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SUMMARY

Further measurements cf turbulence 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
mmber of screens; the lateral component does not change, if the number
of screens is reduced from 9 to 3, but increases by a faotor 2,5 to 3, if
the number of sereens is further rcduced 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 cxpansion and in the bulge.

The intensities of turbulence are about 1% of mean speed at the end
of the second diffuser and drop to sbout L4=-6% beforc the rapid expansion,

However, this turbulence scems to be reduced by the soreens in the
rapid expansion and in the bulgo below the level of disturbances set up by
inhomogencities of the last sorven, These disturbances are the origin of
the lateral camponcnts of turbulonce in the working section,

The extended region of high intcnsity turbulence near the walls of
the woricing soction is cormeoted with the existence of a return flow in
the bulge, but several possiblo explanations exist as to how this produces
the region of high intensity turbulonce in the working seotion,
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1 Introduction

In two previous report:a1 »” turbulence measurements in this tumnel
have been described; the results of the first report are partly cbsolete,
since the equipment then available did not record very low frequencies,
which oontribgte materially to the total intensity of turbulence, The
second report® deals with measurements of turbulence amd sound in the
woridng section, whioch were made after the necessary improvements in-
equipment had been effected; but no explenation was given of the origin
of turbulence, or of certain other features, smong them a big region of
high intensity turbulence near the walls of the working seotion, Since
this tunnel was mainly built in order to gain experience in low turbulenoce
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 mcasurements were made in the
working section; the inf"luence of the mmber of soreens in the bulge on
the turbulence in the working section was studied, and the intensity and
scale of turbulence was measured at the end of the second diffuser and at
various places downstream and in the bulge, ‘

In the acourse of these investigations a number of interesting problems
of fluid motion were encountered., As far as time permitted and facilities
existed, these problems have been clarified. One of the difficulties
encountered was, for instance, the sizc of the bulgc and the screens, which
made detailed flow investigations in the bulge diffiocult; changing soreens
of 22 ft x 22 ft size was a major opcration, involving also risks of
demaging the screens and it had to be rustricted to a mmber of essential
cases, Although not every detail could be explained, most of the charao-

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

2 Measurements in the working section

2,1 Nine screens in the bulge

2,11 Exploration of the region of high intensity turbulence near
the walls of the worlking seoction

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
menticned in ref,3; this will now be investigated in more detail, The
intensity of turbulence measured on a vertical traverse from the aentre
line across the lowver 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~G
in the sectional plan of the tunnol in ref,1, The thickness of the
boundary layer on the floor of the woriking section was obout 1 and 2 ins
at tunnel speeds of 60 ft/sec and 100 to 180 ft/sec respectively. The low
level of turbulence of 0,01% to 0,02% intensity, as exists in the middle

. of the working section extends only 8 ins frem the centre line; over the

remaining 10 ins the -intensity varies from 0,1% to 1%, agreeing with
previous measuremonts’ » Where tho low intensity core was only 20 ins x
46 ins out of a total arca of 48 ins x 36 ins, In order to find the origin
of this region of high intensity turbulonce, similar traverses were made
further upstream, At the beginning of the working seotion, this region is
only slightly smaller than at the 'standard' position (Fig.2), exoept for
the lowest speocd of 60 ft/seco. The boundary layer thickness at the floor
was 0,3 ins for 60 f£t/sec and 0,8 ins for 100 to 180 ft/sec. Although'
these measurements suggest that the qudufy layer thickness at the begin-
/3 of tho thickness at the
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standard position, the extent of the region of high intensity turbulence
at speeds greater than 100 ft/sec is ruch the same for both traverses,
implying that the boundary layer alone cannot be responsible for the
increased intensity near the wall, There is a maximm 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 the tunnel, It is also diffioult 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 layer transition point fluctuations on the tunnsl
walls

The tunnel contraction has a high crea ratio and o short length, so
that the boundary layers on its walls are subjected to a powerful favour-
able pressure gradient; they consequently rcemain laminar as far as the
beginning of the working section, transition occurring same distance down-
strosm, Experiments made by Halld and Schubauer!3 have shown that the
transition on a smooth flat plate fluctuates to a oonsiderable 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 flustuation in the effective cross-sectional area of

the tunnel, which could contribute to the longitudinal component of the
turbulence,

It is interesting to calculate roughly, whether this kind of fluctua-
tion could be of the same order as the measured turbulence, Denote the t
length or' turbulent boundary layer by x, its displacement thickness by 84
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 Iis a sufficiently accurate approximation for
the present purpose, Then

AB.‘ ax

o
The fluctuations of transition point are not likely to occur on the whole
circumference simultencously, but rather in patches, whose average size may
be % of the vhole circumference, The change of cffective cross-section
due to fluctuations of one patch is

AA

i

28, & = bx 5 C |

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, vhich 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 vy a point source at the apex of the cone, tne surfaces normal

to the atreamlines will be approximately sphericel with their centre at the -
point C in Fig.3b, For practical reasons the traverse was made along two

straight lines, suitably joined, one nomal to the walla, the other nomal to

the centre line,

** With. fluctuations of speed, fluctuations of the enorgy losses in the work-
ing section also ocour, and consequently the volume of air flowing through
the tunnel is, striotly » 1Ot consta.nt{ However, since the losses in
the working seotlon are about 1/5 of the totall and considering some rough
data on the fan characteristics, the changes in volume of flow can for the
present purpose be neglected,
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Assuming the velocity fluctuations to be sinusoidal with time, it is more
convenient to introduce r.m.s., values of u by the relation:

a = Au
2

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

' & C
w o1 oax -
u V2 x Avm ° )

m =} may be taken as a rough approximation, becamse the cross-section is
rectangular with sides not differing much from each other. With C = 14 ft,

. A=12 ft2, x =5 ft, 0x =0,5 ft, & = 0,2 ins, equation (1) yields
. A
L = 0,07,
u

. This is about the right order of magnitude, and proves that the fluctua-

4 tions of transition point contribute to the longitudinal component of tur-
bulenoe. Better numcrical sgreement with measurements could be obtained,
if more details of the fluctuations of transition point were known, and
some of the assumptions of the preceding onalysis were refined,

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

In Fig.La 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 camparison, the particlc velocity of noisc measured with a hot wire
microphone in the middle of the tunnel is also plotted in Fig.ka (see also
Fig.11 of ref,3). With the transition wire on thc tunnel walls, the longi- ‘
tudinal component is mainly duc to noise, ‘

All the measurements, mentioned so far, were made at the standard posi-
tion of the working section (marked (1) in Fig.4b), The hot wire was also
moved to the beginning of the working section (marked (2) in Fig.hb),
Compared with the results obtained in the standard position, it will be

e LN

. seen that the pesk intensity occurs at a higher windspeed and with greatly
reduced magnitude, The distribution of turbulence along the tunnel axis is
shown in Fig,5.

Corresponding observations of the flow pattern by an c¢il film technique
were made on the floor of the tunncl and thoy will be desoribed in detail in
section 2,21, According to these observations the oentre of the fluctuating
transition region is about 2,5 ft and 1.5 ft downstreem of the beginning of
the worldng section at spoeds of 60 ft/soc.and 100 ft/sec respectively. The
extent of the region is 1 ft and 2 £t for the two speeds, Sinoce the influ-
ence of fluctuations of transition point will reach the centre line only
same distance downstream of wherc the fluotuntions ocour, the turbulence
at the beginning of the working section will consist almost wholly of sound.

—8-‘

s e



Report No, Asro 24,94

Further downstream, an ircr:asc to the level in the working section will
take place, For speeds of 140 ft/sec and 180 ft/sec, where practically
the vhole of the boundary layer is turbulent, the intensity remains
approximately constant alorng the tunnel axis,

2,2 Two screens in the bulgc

It was thought that the high number of screens in the bulge might
have been responsible for the region of high inteonsity turbulence in the
working seotion,

In order to test this suggestion, 7 screens were removed fram 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 com-
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
compered with the corrcsponding curve in Fige.ha; the main difference is
a shift of the characteristic pcak from 110 ft/secc to 160 tt/soc. This
peak can again bc eliminated by fixing a transition wire on the tunnel
wall, At 200 ft/sec a jump in the intensity of turbulence occurred, which
is indicated by an isolated point, It appeared, vhen the speed of
200 ft/sec wvms approachcd from lovier speeds, but not if it was approached
from higher speeds, Mcasurements at the beginning of the working section
show a slight shift of the peal to higher speeds,but above 160 ft/sec the
intensity is higher than at the standard position, There is however e
tendency for all three curves to become equal at the highest speed. It is
not clear why the intensity at the begzinning of the working section should
be appreciably higher at high speeds than that at the standard position
both with and without a transition vwire,

An oil £ilm technique was used for investigating fluctuations of
transition point, A thin laycer of a mixture of oil with a white paint
was applied to the floor of the working section, Air moving past this
layer sct up small waves, whose wave length depcnded 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
shovm in Fig,7. Checks werc madc to ensure that the oil film itself did
not materially disturb the boundary layer, There is a spread of turbulence
fram the corners of the working section, vhich is clearly visible at speeds
of 60 sna 80 ft/scc. With increasing speed the region, within which the
transition point fluctuates, becomes larger in size and at the same time
movcs upstream until the contraction is reached, Here the boundary layer
is stabilised by a strong favoursble pressure gradient and consequently a
further incrcase 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 and the curve of intensity vs. speed in Fig.6 shows corres-
ponding features, The maximm in intensity at 160 ft/sec (Fig.6) agrees
well with the observed maximun of the axtent of the fluctuations of transi-
tion point at 160 to 180 ft/sec. Finally the conclusion sbout the origin
of the longitudinal ocomponent of turbulence is similar as in section 2,12,
Without a transition wire, thore is a strong contribution due to fluctua-
tions of tho transition point below 200 ft/sec with a characteristioc peak
at 160 ft/sec, With a transition wire on the tunnel walls, the longitudinal
component of turbulence is mainly due to noise,

-9-

\

-l e e e B

DS S,

B T
N

e —




%
I
k.
b
¥

Ll = g £ e Db G

Report No, Aero 2494

Frequency spectra are given in Figs, 9, 10, 11 and 12 and in each of
these figur.s, 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
fundamental frequency and its sccond harmonics,

2,22 Intonsity and froquoncy spectra of the lateral components

The intensity of the lateral components was increased considerably by
ranoving the seven middle scrcens in the bulge (Fig.8) and it is now about
2% %o 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 arc higher than those with
decreasing wind speed. In Fig.8 the direction cf wind speed is indicaled
by arrows, Although this cffect was observed with both coaponents, a can-
plete run with increacing and decreasing wind speed was made with the
horizontal component only. There were also some chaages in intensity, if
measurements were madc on Jifferent days (see Fig.8), but the order of
magnitude of the intensities remained the same, Various checks on the
mcasuring equipment ruled out any faults there, so tnat these changes
seemed genuine, :

Frequency analyses of t%2 lateral components (Figs. 9, 10, 11 and 12)
revealed no striking change. in comparison with measurements made with
all 9 screenz in the bulge.

2.23 Traverse across the vorking secticn of the longitudinal and
lateral ccmponents

The distributicn of twbulence across the working section is con-
siderably improved by r-mcving the 7 middle screens in the bulge, A
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 40 ins Yo 4 ins; the latier figure is considered due
to the spread of turbulencc from the boundary layer on the walls, which
was 2 ins thick,

Similar conditions were found with a horizontal traverse (F‘ig.1‘l+).

The area containing a level of turbulence as low as on the centre
line is now 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

gimply connect thc measured points, but there may oe further local varia-
tions in intensity than are shown by the ourves, A4 wire support, suitable
for working a contimious traverse, is diffioult to design, since the
requirements for its rigidity arc rather severe when lateral components

are measured, Therefore a much simpler method was employed: a mmber 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 charasteristic of the lateral turbulence
camponent,

The lateral components of turbulence spread further from the walls
than the longitudinal compononts, Fig,13 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 fransition point fluctuations on the walls of the working
section ocour in thc neighbourhood of the meosuring station, and conse-
quently the turbulonce intensity at this windspeed increases more as the
wall is approached than it does at other speeds. :
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2,2, 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 cegtre line, The results (Fig.{é) are rather similar
to those with 9 screens”? in the bulge except at 200 ft/sec, where the
correlation drops at small distances to values lower than that for other
speeds, At zero distance the oorrelation should of course be 1,0 by
definition, Extrapolating the ourves in Fig,16 to zero yields, however,
this value only for the smallest speed of 60 ft/sec, Thers 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 vhich rcsulted in turbulence intensities some 10%
lower than those measured later in the day, when the turmel had been run
for some hours, The apparent intensity of turbulence at a speed of
€0 ft/sec was considersbly increased, if the tunnel hed jJust 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 3n the tunnel than at low
spceds, ard that the dust suspended in the air takes same time to settle
dovn after stopping the tunnel, However the high correlation over most of
the working scotion suggests that the error involved by this type of dust
effect is not very large, probably not more than 10-207 (see Appendix I),
An error of this magnitude is hewever tolerable,

The correlation of the lateral components was measured by using two
inclined wires and the method is described in Appendix II,  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-
timwusly with increasing distance, but decrcases in a wave form with a
considersble number of maxima and minima, A corrclation of lateral com-
poncnts 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 similer to that of
the longitudinal component (Figs, 30 and 31). Harc the correlation of both
components decreases contimiously sith increasing distance between the two
wires,

¥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
wo secti

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 known 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 tumel (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 € ins, Measurements have

* The correlation of longitudinal component is defined by K = u1‘u2 =5
— Wy U

vhere Uy is tho average product of w and up taken over a suffi-

ciently time, with w4' and uy Dbeing the r,m,s, intensities of Wy

and wp, and :i are the instantaneous values of velocities in two -

places, vhich are a distance y apart. Consequently K 1is a funotion

of y.
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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 or 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 507 to 100:. (bviously below 160 ft/sec the 'turbulence'
due to fluctuations of transition peint is much larger than that due to
sound, so that an increase in the irtensity or the latter has only little
ef'ffect on the measurcd turbulonce,

2,3 Thrce screcens in the bulge

As has been shovm in scction 2,2 the distribution of turbulence across
the working section was improved by rcducing the number of sereens in the
bulge from 9 to 2, but the lateral components of turbulence were increased
by a factor 2 to 3. It scemed therefore likely that 2 screens in the bulge
are not suf'ficicnt and consequently one more screen vas added; the second
screen was chosen,

2.5 Intensity cf the longitudinal component of turbulence

There is littlc change resulting from the addition of one more screen
in the bulge (see Fig.19), as would be expected from previous measurements,
vhere the removal of 7 scrcens had a negligible effect, The characteristic
peak in intensity is novw lowver,

2,32 Intcnsity of lateral component of turbulence

The intensitics of the lateral components decreased appreciably by
adding onc morc screen in the bulge and were almost as low as they were
srith all 9 sereens ia the bulge (sec Figs. 20 and 21), There is the same
systematic difference beicen the measurcments madc with increasing and
docrcasing wind specd (sce Fig.21). The change in sign at low speeds of
the difference between the curves 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, Sinllar conditions exist in the present case,

if a curve is measured with decreasing wind spced, In previous measurements,

with 2 screons in the bulge, the intensity of the lateral component was much
higher, so that the influence of thc dust effect was not noticeable,

2,33 Traverse of the longitudinal and the lateral components of
turbulence across the worhing section

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

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

As tar as the longitudinal component is concerned, the area of tunnel
with the same Iow l:vel 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 verticnl component are shown in Fig,23, Here the
local varintions in intensity are larger, espeoially neor the side walls,

The area of 'low turbulence is smaller for the lateral components than
for the longitudinal componcnt,
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2,34 Correlation measurements

An attempt was made to measure the correlation of the lateral comw-
ponents only, but the results were inoonsistent, 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,

3.4 Intensity and frequenoy spectra of the three components of turbulence

In Fig.25 the intensity of the three components on the centre line is
rather high (about 12v), and approximately equal for all three components,
It is roughly constant with speed and falls only slightly at low speeds,

(In Fig.25, U, 1is the speed in the working section and U the local speed
at the end of the diffuser,) The diffuser has an effective angle of 5°
(see ref.1),

The frequency spectra (Figs. 26, 27, 28 and 29) show that almost all
the emergy is concentrated below about 30 ¢,p.s. The lowest frequency at
vhich the analyser could be read was about 2,5 c.p.s., but it is apparent
from the frequency spcctra at low speeds that considerable contributions
arise fram frequencies much smaller than 2,5 o,p.s. The amplifier for
measuring turbulence was used here without a transformer, and the cut off
frequency was about 0,7 c.p.s. The apparent decrease of turbulence inten-
sity in Fig.25, at local speeds below 1k f,p.s,, may be due to the fact
that frequencies below C,7 c.p.3, 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 contre line to the tunnel floor, in order to give
scme 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 latecral component, while there is a slight
increase near the walls for the longitudinal component, There is same
scatter in the measured points, owing to difficulties of obtaining a
reliable mean reading, the rrequencies involved being rather low,

It is interesting to compare these results with measurements in a pipe
of constant oross-section®, Hore the intensity of longitudinal component
was about ¥ on the centre linc and reached a maximum of 8% near the walls,
On the other hand, thc intensities in a jet mixing with air at rest reach
values of 15 to 20k, 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 longitudinel components as a function of the dis-
tance between two wirecs is given in Fig,30, There is a slight influcnce
of speed in so far as the correlation is slightly less at low speeds,

This may be axplained by the fact that somc wind fluctuations, at very low
frequencies, are not recorded by the amplifier as already mentioned above,
Cheoks at a fow.points indlcated that the correlation ourves for a hord-
gontal and a vertical traverse arc very nearly the same, From Fig,30 a

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

L =/ X ay

(o]

T T il

where K is the correlation function as defined in se~tion 2,24, L 1is
same measure of the average eddy sice, Tie correlation of longitudinal
component L(“ 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 i
to depend on speed, and the points can be represented by one curve (Fig.31).
The corresponding scele of lateral ccmponent is sbout 2.4 ins, or, expressed
as a friction of the diameter of an equivalent conical diffuser, is 0.0182,

The scale of the lateral component of turbulence is important those
cases, where the intensity of the lateral component is reduced by a hoazy-
comb, since the cell size must be smaller than the scale of turbuler-e, if ’
the honeycomb is to be ef'fective,

4 Measurements between the end of the second diffuser and the rapic
expansion

The cross-section of the tunnel remains constant from the end of tae
second ditfuser, just before the third turaing vanes, to the beginaing of
the rapid expansion (see Fig.1 of ref.1). Since the turbulcnce on the
centre line is appreciably higher -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 frou the and of the diffuser into thet
part of the tunnel where the cross-section is constant,

Vhen the turbulenc: passes ihrough he rather ~losely spaced turning
vanes of chord to gap ratio L: 4, these act partly as a honeycomb tor the
horizontal component of turbulence, since the twurning vanes are vertical;
at the same time the turbulence of all three componcnis is increased by
contributions of the turbulent boundary layer on the tuwning vanes and the
wake behind them,

The distribution of intensity of turbulence aleng the tunnel axis
devends therefore on:

(a) the desrcase of intensity due to the change of flow from the
diffuser to a pipe of constant eross—section;

e Mt 1 -

(b) an inorease due to turning vanes;
and (e¢) a decrease due to turning vanes in the horizontal component only. :

Measurements of thc intensity of turbulence were made behind the third
turning vencs, and beforc and after the fourth turning vanes, These posi-
tions are indicated in ig,32 and in Table II, where tho distance from the
end of the diffuser is given in reet 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 threc camponents decrease in intensity in the direo- :
tion of flow, except the longitudinal component between position (3) ana j
(4). Botween these stations, the lateral components deorease much less than
betwoen the other positions, The lanation is that both turning vanes,
vhich lie betweon positions (1) maexfz) and between (3) and (4), are shedding
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turbulence; but in the first case the level of the oncoming turbulence is
higher than in the seoond case and oonsequently, as the turbulence shed
from the turmming vanes is in both cases the same, its influence appears to
be larger in the second case, In position (4), the horizontal component
is amaller than the vertical component (Fig.34), which is thought to be
due to the vertioal vanes acting as a honeycomb for the horizontal come
ponent, but not for the vertical component, The intensity of turbulence
before the expansion is about L% to §% for all three components,

With a view to the uneven distribution of lateral oomponents aocross
the working section, a vertiocal 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 en appreciable ocontribution, at frequencies above 20 c.p.s., an
electric filter was incorporated in the amplifier, which ocut 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 Measurements in the bulge

5.1 Turbulence measurements near centre line with two soreens in the

bulge

Measurements were made with a big wooden strut erected in the bulge
behind the screens. An existing strut was used, which was not sufficiently
long, so that the nearest position to the centre line, at which measurements
oould be made, was about 174" below, The intemnsities of all three com-
ponents are roughly equal, as shown in Fig,35. All three components were
measured with continuocusly inereasing windspeed and thero is a tendency at
a speed of 200 ft/sec for measurements not to f£it into the ourve through
the other points,

A comparison with turbulence measurements in the working section and
before the expansion is of interest, According to Prandtld the reduction
of turtmlence passing through a contraction is different for longitudinal
and lateral ncmponents; for the longitudinal oomponent it is

1 1 2
Wy fup U2
L2 . (2 (2)
u U, Uy
where wy' and up' arc tho turbulence intemsities, Uy and Up the
corresponding values of mean speed. The formula is expressed here for con~
venience as the ratio of intensities relative to the mean speed, in the

same way as all the turbulence measmirements are given in this report. The
corresponding exprossion for the lateral component is

ujn o, [l )
- 7 A7) Uy

with v1' and vp' as tho latoral components of turbulence, In this tunnel -

U2/01 is sbout E‘ near the centre line, if U4 is the mean speed in the
bulge and Up in the woridng section,

¢ Referred to the ratio of the cross-seotion of the working section to that

of the bulge, the ratio would be 3-3—?; however near the centre line at a

d stance of 30 to 4O ins from the last soreen the flow in the tulge has
already been accelorated and here the ratio is about 215- + This ratio was
used throughout the report, 15
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- In Fig.8 the lateral components caloulated 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 oomponent in the working section (Fig.‘l 5) is con-
siderable, the good agreement between measured and calculated values in
.8 cannot be given full weight, but it proves at least that equation
x(?;g provides the correct order of magnitude for the effect of contraction,

According to (2) the roduction of longitudinal component is about
255 and so large that the turbulence in the bulge could not contribute
to the turbulence in the working scction. This confirms that the longi-

tudinal component in the working scction is mainly due to fluctuations of
the transition point and noise, as was already mentioned in section 2,21, 3

Turning now to a comparison between the turbulence in the bulge and
at a position just ahead of the rapid expansion, we note three effects:

() reduction of turbulence by natural decay;

FIPr Y iﬂ,

(b) reduction of turbulince by passing through screens;

(e) the effect of rapid expansion.

"”‘ﬁ;m s

Effect (a) is rather difficult to cotimate, since the law of natural decay
of turbulence is not known in this case, Although the intensity of turbu-
lence has becn mcasurcd at a number of positions between the end of the
second diffuser and before the rapid cxpansion, 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 sizc'), as is obvious when considering the
small size of the boundary layer on the turning vanes compared with the 3
scale of turbulence at the end of the diffuser; moreover, the rate of i
decay depends on the scale of turbulence, Thereforec 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 L. g

t ae e dk

e et R

The second influence, the reduction of turbulence by screens, z2113 4
been investigated theoretlcallv by G. I. Taylor and G._K, Batchelo

experimentally by Schubauer, Spangenberg and Klebanof‘f7 In agreament with
both theory and experiment, the lateral cemponents are reduced by a factor

_1._._1.._’ (&)
A+ k

vhere k 1is the resistance coefficient of the screens, For the longitu-
dinal component, the reduction is given by the theory as*

¥
Q Ty = .J‘_:_..a_'.'._alc.; x = 1.1
¥ 1+ 4+ k M+ k

(5)

vwhereas the measurements of ref.7 cen be represented by the following
formmla

1

. (6
i+ k )

ru=

® Equation (5) is valid for tho reduction of mmall disturbances of mean
speed, it is however also a good approximation for the reduction of
isotropio turbulence,
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The difference between theory and experiment is appreciable for large values
of k and may emount to a factor 10 to 100 for a number of dense soreems,
The theory appears to predict quite accurately the reduction of 1
variations in mean specd avaording to the experiments of Schubauer/, If
the turbulence is composcd of vaery low frequencles, the law of reduction
of mean speed (oquation (5)) will be valid instead of equation (6).
Schubauer used, in his cxperiments, turbulence with a scale of the longi-
tudinal component of 0,4 ins, wherecas the corresponding scale at the end
of the second diffuser was from 3.5 to 5,5 ins in the present tunnel,
Since the scale of turbulense in this tunnel is larger than that in ref,6,
and, since the specd in the bulgoe of this tunnel is smaller than in
Schubauer's cxpuriments, the frequencics of the turbulence will be much
lower here than in rcf,7. Hencc Schubauer's formula §6; may not be appli-
cable, and values between those of cquations (5) and (6) may be valid for
the reduction of turbulence in the bulge of this tunnel, In the following
discussion, both limiting cases were, distingujshed by 'dynemic' and
'stetic! reduction cocfficients (r{P) and r(S)), The reduction of turbu-
lence has been calculated for all three components, and, in the case of
the longitudinal component, alao for the 'statie' and 'dynamic' case,
Three separate cases for 2, 3 and 9 screens in the bulge were considered,
The screen resistancc was calculated from ref,8, The result is showm in
Table IV, where Ry oand Ry mean the total reduction of longitudinal and
lateral components respectively by all the sereens, (D) and (S) denote
dynamic and static cases, As all the screens are placed a distance apart,
vhich is large compared vith the mesh size of the sereens, the total reduc-
tion of turbulence is the product sum of the reduction of the individual
screens, For instance

W os (=) (7)

The variation with speed arises from the variation of k with Reynolds'
mmber as given in ref.8, and it is also shown in Table IV for each screen
saparately. The soreens in the rapid expansion are all of' the same kind
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 04,05 ins mesh size, The big difference between 'static' and
'dynamic! overall reduction of the longitudinal component ls 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 cxpleined by any turbulence coming from upstream, This
fact will be used in section 6 as a strong argument in explaining the
nature of the laternl 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
specd before, to spoed 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 duec to: Longitudinal componcnt Lateral component
natural deony 13 1/3
rapid expansion 9 V3
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The value for the reduction due to natural decay is rather an arbitrary
mean between the values of 2 and L, which were previously mentioned. The
rapid expansion inoreases both components, if they are expressed as a
froction 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 from the
measured values before the rapid expansion. Mean values of turbulence
intensity of about 5.45., 4 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
valucs, assuming two sorecns in the bulge:

TABLE VI
Speed in u' v! w' ,
worl scotion % % %
€0 0,32 0,072 0,083 '
100 0,38 0,096 0,110
160 0.59 0,132 0,150
220 0,70 0,17 0.200

In calculating u' in this table, the dynamic oocfficient of reduction
of u' in Table IV has been.used; the values for the statin reduction
would be practically zero, Comparing these results with Fig,35 the cal-
culated values of u' are larger than the measured valuea, whereas the
calculated lateral camponents arec smaller, The measured intensities of all
threc components rise much more steeply than the calculated values; this
is cxplained by the fact that the screens operate below their critiocal
Reynolds' number at low speeds, Under these condi‘lons the reduction
coefficients 1y, and x, differ from equations (4)_and (6) and they drop
with decreasing speced as has been showm by Schubaver’. Sincc the amount of
reduction of turbulence by natural decay is uncertain, no definite non-
clusion oan be dravn from this cemparison 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 travel horizontally (Fig.36)
or vertically (Fig.37). Tho fixed wire was sbout 17% ins vertically below
the oentre 1line, In the horizontal traverse the movable wire travelled
from left to right, when facing the direotion of flow, in the vertical
traverse vertically dowrwards, Comparison with Fig,30 shows that the
correlation ourve is entircly different in the bulge, correlation zero
being roached in all ourves at a distance between 0.2 and 0.4 ins, which
is very short compared with Fig.30. Evecn negative values of correlation
are reached in the bulge.

[P,

It was not possible to mensure the correlation of lateral components,
for reasons given in Appendix IT; but tho correlation between longitudinal
and lateral oomponent was measured (Fig,38); this was rather high in
places, Since no correlation between lateral and longitudinal component
was observed nenr the cantre line at the end of the diffuser, as could be
expected, thezu measuremonts in the bulge strongly suggest that there is :
an appreciable contribution to the lateral component, vwhose origin is not ;
the diffuser. The same conolusion also holds for the longitudinal com= ‘
ponent, This argument will be expanded in seotion 6.2,
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5.2 Measuraments of thoe mean flow in the bulge

In conneotion 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 soreens in the bulge, there was
a return flow near the walls of the bulge whose extent is roughly indicated
in Fige39. The return flow scemed to exist even through the last screen,
There was no return flow, if the number of soreens was reduced to 2 or 3.

The mean speed distribution across the bulge, and about 30 ins down-
stream of the last screen, was measured for the cases of 9 and 2 screens
in the bulge, In the former nase (Fig,40) there is a small local pesk near
the walls, which is thought tec be due to the displacement of streamlines ’
caused by the return flow, There is a gradual fall from the maximm on the
centre line towards the walls for 2 screens in the bulge (Fig.41), in which
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 sonstant
velocity profile could hardly be expeoted, certainly not for potential flow.
With two screens in the bulge measurements were also made about 7 ins behind
the last screen (Fig.42). Being further avvay from the contraction, the
velocity distribution is rathér flat with minor loocal variations,

If a screen is inscrted in a flow with curved 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 peint and at the centre line, at different
distances from the wall, is shown,

With 9 screcns in the bulge, the total head rises contimuously up to
the turbulent mixing zone of the return flow, when it falls rapidly., The
vorticity, which is equal to the gradient of the total head, reaches a
maximum at both sides -of the maximum of the total head, With two soreens
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 working section were sufficient to explain the
origin of the longitudinal camponent of turbulence; this explanation has
been given in ref,3 and in section 2,12, However it requires more elaborate
arguments to explain the origin of the lateral nomponents, Hence the case
of the longitudinal component is mainly summarized here, whereas a full
disoussion is given of the origin of the lateral components,

6., Longitudinal component of turbulenge

In seotion 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 sbout 150 ft/sec and above 150 ft/seo
respectively, The fluctuation of trausition point was direotly observed by
using an oil film technique (soction 2,12), The influence on turbulenoce
intensity was proved by fixing a transition wire on the tunnel wall
(section 2,12), Pressure fluctuations wore measured by a hot wire micro-
phone of special design, placed in the middle of the tunnel, The corres-
ponding particle volocities agreed well with the velocity fluctuations at
speods above 150 ft/sec (ref.3). Opening and olosing the two sets of holes
in the return oirouit, and at the end of the working section, had a marked
influenoce on the velooity fluctuations above 150 ft/sec, This oould only
be explained by assuming the velooity 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 occmponent of turbulence being caused by
fluctuations of transition point and noise., That no contribution comes

- from upstream is proved by appl the formula for reduction of turbulence
due to a ocontraction (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 frcm one component to the
other,

H
i

6.2 Lateral component of turtulence

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

(a) © screena,
(b) 3 screens,
(¢) 2 screens,

The lateral intensities of the turbulence in the working 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 soreens, there would be a change
in intensities by a factor, which varies between 260 and 76 according to

e speed (see Table IV). This is a strong argument for assuming the last
screen to be the source of the lateral ocmponent in the mase of all 9 screens
in the bulge,

If there is hardly any change in intensity between the case with 9 and
with 3 soreens 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 soreens in the buige is also mainly due to turbulence shed from
the last ssreen, : '

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 soreens, However a strong argument
against this is found in Fig,17, where the shape of the correlation function
of the lateral component in the working section is entirely different from
that at the end of the second diffuser (Fig,31). Another arpument is a
considerable variation of the intensity of lateral component across the
workdng seotion and the abscroe of sush variation before the rapid expansion
(compare Fig,15 and Fig,33), Measurements of oorrelation of the longituéinal
component in the bulge (Figs. 36 and 37) werc of a similar rature to those tbr 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-

b lation between longitudinal and lateral oomponents of turbulence near the

SN centre line, whereas no such oorrelations could be found at the end of the
second diffuser,

ks o o s

The obvious conclusion is that disturbences with this peouliar {
characteristio are shed from the last soreen and possibly also from pre=- !
ceding soreens, It could not be the ordinary turbulence shed from any .
soreen, since its scale would be much smaller than that measured in i
Figs, 36 and 37 and its decay is so rapid that it would not be observed in !
the working section (see ref,7).. ' :

The posgible nature of this type of disturbance is now discussed, An i
inhamogeneity in thc soreens is accompanied by local variations in resistance i
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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 reopresent local jets, Now it is known that Jets are
unstable if their Reynolds' number is sbove a very low critical value,
Howevor experiments of Hanan9, on wakes behind cylinders, indicate that at
low Roynolds' mmmber (and since the spced in the bulge is small, this
applies here) , the wake is initially deformed to a wave form, This corres-
ponds to leminar oscillations in the boundary layer on a flat plate, which
precede transition to turbulence., Since the sottling length behind the
scroens is rather short, these laminar oscillations have not enough time
to build up to intensities so high that transition to turbulence occurs,
before thay pass through the contraction, The contraoti?n stabilizes these
jets by reducing all difforences in mean spscd to sbout /600 of their
original valuocs., The flow is then stable, This cxplanation would account
for the low frequency of the latcral components, since by analogy with
laminar oscillations in the boundary layer on a flat plate the frequencies
involved would be lov, It runains to be explained why the difference in
intensity of latcral component in the working scction between 2 and 3
soreens is so large. It is thought that tho intensity of the laminar oscil-
lations decpends on the magnitude of initial disturbances approaching the
last screcen, These are larger in tho case of 2 screcns than in the case
of 3 screens in the bulge,

Schubaucr! has found similar disturbances bchind screens, which he
also attributed to irregularitics of the sereen, Schubauer thought that
the pattern of variations of mecan speed, set up by these irregularitiecs,
is agitated by the oncoming turbulence, vhich was rather high, i.c. of the
order of 1. However with all ninc screens in the bulge, the turbulence
approaching the last scrocn could bc only the ordinary turbulence shed by
the preceding screcn; it viould bc composcd of rather high frequencies
owing to thc small mesh size of the screcns, and it is difficult to sec
how this could result in velocity {luctuations of the low frequencies
observed in thc working section, unless therc werc already an instability
of flow, which had a sclective cffoct on the disturbances, It is likely
that, vith a high intensity turbulemce approaching thc last screen,
Schubauer's cxplanation is valid, whereas with very low leovels of oncoming
turbulence, the instability of flow has to bc takon into account.

The difference between measurements made with increasing speed and
thosc made with decroasing speed in Figs, 8 and 21 would bc more likely to
ococur in a flow which is unstable,

Local variations in turbulence can be oxplained by local variations
in resistance coefficient,

7 Discussion of the region of h intensity turbulence near the
walls of the working section

It has been shown in previous sections that the reglon of high inten-
sity turbulence in the working section occurs when a return flow exists in
tho bulge, The reglon of roturn flow in the bulge extends about 2 to 3 ins
from the walls and turbulant mixing occurs at the intorface of forward and
roturn flow. Mcosurements (Fig,45) showed that tho intensity of turbulence
reaches values as high as 15% of the local mean speed in a region where the
mean spoed has not yot fallen approciably (scc Fig.,46), Further downstream
the return flow onds at the boginning of the contraction, On a streamline
close to the interface between forward and return flow, but in the region
of forward flow, the turbuloncc will bo fed by the instability of the
interface; but later, vhen passing into the contraction it will be close
to the wall and will thorofore bo damped, This would rosult in a distri-
bution of turbulcnce 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 F
through the contraotion (effective ratio 25:1) the longitudinal component

of turbulence* is reduced by a factor .6..:.).6 (see section 5) and on the basis

of this figure the high intensity turbulence at the beginning of the working
seotion could not be explained by turbulence in the bulgc. 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 % in Fig.45 at a distance of

20 ins from the wall at a speed of 180 ft/seo; from this figure the inten-
sity at the beginning of the working section was calculated by allowing for
the influence of the contraction 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 emergy, although the effect of the contraction
is selective on longitudinal and lateral components, The result was an
intensity of 0,55 and it ocmpares 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 a0
good, probably owing to the presence of the walls,

The region of high intensity turbulence can also be explained by
assuning an instability of flow, Liepmnn“o has recently summarized the
various cases of instebility, In most of these cases the flow consists of
parallel streesmlincs, and the stability criterion can be expressed in
terms of certain characteristics of the velocity profile, This is however

v impossible in a morc general case, vhere the streamlines are curved, and
Licpmann suggested that the stability criterion should be expressed in terms
of vorticity. In applicaticns, the distinction between two dimensional and
three dimensional disturbances is not important, It is sufficient to con-
sider threce basic cases:

A. Dynamic instability:

(a) due to a maximm in vorticity distribution;

(b) &ue to vorticiiy in a fiow with curved streamlines;
B, Viscous instability.

Case A(a) was investigated by Ra.yle:lgh11 and Tollmien'? for the case of a
parallel flow and then the instability criterion is a point of infleotion
in the velocity profile, shich is equivalent to a meximm in vorticity
distribution, Case A(b) was also investigated by Rayleighll, If the
stresmlines are oircles, 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 oxpress the stability
eriterion by vorticity instead of by ciroulation, In Appendix III a simple
rule is derived for the stability criterion: the flow along a ourved
streanline is dynamically stable at any point where the vorticity of a
fluid particle has the samme direction of rotation as the radius vector
from the centre of ourvature of the strosmline to the fluid partiole.

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

* All turbulence intcnsities are here relative to the looal mean speed,
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where P is the total head, y tho distance fron the wall of the tunnel,
From Figs, 43 and L4 it can be seen that there is a maximum in vortioity
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 measuraments in Figs, 43 and 44 were nct made sufficiently close
to the walls, However, there iz at least ono maximum of vorticity and
hence instability of the type A(a) oxists, Instability of the type A(b)
also exists, Since the total head does not change along streamlines,
Fige,43 will also give the distritution 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 necar the walls in
the bulge according to Fig,43 and cquation (8). Fig.47 shows the direstion
of streamlines and the systam of ccordinates used, and it is seen that the
radius vector from the scentre 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 tc¢ 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 comected 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 frcm the lateral components in order to
explain the measured intensity of longitudinal ~emponent 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, Frem the
present measurements it is not possible to assess the contribution from
each of the three pcssible explanations,

Something remains to be said ebout the origin of the return flow.
Observations indicated that the return flow oxtended upstrcam through the
last screen, When the firat and the last of the 9 screens (Fig.1 of ref,1)
were in the bulge, there was no return flow end it was the same with the
first, the second and the last screen in, In the first case there was a
distancc of about L ft between the twe screens, in the second case the
distance between the first and the second screen was 1 ft and betwoen the
second and the last screen 3- 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 oontraction is
very rapid, an extended region of adverse pressure gradient sertainly
exists on the walls cf the bulge downstream of the last screen, Since the
windspoed immediately behind the last screen is almost uniform (Fig.42)
and the total head increases towards the wall of the bulge, it follows that
there is a radial increase in pressurc behind and before the last screen,
Since the wall of the bulge is straight upstream of the last soreen, there
will be an adverse pressurc gradient on the walls, So conditions favourable
to a separation exisi ahead of the last screen, and it can be eoncluded,
that the proximity of cne or more screens to the last screen oreates flow
conditions, which actually set up the return flow in the bulge, Details of
these flow conditions arc not yet clear,

8 - Comlusims

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 smount of reduction
of turbulence which is desirable in a low turbulence wind tunnel,
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Experiments of Schubauer and Skramstad” showed that in the oase 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 thia
tunnel a level of turbulence of about 0,0% to 0,0% 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 1s probably lower than in other tunnels. Since the longitudinal
component is mainly due to noise at full tunnel apeed, it 1s 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 ocoming from
upstream and these efforts being successful, there remains only noise,
whose particle velocity is registered by the hot wire in the seame way as
'genuine' turbulencc, 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 tumncl, one at the end of the working
section, the other between the third and fourth turming vanes. These vent
holes act as acoustic filters, Sound can be attemuated 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 ~asec (vent holes in working section) sufficiently large
to suppress most of the low 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 seotion 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
canventional design with a more gradual contraction and a longer settling

oHamber, Some guide as to vhen this danger arises may be found by observing

that this phenomenon was absent when the first, sccond 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 10-1Z: 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 turming vanes are closely
spaced (in this tunnel chord to gap ratio 4:1), The turbulemce entering
the settling chamber or a rapid expansion will be about 4 to % for all
three components, The reduction of turbulence can be achleved by

(a) natural decay of turbulence
: (b) screens or honeycamb
(o) a sufficiently large contraction ratio,

With settling chambers of normal length,the natural decay of turbulence
originating from the second &iffuser is slow and 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 suffioiently large contraction ratio,
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An investigation of the asize of the bulge and number of secreens neces-
sary to achieve a desired level of turbulence in the working section
follows, We neglect thc natural decay of turbulence from the beginning of
the rapid expansion to the beginning of the worldng seotion, and assume
that a rapid expansion and a contraction have oppoaite effeots on turbu-
lence intensitlies, Then the overall eff'ect 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 0,0Z: to 0,0%. is desired in the
working section and that the turbulence level at the beginning of the rapid
expansion is l of the mean speed, 3 soreens 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 0,6FL times that of the total increase
of the area between the beginning of the expansion and the bulge, The
mmber of screens and their resistance co-ffiocient is arbitrary, provided
that the same total reduction in turbulcnce results, A rcason for choosing
scroen resistance ooefficients between 1 and 2 is givon later, The results
of this caloulation are given in Table VII, where the contribution to the
tunnel power factor® is given for various contraction ratios., Ceontraction
ratio means here the area ratio of bulge to working section, A contraction
ratio of 8,51 1 means that the bulge is cmitted,

Sc far as the longitudinal component of turbulence is concerned, a
rather modest contraction ratic would be sufficient, and the bulge could
be omitted without unduc increase in tunnel power facter,

However it is different with the lateral occmponents; 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 tc be increased, At the
design stage of this tunnel the law for the reduntion of turbulence by
screens was not knovn; 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 mmber of sereens by experiment, But with
suffieient data about rcduction of turbulence by soreens now available, a
contraction ratio of 14 : 1 seems tc be sufficient, since the contribution
of screens to the powser factor is in this case O 098 (see Table VII) and
thereby the total power factor vould not be increased materially above
0,30** (sce ref,i). Whether still smaller ~ontraction ratios are practi-
cable dcpends on the balance between capital costs and rumning oosts,

It is also worth considering the installation of a honeycomb for
redvcing lateral cemponents, The efficiency of a honeycomb of blockage
ratio 0,721 (= ratio of free pa?sage area to total area) was investigated
by Schultz~Grunow and erghardt . In these cxperiments a honeycomb was
placed et an oblique angle to a stream of parallel flow and the resulting
defleootion 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.iL it was found that
a ratio cf cell size d to depth t, of the honeycomb,of sbout 134 to 115,

2
* The ccntribution to the power factor by one soreen is k <f;-1-> , if k is
o

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

** With 12 screens in the bulge and a contraction ratio of 30,5 11 the con-
tribution to the power factor was 0,065 and the total power factor was 0,3
as already memtioned,
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removes the lateral component of the oncoming turbulence and that the los=s
coefficient was given by

K = 0,045 §+ 0,31

and was almost independent of Reynolds' number for Reynolds' numbers of
more than 5000 (R = :"YE , u = speed of oncoming eirstream), This is

derived from measurements with a blookage factor 0,729, The resistance
coefficient of the honeycomb for %:: L is

k = 005

which ccumpares favourably with the overall resistance coefficient of the
sereens necessary to reduce the lateral components of turbulence to the
desired level (see Table VII), But it must be ensured that the turbulense
shed fram the honeycomb is sufficiently reduced by natural decay not to
increase the turbulence in the working section, With soreens this is no
problem, since their mesh size is =0 small that the turbulence decaya
rapidly enough, DBut srith the larger cell size of a honeyoomb, an estimate
has to be made of the permissible size of the nells,

As a rough estimate, we assume the decay law of turbulence behind
grids to be applicable to a honeycomb. We assume that an intensity of
longitudinal component of turbulence of 0,17 is desired just before the
contraction, It can be found from the measurements of Townsendl], on the
decay of turbulence behind grids, that this level of 0,15 is reached at

x
T 1200,
where x i3 the distance from the screen and M, the cell size,may be
identified with d for the honeycomb, Since a settling length of 20 £t
is aveilable in this tunnel, the cell size of the honeyoomb should be
0,2 ins, This size is alsc 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 some low level of turbulence nos exists in this
tuwmel could be achleved without the bulge, It would be nesessary however
to install some soreens for reducing the longitudinal component of turbu-
lence (see Table VII); for instance, 3 screens of resistance ooefficient
k = 1. This combinatlon of honeycomb plus 3 screens would only contribute
sbout 0,05 to the power factor of the tunnel (3 screens each of k = 1 and
the honecycomb k = 0,5), However whether this is practicable or mot 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
chember of constant cross-section,

Another important problem relates to the disturbances set up by screens
and honeycambs, 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
nomal turbulence shed by scrcens or honeycambs, which elther decays suffi-
ciently quickly or otherwise has been taoken into account, but the distur-
bances set up by an inhomogeneity of screens, which were disoussed in
section 6,2, This type of disturbance has a slow rate of decgy; in fact
it did not seem to decay noticeebly in this tunnel, The only way of
reducing these disturbances would be through a contraction, but this is not
very efficient in reducing the intemnsity of lateral component and would not
amount %o much for a reasonsble contraction ratio, Honce the importance of
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using soreens as hamogensous as possible, Dzydm16 reported large varia-
tions in intensity of turbulence in the working seotion, which were reduced
considerably by replacing the last sureen by one with a smaller resiatance
ooefficient k., Investigating the efficiency of soreens in damping tur-
bulence, Schubauer’/ classified the screens he used into normal and
abnormal., The latter type introduced additional disturbances in the alr
flow, In Schubauer's list of soreens, the denser soreens show more tendency
to sbnormal behaviour than the less dense ones and the limit seeams to be
roughly at k = 2, It thorefore seams advisable to use soreens with k
between 1 and 2, It was found in section 6,2 that the disturbances shed

by the last soreen depended alsc on the intensity of disturbances approach-
ing the last screen, Hencc it wlll be advisable to put in one or two extra
screens in addition to the number that is necessary for reducing the ture
bulence coming from upstream,

The sercens in this tunnel were made in one plece; but serious dis-
turbances could be expected, if there are seams in the soreens, It would
appear that a hcncycomb cculd be made more homogenocous than a screen,
althcugh the cost of construction mgy then be rather high, However more
rescarch is necded about this type of disturbance, before the rclative

morits of sorecns or honeycamb for reducing lateral component of turbulence
can be assessed,

9 Sumnary of turtulence measuraments in the tunnel

The following is a summary 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 1%} of the mean speed and is almost constant over the cross-
section., It differs from the intensity in a pipe of constant crosse-
scotion, which incroases from about 4% on the centre line to sbout 8%
near the wall, The scale® of the longitudinal component is sobout 3.h4,
4,2 and 5,5 ins for specds of 7,1, i4.1 and 18,8 to 25,9 ft/scc
respectively. The corrosponding speeds in the working scction are
60, 100 .and 160 to 220 ft/sec. The scale of lateral component is
2.4 ins for all speeds, The crosswsection at the end of the diffuser
was octagonal with a diameter of 132.3 ins for the equivalent circular
cross-section, The turbuleonce is almost entirely composed of fre-
quencies below 30 o,p.s. for all three components.

(2) The contribution from thc tuming vanes following the diffuser does
not materially increase the lovel of turbulance from the cnd of the
second diffuser,

(3) Before the rapid expansion, the level of turbulence is sbout 4 to 6%
for all three components, i

(4) With two screens in the bulge, the intensity of turbulence for all
three o nents in the bulge is sbout 0,025% at a speed of 1,92 ft/seo
(60 £/sec)*® and rises rapidly to about 0,36 at 4.8 ft/sec (150 ft/sec)t”
For higher spouds the intensities fluctuate, but do not inorease
materially, The shope of the correlation curve for the longitudinal
component is quite dlfferent from that at the end of the second diffu-
ser, It even reaches negative values, The scale is of the order of
0.2 ins, Thorc is also a considerable norrelation between longitudinal
and latoral components nsar the cemntre line, which was not observed at
the end of tho soocond diffuser,

* The scale of turbulence can be roughly interpreted as an average eddy
size, An aoourate definition of the term is given in seotions 2,2, and 3.3.

#% Speeds in brackets refer to the worklng sootlon,
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Intensities of turbulence were measured in the worldng section with:
(a) -2 soreens in the bulge,
(b) - 3 screens in the bulge,
(e) 9 screens in the bulge,

The longitudinal component was roughly the same for all three cases,
ranging from 0,006% to about 0,0% for spesds of 60 ft/sec to 260 ft/sec,
At a certain speed there was a characteristic peak which changed in
intensity over long periods, The intensity of the lateral component
was approximately the sane in cases (b) and (c) and smounted to 0,005%
at 60 ft/sec and rose to about 0,0%% at a speed of 160 ft/sec and then
remained constant; but the intensity of the lateral samponent was
appreciably higher in case (a) with an intensity of 0,01% at 60 ft/sec
rising to between 0,05 and 0,06% &t 160 ft/sec and then remaining
approximately oconstant,

Noise mensurements were made in the working seotion with all 9 screens
in the btulge, Therc was good agreement with the longitudinal com-
ponent of turbulence above a speed of 160 ft/ses, Below that speed
the roisc oxpressed in terms of the partiole velocity was less than
the measured turbulemse,

The sharacteristis peak in the curve of intensity of turbulence vs,
speed is due to fluctuations of transition point of the boundary layer
on the tunnel wall; +his was proved by fixing a transition wire at
the beginning of the working section, With this errangement the inten-
sities below 160 ft/sec were considerably reduced anfl the peak in
intensity was eliminated,

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

Efficient means of reducing noise are vent holes in the tunnel circuit,
The moise in the working section increased by 50-100% when the holes
at the end of the working section were closed,

With all nine screemns in the bulge, an extensive region of high inten-
sity turbulence was observed near the walls of the working sesction,
Reduotion 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 seotion 7.

There 1s reason to believe that the retuxn flow on the walls of the
bulge is connected with the extended region of high intensity turbu-
lence in the working section, The retwrn flow is present with 9
acreens in the bulge, but absent with two or three soreens 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,

Sumaxy of insirumentation

The oonventicnal type of wire holder, with the hot wire soldered to
the tips of two slender needles, canmot be used for low levels of
turbulence and for windspeeds of more than sbout 60 ft/sec, because
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of vibrations of the needles, Instead two prongs have been glued
together by a thin pleoce 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 frequenoy band
transmitted by the amplifier, vhich was from 2 to 10,000 c.p.8. By
calculation, the interfurence of the new wire holdor with the flow
around the hot wire was found to be not more than 1 to ¢ 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 components of turbulence,

For low levels of turbulence (below 0,715) and windspeeds up to

300 ft/sec the hot wire used had to be short cnough to take the
wind-forces 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

('V' wires), Longer hot wires gave rise to spurious results, probably
because of movements of the wire rolative to the airflow,

With short wires and low levels of turbulencc, the voltages across

the hot wire arc so small that a transformer of ratio 1 :25 was used
at the input of the amplifier in order to increase the incoming signal
sufficiently sabove the disturbance level of the amplifier, The fre-
quency range cf the transformer was sbout 2 c,p,s., to 5000 c,p.s.

A hot wire micrcphone of special design was uscd for the measurement
of noise, This miorophone was made in the form of a static tube
sufficiently smnll for the boundary layer at the pressure holes to
be laminar, This instrument could be used in the middle of the
tunnel, vhereas a conventional microphone mounted in the wall of the
worlcing section recorded pressure fluotuations within the turbulent
boundary layer on the tunnel wall as well as noise inside the tunnel,
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APPENDIX I

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

For this estimate the following argument is used: the longitudinal
camponent of turbulence is assumed to aonsist of two independent coamponents
uy, and up, of which the fomer has the correlation 1 and the latter the
correlation O, vwhen two wires are a certain distance y apart. uy(0),
ug(0) and uA(y) , up(y) are the instantancous values of the two com-
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

L2
k) = MO wG) (00 » u(0))(uly) + u() (‘-"-)

u'2 u|2 u

Consequently the ratio of the camponent with correlation O to the total
intensity is

= 1=Ky .

& |-

Since n'2 = ulz + uéz. The vrror duc 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 ourves to y = 0, So the errors
due to dust of 10=20f: as given in section 2,23 were derived from Fig.16.
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APPENDIX II

Measurcment of the correlatlon of the lateral oomponents

Two inclined wires are used. One wire is fixed and the other wire is
used in two positions, one where both wires are parallel and the other ]
wherce the second vire has been rotated through 150° about an axis through the
centre of the vire and parallel to the mean wind speed, The voltage on
the first wire is given by

W M
ey = —+ By L (%)
1= hrhg |
]
vhere and By are coefficients, w4 and v4 are the velocity a

fluctuations in the direction of the mean speed and normal to it in the
plane of the hot vire and the mean speed, If the second wire is parallel

to the first, the corresponding voltage is j
5] Vo ;
= < 2., 1 ~
eZp Ay T + By T (0) :
. If now the second wirs is rotated through 180°, ths voltage in the new g
position is ;
2 .
__ - B f
= b g-B2

By using suitable circuits mecan square values of the sum or difference of
these voltages nan be measured, giving

R

U

V4 V2
02

2
b (01 + 02P>

[42)
]

+ZB1B2

2 \ u v
So=(e1+020) =ZJ+2A1A21—H—-2—2--2B1132_1___2.
U 02
- 2 0\ W v Vi V2
Dp = (o4 = opp) EL-Z‘*A‘? U2-2131132——_U2 ‘
\ ] V1 V2
Do = (of = ep)* = 211- 2 Ay Ay +23B, B
© v 172 42

TP

O R

Tl ]

and provided that no turbulent shear stresses are presemt, i.e, 3

Bz 40, et

Wvg = wpvp = 0

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

V4 Vo A
u2

73]
t
n
HH

24-31 B2

=
t
o
"

L By By =

( (11)

W U
vl

Ly b

'd(h
t
(=}
(o)
i

R
SO-Dp -:l;_,L]AQ-—?Z—

If all the quantities Sp, Sos Dp, D, are measured, then two independent
combinations exist for determining each of the correlations uq uz and
V4 Vo . This is useful for estimating the experimental errors involved,
A checl: on the absence of a turbulent shear stress can be made in the usual

way by measuring the mean square values of 62.92 and e202 with one wire
only.

R

T,m.-»._. R




i
%

0 5 B LA % T, s e < ¢ g 1ot T R BRI

Report No, Asro 249L

APPENDIX III
Stability criterion for a general flow with vorticity

The stability oriterion 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

a(r?)
> 0 stable flow
dr
a(r?)
< 0 unstable flow
dr

vhere T = 2%xrv, where v is the velocity and r the radius,
Since

i ar
—_— e— =Y
2%r dr

where ¥ is the vorticity, we can axpress the stability criterion in a
slightly different form:

v > 0 stoble flow
Iy < O unstable flow,

The stability depends tharefore on vhether ' and ¥ have the same
or opposite direction of rotation. For a general flow the sign of T is
to be replaced by the sign of rotation of the radius veotor from the centre
of curvature of the streamline to the fluld particle, Then a simple rule
for the stability can be derived: the flow along a curved streemline :is
dynamically stable at any point vwhere the vorticity of a fluld partiocle
has the same direction of rotation as the radius vector from the centre
of curvature of the streamline to the fluid particle.

* See for instances N, A, V, Pieroyt Aerodynamios. 2nd ed., pp.367.
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; TABLE VII

Iuence of Contraction Ratio of Bulge t
Soreens to Tunnel Power Factor for s Giv o

. Intensity in Working Section

Turbulence Intensity at Beginning of Rapid Expansion 4% of Mean Speed,
LONGITUDINAL CCOMPONENT

Overall Reduction Due to Expansion and Contraction 8,52 3 1
3 Screens of Resistance Coeffioient k = 1

Turbulence Intensity in Working Section 0,02%

Contraction Contribution to
Ratio of Bulge Tunnel Power Faotor
© 2531 0,018
W e 0,029
10 31 0,037
8,5 31 0,042

LATERAL COMPONENT

Overall Reduction Due to Expansion and Contraction J8.5 1 1
7 Sereens of Resistance Coeffioient k = 2

Turbulence Intensity in Working Section 0,03%

Contraction Contribution to
Ratio of Bulge Tunnel Power Factor
25 4 0,042
1 1 0,098
10 .21 0.15
8,5:1 0,22
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COMPONENTS OF TURBULENCE ON

CENTRE LINE AT THE END OF THE
SECOND DIFFUSER.
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