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SUMMARY

An account is given of sormc 'wcasurenents of both turbulence level and

spectra at subsonic and supersonic speocds.
heat-loss law over the transonic range is 2lso describod.
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1. Introduction

It has been saovm in esrlaer nepers (Refls. 1,2,3,1;_) that, by using a
radio-frequency constant-resistance technioue writh tungsten wivrs, it is
pessible to wensure turbulence at tronsecaic and supersonic, speecs with o
signal=to-noise ratic vhich is constant over o wide frequeacy rrnge. The
frequoency at vhich the sigel-to-noisc ratioc begins to deteriorste increoses
with incrensing madio frequeacy, end is about 20 kefs if a radio frequency of
100 Me/s is crployed. Tt hos beon showm thet, by usang o negatave foedback
system erploying o mixture of rodio-frequency rod dircct current heating, the
response eon be mede flot up to 50 kefs, though the signal-to-noisc ratio is
not thereby irmroved.

The mhin purposc of the present poper is to dercribe mensiements
which have beon rode of the turbulence level in high-speed indn-ed-Ilow wind
tunnels ot high subsonie ond supersonic speeds. 4 push-pall oscillator using
& transiiesion line at 110 Me/s 'ims employed, and this gave n bandiridth of
about 20 ke/s. Since 1t weg found by spectrun anclysis thot the bulk of tha
turbulent energy ususlly fell beloy' 5 ko/s, this bandwidth proved more than
adeguile, and no use has been made of the wider bondwidth whach con be obttined
in the more complex system using neghtive feedbock ond mixed heoting currents.
This lattor would no doubt prove uscful in any experimental work on turbulence
:Ezg baun&ag,,)‘ layers or iekes, where 1uch hizh frequencics have been observed

Refs. 5,6).

L8 a preliminory to the work on turbulence a considernble smount of
experimentel work on the static heat-loss 1ov for the wirc was undertoken.

It was found thit the tewporature of the wire when it is not
eloctracally heated, T,, Jaes bLetiuen the temperalure of the stream T wnd
the stognation temperature Ty, and the relation is a linear one above about
M = 0.7 (sec Section 2.4). When the wire is electricnlly hented, and its
terperature Ty is such thot Ty - Ty << Ty, the hest logs W is proporticonal

b
I\ '

to T - Te, so that ———eeee is constant ot a fixed speed. At higher wire
VJ Tﬁr - TC
terperatures, ———-—--—- is o fuaction of teumperature and moy be oxpressed
Tw - Te
approxirotely in the form
T - T T~ T\ g
A B el (-T—I—-——f) (Seclion 2.3)
Ty Te

M low velocitaies at is well knom tl;.g_‘l: the heat loss is gaven by
¥ing's equetion and is properiionsl to & + byu. Lt somewhat higher speeds
W 1s proporlionnl to (ess-Clow)s, i1.c., \/p u. Lhove o Mach nuwber of

W

about G.L, hovever, ---= frlls, ond W renches a raximum at about M = 0.8,

pu
instead/
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instead of at M = 1, as it ould if -=-- remeined constent. The ratio
W vVeu
-=-= continued to fall, up to the highest lMach number used, 1.36. In the
u v
ra?nge 0.32 <M < 1.32 the variation of -z== can be empirically described by
a + bhM P u
a rational function ==wwe- .
c + M

2. Investigation of the Heat-loss lew

In establishing a heat~loss lawv a prime necessity is a really
accurate method of measuring the resistance of the wire and its power input.
The voltage across the wire was measured by means of a potentiometer, and
the current by measuring the voltage it produced across a standerd resistance.
The resistance of the wire was either obtained from the voltage and curreat,
or directly from a bridge circuit using standard resistsnces. The order of
accuracy when the larger of the two tunnels was in use was usually 0.01.,
except at high subsonic speeds where conditions were more subject to
fluctuation. The accurscy naturally decreases as the magnitude of voltage
and current are decreased, so that measuremeat of the equilibrium resistance
Ry, i.e., the resistance with no electricoal heating, presents a real problem.
This is considered in the next Section.

When it has been shown that the heat loss at 2 fixed speed is
approximately proportional to R - R, and more accurately to
(R - Rg) + B, (R ~ Rg)?® + g,(R - Re)®, the next step is to investigate its
dependence on the mass-flow., The first essential is to estimate the actual
speed of the air flowing past the wire, and this can only be done by
inference from a measurement made with a static pressure probe in the same
positions It has proved necessary to meke the shape of this probe as nearly
2s posgible the game as that of the wire probe. Results are given in
Section 3.

If the approximate relation for the heat loss is expressed as
follows:

W= f(m) (R - Ry),

the problem is to measure f(m) for verious mass-flows. The most obvious
way is to plot a graph of W ageinst R; +this should be a straight line
whose slope gives f (m)., Ii has proved unexpectedly difficult to do this
accurately, but analysis of one set of readings (Section 2.2) gives results
which are in agreement with those obtained by Santon in 1933 (Ref.7); these
latter are referred to on p.85 of Ref.8.

2.1 Measurement of the Equilibrium Resistance DRe

When the electrical power input to the wire, W, is small, we may
write

W= f(m) (R~ Re),
where f£(m) is o constant at a given speed, and the problem is to find Rg.

The firgt method used was to plot W agninst R and extrapolate
to W =0. Ab first a resistance bridge method was used so that readings
could be obtained at equidistant wvalues of R. Ilater, the bridge was omitted,
the wire resistance being dsduoced from measurements of the voltage and current,
obtained by means of a potentiometer and standord resistance. The/
e
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The first system had an advantace over the second, in that two
microammeters were used, one indicating the halance of the bridge and the
other the balance of the potentiometer, and both these could be observed at
the same time. This means that, if readings are taken when both meters
indicate zero (the readings fluctuste with time owing to variations in
tunnel conditions), one can be sure thet the correct voltage has been found
corresponding to the resistance set up in the bridge.

In the second system, where voltage and current are measured one
after the other, tumel conditions may change slightly meamvhile, and this
introduces some inaccuracy. In practice, however, this sccond system was
found to be mors convenient.

The following table gives a typicel set of readings for finding
Re; they were taken with a srire 0.000275 inches in diameter at a Mach
number of 0.9. The currents, which were inferrced from the voltage they
roduged across 10 ohms, were arranged to be approximately 1,V 2, \/3-, A
andV 5 times 10 mA.  The power intervals are then spproximately egual.

Current Voltage Resistanco Power in Voltage
in mA 1n .4V in ohus microvatis from Error
formula
et vt o e on e et e e o et rotn = e mpiterma 1 = et e 2 s et et i ]
9.937 12,22 1.2297 121 12,22 0
14..098 17.36 1.231}), 2117 17.36 0
17435, 21.37 1.2328 370,14 21.3%7 0
20.023 2.7 1.23,1 L9 .8 2),..68 -0,03
22.507 27.80 1.2352 625.7 27.61 0.

By the method of least squares (see for example Ref.9, Chap.IX), the following
relation between power and resistance can now be Lfound:

¥ o= 91,30 (R - 1,2286) millivatts.

The relation between voltage in mV and curreat in mA is then

0.11217 I 12147 1
V TN e e b v - V = b it B s i witn
0.09130 - I° 91,300 - I?

As a checlz on the experimental errcr we calculate the voltage from this formula
for each current used, and obtain the last two colums in the above table.

The agreement 1s good, so the value obtained for Rg, i.c., 1.2286 ohms, may be
relied on.

A second method is based oa an analysis of the voltage-current
relationship, as Tollows:

[ L
From VI £(m) - - Reg
CI

i

v1?
we can write V o= Rgl + e
£{m)

R I’
V = RgI + S .
£ (m)
The,/
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The voltage is measured for a set of egually-spaced currents, %nd a
least-squares analysis done on the assumption V = R,I + A L.

The following table gives = typical sct of results from which the
following equation was found:

I\ @
V o= 4.6450 I+ o.omazzz(—) ,
3

vith V in mV and I 4dn mA,

Current Voltago Voltage from Exroxr
in mA in oV formula

5 295 Lo 0.0

6 2.88 9.88 0

9 14..85 15..85 0

12 19.86 19.66 0
15 4.7 24..90 ~0, 0t

18 30.00 30.00 c

21 3547 35.17 0

A third method of finding R, is based on a re-arrangement of the
basic formula as follows:

v
From Vi = £{m)<=- - Rg

LI

[ i
we have, dividing by R, I? = £(m) «’11 - Ry, =5 -

\

Thas 2% low power levels there is o lanear relation between the conductance and
I®. The curvent was set by means of the potentiometer at a series of values
which gave equidistant values of I°, and the voltage then measured. A
least~aquares anslysis is here more earily carried out than in either of the two
other methods 28 the relationship is linear, and the walues of cne variable are
aqually spaned. For this reason this lest was the method most offten used.

The following table gives a set of readings for a wire at M = 0.9.

T I Brror in
I® in V in - din - Prom I Vv from Error
(ma)® v v v - forrala dn ¥
millirhos formula v

800 34.92 809.97 810.02 =~0.05 3L.92 0
1200 42.96 B806.38 806,38 0 42.96 0
1600 49.8% B802.73 802.7, -0.01 4.9.83 0

2000  B5.95 799.32 799.10 0,22 55,97 ~0.02
21;.00 61 .60 7950 29 795-1;.5 ‘-0.1 6 61 -59 0.01

The/
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The formula cbtained by least squeres onalysis is

I

v

= §17.31 - 0.,009105 I® rallinhos , ees (1)
vhere I i1s in mA.
I
The difference between the values of - and V given by this formula
v

and the experimentzl ones are tabulated above.

2.2 The Heat Ioss as a Function of “peed and Tamperature

Then the terperature of the vire is maintzined at 2 constant level much
higher than T,_, say 1.5 T,, the variations in T, which occur as the spced iz
varied have 1i%t1e effect, and the input pover provides a measure of the heat
loas directly as o function of spoed. This is what happens with the oscilletor
oireuit used for turbulence measurements, which keeps the wire resistance R
constant at a value considerably in excess of thc celd resistance Rg. It ve
enticipate an emprrical formula for the porer anput 1V, csteblashed Il-ter,

W o= f(m) [R - Rq + B (R~ Re)® + Fa(R - Re)?], we see that the coefficient
£{m) will be directly proportional to the oscillator voltage squared.

Measurements were mede using on oscillator with a wiire in a small
induced-flov vind tunnel and a typical graph of the voltage 1s shovm in Fig.l.
It will be seen that a mexirmm is reached at a Moch nuwrber of 0,75.

To investigate this phenomenon more accurately, it was decided to
make D.C. measurements irath o resistance bridge and potentiometer. The power
input required to maintain the resistance constant ot five different levels was
measured at eleven Mach numbers. In addition, the equalibriui resistance at
each Mach number was estimated from fave measurements at low  power, using the
first method described in Section 2.1. This enteiled tolcing altogether 110
readings with the game vire., Vhen the equilibrium resistenceswere plotted
against the tunmel pressure, it was found that they were subject to considerable
scatter, so the results were srwothed by the orthogonal polynomial method
(see Ref.9). Using the smoothed values of Ry, the povers were computed by
interpolation for values of (R - Re) ecual to 0.9, 0.7, 0.5, 0.3 and 0.1 ohms,
at each Maoch marber.,

Assuring that the heat loss can be expressed in the form:
W £{n) . g(R - BRy)

and two measurements are made at the same speed,

1l

-
Ui

f(m)g(Rl - Re)

W, o= fma{R, - Re),
W
it follows thet - should be the smc at all speeds. This power rotio was
LA
computed with Ry = 0.7 chms, and Ry = 0.9 ohns, and the result averaged

aver the whole range of speeds. The deviations of the ratios fron this average
appeared randoery, end this was also the case when R, wos 0.5 and 0.3 ohus, Rg
being 0.9 ohms in each cease.  The power ratio with Ry = 0.1 ohms and

Ry = 0.9 ohms showed a more systematic deviation froa the iean, which is
unexplained.  The means of these power rotics wore used to find the functicn
g(R - Re), by means of a least-squares aporoximation, the result being:

g(R = Rg) = (R - Bg) - 0.15% (R = Re)® + 0.204 (R = Rg)®.

The/
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The values of f£{m) at each speed vere now cbtained by fitting the experimental
results to the equation:

W = f£(m) ((R - Re) - 0,452 (R - %) + 0,204 (R =~ Re)s},
again by the method of least squares.

The result is plotted as curve (V) in Fig. 2. It will be seen
that a maximum occurs at M = 0.8, vhich is sinilar to the results obtained
with the radio-freguency oscillator. As previously remarked, f(m) could be
expected to be proportional to Vpu, so en smpirical formula to fit the

7 (n
observations has been based oa the ratio ===~ , vhich is plotted in Fig. 3.
pu
Since this ratio falls with increasing !Mach number it may be
a r DM
expressed in the form y = --e~e- , so that at lov values of M it is equal
8 ¢+ M

to - and at high Mach numbers it is equal to b. By minimising

c
Z(ye + yM - o - BM)® we find

Bt Ix Iy | | a luzxy
Ix 2x 2xy| ! b} = i}_‘r}:zy
ﬁZy Lxy 2y | {_nyg .

Solving for a, b and ¢, we find

o U .82 + 7.55 M .
f(m) = 044325 == —= ~mmmmmmmmemee (armps)

Py 8g 2.67 +10M

where Pg is the density under stagnation conditions and ag 1is the sonic
P 1
speed under sonic conditions (-— and -- are tabulated in Ref, 12). Values
s g
given by this function are indicated by crosses on Iig. 2, from which it will
be seen that the fit is good.

It is useful to have such an empirical formula to it the observations
so that it can bve differentiated at any Mach nunber to find the Mluctuation
sensitivity.

Another possibllity for an empirical formula is to take

- s T
£(m) e Vpu (-—-)
T

38

T

which will appwoximate toV FT\I at low speeds, It is found that T dis 0.78
for the best fit, which, however, is very poor. The result is shown as
cuxrve (2) in Fig. 4, curve (1) being the experimental one.
This formula may also be expressed as
T 2.38

“(z)

3



In general, we may take:

f(m) = k(M)n(;->é ' | e (2)

=

and compute k, 7 eand & %o give the best fit (see Ref. 9 p.?i..?). Then it
is found that 7 = 0.211 and & = 1.,025. The result is given as curve
(3) on Fig. L; the fit is still poor.

It can be showm that if the heat loss is given by (2) the maximm
will ocour at M = 0.8 if n = 0.227%4, and this is roughly satisfied in
both the above cases.

Another possible formula is
fm) Vpu M.

This gives a maximum at 0.8 if o = -0.16, and, when arranged to have the
same maximum value as the experimental curve, this gives points showm by 4
on Fig. ).

We may remark here that, since the relevant viscosity may be supposed
to be approximately that corresponding to stagnation conditions, dg, pu 1s
proportional to the Reynolds number, and

where d is the wire diameter.

Teking ug = 0.374 x 107" slugs/ft sec., pg = 0.00238 slugs/cu ft,
aq = 1023 ft/sec, d& = 0,000275 inches, we find

pu -3
meee = 6.70 x 10 Re
Paeg
P u '
and : — == = 0.0819 VRg .
Pg 2g
. 5:66 + 8-85 M
Thus £(m) = VRy ————mmemmmmmm 10"? (amps)®.
2.67 + 10 M

2.3 The Hsat logs lew in Dimensionless Torm

From the previous Section, we have
W = f(m) {(R~ Re) - 0.452 (R = Rg)® + 0.20% (R - Rg)®} (mh)2,

Taking (R = Rg) = & (Ty - Tp), vhere a = 51 x 107" ohms/°C, this may be
expressed ag follows:

------- = £(m) 51 x 107 (1 - 0.452 (R - By) + 0,20 (R - Re)?) .

If, further, an average value for T, of 280°K is takon, the terms (R - RB)
and (R - Re)n may bé oxpressed opproximately in dimensionless form by
writing
T, = T T, - T
- W w e
(R-Rg) = 51 x 107" 280 o =meemm o= 108 aceens .
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W T, - T T - T N2
Thon wwe-we-- = f(n) 51 x 107" [1 - 0.645 (-j----f) + 0,116 (.‘.’..---f)
Tw - Te

The Nussclt nwiber is defined to be

W

(T - Te) = L ke
where kg is the conductivity of the eir, and L is the length of the wire.
Taking the relevant conductivity to be approx:ma‘tely the same as under

stegnation conditions, i.es, 5.22 x 10-° cals/sq cm/em/sec/°C, and L = 0,10 om,
we got

W = 6.85 x107° (T, - Tg) Mu watts.

Writing f£(m) fron the previous Section, e now have

1 . 5.6648.85M [ TTo % N

M = —mmmmmmee VRg =mmemmme 107%, 51,907 1-0, &5( ----- ) +0.J+16(———--—>
6.85x10™% 2.67+10M \ Te Te
_ L2146, 59Mj T T T T3
SV Np—— 10,65 ( == ) 10u,16 ( ----- )

2.67+10M | Tg Te 7
A curve showing how Nu wvaries vith Vv %E;’ over the range 0.3 <M < 1.} for
Ty - T
W e
meem—=w=  griall, is shown in Fig. 5. Vith increasing T,; the Nusselt number

TW

increases by the factor contained in the above formula. A similar curve was
obtained by Santon (Ref. 7). The results may be compared with those given in
Refs. 10 and 11.

2.4, The Fguilibrium Terperature

From the results given in “ection 2.2 we roy investigate the relation
of the equilibriun terpersture of the wire T to the stream terperature T and
the stagnation terperature T,. The equilibrium temperature at any speed can
be found froua the equ:.ll'brlwn resistance Ry at that speed and the resistance
measured st zero speed, Ry, where the temperature is the same as the stagnation
temperature:

1
(Tg - Tq) = - (Rg - Ry), o = 51 x107°
a2

From the smoothed curve of Rg egrinst pressure, values of Ry were

T

read off at pressures corresponding to various values ef ~- and the resulting

T -7 T, - T Tg
relation between -2----f and ~mee- is shown in Fig. 6. It will be seen

Ty Ty .
Tg ~ T
that the relation is linear when -—----- > 0,08, i.e., M > 0.65; the equation
Tg
here is:
Ts = T
( ------- ). 100 = 1 20+0‘l9)+55< ------ . 100.
TS

The shape of the curve below this linear range andicatos that Ty is more
dependent on T at lower speeds than at higher.
245/
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4.3 Turbulence Lovel rathh Plone Walls, REitest of Second Throot

Corresponding mecsurcaents of w'/U iere wnde 1n the 9" » 3" tunnel
fitted with plone -rells, ond the results are shom in Fig. 15, The level is
seen to reman constont ot o uch lovor volue, ohout 0,120, up to 600 ft/éec,
but above this apeed there is . mapid and large increasc. It s thought
lilely thot acovctic mves genernted by the ingectioa nechonign could account
for this type of varintica in turbulence level, and ¢ secoad thront vos
installed vetveen the work.ng scction and the ingector zlots ond designed to
chcke at o Mach nurber of 0.6.  Below chokiag speed it will be observed fron
Fig. 15 that the level is increased, at least above 300 ft/sec, and this is
ot unexpected since the throat vns mode of tvo vedges viith sharp dovmstreon
edges, and at is not unreasonable to expect that below their cholddng point
they 71l generate scund wvaves themsclves in the devnstrean region of shear.

At choking point, however, the level in the vorking section is

cduced fron 0,25 To 0,167 u'/U.  Lpparently 360> of the turbuleace in the
vorking section is accourted for by disturbonces proceeding upstreart.  The
calibration curve and flucturiion sensibavaty are shova an Fig. 15 also.
screens C, D and B swere an the contraction; ith o wore corefully designoed
throat 1t would be expected that the turbulence before chol-iag would not be

&0 mmeh i1nercased as 1s the cnsc with the throst used. Sirmalar results were
obtained with throats designed to chole at higher speeds, the "cholked!
condation giving o working sechion turbulence level of about 0.15 to 0.18%.

It 15 concluded therefore thot the turbulence level ia the
plone-viilled twmel is lover thon thet 1n the snme tunnel fitted .th transomic
liners up to about 600 ft/écc. above this the latter tuanel mxoduces o lover
level of turbulence except ~hen second throats are instailed.

5. Srentrun Measureients

Little inforrotion s nvailable oa tne cxpected spectral density of
turbulence in high speed flovs, olthough theoretical considerations lecd to a
curve rising from zere frequoncy and decayiag cgran. It has been shovm
(Ref. 6) by high-speed schlieren photography that in walkes ot high nirspeeds
frequencies of the order of sone hundreds of kalocycles voald cccur, but no
reasarcnents hed been mnde ot the time an the free streans of supersonic or
cven high specd subsonic tunncls.

The use of an electricnt wove caclvser hos becorie o stondard technigue
for exomining the spectra of randon fluctuations, ond the eriterie for such

instrunents are discussed in Scction 5.1.

5.1 Vave Annlysers

Prelrmnary anvestigation of the spectrum of turbulence in a low speed
jet had shown that the energy level over norrov bandiidths ias subject to wvide
variations and sone rveraging device would be essesdanl b the oulpne of the
filter netiork. It vos further decided that the bandidth avarlable fros
crystal falter $ype anslysers vas too narvow, nnd cirvcults thich vould permit o
constanl bandwidth of about 50 ¢/t to be obtnined vere investignted. Twin-T
negolive fecdback loops and regererative auplifliers were constructoed, but
foiled to produce the required nerrov bendiadth, sulfering in cddition from
toc low 'n attenuation several kilocycles off fune. This latter fe~ure vo
thought to be desareble 1f lowv enerey levels at hngh Irecuencics were co be
dascrimmnated fron larger levels ot lover {requencics.

An analyser operating on the coaveniioanl heterodyne principle was
constructed which hed an intermedintc f£recucncy amplificr with o respon.t level
frow 0,5 to 20 ¢/s. A block diagram is shown in Fig. 16, Tne Jocel cscillator
18 tuned to the eentre frequency £ it is desired to sclieet, then all f-~quencles
botwoen (I = 20) nnd (£ + 20) e/s arve passed anto the low frequency arplifior
and rcegrded on lhe vocue Junction. It wos possible to vary the pass bond of

thic /



-13 =

this amplifier by means of negative feedback, and thus adjust the selectivity
of the whole unit. A pre-amplifier was fitted with high attenuation in the
range 0.5 to 100 ¢/s to prevent low-freguency breakthrough, but in practice it
wag found that the energy level of low frequency turbulence was still causing
breakthrough, and this anslyser was abendoned in favour of a commercial
heterodyne analyser with a crystal filter. The filter unit was modified to
give the response shown in Fig. 17, the original response being shovm also.
The bandisidth 10 dB down has been extended to 10 ¢/s and although this wes
still well below the required 50 ¢/s it proved reasonably satisfactory.

5.2 Turbulence Spectra in 2 Inch Tunnel; Effect of Speed Variation

Using the modified wave analyser described in the previous section,
the flow in the working section of this tunnel fitted with a transonic liner
was examined. It was found that reproducible spectra could be dravn and
that there was evidence of large peaks at discrete frequencies. A typical
spectrum at M = 0.89 is shown in Fig. 18 where two peaks at 2,900 and
4,400 o/s will be observed. It was thought that wire vibration could be a
possible source of such sharply defined peeks, since mechanical vibrations are
typically pure and exhibit no harmonics. Several changes were made in the
wire mounting and tension, but no corresponding changes were observed in the
spectrum, and it is therelore concluded that such peaks occur in the spectrum.
Vibration of the tunnel walls would typically occur at a much lower frequency.
Resonance in the air colum may be one possible explanation of the behaviocur,
but no evidence can be presented in support of this at present. The peak
frequencies varied with mean air velocity, an increase in velocity causing an
increase in frequency, although below about M = 0.5 the peaks became much
less evident. The output ot 5 kc/s is showm in Fig. 19 plotted against air
speed. It will be seen that as M = 0.90 is approached the output begins
to rise, due to the approach of the second peak in Fig. 18, the frequency of

which is rising with speed.

5.3 Magnetic Tape Recording

The time taken to record a complete spectrum was found to be a
serious disadvantage in the larger tunnel, whose running time at supersonic
speeds was limrted, and a tape recording technique was used to reduce this.
Such a method also enables a more detailed spectrum to be drawn, since the
tape may be cut into lengths of about 18 inches and replayed with the ends
Joined to form clesed loops. The output 1s then examined in the usual way by
means of the wave analyser, and any portion may be resolved in as much detail
as 1is required, With such a short loop length the output from the wave
analyser filter remains very steady, or at worst moves in a regular manner
between two fixed limits, The tape recording equipment was of restricted
bandwidth, uniform from about 200 ¢/s to 8 ke/s, so that the results presented
cannot be regarded as accurate, but they i1llustrate the value of such a
technique.

5.4 Turbulence Spectra in 9" x 3" Tunnel at Subsonic Speeds

A typical spectrum recorded on a tape loop corresponding to

1.3 seconds of tunel runming time is shown in Fig, 20. The spectral
density is seen to rise from zero to asbout 3 kc/s and then decay. The
mean tummel speed was M = (0.36. It wes observed that the total turbulence
was higher when the fine control wvalve was used in the inlet to the injector
slots, and gpectra for both the coarse and fine conbrol valve conditions are
shovm in FMig. 20. The scales for these Two curves are not the same and in
fact the total level of turbulence in the fine-~control case was 1,23 times thot
in the other., Thus for a true comparison the area under the "finc" curve
ought to be arranged to be 1,23 times the other, The total turbulence wos
found to vary with time and the recording technique enabled o more accurate
spectrum to be drawn under these conditions. A spectrum taken with the
tunnel running continucusly is shown for comparison in Fig. 21, the minimum
and maximum readings during an interval of 30 seconds being plotted. The
total time taken wos thus 8.5 minubes.

Comparison/
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* Comparison of Figs. 20 and 21 shows that there is a large discrepency
betwveen the spectrum cbserved over a time interval of 1.3 seconds and 8.5 minutes,
vhich camot be accounted for in the recording technicue, at least bebveen

200 o/s and 8 ke/s.  Apoarently there 1s o differing intermittency rate at

each frequency, and to obtain a more complete picture many more recorded

examples would have to be analysed and an average taken of the results.

Vhen plotting a spectrum with the tunnel ruaning coatinucusly, it was
observed that the output of the analyser sometimes fell to a much lover level
than the average and would remain there before rising again. Such violent
excursions are not always observed in the half-minute intervals used in obtaining
g, 21.

In Fig. 22 18 shom the gspectrum obtained at a much higher subsonic
speed, M = 0.99, in the 9" x 3" tunmel. The points plotted are the means
obtained in half-minute periods as in Wig. 21, A sharp decay in energy level
will be noticed, although above about 8 ke/s the level remains feirly constant.

5.5 Turbulence Spectra in I'rec Stream at Dupersonic Snecds

The spectrum in the test diamond of the 3" x 3" tunnel at M = 1.8
was recorded and ig plotted in Tg. 23, Sercens C, D, and E and the
turbulence grid were in the contraction. The prescnce of distinct poaks will
be noted 2t guitc Jov frecuencics although it nust also be romombered that the
higher freguencies are not accurately rccorded.  Nevertheless, the spectrum
shovs a concentration of energy below 8 ke/s. then the spectrun in a similar
flow was studied wath the tuanel ruming coatinuously (Fig. 2L) 1t was difficult
to locate these peaks due to their narrov bandwidth, the high selectivity of the
analyser and the random neture of the signal. TIf was observed thet below 2 ke/s
the two spectra verc somevhet different, thet recorded on the tape showing a
decay whilc the other indicated inecreasing encrgy.

The output of the vacuc-junction at low frequencies is subject 1o
wide voristions vhich are almost periodic in character. These may be due to
fluctuations in the meon tunnel speed, which would not necessarily occur during
the 1.5 second interval recorded on the tape.

6., Conclusio..

It has been shovm that the radio-frequency censtant-resistonce
technigue 1s suitable for the mesasurenent both of turbulence levels and olso
of turbulence spectra at any liach number up to 1.8. There is no reason to
suppose that eny difficulty would be cxperienced at higher Mach numbers.

The /



- 15 -

The heat-loss law at high subsonic speeds is a complicated one so
that the separation of mass-flow, temperature and Mach number effects will be

difficult at these speeds.
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