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SUMMARY

Previous measurements of turbulence under compressible flow
conditions have showm that fluctuations in stagnation temporaturc can
oceur. Determination of the mass flow fluctuation level is thus
rendered more difficult since the hot=wire 1s sensitive to both variables,
and an improved technique is necessary o distinguish between them.

The apparatus developed for this purpose is described and soms
cxperimental results presented to illustrate the method used to separate
the two variables.
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1+ Intrcduction

A previous zeries of turbulence and static heat loss
measurauents at high subsonic and supcrsonic specds’ indrcuted that
fluctuations in stagnation temperature could occur, and,their presence
made mass flow fluctuation measurements more difficult. The cquipment
used for thas work was of the constant resistance typez. If measurements
could be made at a series of dafforent wire temperatures i1t would be
possable to estimate the fluctuations in the two variables, and their
correlation, but the constant-resistance equipment could not readily be
adapted to operate over a wide range of wire temperatures, It was
therefore decided to use constant-current heataing, but 1t was esscential
greatly to improve the signal-to-noise ratio normally obtained.

The techniques employed are descrabed in Scction 3, and 1t is
shown that for the band width chosen (50 kc/s) the best possible
signal-to-noise ratio has been achieved an that nearly all the
electrical noise at the ocutput 1s due to the hot=wmre itself.

The apparatus has proved sensitive cnough for free stream
measurenents to be made, and these are descraibed in Section Le In
separating the two variables, it was found that a simple linear theory
of heat transfer from the wire gave best agreoment with experiment,

It 15 presumed that the usual non-linear effect does not cccur when heat
is transforred from the wirc at the rates normally associated with
turbulent phenomena, It was found that the mass flow fluctuations

in the test dzamond of the M = 1,6 liners of the 9" x 3" induced-flow
tunnel at the N.P.L. was 0.29%, and that the stagnation temporature
fluctuation was 0.03%

2« The Heat Transfer Law for Hot-%ires

Recent investigations of heat transfor from hot-w1rcs5’4!5
indicate that the parameters are related in the following way

R -~ RO
Nu = (a'+b'\/R‘e)<1 g G- ) £(M) eeeo (1)
RO
1R
where Nu = ===
RLRAT

and/



and A wire length
k = conductavity of air at relevant temperature
AT = temperature difference
a',b',C = constants of wire
Rg = vare Reynclds nuuber
Ro = mean temperature of wire unheated in the stream

f(M) = Mach number dependent function.

An expression for f(i) has been derived in (1) where 1t was found that

o+ pH

T(M) = w=——m-

y + il
. ° . s
so that at low Mach numbors f£(M).» - and at high Mach numbers f£{I)- -
y &

The Mach numbor for the present series of tests has been chosen so that
(i)}, and hence Nu, i1s‘insensitive to amall cnanges in . In thas
woy Mach number fluctuations ere not detected and tne geporation of mass
flow and stagnation temperature fluctuations is facilitated.

R - R,
The cause of the non-lincar term ( 1 « C wewm—m ) 18 not yet
Ko

\

fully understoed and, as will bo seen later, this term has a profound
effect on the separation of the two variables from the experimental data.

2+1 The seraration of mags flow and stagnation temperature
fluctuations

The heat transfer equation (1) may be written
, R - R, "
R =K VRe (R“‘RO) 11 ""C"’ ----- >, IDI.(EJ

snd by differentiating logar:rthmically we obtain

R AR, @ dr, fo1-cx
-~ & == w ~ we= yghere £ = X|eeermessmmes- 0000(3)
R R, 2 R 4 - Cx(x + 2)
R-R
o]
o7 mmmm—— .
RO

Tt has been shovn! %2 that the equalibrium temperature of
the ware, 15, is a fixed percentage of the stagnation temperature of
the flow at a given liach number, and it .3 reascnable to suppose that
fluctuations in T, are reflected an fluctuatiens in Rsj hence we have

s dTO
oD TII
R T
0 Q
-~ A 3
where the bars dehote mean values. Smce/

T ; .
In deriving eguation (2), the a' term of equation (1) has been omitted
as being negligible compared with the b'"“E, teru.
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Since 1n practice we cannot conveniently measure instantaneous
changes in resistance, but only mean square values, thc mean square
voltage change across the wire 15 measured; thus !

1dR\2 vy 3
iR v

dRg dRe
is obtained. The terms =~=-- and =--- are thon deduccd from the
R R -
) e

quadratic equation

————

UBE /%}395 . g "3{{?5 _3@39‘ Cf‘i\. (L)
(;ﬁ) \& w \E f:ro) =)
NG

e
dR, dR, o -

Since there are three unknowns =--, === and =--- . --- 1n the quadratic,
Ry Rg R, Rg

at least three values of current are requared for the solution. In
practice experamental scatter necessitates many more than three eguations
for accurate solution, and a least squares method is used to obtain the
unknowns which best fit the experimental data. Alternotavely it is
possible to obtain the three variables by a graphical method from the
data without solving the simultaneous quadratic cquations. This can be
done by mokang use of the fact that equation (4) is a quadratic in 2,
1dR

so that if (\-::) 15 plotted against B the result should be a parabola.
1k

T g
If wve write y = | ~== = a+b=-4+¢ ——,
\ 1% 2y

/dRO 2 dTO\E
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we obtain, by campleting the sguare

€

O
1

N ﬁ B 2 'bE
y = ¢cl=-+ == + la==--1],
2 2¢ Lo

so that the vertex of the parabola ais at the point

b b
B = - - ¥ = A = -,
v c v Le
Now a 1s given by the value of y, say Yyg, when g = 0O so that
'bfr.‘
== = Vo~ Vy
Le
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hence C = == mm— .
:72
v

ar, arg
_____ O (1 -i":)?
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In Fag.i, y 1s plotted as a function of g with equal dR, and 4T,
but with the correlation coefficient as a varisble. Fige2 is a plot of
the velue of y for a correlation coefficient of -0,5, wath

dT¢/Ty = Ge2 dRe/Rz.  Since in practice therc is a lamt of about

Ceb to g, 1t 1s fortunate that generaily one variablc 1s many tames
the other so that the parabola iz well defined by a fow points,

3. Eguiprent

A brief description of the clectronic techniques anvolved 1s
given. Apart from noise considerations therc is nothing unusual in the
&es:l.gn.

%41 Noise considerations in the amplifaor

The ultimate sensitivaty of any electronic amplifying apparatus
1s reached when the random thermel agitation of electrons an resistors
and valves produces a voltage whaich, rcferred to the input terminals, 1is
of the same order of magnitude as the signal., Since the output of a
hot-wire ancmometer in a turbulent flow is random, and not unlike that
from thermel noise which typically has a uniform spectral density, the
problem of distinguishing signsl and noise is even more difficult than
usual., Generally tne lowest sipnel levael needs to be at least twice
the noise level if adequate resclution s to be achieved.

The noilse current 1n a valve can be expresscd most conveniently
by assuming a perfect noise-frec valve, and attrabuting all the internal
noise to an cxternal resistance, the "equivalent noise resistance” Rgq,
and the noise voliage Ey across the resistance 1s given by

Ey = Vi kTR &F  volbs,
wnere k = Boltzmamn'zs constant 1,58 x 107%°
T = abaolute temperature of R
R = recsistance Req in ohms
df = band wvadth, cycles/second.
Typical values for R are given in Table I, where it will be scen

that triocdes have typigally lover Req's than pentodes. Despate the

improvement/
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1mprovement possible wath the use of tricdes, the noisc produced by a
single triode (Rpq = 400 ohms) with a band wadth of 50 le/s is 0.58wv,
whereas the noise signal from the hot-wire of say 4 ohms resistance is
only 0,058 puv. It is seen that the valve produces far more noise than
the wire. BSame reduction in noise contribution from the valve result
from the use of two or more values in parallel, For two equal valves
in parallel, it can be shown that tne equavalent noise resistance is
.Req/Z, and the signal to noise ratio is improved by a factor of V2.

If, however, we insert a transformer between the wire and the
valve, Fig.3, 1t 13 possible to cbtain an impedance multiplication of
n?® wvhore n 18 the turns ratio of the trensformer. The wire resistance
and resistence variations now appear as n® and n? , at the grad
of the valve, and 1t 1s quite feasible to make n°Ry>>Req. The waire
itsell 18 now the major source of noisg, and the uwltimate:resolution of
the eguipment 18 determined by tlhe vare. This represents the best
which can be done with the hot-wire as a sensing element.

It 1s necessary for the transformer to have a wide frequency
range and uniform response, and it 1s probably this fact which has
prevented 1ts use in the past. Transformers are now available with
umpedance transformations of 3 ohms to 60Q0 ohms with level response
from 40 c/s to 100 ke/s, and thus for g 4 ohm wire resistance the
reflected resistance 18 15 times that of the valve. To achieve the
widest possible band width 1t 1s necessary to terminate the transformer
with 1ts characteristic impedance, but therc 1s no serious loss at low
frequencies 1f this is omitted. The transformer used had the following
characteristics

Pramary Inductance (30 winding) 3 i
Secondary " (60000 wanding) 18 H
Mutual " 360 miH,

I
3.2 Noise amplification in the campensator

i
Since the signal at the hot-wire falls uniformly at 6dB/octave
1 |
efter & frequency given by £ = ~--, where 7 is the wirc time constant,
2nT i
an amplaification which rises with freguency must be provided, and this
stage amplifies noise and signal without discrimanation. If the overall
band vidth 15 extended sufficacntly, a lamat will be reached at which
noise from the wire predomainates and no further information can be
obtained by oxtending the band width., The noise from the firast valve
in the amplificr or from the wire itself may be writton as an cguivalent
input

Bf = 4 kT Radf,
1 .
and 2f 7 = =~-~, where f, 18 the frequency at which the compensator
2ty
gain begins to rise, Ly may be expressed in the form
2
Eno .
em = 1+ (2m)? 22 Pl 4L kTR
Ga
8]
whero G, = overall gain of system at froquencles <¢ I,
and Eyg = noise voltage ab output R.l.S.

The/
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The total noise between any limits f, and f, is given by

55 rfa

R ! " LKTR{1+ (2n) £ 2] ar
Goa -.st

16
YRTR(f, -£ )+ -~ 12 KT R (£ - £3).
3

1

~

For fy>>f,, which 1s the usual case,

2 16
E':"N":—) = "ngTskTRfaa .
Gg 3

Thas function has been plotted in Fige.h {'or various values of R and 1.

Several circuits have been sugg s%eg. for achieving the requisite
frequency characteristic for compensation”»/+“, The one chosen 1s
similar to that described in (8), being a negative feedback system with
a time constant equal to the wire time constant in the feedback loop.
Campensation can be achieved at least up to 100 ke/s. The carcuit is
given in Fig.5 with response curves for various compensation settings in
Fig.6. Without some prior knowledge of the fluctuation levels and wire
sensitivities, it is impossible to arrive at a rational value for the
upper frequency limit. Clearly a filtor must be placed after the
canpensator since the gain of this unit is rising steadily, end in
practice it was found that the output stages were overloaded by input
noise alone unless a filter was used. The type of flow to be
imvestigated also has a bearing on the selected cut-off frequency. In
typicel isotropic free streams the spoctrum decays, whilst in
boundary-layer flows there is evidence of frequencies above 100 kc/s.
Since the present equipment was primarily intended for use in the free
stream, the band width was put tentatively at 50 kc/s to give a spatial
resolution of 0.01 £t at 1000 fi/sece A sharp cut-off {ilter was
inserted after the compensator unit. The compensator is linear to

100 ko/s, and it would be a simple mattor to substitute a 100 ke/s filter
if desired,

Since the equivelent noise input Eng/G, is a function of the
compensation setting, it is possible to check the operation of the
input stage and compensator. A wire of 6.5 ohms cold resistance vas
caonnected across the input transformer through a 6000 4F condenscr,
and i1ts temperature raised to L88°K at which toemperature its resistance
was 11.64 omms. Readangs of R.M.S. output noise were then taken as the
canpensation setting was altered, and the equivalent input values plotted
against r. The results are presented in Fig.7, end it will be scen
that fair agreement with the theoretical straight lanc i1s achieved.

343 The output stages

The output of the filtor is a random signal, and to obtain
steady meter readings this signal is fed via a cathode follower to a
vacuo~junction. A range of series resistances enables a suitably
large deflection to be obtained on the millivoltmeter, and a calibration
curve is used to convert this readang to cquivalent input with the
campensation off,

3el/
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34 Measurament of wire time constant

Since the anput trensformer is attached darectly to the ware
for noise reducticn, the usual method of injecting a large sudio-frequency
signal at the bridge input, Fige8, wall not suffice since an output would
result at all frequencires independently of wire time-lag effects. 1If,
however, a modulated radao-frequency carrier is injected at the wire
terminals, this difficulty i1s overcomc. The carrier 1s a convenient
nethod of adding heat to the wire at a determined freguency, and no
output response 1s obtainod from the mean carrier lovel since the carricr
frequency can be chosen well above the cut-off frequency of the equipment.
A ecrystal controlled oscillator and screen grad modulated amplafier
operating at 5.5 Mc/s were used. The essentaal featurcs of this systam
arc shom in Fig.?, wath a typical wire response curve with and without
compensation in Fig.6. Instead of plotting a complete wire responsc
curve to determine the time constant, 1t was found easicr in practice to
switch the modulation freaucncy from some value below W = 1/p, say
100 ¢/s, to one well above 1000 c¢/s, and adjust the compensation untal
the two outputs were equal wathin the lamits of 0,01 malliseconds allowed
by the compensator circuii.

Since freguencies below L = 2U/A, where U 1s the mean
tunnel speed and A the lenglh or the working scetion, should be
ascribed to fluctuations in mean tumel spced, f represunts the lowest
frequency at whach turbulence meagurenents arce valad. In the present
series of experiments f was about 1200 ¢/s.  Thus freguencies below
the break point of the wire are of no interest, and 2ll that 1s necded
15 any one rising campensation choracteristics. It 1s stall necessary
to detcrmine the ware tame constant, hovever, an order to know the
overall gain at frequencies below the break point since an errcr 1n T
will produce an crror in the overall gaine

3.5 VWire power umit

1t 18 convenient to use the anode circuit of o medium power
valve to maintain a constant current an the hot-wire, siace grad conirol
enables the current to ve varicd vathin fine lamats., The pranciple as
illustrated in Faigeb. A large clectrolytic condenscr is connectod
betveen the graid and ground to present zero impedance for noise
suppressicn. A well regulated pover supply for the value 1s still
cssential.

3.6 Hot-wairc probe

Tt 1s important an high-speed flows that the hot-wire be
upstrcam of any disturbances created by the supports. Despite thas,
a1l measuremnents relate to the flov behaind the shock from the wirc
1tself. For this reason the oraganal spot welding technique” has been
gbandoned 1n favour of copper plating the ware and soft soldering.

The bath for selectaively plating the ware is shown in Fag.10. A
currcnt of 1 mA depesits 5 to 10 ware diametors on the tungsten in

10 to 20 mnutes, A pure cu so, bath, 250 gn to 1000 ml, 25 used and
a fine resin core solder (34 S.7.G.) for scft solderang to the ncedle
support (Figs11). Such probes were found cntirely satisfactory for the
present investigation, and all the results described in later scctions
were obtained with one wire which ran for over 30 hours at M = 1,6,
Tungsten wire of 0,00025 inch dismeter hos been found most suatable.

Lo Turbulence Measurements

In Section 2 1t has been noted that the heat transfer function
1s zndependent of Mach number at boih high and low Mach numbors.
M = 1.6 was chosen as being sullwicrently bogyond the range where Mach
number varzations arc signaficant. /
Lie
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L+1 Measuraments in the free stream st M = 1.6

The probe was located centrally in the test diamond, and the
wire resistance varied fran 3.775 to 5.132 ohms. The value of x
(Equation (3)) thus ranged from 0.06 to O¢44. It was not possible
to obtain x values larger than 0,50 without oxidising the tungsten
wire, and altering the calibration. The desired resistance was set
on the wheatstone bridge (Fig.8), and the bridge current incrcased until
balance was obtained. The mean wire voltage was then determined by
means of a potentiometer, and the time average of the fluctueting wirc
voltage squared by the vacuo-junction as already deacribed,

The equilibrium wire resastance RO 18 most readily found by
extrapolating waire power input to zero (Fig.12), and C, the none-linear
term, from the relationship

L - n;rr
A T T
Woxa =V x*
R - R,
where X = mee—ee
Ry
! — ~r o -
N:. = power at x = x
Wa = powver 2t x = X, .

Pram the smoothed curve in Figel3 for the wire used, a valuo of 0.5 1s
R 2

obtained for C. If nowv the term ( -—:) 1s plotted directly against
iR

------ = x without correction for the non-linear heat transfer torm

in equation (1), the curve (1) in Fig.1l results and the least squares
bx ox®
parabolic equation of the form y = a + -- + -—= 1is curve (2) in Pigeil.

2 4

Applying the correction w=--—--vee—ee- to the overheating ratio, curve
1 - Cx{x + 2)

(3) 1s obtained which has a point of inflection and cannot be
approximated by a parabolic eguation. The corrcection factor has becn
plotted in Fige15 for valucs of C from 0.1 to 0.6. It will be
seen that for ¢ as found statically x tends to o« for

R02 s 1dR =
C = c—cmeee- , and K“—-) spproaches an horizontal asymptote.
iR
Appsrently best agreement with experiment demands that we ncglect the
effect of non-linear heat transfer.

Any attempt to explain this phenomenon must remain tentative
until the mechanasm of heat transfer {rom the wire is more fully
understood. Altornatively it is possible that another type of fluctuation
besides mass flow and stagnation tamperature invalidates the choice of a
quadratic equation. One such varasble is the sound wave mode, but thas
has been shown!O to have an increasing lineer effect wath x, and the
rresence of sound waves could not account for the inf'lection cobserved nor
the deperture from parabolic form at the vertex.

.A-/
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A sccond explanation is that the value of C obtained from
steady state measurements does not apply under dynamic condations where
heat is transferred fram wire to stream at rates up to 50 ko/s. If the
non-lineer term were caused by some redistraibution of the velocity field
around the wire, then it 1s not unreasonable to suppose that thas
distribution would not change at the same rate as the heat transfer
phenomena. Hence two dafferent values of C are needed, and it appears
fraon the experimental data that C = 0 is the best compromise for

dynamic purposes. |

Thas being the case, we may obtain by a least squares method
the best fit parabola

idR. # /X x
y = (-—-_—_—) = 1.6-11.84(—>+117<-—>
1R 2 2
R - R,
where X = e .
RO

Thus if G, 1s the gain of the amplifier up to the filter unat at which
1dR is found equal to 2720,

4R, VTiT x 100

It
jo
.
™
®

and

1]

0a03Ly04

Le2 Measurements behind a plane inclined shock

In order to examinc the scparation process where one variable
is not much greater than another, the probe was placed behand the
attached shock wave of a double wedge aerofoil section ("g"g;go‘lé) s and the
seme technmique was used to determine dRy/R, and aT/T,. In Figdl7
y = (18R/aRF is again plotted against x, and comparison with Fig.ls

shows that the parabola is now flattcr and the vertex has moved in the
direction of increasing X

The least squares solution for C = O 18

x x\°
v = 0.8345 - 0.32<->+ 2.656(—)
Z2 2

with the gaan between wire and f‘iltér now 1675 so that

dR
"'_:? = 0u 2,:;
R
G
dT,
&nd. —_——— = O- 06‘/"0.
T The/

o
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The interchange of encrgy from ARG to AT, has reduced the difference
between thom, and the parabola is more lake (2) 1n Fig.2 while the
previous case, the free stream [flow, corresponded to curve (1) in Fige2.

Le3 Measurements in the turbulent boundary layer on tho tunnel wall

A serics of fluctuation msasurements was madc at stations 0.1,
0435 0a5, 047, 0.9 and 11 cm from the lower wall of the nominal
M = 1.6 liner. Some inmitial cafficulty was expersenced due to the
high signal level, but this was overcome by removing the input transformer
and connecting the wire directly to the grid of the first amplaifier
through a large condenser. The results cbtained at the first station
d = 041 am are plotted in the usual manner in Figei8. Since a least
squares solution at each station would have been a tedious procedure,
the method of "selected points"!!l was used to obtain the parabolic
sguation. The levels of dRy/Ry, dT./T, and the corrclation
coefficienta for the six stations are shown in Fige19., Tho signal al
distances greater than 1.1 em from the wall was of tne intermittent
turbulent type indicating the uneven edge of the boundary layer, and
no turbulence measurements were made in this region. The profile, for
this limited rangs at lcast, is samilar to that reported by Kovasznay' 2,
although the temperature {luctuations observed in ths present work are
much less than in Ref,12.

The expeorimental points fit as closely as can be expected to
the parabolic ferm, and 1t 1s concluded that the two deminant fluctuation
modes are mass flow and stagnation temperature, although it had been
anticipated that the sound wave mode would be apparent. Attempts to
obtain the diagram for a pure sound wave modo were made by placing the
wire on an oscillating shock wave but the wire failed, presumably due
to fatigue.

Lo Effect of damping screcns placed upstream of the funnel
contraction

Normelly the tunnel s operated with two 100 mesh and one 30
mesh gauze in the contraction. Two tests were made to oxamine the
effect of these on the turbulence level in the test diamond at M = 1.6,
and it was concluded that withain the limits of accuracy of the experiment
there was no change when only cno 100 mesh gaunze was used.

5. Conclusion

The equapment as designed 1s suitable for free stream
turbulence measuremenis in supersonic tunnels, and the tecimique suggested
for differentiating between the two predominant fluctuation modes is
reasonably satisfactory. A possible diacrepancy between static and
dynamic hcat transfer conditions is noted.
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TABLE T

Comparison of Equivalcnt Noise Resistances

—

Application

Pentode

11
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o -

-

£ 1o

2300
9000
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6,000

8,500

Noise Egaiv.

~ -y

Resist
Cale. leas.
10,500 9 - 11,500
720 600 = 760
9L 00 -
960 1250
220 -
210 -
- 1400
- 500

i
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