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Summary.—Pitot traverse drag measurements were made at zero incidence on three NACA 0015 aerofoils of different
sizes. Pressures at the tunnel walls were also measured. For each aerofoil, tests were made at two different Reynolds
numbers by changing the tunnel pressure. From the results it has been possible to separate the effects of varying
Reymolds number and tunnel wall interference. It has been shown that the blockage corrections in current use (based
on linear theory) are not large enough to equalise drag measurements made on different sizes of aerofoil at the same
Reynolds number. Empirically increased corrections which bring the results into agreement have been found.

The results have also shown that at high Mach numbers there is a fairly large variation of drag coefficient with
Reynolds number, especially between Reynolds numbers of about 0-2 X 108 and 1-4 x 106,

1. Introduction.—Measurements in flight at high speeds! have shown a less severe rise of
aircraft drag with Mach number than has been shown by high-speed tunmnel tests. Possible
causes of this discrepancy are .—

(1) The difference of Reynolds number between tunnel and ﬂight.
(2) The effect of the tunnel walls. '
(3) The effect of turbulence in the tunnel.

The tests described in this report were made to investigate the first two of these causes. By
varying both the tunnel pressure and the model size results were obtained for different sizes of
model at the same Reynolds number, thus giving the variation of tunnel wall interference with
model size. The effect of Reynolds number was investigated by changing the tunnel pressure,
keeping the model size fixed.

The tests were made on two-dimensional aerofoils, partly to simplify the interpretation of
the results and also' because with three-dimensional models it is difficult to change the dimensions
of the supporting system in the same ratio as the model dimensions.

2, Description of Tests—The tests were made in the Royal Aircraft Establishment High Speed
Tunnel during August, 1944. The models used were fwo-dimensional symmetrical aerofoils .
of NACA 0015 section, spanning the working section vertically. The chords of the aerofoils were

* R.A.E. Report No, Aero. 1998—received 24th January, 1945.
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6 in., 15 in. and 37-5 in., and the length was 7 ft. in each case. The smallest aerofoil was made
of steel, and the two larger ones were of hardwood. The position of the maximum thickness of
each aerofoil was approximately on the centre-line of the balance, 5 ft. downstream from the start
of the working section. The two smaller aerofoils were braced with steel wires to the sides of
the tunnel, but these were arranged so that the wake from the wires.passed clear of the pitot and
static combs.* - All the tests were made with. the agrofoils at zero incidence. Ordinates of the
aerofoil section are given in Table 1.

Tests were made at two Reynolds numbers on each aerofoil, a full range of Mach numbers
being covered at each Reynolds number. The Reynolds numbers of the tests are given below.

Chord o Reynoldé Numbers
6 in. .. ..o .. "0-225 x 10%and 0-55 x 10°
15in. .. .. ... 0-55x 10%and 1-4 x 108,
87-5m. .. .. .. 1-4x10%and3-4 x 10"

Thus for each of the Reynolds numbers 0-55 x 10% and 1-4 x 10° results were obtained for two
sizes of model, enabling the effects of wall interference and Reynolds number to be separated.

The tests covered a range of Mach numbers up to the choking speed of the tunnel, except for
the smallest aerofoil at B = 0-55 x 108, where the tunnel was not quite choked at the maximum
permissible fan speed.

Drag was measured by the wake traverse method, the pitot and static measurements being
made separately with different combs. The static comb was calibrated in the empty tunnel in
two extreme positions. For most of the tests the wake traverses were made one chord behind
the trailing edge, but the drag of the largest aerofoil at R = 3-4 x 10® was also measured with
the comb only 4 in. behind the trailing edge to check the method of determining the drag.

Static pressures were measured at holes placed about half-way up the two vertical tunnel walls.
These measurements were made for all the aerofoils with the static comb in position, and also
for the two positions of the static comb with no aerofoil in the tunnel.

- 3. Drag—The drag coefficients were computed from the wake traverses by the simplified
method developed by Thompson.2 A few of the drag coefficients at the highest Mach numbers
were also computed by the more elaborate method of R. & M. 19712 in order to check the accuracy
of the simplified method. The difference between the results of the two methods was never more
than 1 per cent. The correction given in R. & M. 19713 for finite diameter of pitot tube was
applied to all the results. ' ' ' '

For a preliminary consideration of the results, the values of C, and M were corrected by the
blockage corrections normally used at present in reducing the results of high-speed tunnel tests.
The equation used for calculating these corrections  was :

000075
& = 53
. v S NS .
where § = A/1 — M2, C = chord in feet and ¢ == These corrections are based on R. & M.
20334, but it should be noted that in equation (39) of that reljort p* has been replaced by 2.

The results of the drag measurements, corrected in this way, are given in Figs. 1 to 6. These
blockage corrections are based on the linear perturbation theory, which is not applicable when
shock waves are present, but no more general theory is known at present. = ‘

F%+$ACCJ, R )

" * Later work has shown that the ‘ wake biockage * effect of these bracing wires hiay have been quite important,
although it was assumed to be negligible at the time when the measurements were made. o
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Figs. 1 and 2 show that there is considerable scale effect on drag at high Mach numbers.  In
Fig. 8 there is a small scale effect.

The curves given in Figs. 1 to 3 are rearranged in Figs. 4 and 5 to show the effect of varying
model size at constant Reynolds number. These curves show that, with the corrections used at
present, the rise of C;, with M for a given Reynolds number is steeper for a large aerofoil than
for a small one. If the blockage corrections were increased, the drag curves for different sizes
of aerofoils at high Mach numbers could be made more nearly coincident. Possible increases
of the blockage corrections will be considered later in this report. The scale effect will be discussed
more fully after the blockage corrections have been modified in this way.

The differences of drag below the critical Mach number, shown in Figs. 4 and 5, are probably
due to differences of surface finish. The difference is greatest in Fig. 5, where the drag of a steel
aerofoil 1s compared with that of a wooden one. " The increase of drag with Mach number, below
the critical value, is greater for the steel aerofoil than for the wooden one. This suggests that on
the steel aerofoil the transition point is fairly far back at low tunnel speeds, and moves forward
with increasing speed because the tunnel turbulence increases. On the wooden aerofoil the
transition point is probably further forward at low speeds, so that the possible forward movement
with increasing speed is less than on the steel aerofoil.

Fig. 6 shows the results of drag measurements on the largest aerofoil at R = 3-4 x 106 for
two different positions of the comb. Above the critical Mach number there is no appreciable
difference between ‘the two curves. At lower Mach numbers there is a small difference of drag,
some of which is probably due to errors in the measurement of static pressure in the wake. The
static comb used for these tests was not very satisfactory, and the results of the comb calibration
were rather irregular. The static pressure of the free stream, used in computing the drag
coefficient from the wake traverse, was that measured in the empty tunnel at the position of the
wake traverse. It has been pointed out by Taylor? that there may be errors in drag measure-
'ments made by wake traverses far downstream in a wind tunnel, due to the static pressure
gradient along the tunnel axis. Since this error would vary with the distance of the traverse
behind the aerofoil, it may explain some of the discrepancy shown in Fig. 6. A further possible
explanation may be that the roughness of the aerofoil increased between the two tests, the
measurements at 4 in. behind the trailing edge being made before ‘those at 37-5 in.

- For the purpose of these tests, however, only the part of the drag curve above the critical Mach
number is important, and in this region Fig. 8 shows no appreciable difference between the two
curves,

. It was noticed in every case that the choking speed for a given model was lower for the smaller
Reynolds number. This effect was greatest for the 15-in. aerofoil, the choking Mach numbers
(uncorrected for blockage) being 0-808 for R = 0-55 x 10 and 0-817 for R — 1-4 x 105. This
change of tunnel choking speed with Reynolds number is probably caused partly by change of
the tunnel wall boundary layer and partly by change of aerofoil drag and hence of wake width.

4. Wall Pressures.—If P, is the static pressure at a point on the tunnel wall in the presence of
a model and P, is the static pressure at the same point in the absence of the model, then the
~increment of velocity at the wall due to the model is given by :

AV, Py — P, ,
=1
] V b 2 ( %sz ) ’ .. . . .. . o (2)
where p and V are density and velocity in the empty tunnel, and the pressure changes are
assumed to be small. . :

- The measured wall pressures have been converted to velocity increments by the above equation
and plotted against distance along the tunnel axis in Figs. 7, 8 and 9. The velocity incrément
shown is in each case that due to the aerofoil only, not including the comb or its supports. The
Mach numbers shown on the curves are not corrected for blockage. In calculating the velocity
increments the mean of the pressures on the two vertical tunnel walls was used, but in all cases
the difference between the two pressures was very small.
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Figs. 8 and 9 show a large increase of velocity at the wall as the tunnel choking speed is

approached. With the tunnel choked, the greatest local Mach number at the wall was about
0-93 in each case. ,

At the lower Reynolds number for each of the aerofoils the effect of lag in the pipes was more
serious than was expected, and the scatter of the points giving the wall pressures was rather high.
It was considered that any difference of wall pressure with Reynolds number would be obscured
by experimental errors in the low Reynolds number tests. For this reason only the results for

the higher Reynolds numbers are given 1n Figs. 7, 8 and 9, and only these results were used in
estimating the blockage corrections.

5. Tunnel Wall Interference—5.1. General Considerations.—It has been shown that, if the
standard blockage corrections of R. & M. 2033* are applied, the drag curves for models of different

sizes at the same Reynolds number do not agree at high Mach numbers (Figs. 4 and 5). This

shows that further corrections for wall interference are required in order to reduce the results to
free air conditions. :

The effect of the tunnel walls may be considered in two parts :—
() Increase of speed at the model.
(b) Distortion of the flow round the model.

The first of these effects could be completely counteracted by applying suitable blockage
corrections, giving an increase of effective tunnel speed. The second effect is more troublesome
and cannot in general be counteracted in this way. For example, if the blockage corrections were
increased to make the drag curves for models of different sizes agree, it might be found that the
lift and moment curves did not agree. In order to investigate the effect of the tunnel walls in
distorting the flow round the model, further tests are to be made in the High Speed Tunnel.
Pressure distributions will be measured on the aerofoils described in this report, over a range of
incidences and for the same Reynolds numbers and Mach numbers as in the present tests. The
results of these future tests should show how much of the discrepancy between models of different
sizes is due to distortion of the flow and how much is due to change of effective tunnel speed.

The possible effect on drag of the pressure gradient due to the aerofoil wake has been con-
sidered, using the measured wall pressures to estimate roughly the magnitude of this pressure
gradient. For the 15-in. aerofoilat R = 1-4 x 10%and M = 0-817 (uncorrected), the correction
to C, is not more than about 0-005, and for lower Mach numbers the correction is much smaller.

A correction of this order is too small to make any appreciable difference to the curves in
Figs. 4 and 5. ‘ :

Until further information is available on the effect of the tunnel walls in distorting the flow

round a model, we may assume for simplicity that the principal effect of the walls is an increase
of effective tunnel speed.

5.2. Blockage Corrections from Wall Pressures.—The blockage effect for a model in the tunnel
. will be considered in two parts, the solid and wake blockages, as in R. & M. 2033.4 The former
is due to the model apart from its wake, and the latter is due to the wake. This subdivision of
the total blockage effect into solid and wake components is probably not entirely satisfactory,
because the effective shape of the aerofoil, and hence the solid blockage, may be modified by the
- extension of the wake at high Mach numbers. However, in any theoretical approach to the
problem it is necessary to consider the solid and wake blockages separately. '

Tt can be shown? that the velocity increment at the tunnel wall due to a two-dimensional
‘aerofoil and its images is exactly three times the velocity increment at the aerofoil due to the
images only. Further, it can be shown from the linear perturbation theory of compressible flow
that this factor of 3 is unaffected by changes of Mach number within the limits of the theory,

that is in the absence of shock waves. The factor of 3 applies only to the solid blockage effect ;
it does not apply to the wake blockage.
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-The wake is represented in R. & M. 20334 by ‘a distribution of sources over the rear half of the
aerofoil associated with sinks at an infinite distance downstream. The velocity increment due
to the wake and its images at a plane far downstream is then the same at all points of the tunnel
cross-section. - However, the velocity increment at the model due to the wake images is only
about half the increment at a plane far downstream. (The exact value of this factor depends
on the effective position of the sources in the aerofoil.) Thus to find the wake blockage effect -
at the model we may take the velocity increment measured at the wall at a, point far downstream
(where the solid blockage effect is zero) and divide this by two. It should be emphasised, how-
ever, that it may not be strictly correct to divide the downstream increment by 2, as it is not
known whether the wake can be represented sufficiently accurately by a system of sources or
what are the positions of these sources in the aerofoil.

Now consider the interpretation of a typical curve, such as that in Fig. 10, showing the variation
along the tunnel wall of the velocity increment due to the aerofoil. The full line shows the total -
velocity increment at the wall, as obtained from the observed wall pressures. The dotted lines
show how this total velocity increment may be divided into solid and wake components. If the
velocity increment at the wall at a point far downstream is denoted by B, the wake blockage effect
at the model will be approximately B/2. If the maximum velocity increment at the wall is 4,
the increment due to the solid blockage only will be approximately 4 —(B/2). This relation is
not exact, because the peaks of the solid blockage curve and of the total velocity-increment curve

do'not necessarily occur at the same point. . However, with these approximations, the blockage
effects at the model are given by .

e (solid — (4 _ Q),

. B
¢ (wake) = 3
therefore ¢ (total) = 1
where e = %a’c,the model.

Using these relations, the blockage corrections for the three aerofoils have been calculated from
the curves given in Figs. 7, 8and 9. These blockage corrections are shown plotted against Mach
number in Figs. 11, 12 and 13, together with the theoretical values from equation (1). For
- Mach numbers up to 0-7 the total blockage correction calculated from the wall pressures never

differs by more than 0-006 from the theoretical value.. For higher Mach numbers the increase of
blockage given by the wall pressures is considerably greater than that given by the theory, and
for the larger aerofoils this difference is mainly in the solid blockage. The wall pressures show a
large increase of solid blockage as the choking speed is approached. ‘

The blockage corrections deduced from the wall pressures, as given in Figs. 11, 12 and 13, have
been used to correct the drag measurements. The corrected curves are given in Figs. 14 and 15.
In calculating the blockage corrections only the wall pressures for the higher Reynolds number
for each aerofoil have been used, for reasons already explained. The blockage corrections for
the lower Reynolds numbers have been calculated on the assumptions that the solid blockage is

independent of Reynolds number and that the wake blockage is directly proportional to the drag
coefficient. '

Figs. 14 and 15 show that, while these blockage corrections give better agreement than the
corrections based on Ref. 4, a further increase of blockage corrections would be necessary to
equalize drag measurements made on different sizes of aerofoil at the same Reynolds number. As
discussed already, part of the discrepancy shown in Figs. 14 and 15 may be due to distortion of the
flow by the tunnel walls, and. further tests are proposed to investigate this. In the meantime,

it may be useful to consider whether an empirical increase of blockage corrections will bring the
drag curves into agreement. : ‘
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5.3. Modified Blockage Corrections.—The effect of multiplying all the blockage corrections as
given in Figs. 11, 12 and 13 by a constant factor was considered. If this factor was adjusted to
make the results for the two smaller aerofoils agree, then it was found that the results for the
Jargest aerofoil were over-corrected. This showed that the increase of blockage corrections
should be proportionately greater for the smaller aerofoils than for the larger ones. The simplest
way of satisfying this requirement eémpirically was to increase the wake blockage only, since
the wake blockage is relatively more important for the smaller aerofoils. '

It was assumed for this purpose that the wake and solid blockages were given by
¢ (wake) = B,
e (solid) = % (4 — B),

where B is the velocity increment at the wall far downstream. That is, in the expressions
originally used, B has been substituted for B/2. As before, it was assumed that the solid blockage
was independent of Reynolds number and that the wake blockage was directly proportional to
the drag coefficient. The drag curves corrected in this way are shown in Figs. 16 and 17. This
arbitrary method of correcting for the effect of the tunnel walls appears to be fairly satisfactory
for the particular measurements considered in this report.

It has been pointed out that the solid blockage correction, as given by the wall pressures, rises
sharply as the choking speed of the tunnel is approached, and also that the choking speed for a
given aerofoil increases with Reynolds nnmber. Thus the assumption that the solid blockage
correction is independent of Reynolds number may not be accurate. In order to investigate the
possible effect of this, the blockage corrections for each aerofoil at the lower Reynolds number
were recalculated, assuming that the solid blockage rose to a fixed peak value at the choking speed,
this peak value being independent of Reynolds number. = This change in the method of calculating
the blockage corrections was found to have a negligible effect on the drag curves.

Further small modifications to the blockage corrections were introduced to make the drag
curves in Figs. 16 and 17 agree exactly. This was necessary to simplify the discussion of scale
effect, considered later. The curve for the 15-in. aerofoil at R = 0:55 X 10%in Fig. 17 was moved
to make it agree with that for the 8-in. aerofoil at the same Reynolds number. The same
corrections were then applied to the results for the 15-in. aerofoil at R = 1-4 X 10°. The results
for the 37-5-in. aerofoil were then corrected to bring them into agreement with the corrected
results for the 15-in. aerofoil. All these corrections refer only to Mach numbers above the critical
value.

In order to show the effect of varying the blockage corrections on the drag curve of a model of
the usual size, curves are shown in Fig. 18 for the 15-in. aerofoil at R = 1-4 x 10% with alternative
methods of correcting for blockage. The curve marked “ revised blockage corrections ”’ refers
to the blockage corrections required to make the drag curves in Figs. 16 and 17 agree. Fig. 18
shows that the effect on the drag curve of even the greatest blockage correction considered 1is
fairly small, the increase of Mach number being only about 0-03 at a drag coefficient of three
times the low-speed value. :

Although empirical blockage corrections have been introduced which bring drag curves on
different sizes of models into agreement, these corrections cannot be accepted as a final solution
until further tests have been made to investigate the relative importance of distortion and
blockage effects.

- 8. Scale Effect.—Before considering the effect of Reynolds number on the drag it is necessary to
apply corrections to the results to remove, as far as possible, differences due to variations of wall
inferference and model roughness. In Figs. 16 and 17 the curves for models of different sizes at
the same Reynolds number coincide at the Mach numbers at which the drag rises sharply. 1Itis
assumed that all drag differences below this Mach number are due to differences of surface rough-
ness and that all differences at higher Mach numbers are due to wrong corrections for wall inter-
ference. The method of modifying the corrections to bring the drag curves into agreement above
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the critical Mach number has already been explained. Below the critical Mach number the
results have all been corrected to the appropriate values for the 15-in. aerofoil, using the differences
shown in Figs. 16 and 17. It appears from the results that the transition point was further forward
on the 15-in. aerofoil than on the other two aerofoils. '

The drag curves, corrected for wall interference and reduced to a common standard of surface
finish as described above, are shown in Fig. 19. This diagram shows that, at high Mach numbers,
there is a considerable scale effect on drag. This scale effect is also shown in Figs. 20, 21 and 22
in which drag critical Mach number, drag coefficient and drag faétor are plotted against (log R).
The drag factor is defined as the ratio of C, at high Mach number to Cp at M = 0-3. The
. complete set of curves in Fig. 19 shows that there is only a small scale effect at Reynolds numbers

-above about 1-4 X 108, but there is a fairly large scale effect at lower Reynolds numbers.

7. Conclusions.—It has been shown that, if blockage corrections based on Ref. 4 are used, the
drag of a large aerofoil appears to rise more steeply with Mach number than that of a smaller
~aerofoil at the same Reynolds number. This means either that these blockage corrections are
too small or that there is a serious distortion effect due to the tunnel walls which ncreases the
drag at high Mach numbers.

Using empirically increased blockage corrections based on the observed wall pressures, the
drag curves for models of different sizes at the same Reynolds number can be brought into agree-
~ ment. - However, these corrections cannot be accepted as a final solution until further tests have
been made to.investigate the relative importance of blockage and distortion effects.

" There is a fairly large scale effect on drag at high Mach numbers, especially between Reynolds
numbers of about 0-2 X 108 and 1-4 x 108 At higher Reynolds numbers the scale effect
appears to be fairly small. ‘ ‘
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‘TABLE 1
. , Ordinates of NACA 0015 Aerofoil
Disténce from leading edgé 0 1-25 2-5 5-0 7-5 10-0 . 15 ©20 25
" Half thickness .. ... 0 2-367 3-268 4-443 5-249 ‘ 5-852 6-680 7-170 7-424
Distance from leading edge 30 0 50 60 70 80 90 95 100

Half thickness R 7-500 7-252 6-615 5-703  4-579 3-278 1-809 1-008 0-157
‘ Leading edge radius = 2-48.
All the above dimensions are expressed as percentages of the chord.
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Fic. 12. Blockage Corrections for 15-in. Chord Aerofoil. R =14 x 10°
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Fic. 13. Blockage Corrections for 6-in. Chord Aerofoil. R == 0-55 x 10
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(ALl results fully corrected for wall interference.)
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Fic. 21. Scale Effect on Drag Coefficient at High Mach
Numbers. (Results fully corrected for wall interference.)
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