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Swmary

Photographs have been teken of the flow at the trailing odgos
of thres unyawcd, two-dimensional, aerofoils placed in an airstreon
moving with a Mach mumber of 1.5 and giving a Reynolds mumber (based
on chord) of 0.8 x 106, It is fourd that the conditions close to the
trailing edge dspend on the atrength of the trailing-edge shook,
partioularly if the boundary layer is laminar shead of the shock.

1, Introduction J

The interaction between the shock waves and boundary layers
on sercfoils moving at high subsonic speeds has been the subject of
several investigations, but, although there is cvidence that it may
produce considerable changes in the pressure distribution upstream, the
anteraction between the tail shock and the boundary.layer on an

aerofoil moving at supersonic speeda seems to have received little
attention, |

Two quantities which are known to play an important part in
determining the neture of the interaction on asercfoils at high subsonic
gpeeds are the strength of the shock and the state of the boundary layer.
The present observations were made to obtain qualitative information
on the importance of these quantities in the case of the interaction at
the trailing edge of an aerofoxl in supersonic flow. The observations
are of a prelininary nature and are to be followed by detniled measurements
on gystematio families of double-wedge and biconvex aerofoils.

2. Apparatus and Technique

The ebservations were mede in the 9" x 3" wind tumnel which
for the present purpose was fitted with a nozzle designed to give a
uniform flow at a Mach namber of 1l.6. The aerofoils tested were all .
of 2" chord, and wore of 12% double-wedge, 6% biconvex and EC 1250
ssotion respeotively. Direcot-shadow_photographs of aach flow were
taken with the photographio plate 2" away from the working section and
Toepler schlieren photographs were teken with an apparatus based on two
9' focal length £ 12 mirrors. In all ocases the photographio exposurse
was of the order of 1 miorosecond.

The/
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The position of transition was observed by a sublimation
' tochnique in which the surface of the ncdel was sprayed with a 105
solution of accnaphthene in acetone., For sone of the tests transition
was fixed by placing a band of Frigilene about 0.002" thick between
0.15 and C.20 chord behind the lesadirg edre. Separation of tho
boundary layer was detocted by covering the rear of the model with a
layer of oil. In some cases transition took place tehind the trailing
edge of the nerofeil} it was then detected fron the direct-shadow
photogranhs using the criterion suggested by Pearcey1, and by observing
the position at which the image of the edge of the wakc ceasel to be
sharp.

3, Results

Typical schliercn photographs showing the gencral flow round
the EC 1250 serofoil and the 12% double wedge are reproduced in
Figs., 1 and 2 respectively. In Figs. 1(a) and 2(a) the boundary layer
was laninar back to a point close to the trailing edge and in Pigs. 1(b)
and 2(b} transition was fixed at about 0.2 chord. The photographs show
the shook waves springing from the bend of Frigilene used to fix transition.

Photographic enlergements * showing the flow olose to the
trailing edges of the aerofoils are reproducad in Figs. 3, 4, 5 and 6,
Details are set out in Table 1.

Fhotographs of the pattern revealed by the chemical transition
indicator described in section 2 are not reproduced, but a scale drawing
of a typical example ia given in Fig. 7, The regions of turbulont flow
at the ends of the spon arise from contamination by the boundary layers
on the side walls of the tunnel, ond thoss cloge to mid spoan from dust
particles or other exorsscenses close to the leading edge:

Table 1./
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“It was difficult to keep the sensitivity of the schlieren apparalus oonstant
throughout the experiments. The sensitivity in Fige 6 (g) is lower

then in the other photographs, and the campressions arising close to

the separation point are not olearly visible.
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Approximate Position Approximate Position
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Aerofoil Trailing-edge Incidence| Tail Shock ' of Transitzon of Separation | FIG.
Angle " TUpper Surface Lovwer Surface Upper Lcwer Upper .| Lower '
; ,  Surface , burface Surface | Surface_
- N | \ - 1' -\—_—.—-——_-‘E ----------- T -
i : : I
EC 1250 | 31° 0° 2.2 \approx.) 2.2 (approx.)' 1.3 (?)11.3(2) ©  0.91 % 0.89 3(a)
. | ! ' i ;
; | 2.2 (approx.), 2.2 (apprex.}  0.15  0.15 . 1.0 1 10 3(b)
rl H i : [‘ ;
' ‘ o ? ; i
123 Double | 14° 0° 1.h2 L 1.42 o1 (2) 1 (7)) 7 0.9 0.98 h{a)
Hedge | / | . |
: E 1.42 1.2 0.5 ]0.15 L 1.0 1.0 5(b)
. ‘ ; j | !
6 Biconvex' 1,° 0° 1.2 ' .42 . | (¢); 1.1 (?) | 1.0 | 0.98 5(a) & 6(z)
) 5 ! ! 1
; i ; H ! ; 7
¢® 11,2 1.42 0.15 10.15 . 1.0 + 1.0 5(b) & 6(b)
( ' i : ‘ ; :
f 2° 1.63 +1.28 P11 | o2 L0 5(c) & 5(c)
: ‘o i , ' ' :
| 2° 1 1.63 . 1.28 (015 0.5 1.0 1.0 5(8) & 6(a)
i H :
1 ] ; [ ! X |
. ,° 1 1.82 ,1.18 1'07(?)i 1.07(2) c.89 | 1.0 5(e) & 6(e)
l ! i . "o : -
’ L 11,82 11.18 0.15 ' 2.15 i 1.0 1.0 5(f) & 6(r)
{ ' I { ¥
t N , H
; £§° 2.0 ' 1.05 ©o1.05(7) | 1.05(2) 0.86 . 1.0 5(g) & 6(g)
| ' i , i ,
! 5° ' 2.0 1.05 . 0.15 0,15 i 1.0 S 5(h) & €(b)
i

Celculated by exact
i (Irviscid) Theory.
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4o Discusgion

Examination of the photographs and of the measurements set
out in Table 1 shows that when the boundary layer is laminar the flow
separates ahend of the trailing-edge particularly when the trailing-edge
angle is high or (from the upper surface only) when the aerofoil is at
incidence. 1t seems ressonable to suppose that this separation 1s
coused by the pressure rise at the tail shock wave, and extends upstream
when the trailing-edge angle or incidence is raised because the shook
strength increases. Secondary effects arise from the effects of
aerofoil section shape and incidence on the thickness and profile of the
boundary laysr.

The measured positions at which sepesration ococurred are
plotted in Fig, 8 against the calculated strength (neglecting viscous
effects) of the tail shock. Voluss obtained from an analysis of Ferri's
measurements? on a 107 biconvex serofoil (G.U.2), and on an 8.8%
acrofoil (G.U.3) with one plane surfacc and the other in the form of a
cireular arc are included. Thesc tests were made at a Reynolds number
close to that of the present work, and it has been assumed that separation
is prcsent over that part of the surface over which the measured pressure
is constant.® The importance of the strength of the tail shock as a
parameter in dctermining the position of separation is confirmed by the
existence of some correlation between the points plotted in Fig. 8, but
the scetter shows that the parancters neglected in this diagram play an
important part.

Vhen laminnr separation takes place, the tail shock is
sof tened and is replaced by several weaker shocks as shown, for exampla,
in Fag. 3(a). The farst of these appears in this case to originate at
the separation point, a second from close to the trailing edge, a third
from the region whure the separated streams from the tvo surfaces meet,
and a feurth froa the point where the wake widens rapidly. There is
gome ¢vidence from the direct-shadow photographs that this last point
way be that at vhich transition takss place.

When the boundary layer is nade turbulent, there seuma to be
little change an the flow pattern at the trailing edge in cases
(see Figs. 4(a) and k(b) ) whers little or no separation cocurs for a
laninar layer, but when soparation is present (see Fags. 3(a) and 3(b))
it is suppressed when the spoilers are attached to the aerofoil. The
tail shock then takes tho form of a single compression wave and springs from
a point close to the trailing edge.

When laminar separation takes place on the upper surface, the
main compression at the tail seems to occur downstream of the trailing
edge. The pressure just behind the trailing edge would, therefore, he
expeoted to Du lower than when separation is absent. This is thought
to ex?lain why the flow on the lower surface expands round the trailing
edge (see for example Fig. 5{g)) before the shock wave oocurs thers.
This phencmenon is more clearly visible in some photographs taken at tho
tail of o double wedge and reported in reference 3,

5. Conclusions/

X
In the absence of viscous effects, theory predicting a confinuously
falling pressure.




5. Ceonclusions

In supersonic flow it is found thet particularly when the
boundary layer is laminar, the flow may separate ahead of the trailing
edge of an aerofoil because of the presence of the shock wave there.
Seperation does not seem to be oxtensive when the strength of the tail
shock (i.e. the static-pressure ratio across the shock) is less than
about 1%, but extends forvard rapadly as the shock strength is raised
above this value by increasing the trailing-edge angle or the incidence
of the aerofoil. For tail-shock strengths up to at least about 2,
separation can be supprossed by making the boundary layer turbulent by
fitting spoilers to the surfaces of the aerofoil,

Whon separation occurs, the tail shock wave is replaced by
geveral woekur shocks, and the wave drag of the aercfoil may be reduced.
Sgparation may also have an important eff'ect on the behaviour of a
trailing-edge control surfacoc.

There is no evidence that these conclusions apply at iagh and
Reynolds numbers whach diffor widely from those (1.6 anad 0.8 x 100) of
the present teats, but if the boundary layer is turbulent cover the rear
of the aerofoil at the full-scale Reynolds number, 1t secms that laminar
separation may cause appreciable scale effects in tunnel tcsts made at
low Reynolds number,
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Variabion of Separaktion - Point Position with the Strength of the

Tail Shock For a Laminar Boundary_Layer
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