oil-flow observa­
t ions , and no great difference was noticed when l i f t v. as measured af ter increasing 
incidence at constant wind speed. NACA 0012, however, appeared to show more 
hys t e r e s i s 2 , and lack of r epea tab i l i ty was encountered for other reasons: the 
curve for NACA 0012 shown in F ig . 6 was obtained by increasing incidence at 
constant wind speed, 55 ni/s (180 f t / s ) . 

The general pat tern of Fig. 7 resembles that of F ig . 5 . As the 
turbulent separation front moves forwards, s t r i c t two-dimensionality i s upset 
by the appearance of a large region of separated flow in the corner. The 
change in the flow over the end wall i s shown in F igs , 8a and b . At 16° (Fig. 7), 
iust below the incidence a t which CT i s reached, i t wi l l be noticed 
° L max 
that the reverse flow region downstream of turbulent separation contains span-
wise components, the flow converging towards mid-span. Final ly , a t 18° the 
mushroom-shaped s t a l l c e l l i s established, outside which the upwash is suf f i ­
c ient to eliminate the top corner separat ion. At 19° the pattern has shifted 
downwards: the bottom corner separation has disappeared and been replaced by 
separation in the top corner. The 20° pattern i s novel . Two complete s t a l l 
ce l l s are present with attached flow along the centre l i ne and in the corners. 
Unfortunately the l i f t coefficient of 1*13 shown in F ig . 6 was obtained at 

a/ 
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a different time, without an oil-flow picture, and it is not known whether 
this value is appropriate to the twin-cell pattern . On another occasion, 
the upper suction slot and perforations were left unsealed. Although 
there was no net suction flow, this permitted inflow to both slot and per­
forations in the region of higher external static pressure, with balancing 
outflow in the region of peak suction. This of course precipitated flow 
separation in the top corner and resulted in the pattern of Fig. 9« 

The use of discrete blobs of oil does not show up clearly any weak 
convergence of the flow toward a three-dimensional separation line. Fig. 8c 
uses a distributed oil-film to show that in the absence of any flow into the 
floor suction slot (which was sealed), such a line is present in the flows of 
Figs. 8a, b, as in the transonic tunnel tests of Fig. 4. 

Stall development was also examined with a standard flow rate into 
the suction slot, and with flow into the rows of perforations. The perfora­
tions were either 0*18C or 0* 36 c in extent. Fig. 10 shows the oil-flow 
patterns obtained with the shorter length of perforations (C = 0*0018). 

Si 
Although corner separation i s completely eliminated, the formation of a t h r e e -
dimensional s t a l l c e l l has not been inh ib i t ed . The maximum l i f t coeff ic ient 
was recorded a t 17° with turbulent separation a t 0*8 c mid-span and the o i l -
flow pat tern already shows the beginnings of a mushroom-shaped separation 
f ron t . At 20° incidence, the separation front i s well forward and nearly 
p a r a l l e l to the leading edge, but strong spanwise flow components remain over 
much of the span, both ahead of and behind separat ion. Similar r e s u l t s were 
obtained with suction into the 0#36 c length of perforations except t ha t the 
s l i gh t ly reduced inflow ra te (CQ = 0*0013) then applied was insuf f ic ien t to 

prevent separation of the flow in the top corner a t 17° and 17*5°. This 
however could be stopped by a l i t t l e blowing from the blowing s lo t i n s t a l l e d 
in the tunnel wall immediately downstream of the suction s l o t . The only 
other noteworthy difference was a t 20°, where there was a s l igh t indentat ion 
in the separation l i ne a t mid-span. Separation here was perhaps 0*1 c further 
a f t than a t mid- semi-span, giving the impression of an incipient breakdown 
in to the twin-cel l pat tern of F ig . 7-

An attempt was made to simulate the span/chord r a t io of the 
36 in x 14 in transonic tunnel t e s t s by f i t t i n g large f ins in a part-span 
pos i t ion , symmetrically disposed on e i the r side of mid-span. The span/chord 
r a t i o was 1*28 or 1*4 depending on whether or not the aerofoil had an extended 
nose. The f ins used (2*0 c chord x 1*2 c span) proved insuff ic ient to 
en t i r e ly i so l a t e the aerofoi l between them from induced flow effects a r i s ing 
from a change of flow regime over the end port ions of the aerofo i l , but F ig . 11 
shows the oil-flow pat terns obtained during s t a l l development. I t i s very-
in t e re s t ing tha t the maximum recorded C- was raised by more than 0* 1 to a 

value of 1*7 without any use of boundary-layer control (Fig. 6 ; . This 
maximum l i f t was recorded a t 18*5° geometric incidence. The oi l-f low pat terns 
a t t h i s incidence and a t 18° show an in termit tent f l icking between the unstalled-
type pat tern of 17° and the fully-developed s t a l l ce l l of 19° incidence s e t t i n g . 
The staggered posi t ions of the s ingulaf ' separat ion points within the confines 
of the part-span f ins i s i n t e r e s t i n g . They are not located by any geometrical 
features of the model and t he i r posi t ion could be self-induced, by the vor t ices 
which spring from them (somewhat analogous to the stable arrangement of a 
Karman vortex s t r e e t ) . Al ternat ive ly i t might merely ref lec t an asymmetry in 
the induced flow resu l t ing from some difference in the flows over1 the top and 
bottom outer portions of span. I t i s not c lear which i s the case . 

I n / 
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In an endeavour to simulate the transonic wind-tunnel arrangements 
more closely, narrow transverse strips of gauze were fitted at the leading 
edges of the fins to thicken the fin boundary layers to the same thickness 
(measured in terms of the wing chord) as the wall boundary layers in the 
transonic tunnel. Measurements were taken at 17° (near CT ) and in 

L max ' 
s t a l l ed flow at 20°, F ig . 12. C was appreciably less a t 17° (Fig. 6) 
although the flow appeared not to be s t a l l ed , but was not s igni f icant ly reduced 
a t 20°. In both cases, the two-dimensionality of the flow was spo i l t (Fig. 12) 
by massive corner separations which continued to dominate the flow even in the 
s t a l l ed case of 20°, so tha t in th is condition there was no sign of the 
mushroom-shaped s t a l l c e l l tha t occurred in the transonic wind tunnel (Fig. 1f ) 

On NACA 0012, check observations showed that the general development 
of s t a l l ed flow with boundary-layer control applied followed closely the develop­
ment of F ig . 10. The only noticeable difference was that the well-developed 
s t a l l c e l l was found a t e i the r the top or the bottom of the span (as at 19° 
in F ig . 7> but without a corner separat ion) , ra ther than in a symmetrical pos i ­
t ion, as a t 17*5° in F ig . 10. In asymmetric condit ions, the mid-span flow i s 
not two-dimensional nor does i t l i e along the l i ne of pressure holes . With 
fins present , l imit ing the span/chord r a t i o to 1»4, the s ta l led-f low pat tern 
usually found can best be described as half a s t a l l - c e l l , sometimes with some 
rearward movement of separation at that end of the pat tern which would normally 
be the plane of symmetry of a complete c e l l . F ig . 13 shows an example of a 
lower h a l f - c e l l , but some d i f f icu l ty was experienced in obtaining pic tures 
showing a s ingle flow regime as the regime in te rmi t t en t ly switched from being 
a bottom half to being a top half of a s t a l l c e l l . 

The discovery of a double s t a l l - c e l l pa t t e rn , F ig . 7 (20°), r a i ses 
the question of what determines the span of a mushroom-shaped s t a l l c e l l when 
i t f i r s t appears. Is i t re la ted to the chord or the span of an aerofoil? 
Can a s t a l l c e l l of l imited span ex i s t in the middle of a long two-dimensional 
aerofoi l without reference to the conditions a t the tunnel wal ls , or i s the 
spread of a s t a l l c e l l (assuming i t s t a r t s in mid-stream) stopped only by some 
image or cons t ra in t effect in the end walls? A search for limited-span ce l l s 
was therefore undertaken with an avai lable NACA 0012 aerofoi l of span/chord 
r a t io of 6 mounted between larger end p la tes (2* 25 c span x 3* 75 c chord) in 
the 13 f t x 9 f t wind tunnel . 

The development of the s t a l l on t h i s model i s shown in F ig . 14. 
The aerofoi l had a chord of only 0*203 m (8 in) and therefore at the same wind 
speed as before, the Reynolds number was only 0*76 x 106 . At th i s Reynolds 
number a laminar separation bubble i s seen to remain passive a t the leading 
edge throughout, and the s t a l l develops between 13*3° and 13*75° geometric 
incidence by the forward movement of rear turbulent separa t ion . At 13*4° 
the pat tern reverted, in the course of the run, from a single s t a l l c e l l with 
mid-span separation a t 0*5 c to the more nearly two-dimensional conditions 
with separation a t perhaps 0*75 c . At 13*5°, a repeat run yielded an 
"unstal led" pat tern indist inguishable from tha t shown for 13*3°. The pat tern 
a t 13*75° s t a r t ed as tha t at 13*5°, i . e . as a ful l -span s t a l l c e l l , but af ter 
half a minute's steady running i t changed to t h a t shown where the o i l a t 
mid-span and mid-chord i s continually f l ick ing to and f ro , as i f the pat tern 
i s about to break down to two s t a l l c e l l s . 

To date, the re fore , a limited-span s t a l l c e l l appears not to be a 
l ike ly flow form on t h i s long-span model, though i t must be admitted tha t the 
pat terns were once again obtained with the incidence pre-se t and developed 
as the wind speed increased to the t e s t value. This model was however intended 

t o / 



- 9 -

to utilise a novel form of oil injection, which consisted of a tube embedded 
in the model carrying the pigmented oil and a number of valves connected this 
tube to two rows of surface holes. Raising the oil pressure would allow 
oil to be released onto the surface after the correct working conditions had 
been established and the pattern formed should be free of transient effects 
generated during the acceleration of the airstream to test speed. 
Unfortunately the valves have required further development in order to obtain 
satisfactory performance. It remains possible, however, that a limited-span 
stall cell may only appear when incidence is increased at constant wind speed, 
and so a definite conclusion will not be reached until the model has been 
tested in this mode. It also now appears that this may be the only value of 
the plumbing system on this model, for Erlich3 finds on another aerofoil that 
hysteresis effects at the stall are confined to the limited Reynolds number 
range in which stall is precipitated by the "bursting" or failure to re-at-bach 
of a laminar separation bubble. It seems likely that the test Reynolds number 
of 0*76 x 10 on this model lies below this range, and in any case there is 
some doubt as to whether the stall of NACA 0012 is of this type.2 

3« Stall Development on an Aerofoil exhibiting Thin-Aerofoil Stall 

NPL 9621 is a symmetrical section, 7* 38/£ thick, having a large value 
of the nose radius, 0*0100 c , compared with a value 0*0060 c for a NACA 
four-digit aerofoil of the same thickness/chord ratio. Despite the unusually 
large nose radius, the aerofoil exhibits the thin-aerofoil stall expected of 
an aerofoil of this thickness (at 0*0125 c) and just l ies within Gault's region 
of correlation4 for stalls of this type. Variation of l i f t coefficient with 
incidence for a variety of test conditions is shown in Fig. 1*5. It will be 
noted that there is a large hysteresis around the s ta l l . 

Since incidence was set before the tunnel wind speed, the oil-flow 
patterns shown in Fig. 16 relate to the return branch of the l i f t loop. At 
8° and above, the flow separates at the leading edge and re-attaches further 
back along the aerofoil along fronts whose positions are traced in Fig. 17, 
although the topology of the situation is not entirely clear. As long as 
some re-attachment occurs, a twin-cell pattern occurs, the flow along the centre 
line of the tunnel remaining attached downstream of a short bubble. At 13°, 
however, the pattern is difficult to interpret. 

As before, i t must be emphasized that Fig. 16 illustrates effectively 
a sequence showing the collapse of the stal l as the incidence decreases from 
the high values to the low ones. Less precise indications given by tufts 
distributed over the surface showed that as incidence increased, appreciable 
regions of separated flow developed over the top half of the model. Separation 
on the lower half remained confined to the region of the short bubble presumed 
to occur at the leading edge since the rearward spread occurred only at about 2° 
higher incidence than that on the top half of the aerofoil. When incidence 
was decreased, however, as in Fig. 16, both regions of separation shrank simul­
taneously. Although with incidence increasing the top half of ihe model always 
stalled f irst , i t was found possible to reverse the sequence by attaching lumps 
of plasticine to the leading edge on the lower half of the wing and forcing 
separation there. Again, a 2° lag in incidence occurred before the flow over 
the top half of the aerofoil separated. As before, both separated-regions 
shrank in size together as incidence was decreased. 

On this aerofoil, corner separation appeared not to be a great 
problem (Fig. 16) and so there seemed no reason to apply boundary-layer control 
at the ends of the span. Nevertheless, when i t was applied an increase in 
CT was realised, Fig. 15, for reasons which are not obvious. 

J-j IilcLX 
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The a e r o f o i l was a l so t e s t e d with f i n s f i t t e d 1*4 chords a p a r t . 
The p a t t e r n ( F i g . 18) remains t h e same as t h a t found on the same reg ion of 
the f u l l - s p a n a e r o f o i l . When the flow f a i l s t o r e - a t t a c h , an S-shaped 
sur face- f low p a t t e r n i s c l e a r l y marked. S i m i l a r p a t t e r n s are a l s o found 
( F i g . 19) when t h e boundary l a y e r s on t h e f a c i n g su r f aces of t h e f i n s were 
th i ckened up t o s imu la t e those in t h e t r a n s o n i c t u n n e l . Corner s e p a r a t i o n s 
( e s p e c i a l l y a t t h e lower end of t h e model) a re aga in e v i d e n t , but do no t 
dominate the s t a l l a s they d id in the case of t h e r e a r - s t a l l i n g a e r o f o i l s . 

4 . General D i scuss ion and Proposa l s f o r Fu ture Work 

The obse rva t i ons desc r ibed in d e t a i l i n t h e previous Sec t i ons show 
t h a t a t h igh a n g l e s of i nc idence of an a e r o f o i l having a t t a c h e d flow over i t s 
n o s e , the flow i n t h e corner between the a e r o f o i l and t h e tunne l wa l l i s 
i n c l i n e d t o s e p a r a t e before t h e flow over the c e n t r e of t h e model, thus up­
s e t t i n g two-dimensional flow c o n d i t i o n s . This co rne r s e p a r a t i o n was suppressed 
(on an unf lapped a e r o f o i l ) by suc t ion through s h o r t l e n g t h s of the s l o t a t the 
f r o n t edge of t h e c o r n e r . The s l o t s ran normal t o the f r ee - s t r eam along each 
tunne l w a l l , and extended on each s i d e of t h e a e r o f o i l for a d i s t a n c e of the 
o rder of t h e t h i c k n e s s of t h e a e r o f o i l . Along t h e upper surface of t h e a e r o ­
f o i l t h e r e were 6 rows of c l o s e l y p i t c h e d p e r f o r a t i o n s ex tend ing f o r a d i s t a n c e 
of t h e o rder of t h e und i s tu rbed boundary- layer t h i c k n e s s on the end w a l l . For 
the p r e s e n t unf lapped a e r o f o i l s , t h i s arrangement seems to be an a l t e r n a t i v e to 
s u c t i o n i n t o a s l o t running along t h e l eng th of the co rne r used by F o s t e r and 
Lav/ford 5 , b u t an e x a c t comparison i s no t p o s s i b l e because no a t t empt has been 
made in t h e p r e s e n t i n v e s t i g a t i o n , so f a r , t o measure t h e un i fo rmi ty of l i f t 
l o a d i n g t h a t has r e s u l t e d . As t h e chordwise e x t e n t of s e p a r a t i o n over t h e 
r e a r of an a e r o f o i l grows with i nc idence , i t has been found t h a t t h e separa ­
t i o n becomes t h r e e - d i m e n s i o n a l in c h a r a c t e r and t h i s development has not been 
a f f e c t e d by suppres s ion of t h e corner flow s e p a r a t i o n . 

The t h r e e - d i m e n s i o n a l development occurs when t h e chordwise e x t e n t of 
s e p a r a t e d flow exceeds about 0*2 chord and shows up as c u r v a t u r e of the t u r b u ­
l e n t bounda ry - l aye r s e p a r a t i o n f r o n t , with pronounced spanwise flow components 
In the case of f low s e p a r a t i o n occur r ing a t the nose of t h e a e r o f o i l , o r 
immediately downstream of a shock wave, t h e s e p a r a t i o n f r o n t remains s t r a i g h t 
and the subsequent r e - a t t a c h m e n t f r o n t i s cu rved . 

The spanwise v a r i a t i o n s seem to be a f f e c t e d by t h e a e r o f o i l p r o f i l e 
and by the r a t i o of span to cho rd . For a given p r o f i l e i n two-dimensional 
f low, r e l a t i o n s connec t ing l i f t c o e f f i c i e n t wi th inc idence and p o s i t i o n s of 
flow s e p a r a t i o n (and r e - a t t a c h m e n t i f t h i s o c c u r s ) , which a re f u r t h e r modified 
by induced camber e f f e c t s , ought to determine a spanwise v a r i a t i o n i n s e p a r a ­
t i o n given an i n i t i a l v a r i a t i o n in inc idence and camber. This v a r i a t i o n i s 
caused by t h e induced flow due t o the t r a i l i n g v o r t i c i t y a s s o c i a t e d wi th the 
r e s u l t i n g spanwise d i s t r i b u t i o n of l i f t . The s t a l l c e l l t h u s formed has a 
more e x t e n s i v e s e p a r a t i o n mid-s t ream, and l e s s so a t i t s e x t r e m i t i e s , and t h i s 
i s c o n s i s t e n t with mid-stream upwash between two t r a i l i n g v o r t i c e s and downwash 
o u t s i d e them. Two c e l l s a re p r e s e n t s ide by s i d e when s e p a r a t i o n occurs a t 
t h e a e r o f o i l l e a d i n g edge, and have o c c a s i o n a l l y been found when s e p a r a t i o n 
occurs f u r t h e r a f t . E f f o r t s t o determine whether t h e r e i s a p r e f e r r e d r a t i o 
of c e l l span/wing chord o the r than t h a t given by a span s l i g h t l y - less than t h e 
wing span have no t y e t c l a r i f i e d t h e s i t u a t i o n . Indeed, u n t i l an i s o l a t e d 
c e l l of r e a l l y l i m i t e d span i s found i t i s no t p o s s i b l e t o conclude t h a t t h e 
t u n n e l wa l l o r t u n n e l - w a l l boundary l aye r do not p l a y an e s s e n t i a l p a r t in t h e 
p r o c e s s . Whether or n o t co rne r s e p a r a t i o n e x i s t s , t h e r e a re marked spanwise 
flow components . Yet a s t rong s t a l l c e l l can i t s e l f induce s u f f i c i e n t down-
wash t o suppress co rne r s e p a r a t i o n , and the development of the s t a l l c e l l 
seems not to be in f luenced by a p p l i c a t i o n of the p r e s e n t form of boundary- layer 
c o n t r o l . 

F u r t h e r / 
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Further experiments are therefore desirable in which not only 
should measurements of spanwise l i f t loading be made in the presence of a 
s t a l l c e l l , but fur ther effor ts made to suppress the three-dimensional 
development. This accomplishment would have important consequences for 
the improvement of exis t ing wind tunnels and for the detai led design of 
new f a c i l i t i e s for measuring two-dimensional aerofoi l c h a r a c t e r i s t i c s , 
whether at high Mach number or low. 

Some work on the reduction of end wall boundary-layer thickness 
in a high speed tunnel , carr ied out as a preliminary to further 
inves t igat ions of three-dimensional effects at high speeds, has recent ly 
been published by Hal l" . 
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FIG.19 O i l - f l ow pat terns on NPL 9621 sect ion wi th 

span / c h o r d = I 4 between f i n s and th ickened 

boundary layers on inside sur faces of f i ns . 
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