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An Empirie Correlation of Some Transonic Aerofoil

Characteristics

J. C. GiBBINGS®
Uniaversity of Liverpool, Liverpool, England

For symmetrical aevofoils at zevo incidence in transonic flows, use of a nozzle analogy led Lo

good correlations for the critical Mach number, the stock wave position, the crest Mach num-
ber, and the slope of the Mach number distribution at the crest. The independent variables

used were the stream Mach number, the aerofoil curvature at the crest, the chordwise crest

position, and the aerofoil thickness. The latter is only important at the lower end of the

transonic speed range.

Nomenclature
a* = velocity of sound at sonic speed
¢ = gerofoil chord

= nozzle height at the throat, sonie conditions

= nozzle height corresponding to M, = M.,

= nozzle height corresponding to M-

= nozzle height corresponding to shock position
= nozzle height at the throat

= mean throat Mach number

M = Mach number at the aerofoil erest
M cor =q/a®
/ = stream Mach number for sonic speed at the aerofoil
crest
My = stream Mach number
" = radius of curvature of the aerofoll surface at its crest
i = aerofoil thickness
z,y = acrofoil ordinates
Y _ (ho/h®) — 1
“ T (R = 0.025 ¢/ [(hee/h7) — 1]
v . hs/h* — 1
= (R — 0.025 ¢/O)[(her/hy — 1]
Tees: = coordinate of aerofoil crest
5% = boundary-layer displacement thickuess at the crest

1. Introduction

AYLOR, in investigating the flow at the crest of an acro-

foil at suberitical speeds, employed a model of the flow
in which the upper surface of the acrofoil formed the throat
of a nozzle.! An outer streamline was assumed straight to
represent the nozzle centerline.

This model is used here to aid correlation of experimental
results obtained for various aerofoil characteristics in the
transonic speed range. It is adopted on two counts.  First,
it is known that the aerodynamic characteristics at the
throat of a nozzle are affected strongly by the radius of curva-
ture of the nozzle wall, and thus a simple correlation of char-
acteristics at the crest of an aerofoil might have the aerofoil
crest radiug of curvature as a strong independent variable.
Second, the nozzle coneept of ratio of arca at the shock posi-
tion to throat area is used here in correlating the results for
the movement of the shock wave along an aerofoil.

This initial study was limited to consideration of symmet-
rical acrofoils at zero incidence.  All the experimental re-
sults used were obtained in the slotted-wall, transonic wind
tunnels of the Acrodynamics Division, National Physical
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Laboratory. Three slot-to-wall area ratios were used as
detailed in Table 1. The results given in Ref. 2 suggest
that there was negligible variation of blockage in using these
three area ratios, although they gave differences in their
distortion of the sonic line. Variation ol slot area ratio was
found to have a slight effect upon one of the characteristics
considered here. On all models, the boundary layer was
tripped to turbulence by a narrow band of roughness at the
leading edge. The data was obtained at Reynolds numbers
which were the same weak {unction of Mach number for all
the aerofoils:  at sonic stream speed, the chord Reynolds
number was 1.9.106. A discussion of the significance to the
present results of both blockage and viscous effects is given
later.

2. Correlation of Experimental Results
2.1 Critical Stream Mach Number

The aerofoil eritical Mach number is taken as that free-
stream Mach number for which sonic speed occurs at the aero-
foil maximum thickness point. This latter position here is
referred to as the aerofoil crest.  With some aerofolls, local
sonic speed first is attained away from the crest at a lower
stream Mach number than this eritical; this is particularly so
with the NPL 491 acrofoil which had a noticeable peak in the
velocity distribution well upstream of the erest.  No account
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Fig. 1 Sketch of nozzle flow model.

has been taken of this effect, since all values analyzed were
crest ones.

Adopting the corresponding nozzle flow as a model for the
aerofoil flow, we have on the basis of one-dimensional isen-
tropic channel flow (as sketched in Fig. 1) that the mean
throat Mach number # can be written

M = f(Mo, ho/hr) ey

For the two-dimensional flow at the nozzle throat, we also
can write (see, for instance, Ref. 3),

M/Meoss = flhy, (d2y/dx?), (déy/da?) .. .) 2)

where = and y are the nozzle ordinates. Retaining only
first-order terms, then Eq. (2) just becomes

M/Macs = flho- (d?%/dz?)] @

Now with nose-to-tail reversal of a symmetrical aerofoil
at zero incidence, either in isentropic flow or in a real flow
with a thin boundary layer, there is no change in M.t
There is, however, a change in sign of d%/dz?; and so it is
convenient to replace this quantity by the radius of curva-
ture at the crest B which is regarded always as positive.

Thus, Eq. (3) can be written

M/Meos = f(R/h2) )
Additionally, from the nozzle shape, we have
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Fig. 2 Correlation of critical Mach number as a function
of thickness—radius ratio (symbol code in Table 1).

Eliminating M and hy from Eqs. (1, 4, and 5) reduces them
to a single relation of the form,

My = f(Moes, B, t, o)

Expecting that, of the last three independent variables,
R and t would be the most significant, then the nondimen-
sional products are arranged in the form,

4‘]10 = f(ﬂ’—/[crest, R/t, ho/t)

In plotting the experimental results, the first two independent
variables, M .. and R/¢, were found to be of significance; but
there was no evidence of lack of correlation because of neglect
of the third variable h/t. Thus, the foregoing relation can
be reduced

,/1[0 - f(jl"lcrest; R/t)

In the special case when Mee.: = 1.0 and the corresponding
critical value of My is M., say, then

M = f(R/D)

When the experimental results were plotted on this basis,
there appeared evidence of a significant higher order term,
that is, a term involving d%/dz® at the crest. For most
aerofoils this term, which is indicative of the rate of change
of curvature as the crest, might be expected to be related
roughly to the crest chordwise position, Tees. With nose-
to-tail reversal of an aerofoil there is no change in d3y/dx?
and if, as before, there is to be no effect upon the value of
M., then a suitable variable is [Terest/c — 3|.

The correlation obtained is shown in Fig. 2. It is seen to
be quite good for a large range of aerofoils, since the maximum
scatter in M., 1s about 0.0015.1

2.2 Chordwise Shock Wave Position

The onset and rearward movement of a shock wave on an
aerofoil at transonic speeds is very similar in nature to the
case of transonic nozzle flow.> Thus, the aerofoil flow is
represented again by a nozzle flow model which this time is
taken to be a choked one-dimensional flow. 7The shock wave
position thus can be represented by the equivalent ratio of
cross-sectional area at the shock to that at the nozzle throat.
This flow model is sketched in Fig. 3. Also, M, can be re-
placed as a variable by A/h= so that the variable h,/h=, which
denotes the shock position, can be related to the correspond-
ing aerofoil  ordinate by

hs _ (" _ _ Y
e (h ]><1 t/2>

Values of (h.,/h®) — 1 are plotted against corresponding
values of (ho/h*) — 1 in Fig. 4 using the experimental results
for a range of aerofoils. The right-hand sides of these curves
correspond to the initial appearance of the aerofoil shock

— x

Fig. 3 Sketch of choked nozzle flow model.

+ For a family of aerofoils varying only in thickness, {/R «

(t/c)2
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wave; the backward movement of the shock with increasing
stream Mach number corresponds to movement along these
curves toward the origin; and the origin corresponds to a
gonic stream.

A further plot, on log scales as in Fig. 5, of the values of
(he/h*) — 1 and (he/h*) — 1 shows that a family of matched
curves is obtained with a relative displacement at 45°.
Thus, this family of curves has a scaling factor that is the
same along both axes.

The smoothed curves of Fig. 4 are replotted in Fig. 6 as
solid lines together with values corresponding to the critical
Mach number which are plotted as values of (h../h=) — 1.
The curves for the various aerofoils show no obvious inclina-
tion to tend toward their appropriate value of (h../h*) — 1.
This point is discussed further in the next section, where the
dotted lines are also considered. However, k., appears to be
a significant variable in the factor scaling the various curves.

The correction to (he/h=) — 1 as a scaling factor was found
to be a function of both /¢ and {/¢. A fair correlation was
obtained using the factor

(R/e)[L — 0.025(c/t)][(hee/h7) — 1]

as shown in the plot of the experimental values in Fig. 7.
This factor was obtained independently for the scaling ratios
along each axis; but even so, the amount of data used was
rather limited.

o006

Although, as pointed out in Sec. 1, the Reynolds number
did not differ between the data for the different aerofoils,
the variations of their pressure distributions might have an
effect upon the growth of the boundary layer downstream of
the crest. In this region, the Mach number (as it is close
to unity) is very scnsitive to the cross-scctional area between
streamlines, as indicated by (he — h=). Thus, small vari-
ations in this growth between different acrofoil shapes might
well explain the scatter to the right-hand end of the curve in
Fig. 7 which corresponds to shock wave positions just down-
stream of the crest.

The effect of different blockages obtained by two area ratios
of slotted wall wind tunnel are shown for the 69, Royal Air-
craft Establishment (RAIZ) 102 aerofoil. This blockage
difference is seen to be greater when the shock is just down-
stream of the crest, although there is an inconsisteney in the
sign of the difference.

To indicate the significance of the amount of scatter about
the mean curve of Fig. 7 in terms of shock position, the
smoothed curve shown was used to compute this shock posi-
10N Zepeer, 48 a function of M, for three aerofoils. The results
of these caleulations are shown as solid line curves in Fig. 8
together with the experimental values for comparison. The
aerofoils chosen cover a range of 4 {0 9.59, in thickness chord
ratio and a range of 0.3 to 0.5 in valucs of Zeei/c.  The error
in predicting Zswoex/c 1s seen to be small, the maximum error
of about 0.04 occurring just downstream of the crest.
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Replot of Fig. 4 using logarithmic 4,504

scales.
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2.3 Onset of a Shock Wave for My > M. X or Y divections as appropriate? The insufficiency of the

Consider the consequences of assuming both that a single
mean curve can be drawn over the whole experimental range
of Tig. 7 and that it can be extrapolated as shown dotted, to
the point (X = 0.362, Y = 0). Even if incorrect, the first
agsumption is not unreasonable if the scatter is attributed
to boundary-layer effects. As already pointed out, the value
of X = 0.362 does not correspond to that value of X that is
appropriate to M. This point is illustrated in Fig. 6 where
the dotted extrapolation of the individual curves is obtained
from the single curve of Fig. 7. It is seen that the ¥ = 0
values are in two cases higher than the appropriate critical
values, and in the other cases are lower; also, on the basis of
the present correlation, no single curve can be drawn in Fig.
7 that will extrapolate to all the appropriate M. values.
But if a shock first appears at the eritical stream Mach
number, then the curve for each aerofoil in Fig. 6 should end
at its appropriate value of (h../h=) — 1.

Then, should the single curve fan out at its right-hand end
to a series of curves tending to the M., values? Or should the
connection be by a number of discontinuous jumps in cither

008 I R '—}

Y=

(8-1)
R{-sors %)(}’—s;yg -i

0-04

present data prohibits a definite answer a point appreciated
by comparison of the critical values with the experimental
shock positions as marked in Fig. 8. Certainly, if the curve
does fan out, then, from the present amount of data for some
of those aerofoils with critical values corresponding to X >
0.362, these connection curves are near to a discontinuity.
This means that for these acrofoils, either there is a delay in
the formation of a shock until after the stream Mach number
reaches the critical; or if the shock first appears at the critical
Mach number, its initial backward movement is very slow.
There is some support for the former possibility from the
experiments described in Ref. 6.

Those two acrofoils having critical values of X less than
0.362 could have hardly any X values greater than their
critical ones, for that would imply shocks appearing before
the critical Mach number.t Thus, the curves for these two
acrofoils would (in Fig. 6) at least drop quite sharply to their
critical values. This implies that if the shocks appear at
the acrofoil crest at the critical Mach number, then they
have a rapid initial rearward movement.

Fig. 7 Correlation of ex-

0-02 |-

perimental results for
variation of shock wave
position  with  stream
Mach number (symbol
code in Table 1).

o0 020

0-30

(- 1)

x=

I These two aerofoils, 49, RAE 104 and 69, RAE 104, each had an almost flat top to their velocity distributions.

z 13{(|-o.ms‘—§—)(h$a_|)

The subsonic

veloqity peak on the former occurred at the crest, and on the latter occurred very slightly downstream of the crest. Thus, even though
M is related here to crest Mach number and not to peak Mach number, this statement still is valid for these two aerofoils.
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The dividing line between the two cases of rapid and slow
initial shock movement corresponds to X = 0.362 and 3, =
M... This gives the relation

R 2.76 .
T T (®)
¢ [1 — 0.025(c/t)]
which is plotted in Fig. 9. To this figure are added the
values for the aerofoils analysed here §

2.4 Crest Mach Number—Sonic Stream

After the formation of a shock wave, more and more of the
surface flow becomes supersonie with rising stream Mach
number until at a sonic stream speed most of it 1s supersonie.
The flowfield thus is approaching a purely supersonic one
where lincarized theory says that the local aerofoil Mach
number is dictated by the aerofoil slope there.  Thus, as the
stream Mach number rises through the rising transonic speed
range, the Mach number at the crest would be expected to
become increasingly less dependent upon the thickness as
a shape parameter. This was found to be s0 in the correla-
tion of M s at 37; = 1.0 as shown in Fig. 10 where R appears
to be the prime variable.

The results in Fig. 10 have attached to them the corre-
sponding values of the area ratio of the slotted working sec-
tion. These suggest that, at this sonic speed, the crest
Mach number, as well as being a function of the acrofoil
shape, also is sensitive to the variation of this area ratio.”
Two dotted lines are drawn tentatively in this figure: one
for an area ratio of Lth, and the other for the area ratios of
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Fig. 8 Examples of use of present method for computing

shock wave position. Points are experimental values;

solid lines indicate calculated values using the mean
curve of Fig. 7 (symbol code in Table 1).

§ A family of identical aerofoils varying only in thickness
will appear as a straight line through the origin on this graph.
Two examples are shown by dotted lines.

9 Results for the 69 RAE 102 acrofoil in a working section of
o area ratio were only available for Mach numbers up to 0.94.
At this Mach number, the crest Mach number was lower by 0.01
than for the aerofoil in the 4 area ratio working section.
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Fig. 9 Boundary between regions of rapid and slow
initial shock movement (symbol code in Table 1}.

frth and F5th. The only aerofoil result that does not support
this suggestion is that for the NACA 00095, The experi-
mental results for this aerofoll at this speed were unsatisfac-
tory as is evidenced by the results deseribed later in Sec. 2.6.

The maximum error about the mean curve shown solid in
Fig. 10, and which fits the relation,

Morewe — 1 = 0.35(c/R)" >

n

2.5 Variation of Crest Mach Number between Stream
Critical and Sonic Speeds

The linearised equations for nozzle flow have been solved
using a series solution.” The first term of a series for the
wall Mach number at the nozzle throat in choked flow gives

(Mues® — 1) = 2(h=/R)
This can be converted readily to

(Mo — 1) = 04(h*/R) (7}
where also

h= 1

R 2R/t[(he/h*) — 1]

Using this as a basis of correlating the aerofoil results, the
latter are shown plotted in Fig. 11. The values plot as a
family of curves and sugeest two flow regimes. The one,
represented by the right-hand side of the figure, corresponds
to the so called “Mach number freeze” at sonic speeds?;
the other corresponds to the initial regime just after first

ody T ‘ o5 . !
! | (AN :
Mo =1 | Ml =035G) |y, L
02 |- S Tae

: - T A
yz\”/é M Vi

0J 04 o O3 06

Fig. 10 Correlation of crest Mach number in a sonie
stream (symbol code in Table 1).

** For a family of aerofoils varying only in thickness, ¢/R «

t/c.
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appearance of a shock wave and corresponds more closely in
nature to the foregoing Eq. 7.

The left-hand portion of the curves is of the form (Moress —
1) = f(h=R) as predicted. This is seen better in Fig. 12 where
only points from the steeper portion are plotted. Correla-
tion is quite good as the maximum scatter in M., about
the curve

(Meest — 1) = 0.2(h=/R)1-5%

is &= 29%,.

Values along the right-hand portions of the various curves
in Fig. 11 are scaled to one another in proportion to the
value of (Muese — 1) at sonic speeds. The correlation ob-
tained is shown in Fig. 13 where it is seen to be good except,
of course, towards the left-hand end where the correlation of
Fig. 12 applies.

2.6. Slope of Mach Numbher Distribution at the Crest—
Sonic Speed

The chordwise slope of the Mach number distribution at
the crest is found to vary very little between the critical Mach
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* I-eTS
o2l Ml=o2(W/R) - _ /2,
ja g
8-08
o
jo}
o /o
004
fv4
0 |
G 02 0-4 06 o8 16
¥ /R

Fig. 12 Correlation of crest Mach number in the initial
region (symbol code in Table 1).

number and sonic speed. As with the crest Mach number,
at sonic speed the aerofoil thickness was a variable that had
no apparent effect upon the Mach number slope. Again,
the prime variable was ¢/R; but, as might be expected with
a higher order characteristic, a higher order term seemed to
have an effect. As in the case of the critical Mach number
this would be d3%/dz®, but again this was replaced by Terest/C.
The correlation obtained is shown in Fig. 14. A poor re-
sult was obtained for the 109, RAE 102 acrofoil. The experi-
mental velocity distribution on this aerofoil was notable for
having a very pronounced wave at the crest when the speed
there was in the sonic region. This had a very large effect
upon the velocity gradient at this speed. For some reason
not apparent the results for the NACA 00095 aerofoil were
unsatisfactory, the model tests giving greatly differing values
for the upper and lower surfaces. With these exceptions the
maximum scatter is about =49, about the curve,

dM /jd(z/c) 41 <c;>‘-“
- ]'4[(xcrest/c) - 0. ] - R

3. Blockage Effects

The present correlations cannot on their own justify a
statement as to the absence of blockage effects. Further
cvidence such as that of Ref. 2 already mentioned is re-
quired for this purpose

The reason for this is that the blockage, as a correction to
the acrodynamic characteristics, 1s a function of both the
slotted working section ghape and of the aerofoil shape. Or,

blockage = f[(aerofoil), (test section)]

Lven if the second variable has no effect, then
blockage = {(aerofoil)

and as the true acrodynamic characteristics of the aerofoil
are also a function of the shape then the measured character-
istics are

true characteristics 4
blockage = f(aerofoil)

measured characteristics

Thus, where the measured characteristics have been ex-
pressed only as a funetion of the aerofoil shape, the blockage
cannot be assumed consequently zero purely on the strength
of these results.
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4, Boundary-Layer Effects

Seale effects cannot be determined from the present results
beeause all the acrofoils were tested at one and the same
Revnolds number at each Mach number.  The effects of the
boundary layer can be estimated as follows.

The acrofoil thicknesg is increased hy 26% where 6% 1s the
boundary-laver displacement thickness at the erest. Using
primes to denote corrected shapes,

Ve = (/e + 2(x/c) (8% %

For these tests, 6%/¢ was caleulated to be of the order of
0.003, and as /¢ varied from 0.04 to 0.10, then with v, ¢c =
0.4 the correction is from 2.5 to 6%.

At the erest

/R = d¥’'/de*

— dy/dut + d2%%/da

Thus,
/R = ¢/R + ¢(d*®*/da?
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Fig. 14 Correlation of chordwise slope of the Mach num-
ber distribution in a sonic stream (symbol code in Table 1).

The value of cd26*/dz? 1s —0.0012, and as ¢/R varied from
0.1 to 0.5 its correetion rose [rom — 0.25 to —1.29%.

Similarly,
i 25%
., = + ¢ ! 6‘ >
R’ du?

The correction then varied from 0.021 to 0.048, that is
from 2.1 to 4.89.

5. Conclusions

The quality of the various correlations obtained suggest
that the radius of eurvature at the crest of an aerofoil has a
strong coffect upon its acrodynamic characteristics. The
effect of aerofoil thickness was apparent only at the lower
end of the transonic speed range.

Beeause the quantity of data that was used was small,
one would hesitate to extrapolate the correlations obtained
bevond the experimental limits even when linear relationships
were obtained.
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