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1. Summary and Introduction.--A comprehensive review of the work at the National Physical 
Laboratory on shock-wave--boundary-layer interaction has recently been published 1. The 
experiments reported below were designed to investigate a further case of this interaction which 
was not considered in Ref. 1 ; namely, that  occurring near the trailing edge of a double-wedge 
aerofoil at supersonic speed. This interaction should be similar to that  where the shock is 
generated by a wedge attached to a flat plate;  indeed, the only difference between these two 
cases is that  the downstream solid boundary of the latter is replaced by  the centre-line Of the 
wake of the aerofoil. Experimental  results confirm that  these interactions are both qualitatively 
and quanti tat ively similar and further support the physical explanations of these flow patterns 
given in Ref. 1 ; moreover, the results apply generally to aerofoils with flat surfaces towards the 
rear. 

2. Experimental Data.--Supersonic liners, nominally M0 ---= 1.60, have recently been designed 
for the 20-in. × 8-in. High-Speed Wind Tunnel at N.P.L. These liners have not been calibrated t 
to date, but  this is unnecessary provided that  the Mach number is uniform. The Mach number M 
immediately upstream of the interaction (that is, the Mach number of the flow between the 
shoulder and the trailing edge of the wedge) depends only on the angle of incidence of the wedge 
and the true free-stream Mach number M0. I t  was found that  the pressure distributions on the 
aerofoil (see Fig. 1) behaved as if M0 = 1.608, corresponding flow deflections 0, from standard 
tables 2, giving the observed pressures if it was assumed that  0 = 0 deg when M = 1" 608. The 
included angle , of the symmetrical double-wedge aerofoil was 12 deg, the model chord 2 in. 
and the span 8 in. Simple geometry gives the relation 

0 = c ~ + ½ ~ = ~ + 6 d e g  . . . . . . . . . . . .  (1) 

between the flow deflection 0 and the incidence of the aerofoil c~. 

* Published with the permission of the Director, National Physical Laboratory. 
It is, however, known that the resultant flow is free from pressure gradients large enough to affect the present results. 



Seven pressure holes were equally spaced on the aerofoil from 0.65c to 0.95c in 0.05c steps; 
alternate holes were located 1 in. on either side of the aerofoil span centre-line. At the 0.60c 
position two holes were provided, each {--in. from the centre-line, as a check on possible spanwise 
effects in the flow over the aerofoil. A trailing-edge hole was not provided in the model. 

Two cases of the interaction of the trailing-edge shock with the boundary layer on the aerofoil 
were considered; namely, those when the state of the boundary layer was (a) laminar and (b) 
turbulent. In the latter case, transition was artificially produced by layers of carborundum, 
approximately 5 thousandths of an inch thick, on the first 0.1 chord of both surfaces of the 
aerofoil. 

All the pressure distributions obtained are given in Fig. 1 ; values for the turbulent case (Fig. 
lb) for 0 < 11 deg are identical to those of the laminar case (Fig. la), save tha t  separation is not 
present near the trailing edge of the wedge. Values of 0 greater than 15 deg could not be obtained 
because the tunnel became choked. I t  may also be noted that  0 = 15 deg would be expected to 
lead to detachment of the leading-edge shock wave, and, further, consideration of the 10ad on the 
model and its supports (slots cut in the l{--in, thick windows of the tunnel) would restrict 0 to a 
value just above 15 deg in any case. 

3. Analysis of Results.--(a) Boundary Layer Laminar on A erofoil, but Turbulent on Reattachment 
to Wake.--Fig. 2a is a direct-shadow photograph of this case. The characteristic ' laminar line'  
is visible near the wedge surface, whilst the wake is clearly turbulent. Methods of analysis used 
in Ref. 1 have been applied to the results of these investigations. For each test where separation 
has occurred on the aerofoil, the upstream influence d/Oo* was calculated in the following manner. 
The upstream distance d is defined as the distance from the trailing edge of the aerofoil to the 
point O where the local static pressure p effectively begins to depart from flj, the static pressure 
acting on the surface of the wedge when separation is absent (see Fig. 1). This point 0 is 
arbitrarily defined as the position where p = 1.02pl. The displacement thickness 0o* is calculated 
via the Reynolds number Ro of the test;  further, it is assumed that  x0 (on which Ro is based) 
is the distance from the leading edge of the wedge to the point O, that  is (2 -- d) in. An approxi- 
mate.straight line relation between the Reynolds and Maeh numbers of isentropic flow, valid for 
the Mach number range 1.65 < M < 2.15 is (from data given in graphs ~) 

(7 
1 0 6 x 0  - -  1 2  " • . . . . . . . . . . . . .  ( 2 )  

where atmospheric stagnation conditions are assumed for the flow (To = 10 deg C), and x is 
measured in inches. Further, the displacement thickness ~,* as given by Young 4 is 

X0 
30* = 1.72(1 -I- 0 .277M ~) .~/Ro . . . . . . . . . . . .  (3) 

which becomes, on substituting for R0, 

~0" 0.277M~)/(7"34 -- 1"6M) 1/~ 
Xol/~lO_~ -- 1"72(1 + 12 " (4) 

The precise value of x0 will not be (2 -- d) in. since the growth of the boundary layer will be 
affected by the lower Mach number upstream of the shoulder of the wedge and also by the 12 deg 
expansion round the shoulder. 

However, the values of d/do* calculated in the above manner should not be widely different 
from their true values. 
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Since the static pressure in the wake of the aerofoil eventually returns to that  in the un 2 
disturbed stream (i.e., the value of/51 for 0 = 0 deg), the  overall pressure ratio across the inter- 
action p ..... /151 is given by the ratio of p~ for 0 ---- 0 deg to Pl for 0 = 0 deg, and the corresponding 
pressure coefficient Cpma~ by  

• 2 (pm~, 1) 
C,mo  Y l  - . . . . . . . . . . . . . .  (5) 

One further relation, which gives information about the ' laminar foot ' of the interaction is 

2 P r - -  1) 
C,T - -  ~,M ~ ( ~  . . . . . . . . .  . . . . . .  (6) 

where Pr/Pl is the pressure ratio at the top of the foot (see Fig. la, 0 = 11 deg and 12 deg). 

(b) Boundary Layer Turbulent over Whole Range of Interaction.--Fig. 2 (b) is a direct-shadow 
photograph of this type of interaction. The analysis of results is precisely as before, but the 
formula for ~0" is that  given by Monaghan ~, namely 

0.0475(1 + 0 .35M ~) Xo 
= - -  . 1 ,0.~ (7) " . . . . . . . . . . .  

Again, Xo is supposed equal to (2 -- d) in., although this is clearly only approximately correct. 
The position of the beginning of the upstream effect has been arbitrarily defined as the point 0 
where p = 1.05pl, since the pressure rise is more sudden in the turbulent case than in the laminar 
case. 

4. Discussion of Results.--Fig. 3 presents comparison results for the two types of shock- 
wave-boundary-layer interaction discussed above and for the externally generated shock case 1, 
for (Fig. 3a) laminar layers and (Fig. 3b) turbulent layers. In each set of three schlieren photo- 
graphs t the Reynolds number, Mach number and overall pressure-ratio coefficient across the 
region of interaction, (?p .. . .  are of the same order. I t  will be noted that,  for either type of 
boundary layer, the double-wedge aerofoil case closely resembles the interaction occurring when 
the shock is generated by  a wedge attached to a flat plate. An external shock wave causes a 
much greater upstream effect for a given @max than either of the other types of shock. 

Analysis of results for 0 ---- 11 deg and 0 = 12 deg (Fig. la), where the ' laminar foot ' is most 
pronounced, yields the data illustrated by Fig. 4. The curve of @r versus R0 is taken from Ref. 1, 
and it is seen tha t  very good agreement exists between this curve and the experimental points 
corresponding to the schlieren photographs reproduced herewith. 

Finally, we must consider the flow deflection which will just cause flow separation, In Ref. 1 
it was found that  for the shock generated by the wedge on a plate 

0~p (laminar case) ~ 4 deg 

0sop (turbulent case) -'- 12 deg. 

Since the double-wedge aerofoil had no trailing-edge hole, the direct determination of separation 
by divergence of the trailing-edge pressure G was not possible. Consequently the pressure distribu- 
tions (Fig. 1) can only indicate very approximately the value of 0sop. From Fig. la, 0sep (laminar) < 
5 deg, and from Fig. lb, 0,,p (turbulent) < 14 deg. Fig. 5 suggests an approximate value of 

Data  for (i) and (ii) supplied by Dr. G. E. Gadd of the N.P.L. 
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0sop ( l aminar )~-3 .8  deg. This result is derived from a straight line plot of Cpmax against 
(d/do*)(R/lO*) 1/~, a factor which, according to Ref. 1, should be roughly independent of Reynolds 
number and hence a function only of shock strength and Mach number: Note also the good 
correlation l~etween the present tests and those of Gadd et al. at M = 2-0. 

A series of schlieren photographs were taken at ½ deg intervals in the ranges 4 deg.< 0 < 6 deg 
(laminar) and 11 deg < 0 < 13 deg (turbulent), and specimen photographs of these series are 
reproduced as Fig. 6. From these photographs we may deduce t h a t  0~p (laminar) < 5 deg, and 
0,°p (turbulent) < 12½ deg. I t  is clear that  a small separated region is present in Fig. 6a (ii) 
which is extended considerably in Fig. 6a (iii). The detection of turbulent separation is more 
difficult from the photographs, since the separated region is of very small extent. The occurrence 
of separation is therefore assumed to coincide with the formation of a slight ' neck '  and an 
increase in thickness of the trailing-edge shock wave adjacent to the boundary layer. Sketches 
are also given in Fig. 6 to illustrate these features of the flow. 

5. Condus ions . - -The  shock-wave-boundary-layer interaction occurring near the trailing edge 
of a double-wedge aerofoil at supersonic speed is qualitatively similar to that  occurring when the 
shock is generated by a wedge attached to a plate. Both these phenomena show large differences 
of upstream effect from the interaction of an externally generated shock with boundary layers of 
the same type. 
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NOTATION 

Tunnel free-stream Mach number 

Mach number immediately upstream of the interaction; that  is, the Mach number 
of the flow between the shoulder and the trailing-edge of the double-wedge 
aerofoil 

Flow deflection angle 

Total included angle of symmetrical doublewedge aerofoil 

Incidence of aerofoil 

Aerofoil chord 

Upstream distance to point 0 from trailing edge of aerofoil. Point 0 defined in text 

Calculated boundary-layer displacement thickness at point 0 

Distance from leading edge of aerofoil to point 0 

Reynolds number based on length x0 and effective free-stream Mach number M 

Local static pressure 

Static pressure on surface of wedge corresponding to unseparated flow conditions 

Peak value of p attained at the wall in the region of interaction ; equal to Pl corre- 
sponding to 0 = 0 deg 

p at ' t o p '  of laminar foot (see Fig. 1) 

Pressure coefficient ~ -- 1 where • = 1- 4 ; suffixes corresponding to p 
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FIG. 2a. Laminar  boundary layer on aerofoil, but turbulent on 
reat tachment to wake. 0 ~--- I 1 deg. M = 1 • 99. 

FIG. 2b. Turbulent boundary layer throughout whole range of 
shock-wave-boundary-layer  interaction. 0 ---- 6 deg. M = 1.81. 

(4080) 

FIG. 2. 12-deg double-wedge aerofoil. Direct-shadow photographs 
showing state of the boundary layer during boundary-layer-  

shock-wave interaction. 



Laminar  boundary  layers. FIG. 3a. FIG. 3b. Turbulent  boundary  layers. 

(i) Externa l  shock. 0 = 5 deg. 

R o = 4 . 9  × 105. M = 2 - 0 .  

d/~*o = 70. Cp~,~ = 0.28.  

(i) Externa l  shock. 0 = 8 deg. 

R o = 8  × 106. M = 2 . 0 .  

d/b* o = 28. Cp.,~ = 0.43.  

(ii) Shock generated by  wedge on plate. 
0 = 10 deg. 

R = 5 . 4  × 105. M = 2 . 0 .  

d/~* o = 27. Cr,.,, = 0"25. 

(ii) Shock generated by  wedge on plate. 
0 = 15 deg. 

R = 3 - 7  × 106. M = 2 . 0 .  

d/6* o = 9. C,~,~ = 0.45.  

(iii) Double-wedge aerofoil. 0 ---- 9 deg. 

R = 6 - 3 ×  106. M = 1 . 9 2 .  

d/5*o = 28. Cp~,~ = 0.23.  

i)~'"~" " : / / " ' ~ ' "  " ' " ' '" " " ' " / l  

(iii) Double wedge aerofoil. 0 ---- 15 deg. 

R = 6 . 3  × 10 s. M = 2 - 1 3 .  

d/~*o = 8 .  C~. .~  = 0 . 4 0 •  

FIG. 3. Types  of shock-wave-boundary- layer  interaction. Schlieren photographs.  
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M = 1 . 9 9 .  R = 5 . 8 x 1 0  ~. 0 = l l d e g .  

d/a* o = 42. C,r = 0.042. 

Oadd r e f .  I 

0"0b 

cpr 
.0"04 

O'OB 

M = 2 . 0 3 .  R = 5 - 5 x  105. 0 = 1 2 d e g .  

d/a* o = 49. Cpr = 0"040. 

FIG. 4. Characteristics of the laminar foot. 
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FIG. 6a. Laminar boundary  layers. FIG. 6b. Turbulent boundary  layers. 

- . ~  

(i) 0 = 4 .75  deg. 

L .  

(i) 0 ---- 12 deg. 

(ii) 0 = 5 deg. (ii) 0 = 12½ deg. 

(iii) 0 = 6 deg. 

~minar boundary 
~ e r  ~r~ra~.io 

(iii) 0 = 13 deg. 

FIG. 6. 12-deg double-wedge aerofoil. First occurrence of boundary-layer separation. 
Schlieren photographs.  
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