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SUMMARY 

Some experimental results are presented for an 112 thick 
aerofoil, NPL 9510, designed to combine a region of shock-free supersonic 
flow over most of the upper surface with a substantial amount of rear 
loading; to alleviate adverse pressure gradients on the upper surface 
just ahead of the trailing edge a O.~;O thick blunt-base was used. The 
design aims were to a large extent achieved at M = 0.79, CL = 0.6, 

representing at least a IO ;b increase in drag rise Mach number over a 
conventional section of the same thickness and lift coefficient; but 
separation margins at the design condition are very small and an 
undesirable 'drag creep' appears at lower Mach numbers. 

*Replaces A.R.C.31 312 
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1. Introduction 

In recent years considerable progress has been made in the design 
of aerofoils incorporating regions of effectively shock-free supersonic flow 
over part of the upper surface, with isentropic compression from a high 
velocity peak close behind the leading edge (local IBach number M up to 1.4) 
to a rear sonic point typically at about 40$ of the chord; a successful early 
example of this type (NPL 9283) is quoted in Hef. I, a figure from which is 
reproduced below (Sketch (a)) 

t 
Local 
Mach 
number 

Pesky design 
- - - Conventional design 

I-6t 

Ldwer surface 

o-4 
Pressure ratio 

P/H, 

O-6 

WL 9283: Max. thickness = &'o chord 

Sketch (a) 

More/ 
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More recently, alternative improvements in aerofoil performance 
have been realised by increasing substantially the amount of load carried 
over the rear half of the aerofoil, without appreciably altering the high 
velocities over the forward part of the upper surface. (Sketch (b)) 

Local 
Mach 

L.E. x/c ---c T 

Sketch (b) 
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It therefore seemed a natural further step to try to combine 
these two features in one design, and at the same time to see how far it 
was possible to go in extending the local supersonic region to cover a larger 
fraction of the upper surface than had hitherto been attempted. 

The velocity distribution that was envisaged is sketched below 
(Sketch (c)) 

Local 
Mach NO. 

oq) 

(c) Sketch 

On the upper surface the velocity decreases linearly from the leading edge 
(Me LL- 1.4) to a sonic point at x/c s 0.7 followed by a more rapid compression 
to the trailing edge*. On the lower surface the maximum velocity should be 
near sonic at x/c 5 0.4, and this is followed by a linear compression to the 
low velocity (high pressure) over the rear quarter chord, required to give the 
desired rear loading. The two design features can thus be seen to be compatible 
in principle; it remains to achieve them in practice. 

--------------------------------------------------------------------------------- 

* It was expected at first that some form of boundary layer control would be 
required to suppress a rear separation, but in practice this proved to be 
unnecessary (at and near the design condition), and the present paper is 
concerned only with the results without b.1.c. 



- 5- 

2. Desim principles 

Nieuwland2 
In spite of the impressive advances made over the last few years by 

and his colleagues, there is still no rigorous theoretical method 
available for general design purposes involving a substantial amount of 
supersonic flow; and t'nis was even more true four years ago when the present 
work was started. It was therefore necessary to have recourse to an empirica 
approach, based principally on experience and analysis of the geometric shape 
of 'pesky' aerof'oils which had been successful in the past (see for example 
Ref. 3), but coupled also with the use where appropriate of the approximate 
theoretical methods that were available at that time (e.g., Ref. 4) for 
(strictly) subcritical flows. To be more precise, the following procedure 
was adopted. First, the pressure distribution over the upper surface of 
XPL 9283 (cf. Sketch (a) above) was calculated by 'subcritical' theory at 
its optimum free stream Mach number (h%, = 0.72); see Sketch (d) 

4 NPL 9283 (upper surface ):M,=O7i 2 

1 

L.E. X/C T-E. 

(d) Sketch 

After/ 
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After converting the calculated pressure coefficients (C 
number (MC), the same distribution of M4 was assumed 9 

) to local Mach 
or the new section 

at its higher design Mach number (originally conceived as I&, = 0.75 with 
lift coefficient about 0.6*). but 'stretched' 
(as opposed to 4o$ for NPL 9283); 

to cover the first 76 chord 
the remaining (subsonic) part of the 

pressure distribution was then chosen in accordance with Sketch (c) above: 
see Sketch (e) 

Target pressure distribution I 
i \ Subcritical theory 

M, =O-75, t/c r 0 II, CL = 0.6 
, 

L.E. T.E. 

Sketch (e) 

After conversion back to C 8 (at k.= o.75), inverse technjques for the 
approximate theory were use to design the section shape required to produce 
the required 'theoretical' pressure distribution. Having done this, the 
curvature distribution over the forward part of the qper surface was 
critically examined, and adjusted to conform to the desirable criteria 

established/ 

* Note however that (as described later) the optimum Xach number for the 
section turned out to be near 0.79; this only serves to emphasise the 
crudity of the design method. 
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established from experience (cf. Ref. 3)) with a constant curvature behind 
the leading edge stagnation point (implying a circular leading edge) followed 
by a rapid reduction to as low a value as possible (consistent with the 
overall section geometry) over the remainder of the anticipated supersonic 
region: see Sketch (f) 

Curvature 

ChJ 

1 Upper surface) 

I I 

L.E. 0.07 O-2 
di7z 

T.E. 

Sketch (f) 

A further test was made by examining the hollowness of the leading 
edge 'suction loop' for incompressible flow and applying the criterion given 
in Ref. 5 (Section 4.2.1) for separating the 'triangular' and 'pea.&' types 
of aerofoil; this suggested an additional minor modification to the leading 
edge shape. Finally, in order to alleviate the strong adverse pressure 
gradient over the upper surface of the aerofoil just ahead of the trailing 
edge, some additional thickness was added there, leaving a blunt base to the 
section. The thickness of this base was 0.5% of the chord, well below the 
expected boundary layer thickness at the trailing edge, an3 previous research 
(Ref. 6) had suggested that no appreciable drag increment would be produced 
by this device (which has also obvious structural advantages). 

3. Details of the section and experiments 

A drawing of the section (J?L 9510) is shown in Pig. I, and details 
of the curvatures around the nose, and of the upper surface slopes, are shown 
in Fig. 2. The maximum thickness is just over II;5 of chord, and the nose 
radius is 2; of chord. There is a blunt base of' 0.5:: thickness. 

A 10 inch (25.4cm) chord model o f the section was tested in the IPL 
36 inch (Yl.%m) by 14 inch (35.5cm) t ransonic tunnel (the effective height 
of this tunnel with slotted walls fitted is 30 inches (76.lcm)). The slotted 
walls were arranged with an open area ratio of 0.033, and were parallel. 

This/ 
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This wall condition was known to be approximately interference free over the 
Mach number range of' interest from the results of previous experiments. Since 
the tunnel always has approximately atmospheric stagnation pressure, the 
Reynolds number varies with free stream idach nu ber 
about 2.65 x IO6 at h& = 0.5 to about 3.65 t 

(hb), in this case from 
x 10 at Ii& = 0.8, based upon model 

chord. 

Transition trigping bands of approximately 200 grade Carborundum 
( i.e., particle sizes of the order of .003 inches (.0076cm))were used on the 
model. Most of the tests were carried out witn a band from 6-8$0 of chord on 
the lower surface, and from 4-6:: cn the upper surface. h few tests were carried 
out without the band on the upper surface. 

Pressures on the model were measured at 44 static holes whose positions 
are marked on Fig. 1, and which were spread across the central 7 inches (17.8cm) 
of the model. Drags were calculated from wake traverses made one chord's length 
downstream of the model's trailing edge. 

40 Results of the experiments and discussion 

The section was tested over a range of incidence (of) from (x = O0 to 
a = 4O and a range of free stream Xach number from Moo = 0.5 to I&J = 0.85. 

The overall forces on the model from some of the measurements are 
shown in Figs. 3 to 9 and cover the whole range of the experiments. Fach figure 
shows the variation of the forces with free stream Mach number for a particular 
value of the incidence. The optimum cperating conditions in terms of L/D and 
drag rise Mach number occurred at values of' incidence of 1.75' and 2.0G, and 
these results will be considered first. 

The most significant feature of tne results at both of these incidences 
is the variation of drag coefficient with Xach number, which is a little unusual. 
The drag coefficient shows a steady upward creep with increases in free stream 
Mach number until just before the rapid drag rise when there is a local rather 
more rapid increase, followed immediately by an even more rapid decrease of 
significant magnitude, and then by the rapid drag rise. The lift coeff'icient 
increases steadily with increases in free stream Yach number to a maximum around 
the Mach number at which rapid drag rise occurs (MD). The plcts of trailing edge 
pressure at the top of each figure indicate that trailing edge separaticn is 
starting to occur on the upper surface just before the rapid drag rise. The 
value of drag rise Mach number (about 0.79) is commendably high when compared 
with a conventional rooftop-type section with the same lift and thickness, for 
which a value of MD of about 0.71 would be expected. Also included in the figure 
for a: = 2O are estimates of he boundary layer dreg only, calculated using the 
method of Nash and Macdonald 4 . The relatively small varieticn of the boundary 
layer drag compared with the total measured values indicates that practically 
all of the drag creep must be attributed to the development of shock waves on 
the model. 

Fig. 10 shows pressure distributions on the section for three Iflach 
numbers at c = 1.75'. At this incidence the leading edge peak on the upper 
surface becomes supersonic at I&, = 0.55 and the peak Mach number increases 
steadily to a value of about 1.38 at I& = 0.7. Uith further increases in Mco 
the velocities at the peak and on the following supersonic flow on the upper 
surface virtually 'freeze' until well beyond rapid drag rise, anJ the main 

effect/ 

. 
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effect of increasing ~vbo is on the movement of the principal shock on the 
upper surface. The pressure distribution in Fig. 10 for & = 0.75 shows a 
result typical for a free stream Mach number below that for rapid drag rise. 
Following the peak there is an isentropic recompression of the flow which 
ends in a normal shock. With increasing values of M, the region of supersonic 
flow extends progressively rearward and more and more isentropic recompression 
occurs, with the result that the tezlinating shock becomes steadily weaker. 
The pressure distribution for Moo = 0.8 in Fig. 10 is for conditions at the 
bottom of the drag 'bucket' just before the final rapid drag rise. The region 
of supersonic flow extends slightly past the end of the low-curvature part of 
the upper surface at x/c = 0.65 and there is an almost continuous, though 
erratic, isentrooic recompression to the terminating shock which is quite weak. 
By this stage the section is operating above its original design Mach number, 
even though this is an optimum condition, and a region of supersonic flow has 
also developed on the lower surface and has a terminating shock of significant 
strength. The last pressure distribution is for a free stream idach number of 
0.825, well above the rapid drag rise Mach number. The shock on the upper 
surface has moved only a small amount further downstream but has increased 
significantly in strength; the shock on the lower surface has also become 
much stronger. This 'sticking' of the upper surface shock at about 705~ of 
chord, where the surface curvature changes, always occurred, and even strong 
shocks causing total boundary layer separation downstream did not move far 
from this point. 

Fig. 11 shows schlieren photographs corresponding to the three 
pressure distributions in Fig. 10. The two shocks coming from upper surface 
leading edge of the model are from the front anJ. rear of the Carborundum band; 
they were, in fact , quite weak and caused only minor perturbations in the 
pressure distribution. The photograph for I&, = 0.75 shows a sharply defined 
shock of limited extent on the upper surface of the aerofoil at the end of the 
region of supersonic flow. At other free stream LIach numbers below the optimum 
the appearance of the shock was similar to that in this photogreph except that 
it extended steadily to greater distances above the model as it moved downstream. 
At I&, = 0.8 (the optimum Mach number) the pattern of the terminating shock is 
confused (partly because there appeared to be some variation in the position 
of this shock across the model) and, although it extends for a considerable 
distance (about 755 of model chord), gives the appearance of dissipating 
rapidly above the model. This apparent weakness of the shock out in the 
stream was confirmed by the pitot traverses made in the wake, the measured 
momentum deficit being very small over large distances in this region. The 
photograph for Mw= 0.825 shows that the terminating shock on the upper surface 
has moved very little, but appears to have strengthened considerably, and has 
caused total separation of the boundary layer. This was again confirmed by the 
wake traverse, which recorded a marked momentum deficit well out into the 
stream. The latter two photographs also show the development of the shock 
on the lower surface, and at the highest Mach number this shock has caused 
total separation of the lower surface boundary layer. 

The rapid variations in drag just bef'ore the rapid drag rise can now 
be explained in terms of the shock development on the upper surface of the 
model. Since the drag due to a shock will depend upon both its strength and 
its extent in the free stream, the Occurrence in this case of a shock whose 
strength decreases as its extent increases leads to the possibility of its 
drag either increasing or decreasing as it develops. At the lower free 

stream/ 
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stream Mach numbers the rate of extension of the shock must outweigh the 
rate at which its strength is decreasing and cause a net increase in drag 
which produces most of the pronounced drag creep observable in the results. 
A stage is eventually reached, however, when the rate of reduction of the 
shock strength outweighs its rate of extension and a net reduction in shock 
drag occurs, as is also observed in the results. 

Fig. 12 shows three pressure distributions for a = 2O; these 
display quite similar characteristics to those at 1.75~. The shock development 
on the upper surface was also similar to that shown in Fig. 10. 

The suddenness at which the drag falls just before drag rise can 
be explained by the very rapid movement of the terminating shock at these free 
stream Mach numbers. Fig. 13 is a plot of the shock position against b&for 
a = 1.75O and a = 2O. In both cases the shock moves about 407; of chord from 
the free stream Mach number just ahead of the drag 'hump' to that at the 
minimum, this being for a change in Ma) of about 0.03. Since the strength 
of this shock will depend upon its position rather than the free stream Mach 
number, a rapid change in drag with &can be understood readily. 

The final upward turn just before the drag falls off rapidly is 
apparently associated with the principal upper surface shock passing the crest. 
Fig. lb shows a plot of the free stream Mach number at which this occurs at 
various incidences together with a plot of the free stream Mach number for 
which the shock is at the crest, and there appears to be a correlation between 
these two occurrences. Such a result cannot be considered general for this 
sort of aerofoil, however, since the shock development is so much more complex 
than for the usual section to which this criterion is confidently applied. It 
seems likely that for a slightly Different section form the balance between 
the shock's strength and extent could quite easily have been producing a 
decrease in shock drag as it passed over the crest sufficient to eliminate 
the effect entirely. 

The pressure distributions in Figs. A0 and 12 show that, for this 
aerofoil section, most of the lift is being produced by the supersonic flow on 
the upper surface and by the rear loading. Without these features the available 
lift would be of little consequence. It is of interest that two features which 
have usually been regarded as methods of improving a section's performance, 
rather than as the principal contributors to its load-carrying ability, are 
here doing almost all of the work, and to the extent of producing a lift 
coefficient of very respectable order together with a value of drag rise 
Mach number well beyond that which could be expected from normal methods. 

It is useful to know how the amount of' isentropic recompression 
obtained on the upper surface compares with what is theoretically possible. 
This is best done using a characteristic diagram with the parameters 8 (surface 
slope), 8 +w, and 0 - 
described by Pea.rcey8. 

o (obeing the Prandtl-Meyer function) in the manner 
Such a diagram for a t 

3 
ical result is shown in Fig. 15 

for fQ0 = 0.785 and a = 2O. The work of Moulden predicted that the maximum 
theoretical rate of compression that is permissible results in the curve for 
8 - w being horizontal on this plot. If the slope of this curve becomes 
negative it implies that the compression waves in the flow are crossing over 
one another and a shock should result. The figure thus shows that over most 
of the low curvature part of the surface the recompression rate is the maximum 
possible. This figure also indicates which part of the expansion from the 

peak/ 
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peak 'reflects ' back from the sonic line onto the aerofoil as compression. 
A horizontal line from a point at some x/c value on the 0 - w curve, cuts the 
0 +W curve at the point where expansion from the first point reflects back 
onto the surface as compression. The figure shows that it is expansion up to 
only about the first &I of chord that affects the downstream recompression 
rate. 

There was some concern that, because of the closeness of the 
recompression rate to the maximum possible, the disturbance caused by the 
double shock from the Carborundum band, weak though it was, might adversely 
affect the recompression characteristics of the flow. To check this some tests 
were made with the upper surface band removed. Fig. 16 shows pressure 
distributions for a = 2O and & = 0.785 for tests both with and without the 
Carborundum band. This case, being at an optimum condition, ought to be 
sensitive to any possible effects. The figure shows negligible difference 
in the lower surface behaviour and slight differences in the supersonic flow 
on the upper surface; the main effect is a slightly more rearward position 
of the shock. Overall forces where measured with transition free are shown 
on Figs. 6 and 7. The drags are a little lower and the lifts a little higher, 
but the essential features of the results are maintained, particularly the 
values of drag rise Mach number, and nothing occurs that could not be explained 
in terms of the thinner boundary lsyer resulting from the more rearward 
transition position. In general the upper surface supersonic recompressions 
of the transition free results seemed to be slightly better in quality than 
those with a Carborundum band on the model, but there was no occurrence that 
in any way altered the general conclusions drawn from the results. 

The pressure distributions of the supersonic flow on the upper surface 
showed similarities at nearly all incidences. Fig. 17 shows pressures for this 
region for the whole range of incidences tested at a free stream Mach number of 
approximately 0.775 (the precise value is not significant because of the 
freezing of the pressure distribution in this region). The rate of 
recompression is very similar for all incidences above a = lo and the local 
Bach number is thus dependent mainly on the peak Mach number, which increased 
with incidence. This similarity also carries over to the characteristics plot, 
which is shown in Fig. 18. The recompression rate at all incidences is 
virtually at the maximum possible. 

Because of the higher overall supersonic velocities at the higher 
incidences of 3O and 4O, the terminating shock on the upper surfaces was stronger 
and immediately induced total boundary-layer separation. This combination of a 
stronger shock and separation seems to be the main reason for the much higher 
drags at these incidences which can be seen in Figs. 8 and 9. Also at a = 4O 
there was total separation at the leading edge at lower free stream Mach numbers 
because the deceleration following the subsonic peak was much more severe than 
that following the supersonic peak; once tine supersonic peak was established 
the boundary layer was always perfectly attached and well behaved until the 
terminating shock was reached. 

At the incidences below 1.75O the occurrence of drag rise became more 
dependent upon the development of the lower surface shock. At drag rise at 
a=0 O, for example, there was no shock of significant strength on the upper 
surface at all, but total separation from a strong shock on the lower surface. 
Even at a = 1.5O, the drag rise was really governed bJ the development of the 
lower surface shock. Also at the lower incidences there was a tendency for 

double/ 
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double shocks to form on the upper surface. Though, as Fig. 17 shows, there 
was a leading edge peak and subsequent recompression, the terminating shock 
to this stayed well forward before the rapid drag rise and a second supersonic 
acceleration, and subsequent shock at about 60-70$ of chord developed. An 
example of such a pressure distribution is shown in Fig. 13. A continuous 
supersonic recompression would not develop on the upper surface until free 
stream Mach numbers of about 0.825 and above, when drag rise had already been 
caused by the lower surface shock. This is probably the reason for the absence 
of the drag variations noted at a = 1.75O and a = 2O at lower incidences. By 
the time the flow over the upper surface had reached the condition where rapid 
variations in drag might occur, the drag was totally dominated by the lower 
surface shock strength and all other effects were swamped. If the section was 
drastically thinned on the lower surface to remove its shock, the effects noted 
at a = 1.75" and a = 2O would probably reappear. 

5= Conclusions 

The results described indicate that a wing section with a large amount 
of supersonic flow on the upper surface and heavy rear loading can operate quite 
satisfactorily, at least at its optimum condition, with a useful amount of lift, 
a considerable improvement in drag rise Mach number over conventional types and 
at a reasonable drag level. Though the section described is not immediately 
useful because of undesirable off-design characteristics there is some hope that 
these can be overcome. A tendency to early trailing edge separation (and 
resultant reduction of buffet boundary) should not be difficult to cure, nor 
is there any reason to suppose that the rather violent variations in drag 
occurring just before drag rise are an inevitable characteristic of sections 
of this sort. In fact a number of modified forms of the basic section have 
been tested and have all shown some improvement in thi; area. The most difficult 
problem to solve will probably be that of behaviour at high incidence and 
moderate Mach number where there will be a tendency for high velocity peaks ani 
strong upper surface shocks to form; but much further work will be necessary to 
show how severe a limiting factor this is. 
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