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A Preliminary kkperimerrtal Investigation 
of Shock-Wave Development on Aerofoils 

- By - 
T. H. Moulden, fiss I. J. Cox, Miss V. A. Stringfellow 

The transition process fron a pure subsonic type flow to a mixed 
flow with a steady terminating shock wave was investigated by means of simple 
experunental methods. Attention was restricted to-the flow past a two-dimensioml 
aerofoil for Mach numbers at, and just above, the critical. 

The experiment demonstrates the way in which upstream-travelling 
disturbances slow down and ultimately coalesce at some point in the adverse 
pressure gradient. The velocity components of these disturbances along the 
chord line was measured for a range of free stream Mach number. 

It was concluded that, while the present experiment had shed some 
light on the mechanism of shock wave development, a more refined experimental 
system was requred to give a fuller understanding of the phenomena involved. 
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+ For a discussum of the significance of this quantity see Sectmn 3.2. 
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1. Introauctlon - 

The theoretical model usually adopted for investigat;Lon into the 
transonlc flow past a two-d3.menslond aerofod assumes steady, xxrotational 
flow. The results obtained from tils theory are not completely in agreement 
with experimental flndmgs. This 1s particularly true UI the Mach number 
range Just above the critical condition where the steady termlnatlng shock wave 
is in the process of formation. At higher Mach numbers, provided that the flow 
is not separated and a representative pressure rise is essumed at the shock 
wave (see Ref. 7), theory gives a reliable indication of the pressure 
CL3.strihut~on on the aerofoil surface. 

From the practical point of view there is considerable interest in 
the possible achievement of isentropic compression from a supersonic local Mach 
number. To obtain reliable information in this Mach number range would demand 
s. more realistic model than the steady, potentxxl flow one usually employed 
and whose properties are reviewed m Ref. 8. 

Two possibilities have been suggested for improving the flow model. 
Firstly, the presence of a shock wave x.n the flor: renders It non-lrrotntlond 
end some account should be taken of this in the theory. Secondly, the possibilzty 
of unsteadmess in the flow should be conslrlered. 

We suggest that the second of these should take precedence for 
Mach numbers Just above the cr~txal. This statement IS defended as follows. 
It is assumed that the oncomlng flow at lnflnlty 1s wholly irrotational; then 
any rotation is due solely to the presence of a shock wave. By wnplwation the 
shock wave formation and the breakdown af irrotational flow ocours 
s~mvltaneously, and needs provotig. Admittedly, as soon as the shock has 
formed, the flow could be modtiled due to the presence of rotation. Hence the 
breakdown of the Irrotatlonallty conbtzon 1s looked upon as a moddying factor 
rather than the cause of shock formation. 

The main purpose of the present experiment was to make a preliminary 
investigation into the time-dependent nature of the flow in order to assist m 
formulating a theoretxal model. In broad outline the experiment is s~mi.lar 
tothatof Tam&i -Ref. 2 - but makes some zmprovements In experimental cond.i.ticms. 

2. Bcperimental Detsik 

2.1 Wind tunnel and model 

The tests were carried out m the NPL 20" x 8" (50.80 cm x 20.32 cm) 
high speed wxnd tunnel using serofoil NPL 1221. The tunnel is described in 
detszl in Refs. 3. The working section was fltted with slotted liners of such 

? 
eometry (l/foth open area) as to give negligible tunnel interference 
see: Ref. 9). The model - whxh was symmetrxal and of fzve inch (12.70 cm) 

chord and eight inch (20.32 cm) span - was mounted zn sass windows so that the 
flow could be investigated by optical methods. . 

The model geometry (ordinates and surface slopes) IS given in Table I. 
The ma~mum thxckness (II-78 $) m.s at 36% chord. A number of Pressure 
tappings were incorporated. on the surface of the model and the positions of these 
are given m Table 2. u tests were carried out lath the model at zero lift. 

2.2; 



-4- 

2.2 The optical system 

A normal schlieren optical system was employed and is shown 
diagramatically in Fig. I. A spot cut-off was used to give uniform definition 
in all. directions. Two photographic recording systems were available. Static 
photographs were taken by focussing the image on to a plate, while time variations 
were reoorded on a moving film using an oscilloscope camera (Cossor Model 1428, 
Mark II). The whole field was photographed for the static case but for the tims 
variations only a narrow slit just above the surface of the aerofoil was filmed. 

2.3 merimental conditions 

At the Mach number of the tests'(of the order of 0.78) the Reynolds 
number - based on aerofoil chord - was just below 2 x 106. Natural transition 
ocoured on the model in the region where the-shock wave forms, that is, at about 
4C$ chord. To eliminate the premature interaction effects that tend to ocour 
between the shock and a laminar boundary layer, transition was fixed by means of 
a band of caborundum (grains: 0'0019 inch (0.0048 cm) diameter) sprayed on each 
surface from 0- 5$ of the chord. In this way transition was promoted before I@ 
chord. 

The experiment consisted of taking presswe distributions and photugraphs 
at a series of closely spaced Mach numbers near the critical vslue. Both spark 
(exposure of order 1 micro second) and time exposure (exposure of order 1 second) 
sohlieren photographs were taken. 

3. Discussion 

The static and dynamic parts of the experiment are best discussed 
separately. 

3.1 Attempted visualisation of the characteristics 

The static half of the experiment arose from an attempt to make 
visible the charaoteristic pattern in the supersonic flow region. Satisfactory 
visualisation of the characteristics would throw light on the part played in the 
formation of a shock wave by the weak disturbances propagated &Long Mach waves 
within the supersonic region. 

Ideally, to visualise the characteristics, it is necessary to generate 
an infinitesimal wave at one point on the aerofoil surface. This cannot be 
achieved in practice. The best that can be done is to create a system of 
expansion and compression waves from a finite disturbance, 

The best results obtained in the present instance were from a 'line' 
of carborundum grains (0*0016 inches (0.0041 cm) diameter) placed along the span 
at 3% chord. The photographs presented in Fig. 2 show that the system was orily 
FCi.l-tiS,.ly SUCCeSSf~. Obviously such a system is of little use in investigating 
any &fluence that the Mach waves may have in shock wave formation. 

One point of interest, however, can be seen from Fig. 2, where the 
disturbance 'reflected' from the sonic lins is more clearly visible on the spark 
than on the time-exposure photographs. If the flow were steady, a reflection of 
the disturbance from the sonic line would return to the surface and be visible 
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on both spark and time exposure photographs. If, on the other hand, the flow is 
unsteady (foIwara-movlng waves present as demonstrated 111 SectLon 3.2) then the 
position of the reflection would change 8s such waves pass through the flow 

because of the ad&tzon of a steady and a non-steady perturbation. This is also 
noticeable for the case shown in Fig. 2(b), where three photographs for a free- 
stream Mach number of 0.785 reveal that the reflected disturbance reaches the 
surface at different points. 

An attempt was made to measure the connected points (supposing that such 
a concept IS valid in a time dependent flow) as observed in the photographs of 
Fig. 2, and to compare them with the values obtained from the pressure distributions, 
Pearcey, in Ref. 4 shcwed that the connected point could be found frcm the 
pressure distribution by drawing the horizontal line between the 8-w and 0 + w 
curves - as shown in Fig. 3(b). The comparison betmeen the two cor?nected-point 
measurements is shown in Fig. 4, where expected experimental inaccuracies are 
indikated. In considering Fig. 4, It should be remembered that the wave-visualieaticn 
teohruque had produced finite waves rather than Mach waves and hence complete 
agreement with the pressure distributions should not be expected. 

Finally, we remark that the added disturbance did not tend to magnSy 
on propagating downstream -Fig. 2 - but rather to die away. However, the 
disturbance was added m the region of the favourable pressure padient and so 
does not strictly compare with ~usemann's conjectures in Ref. 6. 

3.2 Determinatzon of wave mwement 

Fig. 2(a) revealed the presence of moving waves on the surface of the 
aercfoil - as first observed by Hilton et al (Ref. 5). A preliminary experiment 
was set up to investigate these waves as fol.lows: 

The oscilloscope camera was included in the optical system and a slit 
0*02 inches (0.5 mm) pride was left in a screen placed in front of the camera.. 
The slit was parallel to the image of the aerofoil chord (here I.10 inches (28 mm) 
long) and'was O-12 xnches (3 mm) abwe the chord line. The film used was llfcd 
HPS 35 mm, and was traversed at a speed of 25 inches/see (63.50 cm/set). In 
this nay any movement of the waves on the aerofoil. surface would give rise to a 
trace. on the film. Typical t noes obtaned are shown in Fig. 6, dile in Fig. 5 
the traces for selected free-stream Mach numbers are printed on the same scale 
as the spark scblieren photograph. The three oases shown in Fzg. 5 are typical 
stages in the development of the terminating shock wave. The film movement was 
in the upward direct~~on in Figs. 5 and 6, so that a positive slope on the traces 
indicates forwad-travelling waves on the aerofoil (leading edge on the left). 
The film speed and the slope of the trace yield the wave velocity relative to the 
aerofcil. These are shown on Fig. 7 for a range of free-stream Mach numbers. 

the vertical white line on the left-hand side of the film in Fig. 6 
is the result of the stationary disturbance on the aercfoil surface discussed in 
SeLtion 3.1 - as can be clearly seen in Fig. 5. '!&is line is of no interest in 
the present investigation. 

The traces shown in Fig. 6 indicate that the frequency of the waves is 
of the order of 1000 c/s and does not change appreciably with free-stream Mach 
number, Thus is at variance with the result of Tamaki (Ref. 2) where a rapid 

deorease/ 
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decrease in frequency was observed as the free-stream Mach number was mcreased. 
If these waves do in fact orxginate from disturbances an the wake It is possible 
that the frequency would be Reynolds number sensztive (the present Reynolds number 
being of the order of ten tunes as large as that of Ref. 2). 

Much of the detszd is lacking from the traces in Fig. 6 due to 
imperfeotions in the experimental set-up. However, it is possible to interpret 
these traces to give the following mechanism of shock-wave development. 

Due to disturbances downstream of the aercxfd.1 (the origin of which is 

as yet uncertain), pressure waves propagate forward cwer the aerofoil surface. 
Over the rear of the aerofoil these waves will steepen on moving into a region of 
lower pressure, whxle over the front of the aerofoil, on moving into a region of 
higher pressure, they ~~11 decay (see Ref. IO). The degree of steepemg of the 
wave front depends on the mawtude of the pressure gradient (i.e., on free-stream 
Mach number) and hence, in general, the waves are only visible on schlieren 
photographs when the free-stream Mach number approaches the critical value. This 

is the state shown in Fig. 6(a) for M, = 0.763. 

The situation changes little with increase of free-stream Mach number 
except that the steepening effect of the wave profile becomes more severe. The 
wave velocity 'U' measured was the component of the wave speed along the chord line 
relative to a fixed point(since the slit was paral.lel to the aerofoil chord). 
Insufficient &ta was obtained for the determination of the true wave speed. Not 
untd the free-stream Mach number reaches 0*783 - Fig. 6(d) - do the forward-moving 
waves first tend to come to rest. This they then only do spasmodically. A steady 
shock wave develops at a free-stream Mach number of 0*788 - Fig. 6(e) and Fig.5(c)- 
and the upstream movmg waves merge with the shock. The hypothesis 1s thus 
suggested that the position of the shock, and its strength, is fixed to satisfy 
the downstream compatibility condition through the agency of the upstream moving 
waves a 

The shove outlines the mechanism of shock formation suggested by the wave 
traces and represents a suitable model for further investigation. Thus the actual 
conditions to be fulfdled at the point where the moving waves first become 
stationary (at least rnstantaneously so) are not fully understood. It is not clear 
whether the waves steepen to the extent of being shock waves before coming to rest 
relative to the aerofoil, or sfter. Neither is the effect of waves passing round 
the edge of the local suprsonic region known (Tam&i suggests that these waves 
cause the initial instability of he 'steady' shock). Further investigation is 
clearly needed. 

4. Conclusions 

The experiment described above reveals some of the nature of a trsnsonia 
aerofoil flow. The findings are in agreement with those of Tamaki in Ref. 2. In 
particular it is shown that the terminating shock wave develops from the 
coalescence of waves moving upstream. 

The experiment is considered to be qualitative rather than quantitative. 
Thus, insIght was gained into the mechanism of the flow which can be used to help, 
formulate a more realistic flow model. Certain limitations need to be rectified, 
however, before the apparatus can give reliable quantitative data. Among these 
limitations we can mention the need to measure preczsely the tunnel speed at a 
particular instant and also the need to know, exactly, the speed of the film 
through the oamera. Suoh improvements are being made. 
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