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Eﬁ/ SUMMARY

Reynolds numbers for transition on a flat plate measured in two brief
series of tests in the RAE 4 ft x 3 ft tunnel with two different screen arrange-
ments in the settling chamber are presented. In the two series the transition
Reynolds number varies in magnitude in opposite senses with tunnel speed but the
same trend is indicated for the variation with turbulence level. At the lowest
level of turbulence achieved, the transition Reynolds number approaches 6 million,

and according to Mack's calculations, this would correspond to a value of n of
13 for the &c method .
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1 INTRODUCTION

It was intended, after the completion and initial calibration of the RAE
L ft x 3 ft Low Turbulence Wind Tunnel1 in 1946, that one of the first investi-
gations to be made should be into the effects of turbulence level in the free-
stream on the transition from laminar to turbulent flow of the boundary layer on
a flat plate. It was also intended to investigate the effects of changes of
pressure gradient on transition and provision was made for a flexible roof along
the tunnel working section above the flat plate which was mounted parallel to
the tunnel centre-line but below it to accommodate the flexible roof. A very
preliminary investigation was, in fact, made by the first author but not
completed, as the interest in the tunnel became concentrated on measuring the
very low levels of turbulence in the stream2'3. Subsequently, a further and
much more thorough investigation was undertaken by the second author with an
‘optimum' arrangement of the tunnel turbulence damping screens. For a variety
of reasons this second investigation became rather extended and was also not
completed. The transition position was determined by traversing a surface pitot
tube mounted on a carriage spanning the tunnel. The primary reason for the
extension of the time-scale of the experiment was the need to establish a comn-
figuration which minimized the interference effects of the carriage and to
determine the range of transition positions, and thus tunnel speed, for which
the interference effects could be neglected. It was also felt that it was
necessary to investigate thoroughly the nature of the turbulence and noise in the
tunnel to make possible any understanding of the differences between the results
and those of Schubauer and Skrametadth. Subsequent investigations elsewvhere,

for example those of Spangler and \vlells5

, have reinforced this view. Neverthe-
less, because of the increased interest in recent years in establishing require-
ments for the quality of flow in wind tunnels, it has been considered to be worth

putting on record the results from the 4 ft x 3 ft tunnel.

2 THE 4 ft x 3 ft WIND TUNNEL

The wind tunnel and the properties of its flow have been fully described
in Refs 1, 2 and 3, and some details only are given here. Fig 1 shows a drawing
of the tunnel. The main features are the large contraction ratio of 31.2 to 1
and the provision of up to nine wire gauze screens in the settling chamber in
addition to the three fitted as part of the 'diffuser-resistance' combination
which forms the rapid expansion up to the settling chamber. To obtain good
quality flow throughout the tunnel circuit the angles for the first and second
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diffusers were chosen to have, what was at the time of erection of the tunnel,
the unusually small angle of 5°. The tunnel can be run either with the working
section vented to atmospheric pressure, or with the observation chamber, which
surrounds the working section, sealed and the return circuit vented at a location
between the third and fourth corners. The latter mode of operation is preferred
because it reduces the potential for flow leakage out of the return circuit.

This leakage in the former mode, indirectly, affects the flow in the working
section and first diffuser, because of the compensating incoming flow into the
vent holes at the end of the working section. The tests described here were

made with the return circuit vented to atmosphere.
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3 DESCRIPTION OF TESTS

As noted in the introduction the tests were made on a flat plate, the
upper surface of which was the working surface, mounted horizomtally but below L
the centre-line of the tunnel. A flexible plywood plate supported on jacking
screws formed a false roof to the tunnel and provided a means of adjusting the
pressure gradient along the flat plate. To enable pressure probes to be #
traversed these were mounted on a carriage which spanned the tunnel and ran on
rails attached to the sidewalls. An arrangement of cords and pulleys enabled

the carriage to be traversed without stopping the tumnel. The pressure distri-
bution along the flat plate was measured by traversing a small static tube shaped

so that its forward part maintained close contact with the surface of the plate

during the course of a traverse.

The plate initially designed for the experiments had an upper surface of
aluminium bonded to a plywood base. This construction gave a good surface finish
but unfortunately the nose shape proved to be umnsatisfactory. At the nose the
undersurface was flat and the upper surface curved in cross-section over the
first 12 in with a radius of curvature of about 4 ft. With this design there
was inevitably an overshoot in velocity towards the downstream end of the curved
region, and it was considered that the subsequent adverse pressure gradieant would
affect the position of transition to an unknown extent. A second plate was there-
fore manufactured but the complications of the aluminium bonding were avoided
and the surface was of wood varnished or painted (at various stages of the tests)
to give a good surface finish. The leading edge of the plate, of length 12 in
was made removable so that various forms could be tested. The form used in the
first transition tests was that of a wedge with a flat upper surface. The total
length of the plate was 8 ft. As a further means of controlling the pressure
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gradient, in addition to the use of the flexible roof, a flap was fitted on an
extension to the trailing edge of the plate. This flap exerted a powerful
control on the location of the stagnation point in the region of the plate lead-
ing edge. It was adjusted so that the stagnation point was at a small distance
aft of the leading edge on the flat upper (working) surface.

Some preliminary tests were made with this wooden plate. For these tests
all nine damping screens were fitted in the tunnel settling chamber. These tests
are termed 'Series I' in the remainder of this Memorandum. The wooden plate was,
however, considered to be unsatisfactory for an extensive investigation and a
further plate was designed and manufactured. This plate was made from two pieces
of 4 ft square 'bakelized paper board' # in thick. This material was chosen as
having a good and robust surface in the 'as-manufactured' condition. The joint
between the boards was made by grooving the abutting ends of the boards and
inserting a metal tongue held in place by screws tapped into the boards and
tongue. The leading edge of the plate was symmetrical in this case, the sections
over the first 6 in consisting of two circular arcs. The second series of tests
(Series II) described here were made with this plate. The Series II tests also
made use of an extension to the trailing edge of the plate fitted with a flap.

In the Series I tests the plate had been mounted with its leading edge 7 in down-
stream of the start of the working section. This put the leading edge in a
region where a pressure gradient existed in the empty tunnel and for the

Series II tests this distance was increased to 27 in.

In both series of tests the location of transition was determined by
traversing a pitot tube along the plate in contact with its surface. The forward
part of the pitot tube was made from 1 mm tubing flattened to give an external

height of 0.020 in. Some check tests were made by means of surface oilflow

techniques.
4 RESULTS

The pressure distribution along the plate in the Series I tests is shown in
Fig 2 expressed as q,/ q the local kinetic pressure divided by the kinetic pressure
in the empty tunnel. A mildly favourable gradient occurred over the forward half
of the plate and the traverse made off the centre-line indicates some small span-
wise non-uniformity over the forward part. Three sets of measurements, at nominal
speeds of 100, 140 and 160 ft/s, made with the traversing surface pitot tube are
given in Fig 3 in terms of qa/q1 » the kinetic pressure indicated by the surface




tube divided by the local freestream kinetic pressure. These traverses were made
on the plate centre-line. A simple traverse made at 140 ft/s 10 in off the
centre~line agreed closely with that on the centre-line. From Fig 3 the values
of x, and X5 the distances from the leading edge of the plate for the begin-
ning and end of the transition region, have been taken. For the beginning, x,
has been taken at the point of intersection of faired lines through the measure-
ments in the laminar region and the transitional region, and for the end, X,
has been taken as the point of maximum reading. For the measurements at 100 ft/s
the value of X, is ill-defined. The reasons for this were not explored but a
plausible exploration may be that the proximity of the carriage to the flap
fitted at the end of the plate extension resulted in some interference with the
flow. The Reynolds numbers for the beginning and end of transition, based on the
values of x, , X, and the local unit Reynolds number are shown in Fig k. Rey,
and Rex2 show a small increase with increase of tunnel speed, and over the range
covered have values greater than the 'limiting' values of 2.8 and 3.9 million
formed by Schubauer and Skramstadt.

The variation with tunnel speed of the three components of turbulence on
the tunnel centre-line (in the empty tunnel) at a position corresponding to
x = 59 in is given in Fig 5. The measurements are extracted from Ref 2 and were
made subsequent to the transition tests. This Figure shows that there is an
increase in the level of all three components as speed is reduced from
160-100 ft/s and the obvious inference is that the reduction in transition
Reynolds number over this speed range is related to the increase in turbulence.
However, as pointed out in Ref 2, the energy in the turbulence is contained
mainly at the low frequency end of the spectrum where its influence on the stab-
ility of a laminar boundary layer might be expected to be significant only at
Reynolds numbers very much higher than obtainable on the flat plate. Thus
attempts to relate overall levels of turbulence to transition Reynolds numbers
may be misleading. A further point to be noted2 is that the low levels of turbu-
lence extended over a central region only about 20 in x 15 in in the cross-
section of the working section. Spectra for speeds of 100 and 160 ft/s are shown
in Fig 6 demonstrating the concentration of the emergy at low frequencies. Some
peaks corresponding to the fan fundamental frequency (1/10 times the fan speed in
rev/min gives frequency in cycles/s since the fan has six blades) and multiples
of this frequency can be identified in the spectra, but these do not occur
consistently.

Measurements of noise in the working section made with a special microphone

positioned on the tunnel centre-line were also reported in Ref 2, The particle
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velocity deduced, assuming plane waves, is shown in Fig 7, and frequency spectra,
in which the fan fundamental frequency and second harmonic are strongly marked,
are reproduced in Fig 8. Also shown in Fi{g 7 is the rms total turbulence, con-
ventionally expressed as [-}(u'2 +u'? v w?) %. for the tunnel with 3+9 screens
(Series I) and also with 3+3 screens (8eries II). The levels of noise and
turbulence compared rather arbitrarily in this way are of similar magnitudes but
comparison of the spectra shows, as might be expected, that the noise contribu-

tion is at somewhat higher frequencies than the turbulence contribution.

Some results from the Series II tests are summarized in Figs 9, 10 and 11.
Because of the change in the shape of the leading edge of the plate and its
position from that used in Series I the acceleration of the airstream in the
leading-edge region is greater but occurs over a shorter length and leads to a
suction peak followed by a short region of adverse pressure gradient. The
gradient is mildly favourable over the remainder of the plate apart from a per-
turbation in the vicinity of the joimt, The variation of transition Reynolds
number with tunnel speed (Fig 11) is quite different from that in the Series I
tests. At 160 ft/s the values of Rex1 and Rexa are slightly greater than for
Series I but in the Series II tests Rex1 shows a monotonic decrease with increase
of tunnel speea over the whole range from 120-200 ft/s. Rex2 follows the same
trend over the speed range for which it was determined. (The usable length of
the plate was too small to allow its determination at the lower speeds.) Again
the inference can be readily drawn that the transition Reynolds number correlates
with the turbulence level. On the other hand, it is necessary to consider the
possible influence of the pressure gradients along the plates which differ in
the two series. At 160 ft/s Series II gives a slightly larger transition
Reynolds number than Series I. For Series I the pressure gradient is entirely
favourable up to x = X, whereas for Series II the pressure gradient is small
apart from two short regions of adverse pressure gradient, near the nose and just

upstream of x = x Thus the pressure gradients might be expected to have the

opposite effect t; that observed (as also might the stream turbulence on the
basis of the rms level). At the lowest speed (100 ft/s for Series I and 120 ft/s
for Series II) the pressure gradients are respectively adverse and favourable at
the transition point so that the lower transition Reynolds number for Series I

is in accordance with the expected effect of pressure gradient. At the higher
speeds for Series II the pressure gradient is also favourable at the transition
point but of smaller magnitude than for the lower speeds. It seems unlikely

that the increase, almost twofold, in transition Reynolds number with reduction




in speed from 200-120 ft/s can be directly attributed to the small change in
pressure gradient. Thus on the basis of qualitative arguments it appears improb-

able that the pressure gradients have a controlling influence.

The three components of turbulence are shown in Fig 12. The variations of
the turbulence components with speed are quite different from those for 3+9
screens shown in Fig 5. Explanations for the features and differences are
advanced in Refs 2 and 3. The two main reasons are (1) the interaction of the
screens in the settling chamber with the curved flow there in promoting an
unstable velocity profile on the curved walls in the initial region of the con-
traction cone and (2) the influence of fluctuation of the transition point on the
tunnel walls on the flow in the working section. The effect of the first of
these reduces as the number of screens in the settling chamber is reduced but, of
course, the damping effect of the screens on the mainstream turbulence is then
reduced. An optimum number of screens is thus indicated and this number was
considered to be 3, the number chosen for the Series II tests. The reduction in
the number of screens also increased the area of the cross-section of the tunmel
over which low turbulence existed to about 25 in x 20 in. The influence of the
tunnel wall boundary layer was reduced by fitting a trip wire in the downstream

part of the contraction cone.

Some measurements of spectra were made during the course of the Series II
experiments. The longitudinal component was measured at a point 3 in abuve the
plate and 18 in downstream of the leading edge. The hot wire was supported on
the carriage used to traverse the surface pitot tube and, despite efforts to
provide isolation against vibration, the results may cont: in some spurious peaks
from this source. The lateral components were measured upstream of the plate
with the wire mounted on a wooden strut as used for the measurements of Refs 2
and 3. The incomplete set of results obtained is shown in Fig 13. The spectra
contain many contributions at discrete frequencies the sources of which can be
identified with any confidence only in a few instances. For example the fan
fundamental frequency appears clearly in the longitudinal and transverse com-~
ponents at 160 ft/s but not in the vertical component and also appears in the two
available components at 220 ft/s. On the other hand the peaks occurring at
frequencies in the vicinity of 200 Hz have not been identified. For comparison
the spectra for the tunnel with 3+2 screens from Ref 3 are reproduced in Fig 15.
The differences are striking and show, with the exception of the vertical com-~
ponent, the reduction in the low frequency content for the configuration (3+3
screens) used for the Series II tests.




- -

Ly e —— @
A e e S B - cetm——— T

—

el Y Y &

™ Aero 1854

The measured variation with turbulence level of the Reynolds number for
the onset of transition is shown in Fig 14. Also shown are the results of
Schubauer and Skramstadt and the range of results obtained by Spangler and Wellss
is also indicated. Spangler and Wells showed the quite different response of
the transition Reynolds number to the apparent variation in turbulence level
when this was caused by sound of some given frequency or by genuine turbulence
produced by grids. Different combinations of sound and turbulence produced
variations lying within the hatched area. These experiments make it appear
futile to attempt to draw any facile conclusions from a plot such as Fig 1k4..
However it is interesting to note that the present results and those of Schubauer
and Skramstadt do tend to form a continuous curve, though this may be fortuitous
since there is no region of overlap, It is also unlikely that both sets of
results contain the same mix of acoustic and turbulence disturbances or that the
influences of the pressure gradients along the plates are the same for all the
experiments. Nevertheless the results do show that the indication of Schubauer
and S8kramstadt of a plateau in the effect of turbulence level may have been an
accidental consequence of the particular mix of disturbances in the NBS tunmnel
and that it is worth trying to achieve levels of turbulence well below the

accepted 0.08% if uncontaminated transition is an aim®.

On the basis of the Schubauer and Skramstadt measurements Mack6 produced a
semi-impirical correlation using an te” method', The component n is related toa
Reynolds number by means of the envelope curve for maximum amplification accord-
ing to linear stability theory and Mack then determined n as a function of
turbulence level T by fitting to the results of Schubauer and Skramstadt for
values of T greater than 0.1%. For zero pressure gradient the envelope curve

may be approximated by the equation

)
Re"s
= 2=
n o= 3\To0 ~ %>
and this leads to
n = -811"3_2.1‘ erT .

The curve shown in Fig 14 is derived from these two equations. It is interesting
to note that at the lowest turbulence level of the present results (0.013¥) the

* It is interesting to note that the transition prediction method recently pro-
posed by Wilcox? predicts, for a disturbance frequency which matches the results
of Ref 4, a rapid rise in transition Reynolds number for turbulence levels
below 0.02%.
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measured transition Reynolds number is close to Mack's curve, but it is probably
unhelpful to attempt to draw any conclusions in the somewhat superficial context
of the present Memorandum, other than to remark that for this point n has a

value of 13.

5 CONCLUDING REMARKS

Reynolds numbers for transition on a flat plate measured in two brief

test series in the RAE 4 ft x 3 ft tunnel with two different screen arrangements
in the settling chamber have been presented. In the two series the transition
Reynolds number varies in magnitude in opposite senses with tunnel speed but the
same trend is indicated in the variation with turbulence level. At the lowest
level of turbulence achieved the transition Reynolds number approaches 6 million
and, according to Mack's calculations, this would correspond to a value of n of
13 for the 'e® method'.
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Fig 15a&b
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