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Summary.--The development of leading-edge flow separation as incidence is raised, for a 4 per cent thick two- 
dimensional biconvex aerofoil, was studied experimentally for wide ranges of incidence at Mach numbers of 0.40, 0.50, 
0.60 and 0.70. Pressure distributions and flow photographs are presented which illustrate the growth of the ' bubble ' 
of separated flow. 

1. Introduction.--Current tests in the  high-speed wind tunnels at the National Physical 
Laboratory on two-dimensional aerofoils are made over wide ranges of incidence and Mach number 
from low subsonic (M0 ~ 0.40) to moderate supersonic (M0 = 1.60) speeds. In these investiga- 
tions the main emphasis is placed on a study of the boundary-layer separations which occur during 
various phases of the incidence and speed ranges considered. These boundary-layer separations 
are usually classified in to three  types: the leading-edge separation 1 which occurs as tile incidence 
is increased at a fixed Mach number which is low enough for the flow to be essentially similar to 
that  studied in low-speed wind tunnels; the shock-induced separation 2 which occurs on aerofoils 
at high subsonic and transonic speeds and the trailing-edge shock-induced separation 3 which 
occurs on aerofoils at incidence at supersonic speeds. Although the two latter types are particular 
cases of tile general interaction between shock waves and boundary layers ~, it is convenient to 
classify them separately. 

One such general investigation of tile types of boundary-layer separation has been made with a 
4 per cent thick two-dimensional biconvex aerofoil in the 36-in. × 14-in. High-Speed Wirld Tunnel. 
This report presents the results for the leading-edge type of boundary-layer separation at low 
speeds; subsequent reports will describe tile transonic and supersonic characteristics of this 
aerofoil. 

2. Experimental Data.--Tests on a 4 per cent thick biconvex aerofoil of 9-in. chord and 14-in. 
span have been made in the 36-in. X 14-in. High-Speed Wind Tunnel at tile N.P.L. A selection 
of surface-pressure distributions and schlieren photographs for wide ranges of incidence at Mach 
numbers of 0.40, 0.50, 0.60, and 0.70 appear as Figs. 1 to 8. The Reynolds numbers of the 
tests vary from 1.9 × 10" at M0 = 0.40 to 2- 9 x 10 ° at Mo = 0.70. Two series of preliminary 
experiments were made, with and without layers of carborundum, approximately five-thousandths 
of an inch thick, on the first 0.05 chord of both surfaces of tile aerofoil. When the corresponding 
surface-pressure distributions and photographs from the two series were compared, tile results 
were found to be identical within the limits of experimental errors. Transition always occurred 
under the adverse pressure gradient immediately downstream of the nose as soon as incidence 
was applied to the model. Hence all the subsequent tests reported below were conducted without 
the use of artificial transition methods. 

* Published with permission of the Director, National Physical Laboratory. 



From the surface-pressure distributions the normal-force coefficients were calculated by 
integration and these results are presented in Fig. 9. It may be noted that the ratio Of t h e  
normal-force curve slopes, viz., 

d~ /~o=9.7o/\ de*/~Uo=0~40 

is 1.26 compared with the Prandtl-Glauert theoretical value of 1.28. 

3. Analysis and Discussion of Results.--In this investigation the emphasis has been placed on 
the occurrence and subsequent growth of the bubble of separated flow on the upper surface of 
the aerofoil. The above pressure distributions have therefore been analysed in various ways in 
order to illustrate those features of the general flow which are relevant to bubble occurrence and 
growth. 

For any aerofoil, the variation of the trailing-edge pressure is intimately related to the develop- 
ment  of the flow around the whole aerofoil. Furthermore, it has been established that  the onset 
of the effects of separation is marked by a divergence of trailing-edge pressure from its normal 
smooth variation. Curves of trailing-edge pressure ratio (p/Ho)rE plotted against incidence ~ for 
various free-stream Mach numbers Mo are presented in Fig. 10, where the deviations from linear 
variation of (P/Ho)rE with ~ are indicated. 

The variation of the pressure in the bubble is conveniently shown in Fig. 11 by a plot of pressure 
ratio at 0.05 chord against incidence for several free-stream Mach numbers M0. After a small 
bubble of separated flow is formed on the upper surface of the aerofoil and the bubble continues 
to grow in chordwise extent as the incidence is increased, it may be noted that the pressure in the 
bubble remains approximately constant until the effects of the separation reach the trailing edge 
of the aerofoil. Thereafter the bubble pressure ratio (p/Ho)o.osc increases and the trailing-edge 
pressure ratio (p/Ho)rE decreases until their values coincide when the bubble has extended over 
the whole of the upper surface of the aerofoil. Fig. 12 illustrates this variation of (P/Ho)TE with 
(2b/Ho)o.o.sc as the incidence is raised at several fixed Mach numbers. The same data are plotted 
more clearly in Fig. 13 by the use of the parameter (150 -- pr~)/Ho instead of (p/Ho)rE as ordinate. 

A general qualitative discussion of the growth of a leading-edge separation bubble has been 
given by Pearcey in Ref. 1 ; in this report the overall changes in the flow pattern are somewhat 
simplified from those considered in Ref. 1 since the separation point is fixed at the sharp leading 
edge of the biconvex section. 

A parameter of considerable interest when separation bubbles are present is the quan t i ty  
(Pr~ -- Po.osc)/Ho which is a measure of the pressure recovery over the upper surface of the aerofoil. 
Fig. 14 shows that  after the bubble has become established, the pressure-recovery factor 
(25r~--2bo.osc)/Ho decreases as the chordwise extent of the bubble increases with increasing 
incidence. At ~ ----- 12 deg the bubble has extended to the trailing edge and there is no pressure 
recovery over the upper surface of the aerofoil. 

Detailed analysis of the pressure distributions obtained ill these experiments are presented in 
Figs. 15 to 18 inclusive. These figures illustrate the growth o! the separation bubble as the 
incidence is increased at a fixed Mach number" a rapid decrease of the local pressure ratio (2b/Ho) 
occurs when the separation bubble reaches a given chordwise station. From these figures and 
from other pressure distributions not herewith reproduced, it is possible to determine the variation 
of bubble length with incidence. Since the reattachment process occurs over a finite chordwise 
distance it is convenient to define the beginning and end of the reattachment process in some 
arbitrary manner. Fig. 19 illustrates the definitions used in this paper and shows that  tile 
specific term ' bubble length ' is very difficult to define (this is particularly so at high incidences 
when the bubble is of large chordwise extent). 

Figs. 20 and 21 stlow the beginning and end of the reattachment process as a function of 
incidence for various Mach numbers. In particular, Fig. 20 shows that  the beginning of the 

2 



reat tachment process is almost unaffected by a, Mach-nUmber increase from 0.40 to 0.70 and the 
corresponding Reynolds-number increase from 1.9 × 106 to 2.9 × 106. These results suggest 
that  the position of transition 'has little effect on the reattachment process for sharp-nosed 
aerofoils. 

Unlike the beginning of reattachment,  the e n d  of the reat tachment process is significantly 
affected by change of Mach number. The curves of Fig. 21 indicate that  ' bubble l eng th '  will 
increase as the free-stream Mach number is raised at constant incidence. This is confirmed by  
the schlieren photographs which are presented in Fig. 22 for Mach numbers of 0.40, 0-50, 0.60 
and 0-70 at incidences of 5 and 9 deg. Also from Fig. 21 it may be noted that  the bubble length 
is 36 per cent chord when ~ = 4-5 deg and 3//o = 0-40 and when ~ = 3.5 deg and M0 = 0.70:  
the divergence of trailing-edge pressure is shown to occur under these conditions in Fig. 10, 

Some details of the flow over the nose of the aerofoil at M0 = 0.60 and 0.70 are given by the 
direct-shadow photographs of Figs. 23 and .24. Again, the ini t ia l  s h a ~  0f the bubble is seen to 
be relatively unaffected by the change of Mach number from 0.60 to 0.70. 

Finally, i t .may be noted  that  the bubble pressure coefficient @ ~/defined by 

is approximately -- 1, independent of incidence; this is in agreement with experiments by  
McCullough and GaulP. 

4. Conclusiom.=The development of leading-edge flow separation as incidence is raised, for 
a 4 per  cent thick two-dimensional biconvex aerofoil, has been studied over a range of Mach 
number from 0.40 to 0.70 and a wide incidence range. Whilst the beginning of the flow-attach- 
ment process is independent of Mach number, the end of the reat tachment process is significantly 
altered by Mach-number Changes, and the length of tile bubble of separated flow increases with 
increase of Mach number at a fixed incidence. 

Acknowledgements.--Mr. P. J. Peggs assisted in the experimental work and Mrs. N. A. North 
assisted in the data reduction. 
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Tunnel free-stream Mach number 
Local static pressure 
Aerofoil chord 
Distance along chord measured from leading edge 
Tunnel stagnation pressure 
Incidence of aerofoil 
Normal-force coefficient 
Free-stream density 
Free-stream velocity 
Free-stream static pressure 
(p "po)1½poVo ~ Pressure coefficient 

Conditions at trailing edge of aerofoil 
Conditions applicable to bubble of separated flow 
Conditions applicable to the beginning of tile reattachment process 
Conditions applicable to the end of the reattachment process 
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FIG. 1. S c h l i e r e n  p h o t o g r a p h s  of  a 4 p e r  
c e n t  b i c o n v e x  aerofo i l  a t  M o = 0 . 4 0 .  
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FIG. 2. S u r f a c e - p r e s s u r e  d i s t r i b u t i o n s  for  a 4 p e r  
c e n t  b i c o n v e x  aerofo i l  a t  M o = 0 . 4 0 .  
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FIG. 3. Schlieren photographs of a 4 per  
cent b iconvex aerofoil a t  M o = 0.50. 
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FIG. 4. Surface-pressure distr ibut ions for a 4 per 
cent biconvex aerofoil at  M 0 = 0.50. 
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FIG. 5. Schlieren photographs of a 4 per 
cent biconvex aerofoil at  M o = 0.60.  
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FIG. 7. S c h l i e r e n  p h o t o g r a p h s  of a 4 pe r  
c e n t  b i c o n v e x  aerofoi l  a t  M 0 = 0 . 7 0 .  
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FIG. 8. S u r f a c e - p r e s s u r e  d i s t r i b u t i o n s  for  a 4 pe r  
c e n t  b i c o n v e x  aerofoi l  a t  M o = 0 . 7 0 .  
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