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r SMILU

Further measurements of turbulencc in the working section are given
with 2 and 3 screens in the bulge.

The extended region of high intensity turbulence near the walls of
the working section, which was observed with 9 screens in the bulge,
disappeared when the number of screens was reduced from 9 to 2 or 3. The
longitudinal component of turbulence is approximately independent of the
number of screens; the lateral component does not change, if the number
of screens is reduced from 9 to 3, but increases by a factor 2.5 to 3, if
the number of screens is further reduced from 3 to 2.

In order to explain the origin of the turbulence in the working
section, further turbulence measurements have been made at the end of
the second diffuser, before the rapid expansion and in the bulge.

The intensities of turbulence are about I Z of mean speed at the end
of the second diffuser and drop to about 4-6% before the rapid expansion.

However, this turbulence seems to be reduced by the screens in the
rapid expansion and in the bulge below the level of disturbances set up by
inhomogenoities of the last screen. These disturbances are the origin of
the lateral components of turbulence in the working section.

The extended region of high intensity turbulence near the walls of
the wordng section is connected with the existence of a return flow in
the bulge, but several possible explanations exist as to how this produces
the region of high intensity turbulence in the working section.

iii "1 "
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I Introduction

1 2
In two previous reports , turbulence measurements in this tunnel

have been described; the results of the first report are partly obsolete,
since the equipment then available did not record very low frequencies,
which oontribi1te materially to the total intensity of turbulence. The
second report deals with measurements of turbulence and sound in the
working section, which were made after the necessary improvements in.
equipment had been effected; but no explanation was given of the origin
of turbulence, or of certain other features, among them a big region of
high intensity turbulence near the walls of the working section. Since
this tunnel was mainly built in order to gain experience in low turbulence
wind tunnels, it appeared desirable to continue the investigations, in
order to provide data for the design of new tunnels or the improvement of
existing tunnels. For this purpose further measurements were made in the
working section; the influence of the number of screens in the bulge on
the turbulence in the vrking section was studied, and the intensity ard
scale of turbulence was measured at the end of the second diffuser and at
various places downstream and in the bulge.

In the course of these investigations a number of interesting problems
of fluid motion were encountered. As far as time permitted and facilities
existed, these problems have boon clarified. One of the difficulties
encountered was, for instance, the size of the bulge and the screens, which
made detailed flow investigations in the bulge difficult; changing screens
of 22 ft x 22 ft size was a major operation, involving also risks of
damaging the screens and it had to be restricted to a number of essential
cases. Although not every detail could be explained, most of the charac-

7teristic features and the origin of the turbulence in this tunnel could be
clarified.

2 Measurements in the workdng section

2.1 Nine screens in the bulge

2.11 Exploration of the region of high intensitY turbulence near
the walls of the workiUn section

Intensity and frequency spectra of all three components have already
been measured, and the results are given in ref.3. A big region of high
intensity turbulence near the walls of the working section was also
mentioned in ref.3; this will now be investigated in more detail. The
intensity of turbulence measured on a vertical traverse from the centre
line across the lower part of the working section is shown in Fig.1. The
traverse was made at the 'standard' position, about 6 ft downstream of the
beginning of the working section, which in turn is defined by a line G-4
in the sectional plan of the tunnel in ref.1. The thilkness of the
boundary layer on the floor of the working section was about I and 2 ins
at tunnel speeds of 60 ft/sec and 100 to 180 ft/see respectively. The low
level of turbulence of 0.01% to 0.0 intensity, as exists in the middle
of the vrkdng section extends only 8 ins from the centre line; over the
remaining 10 ins the -intensity varies from 0.1% to 1%, agreeing with
previous measurements3, where the low intensity core was only 20 ins x
16 ins out of a total area of 48 ins x 36 ins. In order to find the origin
of this region of ,high intensity turbulence, similar traverses were made
further upstream. At the beginning of the working section, this region is
only slightly smaller than at the 'standard' position (Ig.2)., except for
the lowest speed of 60 ft/sec. The boundary layer thickness at the floor
was 0.3 ins for 60 ft/seo and 0.8 ins for 100 to 180 ft/see. Although
these measurements suggest that the b~wa layer thickness at the begin-
rg of the working section is only about /3 of the thiokness at the

-6-i i
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standard position, the extent of the region of high intensity turbulence
at speeds greater than 100 ft/sec is much the same for both traverses,
implying that the boundary layer alone cannot be responsible for the
increased intensity near the wall. There is a maximum in intensity of tur-
bulence outside the boundary layer in Fig.2 and this feature is more
apparent in Fig.3a, which was obtained by a traverse* in the contraction
of tte tunnel. It is also difficult to see how turbulence, spreading from
a turbulent boundary layer, could have a maximum outside the boundary layer.
A discussion about the origin of the high intensity turbulence near the
walls is given in section 7.

2.12 Boundary lanyer transition point fluctuations on the tunr.al
walls

The tunnel contraction ha's a high area ratio and a short length, so
that the boundary layers on its walls ar subjected to a powerful favour-
able pressure gradient; they consequently remain laminar as far as the
beginning of the working section, transition occurring some distance down-
stream. Experiments made by Hall 4 and Schubauer 1 3 have shown that the
transition on a smooth flat plate fluctuates to a considerable extent. Such
fluctuations on the walls of a wind tunnel working section would lead to
fluctuations of the displacement thickness of the turbulent boundary layer,
and a corresponding fhratuation in the effective cross-sectional area of
the tunnel, which could contribute to the longitudinal component of the
turbulence.

It is interest-ing to calculate roughly, whether this kind of fluctua-
tion could be of the same order as the measured turbulence. Denote the
length of turbulent boundary layer by x, its displacement thickness by 8i
and the cross sectional area and circumference of the working section by A
and C respectively. The boundary layer thickness is assumed to be propor-
tional to its length, which is a sufficiently accurate approximation for
the present purpose. Then

x

The fluctuations of transition point are not likely to occur on the whole
circumference simultaneously, but rather in patches, whose average size may

be of the vhole circumference. The change of effective cross-section
be

due to fluctuations of one patch is

A=". i m x m"

Assuming the volume of air flowing through the tunnel to be constant", the
corresponding fluctuation in longitudinal velocity is given by

* The path followed on this traverse is given in Fig.3b. A traverse can be
defined by a line, which is everywhere normal to the local streamlines. Since
the flow in the central part of the contraction approximates to the flow in a
cone, produced Iy a point source at the apex of the cone, tne surfaces normal
to the streamlines will be approximatoly spherical with their oentre at the
point C in Fig.3b. For practical reasons the traverse was made along two
straight lines, suitably joined, one normal to the walls, the other normal to
the centre line.'

** With fluctuations of speed, fluctuations of the energy losses in the work-
ing section -also occur, and consequently the volume of air flowing through
the tun tel is, st'ibtly speakin&, not constant However, since the losses in
the working section are about 1/5 of tho totali and considering some rough
data on the fan characteristics, the changes in volume of flow can for the
present purpose be neglected.

|7
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Au AA Ax C=T = 8J

Asstumng the velocity fluctuations to be sinusoidal with time, it is more
conveniet to introduce r.m.s. values of u by the relation:

Au
u T2

Now the symbol A applied to any quantity means the maximum amplitude of
that quantity. The fluctuations of the individual patches are assumed to
be independent of each other; then the rusulting velocity fluctuation is
obtained by summing the squares of the individual contributions.

u_ I Ax 61 C

u i2 x Aim

m = 4 may be taken as a rough approximation, because the cross-section is
rectangular with sides not differing much from each other. With C = f ft,
A = 12 ft 2  x = 5 ft, Ax = 0.5 ft, 61 = 0.2 ins, equation (1) yields

u' 0. 075 .
U

This is about the right order of magnitude, and proves that the fluctua-
T tions of transition point contribute to the longitudinal component of tur-

bulence. Better numerical agreement with measurements could be obtained,
if more details of the fluctuations of transition point were known, and
some of the assumptions of the preceding analysis were refined.

An experimental proof of this theory is easily made by fixing a transi-
tion wire on the tunnel wall. This was done and the position of the wire is
shawn in Fig.4b.

In Fig.4a the turbulence intensities are given as a function of wind
speed, with and without a transition wire. It is particularly interesting
to observe how the large peak at 110 ft/sec disappears, when the transition
wire is introduced.

For comparison, the particle velocity of noise measured with a hot wire
microphone in the middle of the tunnel is also plotted in Fig.4a (see also
Fig.11 of ref.3). With the transition wire on the tunnel walls, the longi-
tudinal component is mainly duo to noise.

All the measurements, mentioned so far, were made at the standard posi-
tion of the vorking section (marked (1) in Fig.4b). The hot wire was also
moved to the beginning of the vwrking section (marked (2) in Fig.4b).
Compared with the results obtained in the standard position, it will be
seen that the peak intensity occurs at a higher vindspeed and ith greatly
reduced magnitude. The distribution of turbulence along the tunnel axis is
shown in Fig.5.

Corresponding observations of the flow pattern by an oil film technique
were made on the floor of the tunnel and they will be described in detail in
section 2.21. According to these observations the centre of the fluctuating
transition region is about 2.5 ft and 1.5 ft downstream of the beginning of
the workLng section at speeds of 60 ft/soc and 100 ft/sec respectively. The
extent of the region is 1 ft and 2 ft for the two speeds. Since the influ-
ence of fluctuations of transition point will reach the centre line on
same distance downstre-a of where the fluctuations occur# the turbulence
at the beginning of the working section will consist almost wholly of sound.

-8-
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Further downstream, an inriase to the level in the working section will
take place. For speeds of 140 ft/seo and 180 ft/sec, where practically
the whole of the boundary layer is turbulent, the intensity remains
approximately constant along the tunnel axis.

2.2 Two screens in the bulge

It was thought that the high nmber of screens in the bulge might
have been responsible for the region of high intensity turbulence in the
working section.

In order to test this suggestion, 7 screens were removed from the
bulge, so that only the first and the last screen remained. The effect
of this change is described below.

2.21 Intensity and frequency spectra of the longitudinal cm-
ponents of turbulence on the centre line

The intensity of the longitudinal component of turbulence, without a
transition wire on the tunnel wall (Fig.6), remains almost the same, if
compared with the corresponding curve in Fig.4a; the main difference is
a shift of the characteristic peak from 110 ft/scc to 160 ft/sec. This
peak can again be eliminated by fixing a transition wire on the tunnel
wall. At 200 ft/oc a jump in the intensity of turbulence occurred, which
is indicated by an isolated point. It appeared, when the speed of
200 ft/sec was approached from lauir zpeeds, but not if it was approached
from higher speeds. Measurements at the beginning of the working section
sho-;v a slight shift of the peak to higher speeds, but above 160 ft/sec the
intensity is higher than at the standard position. There is however a
tendency for all three curves to become equal at the highest speed. It is
not clear -4hy the intensity at the beginning of the working section should
be appreciably higher at high speeds than that at the standard position
both -ith and without a transition v.1ir.

An oil film technique was used for investigating fluctuations of
transition point. A thin layer of a mixture of oil with a white paint
was applied to the floor of the working section. Air moving past this
layer set up small waves, vihose wave length depended on the state of the
boundary layer. If it was turbulent, the wave length was much shorter
than in the laminar state. So regions of laminar and turbulent flow could
be distinguished, and even fluctuations of transition point could be seen,
since their frequency was rather low. The results of the observations are
shown in Fig.7. Cheeks were made to ensure that the oil film itself did
not materiall, disturb the boundary layer. There is a spread of turbulence
from the corners of the working section, -'4ich is clearly visible at speeds
of 60 and 80 ft/sec. Vith increasing speed the region, within which the
transition point fluctuates, becomes larger in size and at the same time
movss upstream until the contraction is reached. Here the boundary layer
is stabilised by a strong favourable pressure gradient and consequently a
further increase in speed reduces the extent of the fluctuations, until
they finally disappear at sufficiently high speeds. The contribution to
the longitudinal component of turbulence depends on the extent of these
fluctuations ead the curve of intensity vs. speed in Fig.6 shows corres-
ponding features. The maximum in intensity at 160 ft/sec (Fig.6) agrees
well with the observed maximum of the extent of the fluctuations of transi-
tion point at 160 to 180 ft/sec. Finally the conclusion about the origin
of the longitudinal component of turbulence is similar as in section 2.12.
Without a transition wire, there is a strong contribution due to fluctua-
tions of the transition point below 200 ft/seb with a characteristic peak
at 160 ft/seo. With a transition Wire on the tunnel walls, the longitudinal
component of turbulence is mainly due to noise.

-9-
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AL Frequency spectra are given in Figs. 9, 10, 11 and 12 and in each of
these figurts, the longitudinal component is shown by the top picture;
these pictures are similar in shape to those with all 9 screens in the
bulge (see Figs. 4, 5, 6 and 7 of ref.3). There are also peaks at the fan
fundamuntal frequency and its second harmonics.

2.22 Intensity and frequncy spectra of the lateral components

The intensity of the lateral components was increased considerably by
removing the seven middle screens in the bulge (Fig.8) and it is now about
24 to 3 times as much as it was previously with all 9 screens in the bulge.
A peculiar feature shown in Fig.8 is the jumps in intensity, which occur
at certain speeds, most of them at 180 ft/sec, but some were also observed
at 200 ft/sec (not shown in Fig.8). There is a hysteresis effect, so that
intensities measured with increasing wind speed are higher than those with
decreasing wind speed. In Fig.8 the direction of wind speed is indica?:ed
by arrows. Although this effect was observed with both components, a com-
plete run with increazing and decreasing wind speed was made with the
horizontal component only. There were also some changes in intensity, if
measuroents were made on different days (see Fig.8), but the order of
magnitude of the intensities remained the same. Various checks on the
measuring equipment ruled out any faults there, so that these changes
seemed genuine.

Frequency analysos of +', lateral comporunts (Figs. 9, 10, 11 and 12)
revealed no striking changce- in comparison -xith measurements made with
all 9 screens in the bulge.

2.23 Traverse across the vork:!n secticn of the longitudinal _.ed
lateral ccmponcnts

The distributicn of tiubulence across the work ng section is con-
siderably improved by r-.ving the 7 middle screens in the bulge. ..

vertical traverse of -h-. longitudinal component (Fig.13) revealed that the
width of the region of high intensity turbulence near each wall was
reduced from about 10 ins to 4 ins; the lat~er figure is considered due
to the spread of turbulence from the boundary layer on the walls, which
was 2 ins thick.

Similar conditions were found vrith a horizontal traverse (Fig.14).

The area containing a level of turbulence as low as on the centre
line is naw about 38 ins x 28 ins out of a total area of 48 ins x 36 ins.

Vertical traverses of the vertical turbulence component showed con-
siderable variation in intensity across the tunnel. The curves in Fig.15
simply connect the measured points, but there may oe further local varia-
tions in intensity than are shown by the curves. A wire support, suitable
for working a continuous traverse, is difficult to design, since the
requirements for is rigidity ar. rather severe when lateral components
are measured. Therefore a much simpler method was employed: a number of
holes were drilled in the supporting strut and the base for the wire holder
was fitted into these holes. Measurements could therefore only be made at
a limited number of points, not too close together. The roughness in
intensity distribution is a characteristic of the lateral turbulence
component.

The lateral components of turbulence spread further frN= the walls
than the longitudinal ccmpononts. Fig.i3 shows that there is a particu-
larly large spread of turbulence near the floor at a speed of 60 ft/sec.
At this speed the transition point fluctuations on the walls of the working
section occur in the neighbourhood of the measuring station, 4nd conse-

wall is approahed than it does at other speeds.
o-0-
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2.24 Correlation measurements

The correlation* of the longitudinal component across the working
section was measured with two wires equidistant from but on opposite
sides of, the tunnel ce tre line. The results (Fig.46) are rather similar
to those with 9 screens- in the bulge except at 200 fa/sec, where the

correlation drops at small distances to values lower than that for other
speeds. At zero distance the correlation should of course be 1.0 by
definition. Extrapolating the curves in Fig.16 to zero yields, however,
this value only for the smallest speed of 60 ft/sec. There is evidence
that this deficiency may be due to the impact on the wires of dust par-

tioles in the air. This explanation is supported by observations made
early in the morning which resulted in turbulence intensities some iC%
lower than those measured later in the day, when the tunnel had been run
for some hours. The apparent intensity of turbulence at a speed of
60 ft/sec vs considerably increased, if the tunnel had Just before run
at top speed; however if the tunnel were stopped for a quarter of an hour
the original low values of intensity were repeated. The explanation is
that, at high speed, more dust is stirred up in the tunnel than at low
speeds, and that the dust suspended in the air takes some time to settle
down after stopping the tunnel. However the high correlation over most of
the working section suggests that the error involved by this type of dust
effect is not very large, probably not more than iO-20%/; (see Appendix I).
An error of this magnitude is however tolerable.

The correlation of the lateral components was measured by using two
inclined -ires and the method is described in Appendix I!. Since
these experiments require considerable time, only the correlation of the
vertical component along a horizontal line in the middle of the tunnel
has been measured. The correlation curve in Fig.17 does not fall con-
tinuously with increasing distance, but decreases in a wave form with a
considerable number of maxima and minima. A correlation of lateral com-
ponents has not been measured previously, but this peculiar shape of
correlation function could hardly be expected with turbulence behind grids
or in pipes. Indeed at the end of the long diffuser, the shape of the
correlation function of the lateral components is quite similar to that of
the longitudinal component (Figs. 30 and 31). Hero the correlation of both
components decreases continuously w;ith increasing distance between the two
wires.

V-hen measurements in the bulge are described in section 5, an explana-
tion of this peculiar type of correlation function will be given.

2.25 Influence of vent holes on the turbulence intensity in the
workim section

It has already been mentioned in ref.2 that vent holes in the working
section provide a means of reducing the turbulence due to sound. It is
well kown that sound waves in a tube are reduced in intensity by holes in
the tube, which provide an outlet for acoustic energy. There are two groups
of holes in the wind tunnel (see Fig.1 of ref.1): one at the end of the
working section, which consists of 8 holes, each with an area of 9 ins x
4 ins; the other in the return circuit of the tunnel between the third and
the fourth corner with 20 holes, each 6 ins x 6 ins. Measurements have

* The correlation of longitudinal component is defined by K = ,i u2

where ui U2 is the averag? product ?f "1 and u2 taken over a suffi-
ciently long time, with uj and u2  being the r.m.s. intensities of 1
and 12. %I and I2 are the instantaneous values of velocities in two
places, Which are a distnce y apart. Consequently K is a function
of y.
I -11 -
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been made, usually with all holes at both places open. In order to demon-

strate the efficiency of the holes in reducing the intensity of sound in
the wind tunnel, each group of holes was closed in turn. This resulted in
an increase in intensity of' sound (Fig.18) and in the measured 'turbulence'.
However this increase is only appreciable at speeds above 160 ft/sec, when
It amounts to from 50,'. to 100, . obviously belo'r 160 ft/sec the 'turbulence'
due to fluctuations of transition point is much larger than that due to
sound, so that an increase in the intensity of the latter has only little
effect on the measured turbulanco.

2.3 Three screens in the bulge

As has been shown in section 2.2 the distribution of turbulence across
the working section was improved by reducing the nunber of screens in the
bulge from 9 to 2, but the lateral components of turbulence were increased
by a factor 2 to 3. It seemed therefore likely that 2 screens in the bulge
are not su±'icient and consequently one more screen "ras added; the second
screen was chosen.

2.31 Intensity of the longitudinal component of turbulence

There is little change resulting, from the addition of one more screen
in the bulge (see Fig.19), as would be expected from previous measurements,
Yhere the removal of 7 screens had a negligible effect. The characteristic
peak in intensity is no,.. lowrer.

2.32 Intensity of lateral component of turbulence
V

The intensitics of' the lateral components decreased appreciably by
adding one more screen in the bulge and were almost as lvi as they were
-i:th all 9 screens in th2 bulgc (Oeo Figs. 20 and 21). There is the same
systematic difference bet'.:oen the measurements made with increasing and
decreasing wind speed (see Fig.21). The change in sign at low speeds of
the difference between the cva-ves of increasing speed and decreasing speed
is probably due to the dynamic dust effect. In section 2.24, it was
mentioned that the intensity of turbulence at low speeds increased appre-
ciably if the tunnel had previously run at top speed, owing to an increased
amount of dust in the tunnel. Sinilar conditions exist in the present case,
if a curve is measured with decreasing vind speed. In previous measurements,
with 2 screens in the bulge, the intensity of the lateral component was much
higher, so that the influence of the dust effect was not noticeable.

2.33 Traverse of the longitudinal and the lateral components of
turbulence across the workina section

The intensity of the longitudinal component in a vertical traverse at
the standard position (Fig.22) is approximately the same as with 2 screens
in the bulge, but the intensity is a little higher near the roof.

Similar conditions exist for a horizontal traverse, where the regions
near the wlls are shown in Fig.24a.

As far as the longitudinal component is concerned, the area of tunnel
with the same low !> eel of turbulence as on the centre line is about
25 ins x 38 ins out of a total of 36 ins x 48 ins.

Traverses of the vertical component are shown in Pig.23. Here the
local variations in intensity are larger, espeoially near the side walls.

The area of low turbulence is smaller for the lateral components than
for the longitudinal component.

-12-
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2.34 Correlation measurements

An attempt was made to measure the correlation of the lateral com-
ponents only, but the results were inconsistent. However there was an
indication that the correlation curve would be similar to that in Fig.17.

3 Measurements at the end of the second diffuser

In order to trace the origin of the turbulence in the working section,
measurements were made upstream at various parts of the tunnel commencing
at the end of the second diffuser.

3.1 Intensity and frequency spectra of the three components of turbulence

In Fig.25 the intensity of the three components on the centre line is
rather high (about i2 ), and approximately equal for all three components.
It is roughly constant with speed and falls only slightly at low speeds.
(In Fig.25, UO is the speed in the working section and U the local speed
at the end of the diffuser.) The diffuser has an effective angle of 50
(see ref.1),

The frequency spectra (Figs. 26, 27, 28 and 29) show that almost all
the energy is concentrated below about 30 c.p.s. The lowest frequency at
*ich the analyser could be read was about 2.5 c.p.s., but it is apparent
from the frequency spectra at low speeds that considerable contributions
arise from frequencies much smaller than 2.5 c.p.s. The amplifier for
measuring turbulence was used here without a transformer, and the out off
frequency was about 0.7 c.p.s. The apparent decrease of turbulence inten- 4

sity in Fig.25, at local speeds below %4 f.p.s., may be due to the fact
that frequencies below 0.7 c.p.s. contributed to the total intensity to a
noticeable extent.

3.2 Traverse across tunnel section

In order to save time, measurements were made only at a few points on
a vertical line from the centre line to the tunnel floor, in order to give
some estimate of the distribution of turbulence across the tunnel. The
results are given in Table I and it is seen, that the intensity remained
roughly constant for the lateral component, while there is a slight
increase near the walls for the longitudinal component. There is some
scatter in the measured points, owing to difficulties of obtaining a
reliable mean reading, the frequencies involved being rather low.

It is interesting to compare these results with measurements in a pipe 4

of constant oross-section*. Here the intensity of longitudinal component
was about 3 on the centre line and reached a maximum of 8 near the walls.
On the other hand, the intensities in a Jet mixing with air at rest reach
values of 1i6 to 20Ca, so that the diffuser seems to be midway between the
pipe flow and the free turbulence in a jet.

3.3 Correlation measurements

The correlation of longitudinal components as a function of the dis-
tanoe between two wires is given in Fig.30. There is a slight influence
of speed in so far as the oorrelation is slightly less at low speeds.
This may be explained by the fact that some wind fluctuations, at very low
frequenols, are not recorded by the amplifier as already mentioned above.
Cheok at a few- points indicated that the correlation ourves for a hori-
zontal and a vertical traverse are very nearly the some. FN Fig.30 a

* See Goldstein: Modern Developments in Fluid Dynamics. Vol.II. pp.398 .
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length can be derived, usually called the scale of turbulence, and defined
by

L = ay

0

where K is the correlation function as dc'ined in se-'tion 2.21;.. L is
some measure of the average eOay size. Tihe norrela.- on of longitudinal
camponent L(U) is about 3.4, 4.2 and 5,5 ins for 60, 100 ard 160 to
220 ft/sec.

The correlation of the vertical component of turbulence did not seem
to depend on speed, and the points can be represented by one curve (Fig.31).
The corresponding sccle of lateral component is about 2.4 ins, or, expressed
as a fraction of the diameter of an equivalent conical diffuser, is 0,0182.

The scale of the lateral component of turbulence is impprtant in those
cases, where the intensity of the lateral component is reduced by a hon'3y-
comb, since the cell size must be smaller than the scale of turbule".e, if
the honeycomb is to be effective.

4 Measurements between the end of the second diffiser and the rapid
expansion

The cross-section of the tunnel remains constant from the end of the
V second diffuser, just before the third turiing vanes, to the begirt-ng of

the rapid expansion (see Fig.i of ref.1). Since the turbulence on the
centre line is appreciably higher r.t the end of the diffuser than in a pipe
(see section 3.2), it may be expected that the turbulence decreases on the
centre line after the air passes fro-e the end of the diffuser into that
part of the tunnel snore the cross-section is constant.

When the turbulence passes thlough he rather nlosely spaced turnig
vanes of chord to gap ratio 4 : 1 , these act partly as a honeycomb for the
horizontal component of turbulence, zincc the turning vanes are vertiocl;
at the same time the turbulence of all three eormponents is increased by
contributions of the turbulent boundarj layer on the turning vanes and the
wake behind them.

The distribution of intensity of tufbt-lence along the tunnel axis
depends therefore on:

(a) the decrease of intensity due to the change of flow from the
diffuser to a pipe of constant cross-section;

(b) an increase due to turning vanes;

and (a) a decrease due to turning vanes in the horizontal component only.

Measurements of the intensity of turbulence were made behind the third
turning vanes, and before and after the fourth turning vanes. These posi-
tions are indicated in Yig.3 2 and in Table II, where the distance from the
end of the diffuser is given in feet and in fractions of the diameter of an
equivalent tube D. The result of these measurements of the intensity of
turbulence is given in Table III as a fraction of the intensity at the end
of the diffuser. All three ocimponents decrease in intensity in the direc-
tion of flow, except the longitudinal component between position (3) and
(4). Between those stations, the lateral components decrease much less than
between the other positions. The explanation is that both turnirg vanes,
which lie between positions (i) and(2) and between (3) and (4), are shedding
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turbulence; but in the first case the level of the oncoming turbulenoe is
higher than in the second case and consequently, as the turbulence shed
from the turning vanes is in both cases the same, its influence appears to
be larger in the second case. In position (4), the horizontal component
is smaller than the vertical component (Fig.34), which is thought to be
due to the vertical vanes acting as a honeycomb for the horizontal oom-
ponent, but not for the vertical component. The intensity of turbulence
before the expansion is about 4 to % for all three components.

With a view to the uneven distribution of lateral components across
the working section, a vertical traverse was made in position (4) at rather
close intervals, in order to find whether similar features of the lateral
components could be detected here. Fig.33 shows some variation in inten-
sity, but far less than in the working section (Fig.23). Since the turbu-
lence before the expansion differs from the turbulence in the working sec-
tion, by an appreciable contribution, at frequencies above 20 c.p.s., an
electric filter was incorporated in the amplifier, which out off all flue-
tuations above 20 c.p.s., so that the intensities labelled 'with filter'
in Fig.33 were comparable in frequency to those in the working section.
But even so the variations in intensity were much less than in the working
section (Fig.23).

5 Measureonts in the bulge

5.1 Turbulence measurements near centre line with two screens in the

Measurements were made with a big wooden strut erected in the bulge
behind the screens. An existing strut was used, which was not suffioient3y
long, so that the nearest position to the centre line, at vhich measurements
could be made, was about 17 " below. The intensities of all three com-
ponents are roughly equal, as shown in Fig.35. All three components were
measured with continuously increasing windspeed and there is a tendency at
a speed of 200 ft/sec for measurements not to fit into the curve through
the other points.

A comparison with turbulence measurements in the work ig section and
before the expansion is of interest. According to Prandtl 5 the reduction
of turALlence passing through a contraction is different for longitudinal
and lateral nomponents; for the longitudinal component it is

ui'/u 2 ' . U2 2 (2
I U2

where u 1 ' and u2 I are the turbulence intensities, U1  and U2 the
corresponding values of mean speed. The fbrmula is expressed here for con-
venienoe as the ratio of intensities relative to the mean speed, in the
same way as all the turbulence measurements are given in this report. The
corresponding expression for the lateral component is

. ., (3)
V U2 UI

with vi  and v as the lateral components of turbulence. In this tunnel
U2iJ is about' near the centre line, if Uj is the mean speed in the

bulge and U2  in the working section.

0 * Referred to the ratio of the cross-seotion, of the woring seotion to that
of the bulge, the ratio would be 0 ; however near the centre line at a

dstance of 30to 40Oins from tho last soreen the flow in the bulge has
already been accelerated and here the ratio is about . This ratio wasused throughout the report.
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In Fig.8 the lateral components calculated by (3) from the measure-
ments given in Fig.35 agree well with the measurements in the working
section. Unfortunately both measurements in the working section and in
the bulge were not made exactly on the same streamline and since the
variation in lateral component in the working section tFig.15) is con-
siderable, the good agreement between measured and calculated values in
(3 .8 cannot be given full weight, but it proves at least that equation

provides the correct order of magnitude for the effect of contraction.

According to (2) the reduction of longitudinal component is about

o ,and so large that the turbulence in the bulge could not contribute

to the turbulence in the working section. This confirms that the longi-
tudinal component in the working seetion is mainly due to fluctuations of
the transition point and noise, as was already mentioned in section 2.21.

Turning novi to a comparison between the turbulence in the bulge and

at a position just ahead of the rapid expansion, we note three effects:

(a) reduction of turbulence by natural decay;

(b) reduction of turbulence by passing through screens;

(c) the effect of rapid expansion.

Effect (a) is rather difficult to estimate, since the law of natural decay
of turbulence is not known in this case. Although the intensity of turbu-
lence has been measured at a nwmber of positions between the end of the
second diffuser and before the rapid uxpansion, it is almost impossible to
extrapolate the further decay of turbulence from these measurements, since
at each of the turning vanes fresh turbulence has been added to the turbu-
lence from the flow in the diffuser. Both kinds of turbulence differ
appreciably in scale ('eddy size'), as is obvious when considering the
smal size of the boundary layer on the turning vanes compared with the
scale of turbulence at the end of the diffuser; moreover, the rate of
decay depends on the scale of turbulence. Therefore only a guess can be
made with regard to the reduction of turbulence by natural decay and it is
assumed to be of the order of 2 to 4.

The second influence, the reduction of turbulence by screens, 4as
been investigated theoretically by G. I. Taylor and G. K. Batchelorb and
experimentally by Schubauer, Spangenberg and Klebanoff 7 . In agreement with
both theory and experiment, the lateral components are reduced by a factor

rv  (4)
ji ,k

-where k is the resistance coefficient of the screens. For the longitu-
dinal component, the reduction is given by the theory as*

I + a - ak 1.1ru = ____1. ;

whereas the measurements of ref.7 can be represented by the following
forimla

ru (6)

S Equation (5) is valid for the reduction of small disturbances of mean
speed, it is however also a good approximation for the reduction of
isotropic turbulence.
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The difference between theory and experiment is appreciable for large values
of k and may amount to a factor 10 to 100 for a number of dense screens.
The theory appears to predict quite accurately the reduction of smll
variations in mean speed acoording to the experiments of Schubauer . If
the turbulence is composed of very low frequencies, the law of reduction
of mea speud (equation (5)) will be valid instead of equation (6).
Schubauer used, in his experiments, turbulence with a scale of the longi-
tudinal component of 0.4 ins, whereas the corresponding scale at the end
of the s(-ond diffuser vas from 3.5 to 5.5 ins in the present tunnel.
Since the scale of turbulence in this tunnel is larger than that in ref.6,
and, since the speed in the bulge of this tunnel is smaller than in
Schubauor's experiments, the 1requencies of the turbulence will be much
lower here than in ref.7. Henoc Schubauer's formula (6) may not be appli-
cable, and values between thosu of equations (5) and (6) may be valid fbr
the reduction of turbulence in the bulge of this tunnel. In the following
discussion, both limiting cases were0 distingui shed by 'dynamic' and
'static' reduction coefficients (r(D) and r(S)). The reduction of turbu-
lence has been calculated for all three components, and, in the case of
the longitudinal component, also for the 'static' anid 'dynamic' case.
Three separate cases for 2, 3 and 9 screens in the bulge were considered.
The screen resistance was calculated from ref.8. The result is sho-n in
Table IV, where Ru  and Rv mean the total ruduction of longitudinal and
lateral components respectively by all the screens. (D) and (S) denote I

dynamic and static cases. As all the screens are placed a distance apart,
which is large compared vIth the mesh size of the screens, the total reduc-
tion of turbulence is the product sum of the reduction of the individual
screens. For instance

(n)' (7)

The variation with speed arises from the variation of k with Reynolds'
rmber as given in ref.8, and it is also shown in Table IV for each screen
separately. The screens in the rapid expansion are all of the same kind 4.
of 0.0095 ins wire diameter and 0.033 ins mesh size, but the local speed
is different for each of the three screens; consequently their respective
values of k differ. The screens in the bulge were of 0.017 ins wire
diameter and 0.05 ins mesh size. The big difference between 'static' and
'dynamic' overall reduction of the longitudinal component is rather
striking. With all 9 screens in the bulge the overall reduction would be
so high, that the measured turbulence in the bulge or in the working sec-
tion could not be explained by any turbulence coming from upstream. This
fact will be used in section 6 as a strong argument in explaining the
nature of the lateral components.

In order to calculate the influence of the rapid expansion on the
turbulence, equations (2) and (3) are assumed to be valid. The ratio of
speed before, to speed after, the expansion is about 3.

In Table V the ratio of intensity of turbulence after and before the
rapid expansion is given for each of the two effects mentioned below:

TABLE V

Influence due to: Longitudinal component Lateral cmponent

natural deccq 1/3 113

rapid expansion 9 413
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The value for the reduction due to natural decay is rather an arbitrary
mean between the values of 2 and 4, which were previously mentioned. The
rapid expansion increases both components, if they are expressed as a
fraction of mean speed, since the effect of a rapid expansion is the
opposite to that of a contraction.

It is now possible to calculate the turbulence in the bulge frP the
measured values before the rapid expansion. Mean values of turbulence
intensity of about 5.4j, k. and 4.6, are assumed for the longitudinal,
horizontal and vertical components of turbulence (u', v' and w'). Using
values from Tables IV and V for the reduction of turbulence due to all
three influences (a) to (c) as listed in section 4, we obtain the following
values, assuming two screens in the bulge:

TABLE VI

Speed in u t  v' w1

workimn section _ %_

60 0.32 0.072 0.083
I00 0.38 0.096 0.110
160 0.59 0.132 0.15U
220 0.70 0.17 0.200

In calculating u' in this table, the dynamia coefficient of reduction
of u' in Table IV has been.used; the values for the statim reduction
would be practically zero. Comparing those results with Fig.35 the cal-

* culated values of u' are larger than the measured values, whereas the
calculated lateral components are smaller. The measured intensities of all
three components rise much more steeply than the calculated values; this
is explained by the fact that the screens operate below their critical
Reynolds' number at low speeds. Under these conditions the reduction
coefficients ru and rv  differ from equations (4) and (6) and they drop
with decreasing speed as has been sho.n by Schubaer. Since the amount of
reduction of turbulence by natural decay is uncertain, no definite con-
clusion can be drawn from this omparison between calculated and measured
intensities in the case of two screens in the bulge.

The correlation measurements are more useful. The correlation of the
longitudinal component between two wires at some distance apart was
measured with one wire fixed and the other travelling horizontally (Fig.36)
or vertically (Fig.37). The fixed wire was about 17j ins vertically below
the centre line. In the horizontal traverse the movable wire travelled
from left to right, hen facing the direction of flow, in the vertical
traverse vertically downwards. Comparison with Fig.30 shows that the
correlation curve is entirely different in the bulge, correlation zero
being reached in all curves at a distance between 0.2 and 0.4 ins, which
is very short compared with Fig.30. Even negative values of correlation
are reached in the bulge.

• It was not possible to measure the correlation of lateral components,
for reasons given in Appendix IT; but the correlation between longitudinal
and lateral component was measured (Fig.38); this was rather high in
places. Since no correlation between lateral and lorgitudinal component
was observed nenr the centre line at the end of the diffuser, as could be
expected, thar measurements in the bulge strongly suggest that there is
an appreciable contribution to the lateral component, whose origin is not
the diffuser. The same conclusion also holds for the longitudinal com-
ponent. This argument will be expanded in section 6.2.
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5.2 Measurements of the mean flow in the bulge

In connection with the abnormal spread of turbulence in the working
section, the mean flow in the bulge was investigated more closely.

Observations showed that with all 9 screens in the bulge, there was
a return flow near the walls of the bulge whose extent is roughly indicated
in Fig.39. The return flow seemed to exist even through the last screen.
There was no return flow, if the ntmber of screens was reduced to 2 or 3.

The mean speed distribution across the bulge, and about 30 ins down-
stream or the last screen, was measured for the cases of 9 and 2 screens
in the bulge. In the former iase (Fig.40) there is a small local peak near
the walls, which is thought to be due to the displacement of streamlines,
caused by the return flow. There is a gradual fall from the maximun on the
centre line towards the walls for 2 screens in the bulge (Fig.41), in vhich
case there is no return flow on the tunnel walls. Since the traverses were
made in a place where the contraction already affects the flow, a constant
velocity profile could hardly be expected, certainly not for potential flow.
With tvm screens in the bulge measurements were also made about 7 ins behind
the last screen (Fig.42). Being further av-ay from the oantraction, the
velocity distribution is rathdr flat with minor local variations.

If a screen is inserted In a flow with cmrved streamlines, there will,
in general, be vorticity in the mean flow. This is confirmed by measure-
ments of the total head distribution. In Figs. 43 and 44, the difference
between the total head at any point and at the centre line, at different
distances from the wall, is shown.

With 9 screens in the bulge, the total head rises continuously up to
the turbulent mixing zone of the return flov, when it falls rapidly. The
vorticity, which is equal to the gradient of the total head, reaches a
madmm at both sides -of the maximum of the total head. With two screens
in the bulge, and in the absence of any return flow, there is no sharp drop
in total head near the walls.

6 Explanation of the origin of turbulence in the working section

Measurements in the wvrking section were sufficient to explain the
origin of the longitudinal component of turbulence; this explanation has
been given in ref.3 and in section 2.12. However it requires more elaborate
argunents to explain the origin of the lateral components. Hence the case
of the longitudinal component is mainly sumarized here, hereas a full
discussion is given of the origin of the lateral components.

6.1 Iongitudinal component of turbulence

In section 2.12 and in ref.3, the origin of the longitudinal component
was explained by fluctuations of transition point and noise, which were
predominant below a speed of about 150 ft/sec and above 150 ft/sec
respectively. The fluctuation of tr-isition point was directly observed by
using an oil film technique (section 2.12). The influence on turbulence
intensity was proved by fixing a transition ire on the tunnel wall
(section 2.12). Pressure fluo.tuations wore measured by a hot wire micro-phone of special design, placed in the middle of the tunnel. The corres-
ponding particle velocities agreed well with the velocity fluctuations at
speeds above 150 ft/sec (ref.3). Opening and closing the two sets of holes
in the return circuit. and at the end of the workig section, had a marked
inf3luene on the velocity fluctuations above 150 ft/sec. This could only
be explained by assuming the velocity fluotuations to consist of sound at
that speed range. The longitudinal component of turbulence showed a high
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degree of correlation across the working section for all speeds. This is
consistent with the longitudinal component of turbulence being caused by
fluctuations of transition point and noise. That no contribution comes
from upstream is proved by applying the formula for reduction of turbulence
due to a contraction (equation (2)) to the measurements in the bulge; the
resulting turbulence intensities from that source would be too small to
contribute to the longitudinal component in the working section, provided
there is no interchange of turbulent energy frm one component to the
other.

6.2 Lateral component of turtulence

Comparison of intensity of lateral components can be made for the
following three cases, which differ by the number of screens in the bulge:

(a) screens,

(b) 3 screens,

(c) 2 screens.

The lateral intensities of the turbulence in the mrking section for these
three cases can be found in ref.3 and in Figs. 8, 20 and 21 of this paper.
Although in cases (a) and (b) there was a difference of 6 screens in the
bulge, the intensity of the lateral components has hardly changed. If the
turbulence had its origin upstream of the screens, there would be a change
in intensities by a factor, which varies between 260 and 76 according to
speed (see Table IV). This is a strong argument for assuming the last
screen to be the source of the lateral component in the nase of all 9 screens
in the bulge.

If there is hardly any change in intensity between the case with 9 and
with 3 screens in the bulge, and if with 9 screens the intensity is mainly
due to turbulence shed from the last screen, then it follows that the inten-
sity with 3 screens in the bulge is also mainly due to turbulence shed from
the last screen.

It would seem, at first, as if the difference in intensity by a factor
2 to 3 between cases (b) and (c) was mainly due to more turbulence from
upstream being transmitted through the screens. However a strong argument
against this is found in Fig.17, where the shape of the correlation fuction
of the lateral component in the vrking section is entirely different from
that at the end of the second diffuser (Fig.31). Another argument is a
considerable variation of the intensity of lateral component across the
working section and the absence of such variation before the rapid expansion
(compare Fig.15 and Fig.33). Measurements of sorrelation of the longitudinal
component in the bulge (Figs. 36 and 37) were of a sinilar ratme to thoee br the
lateral component in the working section and entirely different from those
at the end cf the second diffuser. There was also, in the bulge, a corre-
lation between longitudinal and lateral components of turbulence near the
centre line, whereas no such correlations could be found at the end of the
second diffuser.

The obvious conclvsion is that disturbances with this peculiar
characteristic are shed from the last screen and possibly also from pre-
ceding screens. It could not be the ordinary turbulence ahed from any
screen, sLnce its scale would be much smaller than that measured in
Figs. 36 and 37 and its decay is so rapid that it would not be observed in
the working section (see ref.7)..

The possible nature of this type of disturbance is now discussed. An
L inhsogeneity in the screens is accompanied by local variations in resistanceA -20 -
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coefficients and these result in corresponding variations in local mean
speed. If all speeds are taken relative to the mean speed, these varia-
tions in mean speed represent local jets. Now it is known that Jets are
unstable if their Reynolds' number is above a very low critical value.
However experiments of Hcma. 9 , on wakes behind cylinders, indicate that at
low Reynolds' number (and since the speed in the bulge is small, this
applies here), the wake is initially deformed to a wave form. This corres-
ponds to laminar oscillations in the boundary layer on a flat plate, which
precede transition to turbulence. Since the settling length behind the
screens is rather short, these laminar oscillations have not enough time
to build up to intensities so high that transition to turbulence occurs,
before they pass through the contraction. The contractign stabilizes these
jets by reducing all differences in mean speod to about 1/600 of their
original values. The flow is then stable. This explanation would account
for the lo- frequency of the lateral components, since by analogy with
laminar oscillations in the boundary layer on a flat plate the frequencies
involved would be low. It runains to be explained -hy the difference in
intensity of lateral component in the vorking section between 2 and 3
screens is so large. It is thought that the intensity of the laminar oscil-
lations depends on thu magnitude of initial disturbances approaching the
last screen. These are larger in the case of 2 screens than in the case
of 3 screens in the bulge.

Schubauer 7 has found similar disturbances behind screens, which he
also attributed to irregularities of the screen. Schubauer thought that
the pattern of variations of mean speed, set up by these irregularities,
is agitated by the oncoming turbulence, vhich was rather high, i.e. of the
order of 1,:. Ho-wver with all nine screens in. the bulge, the turbulence
approaching the last screen could be only the ordinary turbulence shed by
the preceding screen; it would be composed of rather high frequencies
owing to the small mesh size of the screens, and it is difficult to see
how this could result 5n vlocity fluctuations of the low frequencies
observed in the working section, unless there -aere already an instability
of flow, which had a selective effect on the disturbances. It is likely
that, with a high intensity turbulence approaching the last screen,
Schubauer's explanation is valid, wahereas vrith very low levels of oncoming
turbulence, the instability of flow has to be taken into account.

The difference between measurements made with increasing speed and
those made with decreasing speed in Figs. 8 and 21 would be more likely to
occur in a flow which is unstable.

Local variations in turbulence can be explained by local variations
in resistance coefficient.

7 Discussion of the region of high intensity turbulence near the
walls of the workira section

It has been shown in previous sections that the region of high inten-
sity turbulence in the working section occurs when a return flow exists in
the bulge. The region of return flow in the bulge extends about 2 to 3 ins
from the walls and turbulent mixing occurs at the interface of forward and
return flow. Measurements (Fig.45) showed that the intensity of turbulence
reaches values as high as 1!N of the local mean speed in a region where the
moan speed has not yet fallen appreciably (see Fig.4 6 ). Further downstream
the return flow ends at the beginning of the contraction. On a streamline
close to the interface between forward nd return flow, but in the region
of forward flow, the turbulence will be fed by the instability of the
interface; but later, when passing into the contraction it will be close
to the wall and Y1ll therefore be damped. This wculd result in a distri-
bution of turbulence similar to that shown in Figs. 2 and 3, where the
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maximum of turbulence intensity is some distance from the wall. In passing
through the contraction (effective ratio 25:1) the longitudinal component

of turbulence* is reduced by a factor I-- (see section 5) and on the basis
600

of this figure the high intensity turbulence at the beginning of the working
section could not be explained by turbulence in the bulgo. However the
lateral components are only reduced by a factor 5 in passing through the
contraction and with a high intensity turbulence it is likely that the
longitudinal component would receive energy from the lateral components.
For instance, the turbulence intensity is A in Fig.45 at a distance of
20 ins from the wall at a speed of 180 ft/sea; from this figure the inten-
sity at the beginning of the working section was calculated by allowing for
the influence of the cont;-action according to equations (2) and (3) and
assuming all three components to be equal in the bulge. It is further
assumed that all three components remain equal in passing through the con-
traction by exchanging their energy, although the effect of the contraction
is selective on longitudinal and lateral components. The result was an
intensity of 0,% and it compares with the measured value of 0,7% at a dis-
tance of 4 ins from the wall, which is about 1/5 of the corresponding dis-
tance in the bulge. But for points closer to the wall agreement was not so
good, probably owing to the presence of the walls.

The region of high intensity turbulence can also be explained by
assuming an instability of flow. Liepmann1 0 has recently summarized the
various cases of instability. In most of these cases the flow consists of
parallel streamlines, and the stability criterion can be expressed in
terms of certain characteristics of the velocity profile. This is however
impossible in a more general case, vhere the streamlines are curved, and
Liepmann suggested that the stability criterion should be expressed in terms
of vorticity. In applicaticns, the distinction between two dimensional and
three dimcnsional disturbances is not important. It is sufficient to con-
sider three basic cases:

A. Dynamic instability:

(a) due to a maximum in vorticity distribution;

(b) due to vortic-ty in a fio'.v Ydih curved stremlines;

B. Viscous instability.

Case A(a) was investigated by Rayleigh1 1 and Tollmien1 2 for the case of a
parallel flow and then the instability criterion is a point of inflection
in the velocity profile *hich is equivalent to a maxiua in vorticity
distribution. Case A(b) was also investigated by Rayleigh 1 1 . If the
streamlines are circles, the flow is stable or unstable, if the square of
the circulation increases or decreases with increasing radius. However,
for a general case of flow, it is again better to express the stability
criterion by vorticity instead of by circulation. In Appendix III a simple
rule is derived for the stability criterion: the flow along a curved
streamline is dynamically stable at wav point where the vorticity of a
fluid particle has the same direction of rotation as the radius vector
from the centre of curvature of the streamline to the fhid particle.

Now the stability of flow in the bulge will be discussed. The vorti-
city can be expressed by the gradient of the total head as

= P(8)

SAll turbulence intensities are here relative to the local mean speed.
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- where P is the total head, y the distance ftcra the wall of the tunnel.
From Figs. 43 and 14 it can be seen that there is a maximum in vorticity
between the centre line of the tunnel and the peak of total head. Whether
there is another maximum of vorticity near the walls cannot be decided,
since the measurements in rigs. 43 and 44 were not made sufficiently close
to the walls. However, there is at least one maximu of vorticity and
hence instability of the type A(a) exists. Instability of the type A(b)
also exists. Since the total head does not change along streamlines,
Fig.43 will also give the distribution further downstream, where the curva-
ture of the walls is larger than in the cross-section, where the measure-
ments of Fig.43 were taken. The vorticity is negative near the walls in
the bulge according to Fig.43 and equation (8). Fig.47 shows the direction
of streamlines and the system of coordinates used, and it is seen that the
radius vector from the centre of curvature to a fluid particle near the
concave wall has a positive direction of rotation. The vorticity near the
walls being negative, an instability exists here. This type of instability
would give rise to additional velocities normal to the walls, which could
be quite strong, since the high intensity turbulence near the walls repre-
sents a high initial disturbance for the instability of flow.

In conclusion,it can be said that the return flow in the bulge is
ultimately responsible for the abnormal spread of turbulence in the working
section. But it is not quite clear, whether the high intensity turbulence
in the bulge connected with the return flow is simply swept downstream into
the working section; in this case the longitudinal component would have to
receive almost all its energy from the lateral components in order to
explain the measured intensity of longitudinal component at the beginning
of the working section. There is also the possibility of two types of
instability of flow, which are caused by the vorticity of mean flcw and the
influence of the return flow on the distribution of vorticity. From the
present measurements it is not possible to assess the contribution from
each of the three peossible explanations.

Something remnains to be said about the origin of the return flow.
Observations indicated that the return flow extended upstream through the
last screen. When the first and the last of the 9 screens (Fig.1 of ref.1)
were in the bulge, there was no return flcw" end it was the same with the
first, the second and the last screen in. In the first case there was a
distance of about 4 ft between the tnr screens, in the second case the
distance between the first and the second screen was -1 ft and between the
second and the last screen Y, ft. It is assumed that a separation of the
boundary layer and a region of strong adverse pressure gradient after
separation is necessary to create a return flow. Since the contraction is
very rapid, an extended region of adverse pressure gradient certainly
exists on the walls of the bulge dovnstream of the last screen. Since the
windspoed immediately behind the last screen is almost uniform (Fig.1.2)
and the total head increases towards the wall of the bulge, it follows that
there is a radial increase in pressure behind and before the last screen.
Since the wall of the bulge is straight upstream of the last screen, there
will be an adverse pressure gradient on the walls. So conditions favourable
to a separation exist ahead of the last screen, and it can be concluded,
that the proximity of one or more screens to the last screen creates flow
conditions, which actually set up the return flow in the bulge. Details of
these flow conditions are not yet clear.

8 - Conclusions

Some conclusions are drawn from the turbulence moasurements, which
might help in the design of a low turbulence wind tunnel.

There is at present little information about the amount of reduction
of turbulence which is desirable in a low turbulence wind tunnel.
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Experiments of Schubauer and Skramstad1 3 showed that in the case investi-
.. gated, a decrease of turbulence below 0.1% would not effect the position

of the transition point in the boundary layer on a flat plate. In this
tunnel a level of turbulence of about 0.0o to 0.00 for all three com-
ponents was achieved with three screens in the tunnel. Although few data
have been published about turbulence in other wind tunnels, the intensity
of longitudinal component in this tunnel seems to be of about the same
order of magnitude as in other low turbulence tunnels, but the lateral
component is probably lower than in other tunnels. Since the longitudinal
component is mainly due to noise at full tunnel speed, it is not surprising
that a similar level of that component is reached in various tunnels; in
all these tunnels the main effort was to reduce the turbulence coming from
upstream and these efforts being successful, there remains only noise,
whose particle velocity is registered by the hot wire in the same way as
'genuine' turbulence. However, it was found, in this tunnel, that vent
holes in the tunnel provided some powerful means of reducing noise. These
vent holes exist at two places in the tunnel, one at the end of the working
section, the other between the third and fourth turning vanes. These vent
holes act as acoustic filters. Sounrd can be attenuated in a tube by holes
connected to a cavity. The dimensions of the hole and the cavity define a
resonance frequency, below which frequency sound is attenuated . In this
tunnel the cavity was in one case infinite (vent holes in return circuit),
and in the other ease (vent holes in working section) sufficiently large
to suppress most of the lam frequencies. A further reduction of noise
could be achieved by one or more sets of holes, each at least one tunnel
diameter distant from the other and connected to a separate cavity. These
acoustic 'filters' are only effective for sound of a wave length larger
than the diameter of the tube, i.e. of the tunnel. However in this tunnel
the noise was of sufficiently long wavelength for these filters to be
effective.

With 9 screens in the bulge, the high intensity turbulence spreading
over a considerable part of the working section needs some attention.
This seemed to occur when more than one screen was too close to a rather
sudden contraction. It is unlikely that this danger would arise in a
conventional design with a more gradual contraction and a longer settling
ohamber. Some guide as to vwhon this danger arises may be found by observing
that this phenomenon was abnent when the first, second and ninth of the
movable screens were installed in the bulge.

The next problem discussed is that of reducing the turbulence generated
upstream of the working section. It does not seem to be generally realised
that the turbulence is high (about 10-1a of the mean speed) at the end of
the second diffuser. Compared with this the additional turbulence shed by
the following turning vanes is small, if the turning vanes are clobely
spaced (in this tunnel chord to gap ratio 4:0). The turbulemce entering
the settling chamber or a rapid expansion will be about 4 to 6 for all
three components. The reduction of turbulence can be achieved by

(a) natural decay of turbulence

* (b) screens or honeycomb

(a) a sufficiently large contraction ratio.

With settling chambers of normal length,the natural decay of turbulence
originating from the second diffuser is slow amd the turbulence at the end
of the settling chamber would not have decayed to much less than half of its
initial value. Consequently the main reduction of turbulence has to be
achieved by screens or honeycomb and a sufficiently large contraction ratio.
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WOW. _An investigation of the size of the bulge and number of screens neces-
sary to achieve a desired level of turbulence in the working section
follows. We neglect the natural decay of turbulence from the beginning of
the rapid expansion to the beginning of the working section, and assume
that a rapid expansion and a contraction have opposite effects on turbu-
lence intensities. Then the overall effect of rapid expansion and con-
traction will only depend on the ratio of area at the beginning of the
rapid expansion and of the working section, which is 8.5: 1 for this tunnel.
It is assumed that a turbulence level of 0.02 to 0.05 is desired in the
working section and that the turbulence level at the beginning of the rapid
expansion is 14. of the mean speed. 3 screens are installed in the rapid
expansion in the same places as in this tunnel, where the increase in area
of cross-section is 0.086, 0.358 and 0.054 times that of the total increase
of the area between the beginning of the expansion and the bulge. The
number of screens and their resistance coefficient is arbitrary, provided
that the same total reduction in turbulence results. A reason for choosing
screen resistance coefficients between I and 2 is given later. The results
of this calculation are given in Table VII, where the contribution to the
tunnel power factor* is given for various contraction ratios. Contraction
ratio means here the area ratio of bulge to working section. A contraction
ratio of 8.5 : i means that the bulge is omitted.

Sc far as the longitudinal component of turbulence is concerned, a
rather modest contraction ratio would be sufficient, and the bulge could
be omitted without undue increase in tunnel power factor.

However it is different with the lateral components; here more screens
are necessary, since a contraction is rather inefficient in reducing later l
components of turbulence. In order to keep the losses due to the screens
sufficiently small, the size of the bulge has to be increased. At the
design stage of this tunnel the law for the reduction of turbulence by
screens was not known; the tunnel was designed therefore for a power factor
of about 0.3 with 12 screens in the rapid expansion and bulge; it was
intended to find the necessary number of screens by experiment. But with
suffieient data about reduction of turbulence by screens now available, a
contraction ratio of 14 : I seems to bc sufficient, since the contribution
of screens to the power factor is in this ease 0.098 (see Table V11) and
thereby the total parer factor vould not be increased materially above
0.30** (see ref.1). Whether still smaller contraction ratios are practi-
cable depends on the balance betveen capital costs and running costs.

It is also worth considering the installation of a honeycomb for
red:'oing lateral components. The efficiency of a honeycomb of blockage
ratio 0.721 (= ratio of ftree pasage area to total area) was investigated
by Schultz-Grunow and Wieghardt 4 . n these experiments a honeycomb was
placed at an oblique mgle to a stream of parallel flow and the resulting
deflection was measured as well as the losses due to the honeycomb. These
data on mean flow can be applied to the reduction of the lateral component
of turbulence, if the cell size of the honeycomb is small compared with the
average eddy size of the oncoming turbulence. In ref.14 it was found that
a ratio cf cell size d to depth t, of the honeycomb,of about i4 to 1:5,

* The contribution to the power factor by one screen is k if k is

the screen resistance, U the mean speed at the screen and Uo the speed in
the working section. The speed at the screen is assumed to be constant over
the whole screen,

* With 12 screens in the bu.3ge and a contraction ratio of 30.5 :1 the con-
tribution to the power factor was 0O065 and the total power factor was 0.3
as alrea'y mentioned.
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removes the lateral component of the oncoming turbulence and that the loss
coefficient was given by

k = 0.045 + 0.31

iddand was almsost independent of Reynolds' nizaber for Reynolds' n,-,bers of

more than 5000 (R .d , u = speed of oncoming airstream). This is

derived from measurements with a blockage factor 0.721. The resistance

coefficient of the honeycomb for = 4 isa

k = 0.5

which compares favourably with the overall resistance coefficient of the
screens necessary to reduce the lateral components of turbulence to the
desired level (see Table VII). But it must be ensured that the turbulence
shed from the honeycomb is sufficiently reduced by natural decay not to
increase the turbulence in the workLng section. With screens this is no
problem, since their mesh size is so small that the turbulene decays
rapidly enough. But -ith the larger cell size of a honeycomb, an estimate
has to be made of the permissible size of the cells.

As a rough e3timate, we assume the docay law of turbulence behind
grids to be applicable to a honeycomb. We assume that an intensity of

9longitudinal component of turbulence of 0.% is desired just before the
contraction. It can be found from the measurements of Townsend 5 on the
decay of turbulence behind grids, that this level of 0.1 is reached at

x
g 1200,

where x is the distance from the screen and M, the cell sizemay be
identified with d for the honeycomb. Since a settling length of 20 ft
is available in this tumnel, the cell size of the honeycomb should be
0.2 ins. This size is also small compared with the scale of the lateral
component at the end of the second diffuser, which was about 2.4 ins. By
using a honeycomb, the same low level of turbulence as exists in this
tunnel could be achieved without the bulge. It would be necessary however
to install some screens for reducing the longitudinal component of turbu-
lence (see Table VII); for instance, 3 screens of resistance coefficient
k = 1. This combination of honeycomb plus 3 screens would only contribute
about 0.05 to the power factor of the tunnel (3 screens each of k = I and
the honeycomb k = 0.5). However whether this is practicable or not depends
on the cost of a honeycomb of rather small cell size compared with the
saving made by replacing a rapid expansion and a bulge by a settling
chamber of constant cross-section.

Another important problem relates to the disturbances set up by screens
and honeycombs. All efforts to reduce the turbulence coming from upstream
are in vain, if new disturbances are set up by the devices which are
supposed to reduce turbulence. We mean by these disturbances, not the
normal turbulence shed by screens or honeycombs, which either decays suffi-
ciently quickly or otherwise has been taken into account, but the distur-
bances set up by an inhomogeneity of screes, which were discussed in
section 6.2. This type of disturbance has a slow rate of decay; in fact
it did not seem to decay noticeably in this tunnel. The only way of
reducing these disturbances would be through a contraction, but this is not
very efficient in reducing the intensity of lateral component and would not
amount to much for a reasonable contraction ratio. Hence the importanoe of
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using screens as homogeneous as possible. Dryden% reported larg varia-
tions in intensity of turbulence'in the working section, which were reduced
considerably by replacing the last screen by one with a smaller resistance
coefficient k. Investigating the efficiency of screens in damping tur-
bulence, Schubauer 7  classified the screens he used into normal and
abnormal. The latter type introduced additional disturbances in the air
flow. In Schubauer's list of screens, the denser screens show more tendency
to abnormal behaviour than the less dense ones and the limit seems to be
roughly at k = 2. It therefore secms advisable to use screens with k
between I and 2. It was found in section 6.2 that the disturbances shed
by the last screen depended also on the intensity of disturbances approach-
ing the last screen. Henoc it will be advisable to put in one or two extra
screens in addition to the number that is necessary for reducing the tur-
bulence coming from upstream.

The screens in this tunnel viere made in one piece; but serious dis-
turbances could be expected, if there are seams in the screens. It Vould
appear that a hcncycomb could buj made more homogeneous than a screen,
although the cost of construction may then be rather high. However more
research is needed about this type of disturbance, before the relative
merits of screens or honeycomb for reducing lateral component of turbulence
can be assessed.

9 Su ar-j of turbulence measurements in the tunnel

The following is a sumsuary not only of this report, but also of rcf.3.

(1) The intensity of turbulence at the end of the second diffuser is about
10 to ir of the mean speed and is almost constant over the cross-
section. It differs from the intensity in a pipe of constant cross-
section, mhich increases from about J4 on the centre line to about 8)
near the wall. The scale* of the longitudinal component is about 3.4,
4.2 and 5.5 ins for speeds of 7.1, 14.1 and 18.8 to 25.9 ft/sec
respectively. The corresponding speeds in the working section are
60, 100 and 160 to 220 ft/sec. The scale of lateral component is
2.4 ins for all speeds. The cross-section at the end -of the diffuser
was octagonal with a diameter of 132.3 ins for the equivalent circular
cross-section. The turbulence is almost entirely composed of fre-
quencies below 30 c.p.s. for all three components.

(2) The contribution from the turning vanes following the diffuser does
not materially increase the level of turbulence from the end of the
second diffuser.

(3) Before the rapid expansion, the level of turbulence is about 4 to Q
for all three components.

(4) With two screens in the bulge, the intensity of turbulence for all
three components in the bulge is about 0.02r at a speed of 1.92 ft/seo
(60ft/see)' and rises rapidly to about 0.f at 4.8 ft/sec (150 ft/sec).*
For higher spouds the intensities fluctuate, but do not increase
materially. The shape of the correlation curve for the longitudinal
component is qmito different from that at the aid of the second diffu-
ser. It even reaches negative values, The scale is cf the order of
0.2 ins. There is also a considerable correlation between longitudinal
and lateral components near the centre line, wioh was not observed at
the end of the second diffuser.

* The scale of turbulence can be roughly interpreted as an average eddy
size. k acourato definition of the term is given in sections 2.24 and 3.3.

** Speeds in brackets refer to the working section.
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(5) Intensities of turbulence were measured in the working section with:

(a) 2 screens in the bulge,

(b) 3 screens in the bulge,

(a) 9 screens in the bulge.

The longitudinal component was rohly the same for all three cases,
ranging from 0.006 to about 0.0 for speeds of 60 ft/sea to 260 ft/sec.
At a certain speed there vas a characteristic peak which changed in
intensity over long periods. The intensity of the lateral component
wan approximately the same in cases (b) and (c) and amounted to 0.00o
at 60 ft/sec and rose to about 0.07 at a speed of 160 ft/sec and then
remained constant; but the intensity of the lateral i:omponent was
appreciably higher in case (a) with an intensity of 0.01% at 60 ft/sec
rising to between 0.05 and 0.061"S it 160 ft/sec and then remaining
approximately constant.

(6) Noise measurements were made in the working section with all 9 screens
in the bulge. There was good agreement with the longitudinal com-
ponent of turbulence above a speed of 160 ft/sec. Below that speed
the nrisc expressed in terms of the particle velocity was less than
the measured turbulence.

(7) The characteristic peak in the curve of intensity of turbulence vs.
speed is due to fluctuations of transition point of the boundary layer

v on the tunnel wall; this was proved by flixing a transition -mire at
the beginning of the working section. With this arrangement the inten-
sities below 160 ft/sec were considerably reduced an' the peak in
intensity wa eliminated.

(8) The correlation of longitudinal ccmponent was high across a consider-
able part of the working section, confirming that the longitudinal
camponent of turbulence is either due to fluctuations of transition
point or noise. The correlation of lateral component is entirely
different. With two screens in the bulge, it drops rather quickly with
a wave form superimposed on a continvously falling curve.

(9) Efficient means of reducing noise are vent holes in the tunnel circuit.
The noise in the working section increased by 50-i10O when the holes
at the end of the vmrkiLng section were closed.

(10) With all nine screens in the bulge, an extensive region of high inten-
sity turbulence was observed near the walls of the working section.
Reduction of the number of screens in the bulge to 2 or 3 eliminated
this region. A possible explanation of the origin of this region of
turbulence was given in section 7.

(11) There is reason to believe that the return flow on the walls of the
bulge is connected with the extended region of high intensity turbu-
lece in the working section. The return flow is present with 9
screens in the bulge, but absent with two or three screens in the
bulge. It seems that too many screens close together and close to a
rather sudden contraction may create a return flow in the bulge.

10 SwArY of instrumentation

(1) The oo.nventional type of wire holder, with the hot wire soldered to
the tips of two slender needles, cannot be used for low levels of
turbulence and for windspeeds of more than about 60 ft/sec, because
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of vibrations of the needles. Instead two prongs have been glued
together by a thin piece of insulating material, so that free tips of
not more than 0.16 ins remained. Thus by suitable design, no part of
the wire holder had a resonance frequency within the frequency band
transmitted by th3 amplifier, viioh was from 2 to 10,000 c.p.s. By
calculation,the interference of the new wireo holder with the flow
around the hot wire was fbund to be not more than I to 2 in speed.
As support for the wire holder, a rigid strut, about the size of a
model wing, had to be used in order to avoid vibrations of the strut.
Rigidity of support is far more important with lateral than with
longitudinal omponents of turbulence.

(2) For low levels of turbulence (below 0.1%) and windspeeds up to
300 ft/sec the hot vire used had to be short enough to take the
wind-foroes by its own stiffness like a beam. The length of hot
wires of 0.0002 in. diameter was 0.025 to 0.03 ins.for longitudinal
component wires and 0.03 to 0.04 ins for lateral component wires
(IV' wires). Longer hot wires gave rise to spurious results, probably
because of movements of the Yire relative to the airflow.

(3) With short wires and low levels of turbulence, the voltages across
the hot wire are so small that a transformer of ratio i : 25 was used
at the input of the amplifier in order to increase the incoming signal
sufficiently Above the disturbance level of the amplifier. The fre-
quency range of the transformer was about 2 c.p.s. to 5000 c.p.s.

(4) A hot wire micrcphone of special design was used for the measurement
of noise. This microphone was made in the form of a static tube
sufficiently small for the boundarj layer at the pressure holes to
be laminar. This instrument could be used in the middle of the
tunnel, whereas a conventional microphone mounted in the wall of the
working section recorded pressure fluotuations within the turbulent
boundary layer on the tunnel wall as well as noise inside the tunnel.
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WOO A'fD]X I

Estimate of the errcr due to the impact
of dust on hot-wires

For this estimate the following argument is used: the longitudinal
component of turbulenoe is assumed to eonsist of two independent ocimponents
uA and UB, of which the former has the correlation 1 and the latter the
oorrelation 0 when two wires are a certain distance y apart. UA(0),
UB(O) and uA(y), uB(y) are the instantaneous values of the two ccm-
ponents on the first and the second wire respectively. The r.m.s. inten-
sities are denoted by dashes and they are the same for each of the two
wires. The correlation function is then

2

"I O 2(Y) = (UA(O) + U1())("A(Y) + B Y) ( lK (y) 22 t2U
U U

Consequently the ratio of' the ccmponent ith correlation 0 to the total
intensity is

U, -K(y)

12 12 t2Since u2 =U + u. The rror due to the impact of dust can be found

by substituting into the above formula values of K(y), which are
obtained by extrapolating the correlation curves to y = 0. So the errors
due to dust of 10-20,. as given in section 2.23 were derived from Fig.16.
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4APFENDIX II

Measurement of the correlation of the lateral OaPonents

Two inclined wires are used. One wire is fixed and the other wire is
used in two positions, one whore both wires are parallel and the other
where the second vire has been rotated through 1600 about an axis through the
centre of the Y.Ire and parallel to the mean wind speed. The voltage on
the first wire is given by

eci I- ( )
U U

;;hcre A and Bi  are coefficients, u1  and vi  are the velocity
fluctuat ions in the direction of the mean speed and normal to it in the
plane of the hot wire and the mean speed. If the second wire is parallel
to the first, the corresponding voltage is

2p I 2 - - (" 0)U2  U

If now the second ":wiro is rotated through 1600, th- voltage in the new
position is

2  v2
U

By using suitable cirouits moan square values of the sum or difference of
these voltages ian be mcasured, giving

S (C+eop) 2  Z2 Ik u 2 B v2~sV = (o, +C,. P -, 2+2 A A2 U 2 , B2 vi 2

So  = (et + o 20)
2  . 2 A, A,2l '2 2 BI B2 'I V2U2  U2

2 _ u't u2  vi v2

Dp = (e - e) 2  -2 A A2 - - 2 B1 B2

Do , (e d -2 + B)2 v 2

where
\' fA fl v2  2

Li l Y r) [L 2 + 'A22] -) LB12 + B22]

and provided that no turbulent shear stresses are present, i.e.

i v1  = u2 V2 0

and consequently also U U = 0 .
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Then the following exprossicns for the correlation of lateral or longitu-
dinal components can be obtained:

so 4 I B2v I v2

U2

vI v2
Do - Dp = BI D2  2

(11)

u2

ui u2

:f all the quantities Sp, So, Dp, Do  are measured, then two independent

conbinations exist for determining each of the correlations uj-2 and
v i v 2 . This is u3eful for estimating the experimental errors involved.

A check on the absence of a turbulent shear stress can be made in the usual

way by measuring the mean square values of e2, 2  and e 2 o2 with one wire
only.
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4 ~AFP3DIX III

Stability criterion fbr a general flow with vortioity

The stability criterion for the partioular case of a flow along
circular streamlines is usually expressed in terms of ciroulation* and
says that a motion is stable, if the square of circulation increases
outwards; or 4

d(r )

> 0 stable flow
dr

d(r
2)

< 0 unstable flowdr

vhere r 2nrv, where v is the velocity and r the radius.

Since

I dr

27;r dr

where Y is the vorticity, we can express the stability criterion in a

slightly different form:

Py > 0 stable flow

ry < 0 unstable flow.

The stability depends therefore on whether r and Y have the same
or opposite direction of rotation. For a general flow the sign of r is
to be replaced by the sign of rotation of the radius vector from the centre
of curvature of the streamline to the fluid particle. Then a simple rule
for the stability can be derived: the flow along a curved streamline is
dynamically stable at axw point where the vorticity of a fluid particle
has the same direction of rotation as the radius vector from the centre
of curvature of the streamline to the fluid particle.

* See for instance: N. A. V. Pieroys Aerodynamics. 2nd ed. pp.367.* m34~
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TABLE VII

Influence of Contraction Ratio of e on Contribution of
Screens to Tune Power Factor for a Given Turb e

Inteality in Woictm Seation

Turbulence Intensity at Beginning of Rapid Expansion I$ of Mean Speed.

IONGITUDINAL CCMPMM

Overall Reduction Due to Expansion and Contraction 8.52 3 1

3 Screens of Resistance Coefficient k = I

Turbulence Intensity in Working Section 0.02"

C6ntraction Contribution to

Ratio of Bulge Tunnel Power Factor

25:1 0.018

14 -1 0.029

10 :1 0.037

8.5 :1 0.02

LATERAL CMPONENT

Overall Reduction Due to Expansion and Contraction F8.5 I

7 Screens of Resistance Coefficient k = 2

Turbulence Intensity in Working Section 0.0%

Contraction Contribution to

Ratio of Bulge Tunnel Power Factor

25 :1 0.01+2

14 :1 0.098

10.:1 0.15

8.5:1 0.22
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