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SUMMARY

OF TURBULENCE-MEASURING EQUIPMENT ‘

‘ By LESLIES. G. KOV&ZNAY

Hot-wire turbu.lence-meaauring equipmeni hm been developed

to meei the more 8tringent requiremew3 inmlved in the nwasure-

ment ofjuduuttiw in@w pammeters a-t 8up080nic velocitiw.

The higher mean &peed nec.%da-?a the resohdio% of h@.er

jreqwmqt components than at low 8peecl, and the relatively low

turbulence level pre8ent at super80nti qeeo? muke-s necaaa~ an

improved tie level for the equipment. The equipment cover8

the frequency range from 1?to about 70,000 cyde$ per 8econd.

Con9tant-eumentopera4i0n ti emplo@. Compendion for

hot-wire lug i-s ad~ted mandy wing square+vave testing to

ina%mie proper 8etJing. l’h423e and oi!ha feaiu.m make the

equipmeni ao?aptubb to ai@urpose turbulence work with im-

proved uti?ity and accuraq over tha-t of Ofder types of e@p-

ment. Sample mea8urement8 are given to &m.0n3trate the

perjomrum.ee.
INTRODUCTION

The hot+vire technique at low subsonic speeds has become
a standard tool of turbulence research. When high-speed
and supersonic wind tunnels appeared, the interest was
focused more on the effects of compressibility than viscosity.
This led to the accumulation of a wealth of data on supersonic
flow devoid of quantitative measurements relating to the
effects of the viscosity and, in particular, with respect to the
properties of the turbulence that was present.

The natural development calls for information on turbu-
lence in supersonic wind tunnels just aa it waa needed in the
case of low-speed wind tunnels in the laat decade.

The feasibility of using hotm-i.resin a supersonic flow was
first demonstrated by Dryden and Schubauer in 1946, when
they operated a 0.0003-inch-diameter tungsten wire in the
Aberdeen wind tunnel and observed fluctuations with it.
(This work is unpublished.) This type of measurement was
repeated in the Langley 9-inch supersonic tunnel at Langley
Field in late 1947.

It became apparent, after a closer tmunination of the
problem, that there were three major problems to be solved
before actual turbulence measurements could be obtained in
supersonic flow:

(1) To extend the response of the hot-wire probe and its
associated equipment to much higher frequencies

(2) To determine the heat-loss law of the hot-wire in
compressible flow, thus replacing the well-established King’s
law, valid only for incompressible flow

(3) To interpret the measurements obtained in a com-
pressible flow, w-herethere are three parameters of the flow
instead of the velocity alone, as in the low-speed case of
turbulence

The attack on these problems was conducted in separate
phasea. The development of hot+vire equipment capable
of handling signals up to 50 to 70 kilocycles with a tolerable
noise level is presented in this report. The work on the
determination of the laws of heat loss from wires and wire
sensitivity in supersonic flow was conducted at The Johns
Hopkins University and reported in references 1 and 2.
The analytical decomposition of the fluctuating flow field
into three modes and the interpretation of turbulence meas-
urements in a supersonic wind tunnel are given in reference 3.

After the equipment was put into operation and was used
to measure turbulence in supersonic flow, some modkations
in the equipment became desirable. Complete new units
have been built that have incorporated these improvements.
In the text and figures, the term “original” will be used when
referring to the equipment completed in the Bureau of
Standards in 1961 and the term “new,” when the equipment
presently in operation at The Johns Hopkins Universi@ is
mentioned.

The original equipment was developed as a project con-
ducted under the sponsor&ii and with the financial assist+
ante of the National Advisory Committee for Aeronautics.
The work was carried on in the Electronics Ditilon, Engi-
neering Electronics Section, of the National Bureau of
Standards and was one phase of a joint project undertaken
by NBS under the sponsorship of the NACA and by The
Johns Hopkins Universi@ under the sponsorship of the
Bureau of Ordnance of the U. S. Navy Department. By
informal arrangement, the author, who is asociated with
The Johns Hopkins University, spent part time in the NBS
laboratory directing the design and construction. The
author wishes to express his thanks to Dr. H. L. Dryden,
who originated the cooperative arrangement between NBS
and The Johns Hopkins University, and to Dr. G. B. Schu-
bauer, who asaisted in putting it into effect and promoted
the work by his support and interest. The author is much
indebted to Mr. Merlin Davis who did most of the detail
design and experimental work. In addition, his conscien-
tious help with the compilation and assembly of the report
material was invaluable. Thanks are due to Mr. J. G. Reid,

1TblslnvestIsotlonwosconductdat theNatlmiolBmwuof Standar&andtherwdts wwoorf@aIIYprcsantd In NAOATN Z39,“DevelopmentofTurbuleucAfeasurhgEqnIp-
ment”by LesMoS.C+.KCI-Y, W~ W’IMIWl~ ~ ~. ThisTdmfcd Nob b km rovlsdd k SUmmeiodby b W=ontP8rw.
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Jr., for supervision of the work as well as for his many
valuable suggestions, such as the use of the biased-diode
system of square-Ia-ivdetection, and to Mr. H. H. Parnell
who helped with procurement and shop problems.

The modifications were later developed by the author at
The Johns Hopkins University as a part of the turbulence
research program jointly sponsored by the U. S. Navy,
Bureau of Ordnance, and Project Squid. The author is
indebted to Mr. Victor Svec, whose help was essential in
this latter phase of the program. Thanks are also due to the
Ballistic Research Laboratory of Aberdeen Proving Ground
for giving supersonic-wind-tunnel time for first testing this
equipment in supersonic flow.
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SYMBOLS

nondimensional constants of supemonic hot-wire
heat loss

convection constant, cm~-sex
arbitrary random functions of time with zero time

average
B.–RI

dimensionless overheating ratio, —
Rf

R.–Rr
dimensionhxa overheating ratio, R

Ru~R.
dimensionlexi overheating ratio, R

4
thermal capacity of wire, ergs~C
diameter of wire, in. in figure 7, cm elsewhere
thermal energy accumulated in wire, ergs
voltage, v
voltage signal that would be attained without

thermal lag, v
characteristic vol$age of wire, 2Rr10
input voltage to diode circuit, v, e—LQ
mean voltage drop across wire, v
voltage fluctuation, v
voltage fluctuation caused by l-percent mass-flow

fluctuation, v “
voltage fluctuation caused by l~permnt tempera-

ture fluctuation, v
virtual voltage fluctuation that would be produced

in absence of thermal lag, v
voltage fluctuation produced by l-percent veloci~

fluctuation, v
frequency, cps
maximum frequency, cps

tube transconductfmce, mhos
heat loss of wire per unit time, ergslsec
heating current, amp
characteristic current of wire necessary to attain

a~’ =1 at U=O, amp .

imaginary unit, ~
heat conductivity of air at stagnation temperature,

ergs/cm/secpc
self-inductance, h
hot-wire length, cm

L
M
M.

m’

ML

ML.

n
R

R&

R.
Re
Rea
RI

R=

%T

R.
T
T
T.

Tf
T.
AT.
Tw
t
u
Au
u,
AV
w
z

Y,z.

a

P

:

P
P.

E

P
Ap

z
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4, 0’

v

(3

resolution length, cm
time constant of thermal lag in hot-wire, sec
time constant of wire when operated unheated

(rwistance thermometer), sec

mpercent mass-flow fluctuation, 100
a

Nusselt number
,—

Nusselt number at stagnation temperature
thermal lag constant of a particular wire, ampasec
r&istance of wire, ohms

z
correlation coefficient,

-@@
resistance of wire at temperature T,, ohms
Reynolds number
characteristic Reynolds number of wire
resistance of wire at reference temperature Tft

ohms
meter resistance in square detector, ohms
mass-flow-temperature correlation
resistance of wire at temperature Y’ti,ohms
ratio of mean-square sum and difference, V/Z
temperature absolute, ‘K
equilibrium temperature attained if wire is un-

heated, ‘K
reference temperature (usually 273° K), ‘K
stagnation temperature, ‘K
stagnation temperature fluctuation, ‘K
wire temperature when heated, ‘K
time, sec
mean velocity, ft/sec in figure 1, cm/sec elsewhere
velocity fluctuation, cm/sec
characteristic velocity of wire, cm/scc
bias voltage step, v
heat input of wire, ergs/see
space coordinate parallel to mean-flow direction
nondimensional paranmters depending on hot-

wire Reynolds number
temperature coefficient of resistivity defined at

T~, 1 per ‘C
deflection of radiometer needle
equilibrium temperature ratio, T,/T.
percent stagnation-temperature fluctudiont

.

amplification factor
-viscosity at stagnation temperature, poims
ratio of root-mean-square values of two aigmds
density, g/cm3
density fluctuation, g/cm3
mean square of sum of two signals, ~

T.–T,
temperature loading, ~

o
nondimensional parameter depending on operat-

ing conditions of wire
mean square of differenw of two signals, (a—b]x
time average
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GENERALREMARKSON HOT-WIRE METHOD

The hot-wire method for measuring turbulent fluctuations
of the flow parameter wsentially relies on the law of heat
loss from a iine wire located in an air stream.

For the usual condition, when the mean flow is large
compared with the turbulent veloci@ fluctuations, the whole
turbulent pattern is swept by the wire and, as a ii-et approxi-
mation, one can assume that the time history recorded by a
atationary hot-wire probe is really a record’ of the moving
turbulence pattern along the space coordinate z parallel to
the mean-flow direction. Similarly the long-range behatior
of the turbulent pattern in time is identified with the change
in conditions downstream along the coordinate z. This
interchange of space and time coordinates becoma justiiied,
in the limit, as the turbulent velocity vanishes compared
with the menn flow. This approximation enables one to
estimate the resolution in space from the frequency response
of the equipment. The hot-wire has two rather important
limitations. One is the nonlinearity with velocity; the
other is the finite resolution in time and, consequently, h
space.

Since heat loss is not a linear function of velocity, it is
rather impractical to measure turbulence with zero mean
motion. No distinction between the positive and negative
values of the velocity is possible because the wire responds
only to the absolute magnitude of the velocity. As a result
of this situation, the hot-wire is used almost exclusively in
flows where there is a substantial mean flow and the tur-
bulent fluctuations and the sensitivity coefficients will
depend ordy on the mean operating conditions.

The resolution length in the direction of the wire is the
wire length itself, and its effect on measuring space charac-
teristics (correlation and spectra) is given in references 4, 5,
and 6. The resolution length in the flow direction is gov-
erned prinmrily by the frequency response of the system.

Define L=$U where f~~ “is the maximum frequency of

the ~pl.ifier, that is, where there is no substantial loss of
response, and U is the mu speed of ~ flow. ~igure 1

shows the quantitative relationships. The “resolving power”
can be represented by an area having as sides the length of
the wire und the resolution length L in the direction of flow.
The resolution length in the third dimension is negligible,
compared with the two lengths mentioned before, because it
is governed only by wire diameter, which is always small
compared with the length.

The thermil lag of the wire is large enough to make the
unaided wire impractical, even for measuring turbulence at
low speed. The real advantage of the hot-wire method,
however, is not m much its small time lag but the fact that
the lag obeys a simple law; therefore approximate compensa-
tion can be applied satisfactorily. For higher frequencies
tho response of the hot-wire falls off inversely proportional
to the frequency. If compensation can be achieved up to a
factor of 100 (40 decibels), this will extend the useful fre-
quency range by the same factor. If the useful band is
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FIGmun I.—Resolution length of hot-wire anemometer at various
speeds.

assumed as extending up to the “3decibel point” (approxi-
mately 70-percent rqonse in voltage), then the new fre-
quency liniit with such a compensation is as follows:

M, ~Wemn&----------------------- 1.6 1.0 &8 0.4 112
fmu kc/sea--------------------------- 10 16 20 40 SO

The use of he wires, and consequently low time-constant
values, permits higher frequencies but introduces serious
mechanical difficulties. Any other turbulence-measuring
technique which might be suggested in place of the hot-wire
must offer a better resolving power without loss in absolute
sensitivity if it is to be an improvement over the hot-wire.

The sensitivity of the hot-wire probe to fluctuations “a
be derived from the law of heat loss from wire-s. The wire
responda to fluctuations in the heating and cooling conditions
imposed by the electric circuit and by the air flow. The
static and dynamic equations applying to hot+wire per-
formance in the case of an incompressible-flow medium will
be derived as a basis for the desi.~ of the equipment, par-
ticularly in regard to the choice of the hot-wire thermal-lag
compensation system.

The preliminary experiments with hotmi.res in supersonic
flow (refs. 1 and 2) have proven that the heat-low functions
are not substantialitydifferent from those in incompressible
flow, nor is there any difference in the ordar of magnitude.
This being the case, the well-established results for iucom-
presible flow can serve as a guide in determining orders of
magnitude. In fact, this was the procedure followed to find
the design requirements for the development of the present
equipment, since systematic data on wires in supersonic flow
were available only in the latter phase of the work.

.



~ 1190 REPORT’ L20~NATIONAlJ ADVISORY CO~E FOR AERONAUTICS

The following formula derived by Ew (ref. 7) mpr~en~
the heat 10S in incomprwsible flow for a wire of small
diameter:

H=l(TW–T.) (A’@+ B’) (1)

Using wire resistances R. and B, corresponding tQ T. and
T., rLuseful temperature factor may be defined as follows:

~d=Ru–R.

. Re

Since a, the temperature coefficient of resistivity, is ddned
in terms of n referenca temperature Rf by

liL=RJI +cI(Ttr Tf)] (2)

other useful temperature factors are:

~=R.–Rf
R,

and
~=R.–Rf

Rf

These become important in temperature measurement.
The conservation of energy requires that the difbrence

between heat generated in the wire and heat lost tQ the air
be equal to the thermal energy accumulated in the wire, so

PRw–l(T.–TJ(A’-@+ )=C=T’T ~ . (3)

where CTis the thermal capacity of the wire:

c&=gw

If them-of the hot-wire is small and the fluctuations are
slow, the rightihand side of equation (3) can be neglected
and rLquasi-equilibrium equation of state obtained:

(3a)12Rm=l(Tm– T.) (A’@+B’)

I?or convenience, equation (3a) can be transformed into a
nondimensionrd representation

$=i%wE+l) (4)

where

r
lB’

IQ= ~

and
(B’)’

m=~

The new constants R~, L, md UO me d~~teristi~ of any
given wire and have the dimensions of electric current and of
veloci~ in addition to the temperature factor previously
mentioned. Equation (4) is formulated in terms of the three
fundamental hot-wire vmiables U, I, and am’. Their func-
tional relationship is shown in figure 2. Keeping one variable
constant, the usuaI hot-wire characteristics are obtained as
orthogonal sections.

. Cmhm

I 2 3

R.–RFIGURE2.—Hot-wire in thermal equilibrium. uW’= ~’.
‘

At constant temperature am’= Constant the square of tho
heating current is a linear function of the square root of the
veloci~. At constant current I= Constant tho temperature
factor au’ decreases with increasing velocity. A$ constant
velocity U= Constant the temperature increnses frwter than
linearly with increasing heating current.

The hot-wire, operated in an electrical circuit which pro-
vides it with a constant heating current, responds to tho
velocity fluctuations by temperature fluctuations. Tb em
temperature fluctuations are recorded aa voltage fluctua-
tions. The value of voltage fluctuations at constant current
is

Ae aw’ 1 AU~. ——
e 2

r
o=1+ =

u

where .Aestands for the voltage fluctuations

(b)

(departuro from
the mean), Z=IRW is the mmn direct-c~e~t ~olt%~ droP
across the wire, and AU is the velocity fluctuation: Tho
negative sign indicates that the wire responds with a voltage
decrement to a velocity increment. A nondimensional form
of voltage-fluctuation sensitivity valid for all wires at zwo
Mach number is

(6)

with fi=2RfIo as a characteristic voltage and Ael as tho
voltage fluctuation caused by l-percent velocity fluctua-
tions. The plot is given iii figure 3 and indicatm that tho
sensitivity increases with both increwing velocity ratio and
increasing mean wire temperature. The reaulta thus ob-
tained are valid only for slow fluctuations because the righh
hand side of equation (3) was neglected. For faster fluctua-
tions the thermal lag becomes appreciable. Detailed
analysis shows that, within the reach of tbe linearized theory
of fluctuation response, the thermal lag obeys a simplo law

(7)

where Ae, is ti voltage fluctuation that would have been
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FIGURE i3.-Nondhnensionsl hotiwire sensitivity in Iow-spsed flow

obtained in rLthermal quasi equilibrium (eq. (3a) or (5)) and
M is the time constant, depending on the operating condi-
tions. The time cxmstantis, in general,

‘=(%)?%)‘
(8)

where CTis the heat capacity of the wire. With IGng’s law
and liiear dependence of the resistance on the temperature

t

“n% (9)

where n is a constant depending upon the properties of the
wire. For constant velocity, it will be noted that .F be-
comes a unique function of am’,for the time constant is then
simply proportional to the wire resistance. Where MO is the
extrapolated value for an unheated wire (ati’~0),

M=MO (l+am’) (loj

(This vrdue applies if the wire is used as a resistmce ther-
mometer to pick up temperature fluctuations.) The hot-
wire thus has four calibration constanta: Rf, Uo, l., and n.
Orders, of magnitude for practical hot-wire probes con-
structed of platinum and tungsten wires varying in diameter
from 0.00006 to 0.0003 inch are as follows: Rf, 6 to 50 ohms;
VO,200 to 300 centimeters per second; l., 25 to 150 milliam-
peres; and n, 10+ to 10-Esquare amperes times seconds.

The thermal-lag effect (eq. (7)) can be determined for sine
waves, and it can be easily shown that the equivalent circuit
is CLpassive four-pole network with a time constant M. The
transfer function is complex,

Ae_ 1
z–1+2r{fM (11)

whore Ae, is the signal of virtual voltage fluctuation propor-
tional to the velocity fluctuation and Ae is the actual voltage

Ae”
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FIGUEE4—Vector disgmm of hokwire thermal lag. ~ = 1 3, d.1+ (2.j14 ;
7=tan-1 2rfAf.
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fluctuation. The vector diagmm is given in figure 4 and
shows both the amplitude reduction and phhse lag:

Ae exp [–i tSrL-1(2mfd4)]—=
Ae, Jl+(27rfM)+

(12)

The amplitude reduction for the usual range of time con-
stant9 is given in &e 5. This figure clearly indicates that
the hot-wire anemometer dot be used for measuring rapid
fluctuations unless the thermal-lsg effect is substantially
reduced by some compensating system. This was first
successfully achieved by Dryden and Kuethe (ref. 8). Since
then a number of other systems have been devised for reduc-
ing thermal-lag effects. These will be discussed more in
detail later.

The heat loss at supersonic velocities has been determined
experimentally and data are given in references 1 and 2.
The fluctuation sensitivities have been- determined by
logarithmic differentiation. Experiments for a complete
range of Mach numbers have been carried out by Lowell
(ref. 9) on wires of a large diameter (0.003 ind), but his
main attention was focused more on the measurement of
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mean-flow parameter values than on turbuknt fluctuations.
Recently the heatrloss parametem were remeasured and
some new findings are reported by Spangenberg in refer-
ence 10.

The results of the experiments conducted in supemonic
flow can be summarized as follows: The unheated wire,
when exposed to a supersonic air stream, reaches an equilib-
rium temperature between 93 and 98 percent of the stag-
nation temperature:

T.—.
T.q,

}

(13)

~= 0.93 to 0.98

The variation of q with Mach number is available from
experimental data. If the wire is heated to a temperature
T., the heat loss is proportional to Te–T. as a fit approxi-
mation. I?or higher temperature there is a substantial
nonlinear effect. This nonlinear effect does not seem to
depend much on the Maoh number. Figure 6 shows this
variation as a function of temperature loading.

The variation of heat loss on flow parameters can be
represented nondmensionally with the Nusselt number
as a function of Reynolds numbar md Mach number.
If an appropriate combination of flow parameters is used to
form the Reynolds number, the dependence on the Mach
number disappears aud the Nusselt number becomes a
linear function of the square root of the Reynolds number:

Nu= H
dk.(Tw–TJ ‘k!%-’)”-”’) ‘4)

Values of A= O.58, B=O.S, and (?=0.18 were found ex-
perimentally. These rwults are shown in figure 7.

I 1 1 I 1 1

LOWvire,o’=WC03 h
M,Sec

0 L155
0 L19
O L%
A 144

H
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P 153
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M,Sec

b L27
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D 203

4

2

0

0 2 ,4 6 8 10 12 14 16
&

~ =~_de Nue=
FIGURE 7.—Heat loss of wire at superaonio speeds. , u. ‘

H
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—; standarddeviationof Nu. is 0.098.4A !f!&

According to equation (14), the hot-wire responds to
mass flow and stagnation temperature, and the fluctuation
sensitivities can be computed accordingly. The wire is
sensitive to mass-flow fluctuations and to stagnation-
temperature fluctuations. If the voltage fluctuations caused
by l-percent mass-flow and l-percent absolute stagnation-
temperature fluctuations are denoted by Ae~ and AeT,
respectively, the voltage fluctuation across the wire becomes
(eqs. (8a) ~d (8b) of ~ef. 2)

Ae=-100A&~

IRW a.’
‘e”=loo 47 z

ATO
+100Ae, ~ (lb)

o

(16)

——0.38ya.’—@a.’Aee~ 1#1(1’$9G
)

(17)

where q is defined by equations (13) and @ rLccountsfor
the no”tiearity of heat loss with temperahre and v and
z depend on th~Reynolds number: -

‘=1 U’a~’(l+aJ—
9

R.–R.
am’=

R.

g=aT, J

(18)

(19)
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The separation of root-mean-square mass-flow

(20)

(21)

fluctuation
and reot-mean-squaro temperat&e fluctuation and the cor-
relation between the two can be determined by taking
measurements of mean-square fluctuations with the wire at
different operating temperatures.

The sensitivity coefficients Aemand b= and their ratio
are given as a function of am’in figure 8.

GENERALDESIGNCONSIDERATIONS

The equipment is intended to indicate turbulent-velocity
fluctuations and their time derivatives either at one or at
two points in an air stream and to measure mean-square
values and mem products of fluctuations and their deriva-
tives, These afford the more commonly known statistical
quantities, such as turbulent intensity, turbulent energy,
correlation coefficients, scale, and shearing stress. In ad-
dition, it is intended that the equipment should provide the
basic units to which other circuits and instruments may be
attached when it is desired to obtain other statistical quan-
tities. For example, these may be frequen~ analyzkm to
obtain the spectrum or statistical analyzem to obtain prob-
ability distributions.

Commonly used hot-wire arrangements were also taken
into consideration when laying out requirements. These
arrangements are the single-wire probe with wire normal to
the wind and the x-wire probe with a pak,of wires, one at a
positive angle to the wind and one at a negative angle to the
wind, These me well-known types used in Lhemeasurement
of tho three mutually perpendicular components of the ve-
locity-fluctuation vector. Since it was known to be neces-
sary in many cases to use two such probes and to compensate”
them separately for lag, two channels were desirable.

Ferdmreethat would make possible the measurement of
turbulence in high-speed wind tunnels were placed uppermost
among design considerations. The extension of response to
higher frequencies was therefore the primary requirement.
The turbulence level to be measured, on the other hand, is
e.xpectad to be quits low; therefore the noise level imposes
limits on the sensitivity. These requirements suggested the
decision in favor of conventional compensation (inverse

FIG~ 8.—Variation of fluctuation seneitivitk with wire temperature
in supemonio flow. Tungsten wire with 0.001 tXnoh diameter wns
used. Flow m,nditiona: M= 1.73, Z’o=293° K, and prcsnre at
stwnationtomperatumw= 40 centimetersof meroury.

circuit) instead of a constant-temperature negative feedback
system (see section entitled “Compensating Amplifiers”).

Early in the work it was decided that the problem of
measuring turbulence at very high speeds should be ap-
proached by first analyzing and perfecting the fundamental
techniques and apparatus necessary for such measurements,
rather than -by a hurried attempt to place hotmires in a
supersonic stream before the behavior of such wires and their
response characteristic-swere known. Therefore it was de-
cided to build equipment of a permanent type, which would
be rugged and easy to service and check. In other words,
the object was to avoid operational diflicultiw that so often
plague a temporary laboratory setup. Such qualities become
of inestimable value when experiments are undertaken in
large supersonic wind tunnels where test time is at a pre-
mium. Another advantage is that the equipment then would
folJow commercial practice; that is, a certain function is per-
formed inside a “box” without special attention from the
operator. Because the art of using hot-wires at supersonic
speeds is so new, it was felt imperative that the equipment
should hm-e as great a versatilib as possible. This quality
has been achieved in the present equipment to a gratifying
degree.

The possibility of using two hot-wire probes at two dif&ent
points in the flow field, where the operating conditions may
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be quite diflerent, led to the use of two independent mnpli6er
channels. II the correlation coefficient is to be measured
between two fluctuating quantities, the necemary sum-and-
difference signals can then be produced after compensation
and amplification. The advantages amruing from the use
of grounded rather than ungrounded input circuits and
possible means for reversing the polarity led to a decision in
favor of push-pull ampl.iiiers‘m all of the circuits. The
direot measurement of the correlation coeihcient is made
possible by using a radiometer to read directly the ratio of
mean squares of the sum-anddifhrence signals from two
hot-wires. This objective calls -for a high-power output
Squardaw detector, a requirement which led to the develop-
ment of the biased%ode type of squaring circuit. The two
independent clmnnels, each built with push-pull amplifiem,
naturd.ly permit the measurement of correlation in the
ordinary way, namely, by forming the sum and diilerence of
the two signals of the two wires before feeding them to the
amplifier. The cmrelation coefficient of two varisble
quantiti~ a(t) and b(t) that have zero averages is

z
‘“=42%%

The bar denotes time average:

(22)

(23)

If the mean square of the sum “anddiiYerenceis formed, the
mean product is easy to obtain:

2=((2+ by

}

(24)
V=((z-b)’

(26)

If the mean~quare level of the two signals is adjusted to be
identical [=1 and

Z—V l—r
Rti=— =—=f (r)

Z+V l+r
(27)

where
v

r=—
2

In this particular case the correlation coefficient becomes a
unique function of the ratio of the mean square of the sum
and the mean squsre of the difference.

The direct-current radiometeris a two-coil instrument with
practically no restoring force. The moving system assumes
a position sc that the opposite torques on the two ceils sre
equal. The torque is proportional to the current in the ceil
and also to the magnetic field. The pole piec= are shaped in

such away that the magnetic fields vary continuously. The
condition for equilibrium depends only on the ratio of th
two currents II and 12. The deflection of the needle 13can bc
expressed approximately by

Since the correlation can be uniquely expressed in terms o’
the ratio r, the instrument can be scaled directly in correlation
coefficient in addition to the ratio scale. With Lhetangent
approximation the correlation scale becomes

givingan ‘~most uniform scale with Eab=O in tho center am
Rab=l and R.~= —1 at the two ends.

Since the equipment was expected to be used under circum-
stanm where there had been little previous experience witl
respect to wire thermal lag, that is, at supersonic flow, pro-
vMon has been made to measure the thermal lag of tho wire,
This is done by the square-wave method described in rofor-
ence 11. The problem of feeding square-wave current pubm
into a relatively low impedance hot-wire circuit necessitated
the use of a power amplifier. The presence of a power ampli.
fier, on the other hand, provided a simple solution for contro
of the hot-wire heating current.

The units of the equipment must perform a largo vario~
of functions that are listed below:

(1)
(2)

(3)

(4)

(5)

(6)
(7)
(8)
(9)

(lo)
(11)

(12)
(13)

(14)
(15)

(16)

(17)

Supplying a controlled heating current to the wi.m
Measurement of the heating current (0.1-porccmt

accuracy)
Measurement of the hot-wire resistance (mean re-

sistance with 0.05-percent accuracy)
Combination of the voltage output of two wires (sum

and difference)
Superposition of square-wave signalson wire-heating

current
Amplification of hot-wire signal
Compensation for thermal lag
Rejection of signals of higher frequency than desiro~
Messur~ent of root-meamsquare signal output oi

amplifier
Equalization of two compensated output signals
Formation of sum-and-difference signal from twc

channels -
Amplification of combined signals
Ditlerentiation of signal (once or twice) with respect

to time
Squaring of a signal
Forming the ratio of two squared signals (mear

square)
Supplying known-magnitude root-mean-square sig-

nals for calibrating the channels
Supplying known time-constant circuit for cali

brating and checking thermal-lag compensation
In addition to these basic functions, the amplifiersmust bt
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FIGURE9.—Block diagram of turbulence-measuring equipment.

supplied with appropriate forms of power which are controlled
and metered. Sine-wave and square-wave generators are
used for calibration purposes. An oscilloscope is used to
monitor tlm output signal. The hot-wire heating current is
mcnsurcd by the voltage drop across a resistor in series with
tlm wire by Lheaid of a direct-current potentiometer.

The various functions listed above are performed in the
different units as follows:

(a)
(-b)
(c)

(d)
(e)
(f)

Two control units: (l), (2) partly, (3), (4), and (5)
Two compensating amplifiers: (6), (7), and (8)
one service unit: (9), (10), (11), and metering power

for two compensating amplifiers
Two power units: (12), (13), and (14)
One calibration unit: (2) partly, (16), and (17)
Auxiliarv equipment including radiometer: (15)

Tl&rblock dia&& if the equipme~t is given in “fi&e 9
and the auxiliary equipment is shown by broken lines. A
photograph is shown in @ure 10. The breakdown of the
equipment into units is mainly dictated by the flexibility
desired and also by the order of magnitude of sigmds to be
handled. The range of the quantities to be measured was
cautiously bracketed and the preliminary design data follow:
Platinum-hot-tiredfameter,in.------------------ 0.000093.00025
Tungsten-hot-wirediameter,in------------------- 0.0001S-0.00080
Hot-wiro rcaistanco,ohms------------------------ 2-1oo
Hot-wire heating current, ma------------------_-- 10-300
Timo constant of thermal lag, milliseconde--------- “ 0.1—5.0
Volhgosi~d fmmtiH, rev -------------------- b 0.1-100
Outputsignalfrom compensatingamplifier(maxi-

mumoutputbeforeoverloading,v------------- 10-20
BIn tho now equipmentthe upperlimitwasonly 1.0 millisecond

sincosufflciontly thin wires were used.
b Not takinginto accountthermal-lageffect. (Actualinputsignal

ic attenuatedadditionallyby laginvolvinga factor2-20.)

The breakdown of the total amplification between (b)
und (d) is such that the compensating amplifier has an
Approximate amplification of 10,000, with an output im-
pedance of 3,000 ohms (eaoh side of push-pull). This results
in cm output-voltage level of 1 volt for a 100-microvolt
input. I?urther manipulation of the signal, therefore, is
performed on a level of the order of 1 volt or more. The
power unit has a maximum amplitlcation of the order of
50 and its output is of the order of 30 to 40 volts. The

Pwer sqq)lies Lcnv+evel si~al High-level signol

=%zl
Plate supply

for ccmtrol unit I I
Filament supply
for conirol unit I I
4

Pbte supply
for control unit 2

4
Compensating

omplifier I

Gxnpensoting
amplifier 2

ContIOl unit I I

+

Cdrol unit 2

Calibmting unit.

+

FtJwer unit I

Power unit 2

Serviceunit I
Oscillagraph I

I I

Filament supply
for control unit 2

Blonk

.
FI~~ 10.—General disposition of equipment.

square detector supplies a current of the order of 0.5 milli-
ampere into a load of 1,500 ohms, which is adequate for the
radiometer. All attenuators have ratio steps of 1: ~,
making a ratio 1:2 after squaring. By manipulation of the
attenuator control the readings of the square-type detector
are always in the more accurate region of the scale.

In the following section the individual units will be
described in detail.

DESCRIPTIONOF EQUIPMENT

The parts list for the comectom of the various units is
&en as table 1. The parts lists for the other components
of the circuits are given with the detailed circuit diagrams.

CONTROLUNIT

There are two identical control units, one for each cihannel.
The detailed oircuit diagram is given in figure 11. The front

.
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FIWJRE12.—Ckmtrol unit, front view.
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Frcwnm13.—Controlunit,top view.

view of the control unit is shown in figure 12 and the top view
of the wiring is given in figure 13. The main functions of
the control unit are:

(1) Control of heating current in the wires
(2) Measurement of wire resistance (mean) under both

hot and cold conditions
(3) timbination of wire signals before feeding them to

tie compensating amp~er
(4) Superposition of square-wave current pulses to the

beating current for measurement of thermal lag
One end of each hotmire is always connected to the ground,

and one side of the square-wave generator is also grounded.
This is considered a rather important design feature of the
equipmcmt, especially when high frequenciw are occurring
in the signal, because neither floating wires nor floating
power supplies could be tolerated.

The circuit consists of three parts:
(a) Curknt control .
(b) Multiple bridge
(c) Switching arrangement

.

,

+2COV ‘Sqmre-viwe hpt

Heotiq-amnt ++,.n [~.-.
c’ ompllfler

FIGURE14.-Heating-current control and squar~wavo feeding system
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Fmmm 15.—MuItiple bridge in control unit.

The heatiqg current is controlled by six power tubes (SOLO-
G) and the multiple bridge represents the cathode load (SOO
fig. 14). This cathode-follower type of operation greatly
facilitates the superposition of any current fluctuations such
as square’ wavea on the control grids. The current is con-
trolled by the grid bias from a stabilized voltage divider.

The measurement of cold resistance of the wire requires
very small currents (1 to 10 milliamperes). Special pro-
visions were made to feed a small current to tho wires di-
rectly from the voltage divider, since the tubes paas u lnrgor
current even at zero grid bias voltage.

In the original version the power tubes were connectod as
triodes; in the new form, however, they are used as pentodes
and current control is effected by both control grid and n
screen grid, thus providing a large range of current, This
change was made concurrently with replacing the storago
batterkx by electronically controlled power supplies.

The multiple bridge consists of six parallel arms @g. 15).
Each arm acts as a voltage divider and a certain positivo
potential with respect to ground appears on points, S, a, %
b2, b, and h. The resistance-measuring arm consists of
R32, R34, and R35. The bridge ratio is 10:1 and resistance
values up to 100 ohms can be measured in O.01-ohm steps.

By appropriate switching tlm direct-current potential
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differences can be detected by the galvanometers,thus giving
resistance measurement or re3istazmecomparison (e. g., two
who probes). The ah ernating-current potential fluctuations
can be fed to the compensating amplifier both separately
and in appropriate combinations. The heating current is
accurately measured as a voltage drop across standard
reaistoraby means of a direct-current potentiometer (located
in tho calibration unit). The standard resistors R19 and
R36 am placed in series with each wire and an extra one
R34 is in series with the whole bridge. The value of the
latter is chosen to give the same voltage drop as the individ-
ual ones if two hot-wires are used. The principal switch
S7 has five combinations for measuring either one of two
singlo wires, the sum and dMerence of them, or an external
calibrating signal.

The combination of two signals before amplifying requires
the use of rather well matched wires. If the two wires have
slightly unequal lengths, and therefore resistances (less than
10 percent), a special matching circuit (fig. 16) can reduce
the effective length of the wire by tapping off a reduced
potential from points x and bj. Since the compensating
amplifier has a push-pull input, neither side requires gronnd-
ing, This gives the possibility of measnring the difference
output of two wires. The half sum of the signal from the
two wires can be obtained by tapping off the midpoint
of a 1:1 voltage divider between the two hot-wire potentials
(point o). In this way the sum-and-diiTerence signals can
be obtained before amplification, and the correlation coefii-
ciont can be measured in the conventional way.

On the other hand, if the correlation coefficient is measured
by tho radiometer, each probe is connected to one separate
control unit, each signal is amplified and compensated
separately, the sum and dMerence are formed in the service
unit, and the mean squarea are formed by the power units.
This latter method is desirable if the two hot-wire probes
must operate at two dMerent points in the flow where the
mean velocities, and therefore time constants, are widely
different.

The square-wave calibration of thermal lag requires a
separate bridge arm. The temperature (res.istamce)fluctua-
tions can be obtained from a balanced bridge even in the

presence of an alternating-current component in the bridge
current. Unfortunately, the decade resistors used in the
calibrated bridge arm R35 do not have good high-frequency
response; therefore the potential for the square-wave tests is
taken from the uncalibrated bridge arm (from point s).
Potentiometers R17 and R18 are carbon potentiometers.
If the voltage from the wire alone is used, this sigmd con-
tains an undtiied square-wave contribution that gives
“spikes” when compensated (differentiation), so the bridge
arrangement is absolutely necessary. special chokes Ll,
L2, and L3 protect the galvanometersfrom the square-wave
component of the heating current, and the heating-current
measurement by the direct-current potentiometer is also
suspended during the square-wave test.

COMPENSATING AMPIJFIEBS

The compensating ampliiier is the most critical part of the
hot-wire equipment. An unconventional layout is neces-
sary because of two extreme requirements. First, the level
of the input signal is extremely low; therefore the question of
thermal noise becomes of very great importance. Second,
the electronic compensation of the thermal lag of the hot-
wire requires a special frequency-response characteristic
that can be adjusted with h~h accuracy according to time-
constrmt values. These features naturally can be obtained
only by ad&tional gain and extended-fre”quency band
width.

The operating-frequency range is 2 to 80,000 cycles per
second; therefore large interstage coupling condensem are
needed for good low-frequency response which then necessi-
tates special disposition and mounting features to avoid
parasitic capacitances to ground and loss of gain at higher
frequencies.

The hot-wire is a low-impedance so”urce (2 to 20 ohms);
therefore the thermal noise originaks primarily from the
first amplihr stage. The use of transformer coupling in
order to improve signal-to-noise ratio could not be extended
to both lower and upper ends of the frequency band.
Another method for improving impedance matching.between
source and amplifier is the use of high-impedance metal-
coated quartz fibers as hot-wires. No su~ednl results
have yet been pubhhed.

The thermal noise is lower for triodes than for pentodes
and the equivalent noise-generating resistance decreases
inversely proportional to the transconductance of the tube.
This led to the choice of 6J4 tubes in the first stage of the
original eqnipmqnt. In the new equipment, however, they
were changed to Western Electric 417A, which showed both
greater stability and lower equivalent thermal noise. Since
the high transconductance always involves close cathod+
grid spacing, these tuboa are rather microphonics. This
fact promoted the need for the special antimicrophonic
suspension tied for the first stage.

The thermal lag of the wire produces an attenuation and a
phase shift. The frequency response of the wire with
complex notation follows:
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Frcwrm 17.-Compensation systems.

e 1
;=l+2myM

1 (30)

Here e, is proportional to the velocity (or temperature)
fluctuation and e is the actual distorted voltage output of the
wire. The compensation therefore must -have a complex
frequency response 1+2aI-ij21L This means that the com-
pensating circuit also has a characteristic time”constsmt and
the ampliilcation becomes simply proportional to the fre-
quency if the frequency is large (2n-->>l). Such circuits
with a time constant can be obtain@ in many ways; there-
fore the compensation systems are numerous: The several
types that have been adopted are shown in figure 17. These
are described briefly M follows:

(a) Inductance-resistance compensation (fig. 17(n)).
This is the earliest type of compensation (ref. 8) whero
L/R=M with the additional requirement RO>R, The
large vslue of L necessitates the use of a large inductance
ohoke. I?requency limitation is mainly due to the resonant
frequency of the choke. The time constant is controlled
by R which in turn also alters the amplifkation.

(b) Capacitance-resistance compensation (fig. 17(b)).
This is the most commonly used type. Compensation is
controlled by the variable condenser c. Roquimments are
M=RC and R&R. The main disadvantage is that C
is floating above ground potential. The advantago com-
pared with type (a) is that the amplification does not change
with compensation setting.

(c) Transformer compensation (ref. 11 and fig. 17(c)).
The transformer adds a differentiated signal sufficient to
restore the loss of signal from the wire. The advrmtage is
no 10ss of gain. The disadvantage is the magnetic pickup
and reaommce of the transformer.

(d) Negative feedbaok resistance-capacitance compen-
sation (ref. 12 and @. 17(d)). The equivalent circuit is
ide.utied with type (b) but has the advantage of being a low-
impedrmce circuit. The condenser is grounded on one side
(or close to ground in a push-pull circuit). The time con-
stant M=RC, and the gain is RJR. The total range of
compensation is 1+gmR, where g= is the trmwonductance
of the tube. The ceiling-to-floor ratio can be made 20 to 30
without making the minimum gain of the stage less than
unity.

(e) An improved form of type (d) developed for the present
equipment (fig. 17(e)). The feedback ratio is incrensed by

&l

l+R+Ra

where p is the amplification of the second stage. The total
feedback ratio can be boosted to a wdue between 200 and
300, compared with 20 to 30 for type (d), and the minimum
gain across the two stage9 is still approximately 10.

Th6re is also an entirely difFerentapproach to the com-
pensation problem, namely, the constanbtemperrdu.re feed-
back system shown schematically in figure 18. The hot-who
is placed in a bridge and the unbihmce voltage is arnplifiod
and fed back to the bridge to suppress the tempmdure
changes of the wire. The system is discussed in detail in
references 13 and 14.

For the present equipment, type (e) compensation was
developed incorporating the advantages of types (b) and (d)
but not having all of their shortcomings. The ideal com-
pensation would require ever-increasing response propor-
tional to frequency (at high frequencies). Since there is no
amplifier which has an unlimited increase in gain with fre-
quency rise, the compensation has au ultimate limit. The
working range of compensation em easily be represented by
the ratio between bnsic ampliilcation (“floor”) and the maxi-
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FmuRE 19.—Range of compensation.

mum amplification of the compensating circuit (“ceiling”).
The transition curve between the two levels gives the com-
pensation characteristic (see fig. 19). By a suitable choice
of circuitry a great part of this “volume” can be used for
useful compensation. The ratio between ffoor (O-frequency)
(in fig. 19 shown as “uncompensated”) and ceiling (~ -fre-
quency) amplification depends on the circuit constants. In
circuit (b) it is simply R/& and in circuits (d) and (e) it is
identical to the feedback ratio K. In the case of circuit (d)
the floor-ceiling ratio is not more than 20:30. This type of
circuit is therefore suitable only for small amounts of com-
pmsation, In tho present circuit (type (e)) the factor
chosen was 250. This gives a satisfactory compensation up
to a ratio of 100 (2~ilZ=100). Figure 19 shows how the
ideal (dashed line) and real (full line) compensation charac-
teristic compare.

Using the usual resistancwmpacitance input coupling, the
noise is mainly generated in the first stage of the amplifier
and consists mostly of tube thermal noise. The equivalent
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Fnxrrm 20.—TheoreticeJ noise level of compenaatimg amplifiers ss
compared with lo-kilocycle band-width amplifier.

noise-generabng resistsme was studied on single tubes.
It was found that 6J4 tubes had 1,200 to 1,700 ohms and
417A tubes, 400 to 700 ohins. ~aturally, the push-pull in-
put doubles ‘that value for the amplifier. On selected tubes
the noise is white Gaussian noise. If the frequency response
of the ampliiier were flat, the noise power would increase
only proportional to the band width. The time-constit
compensation means additional amplification at high fre-
quencies and the white noise is amplified too. The rcdt is
a great increase of noise, and the noise voltage increases
proportional to the 3/2 power of the band width and pro-
portional to the time constant M. I?igure 20 shows the
theoretical noise level (voltage) of a compensated hot-wire
amplifier compared @th a flat-frequency-response ampliiier
with a band width of 10,000 cycles per second. The noise
root-mean-square amplitude of the latter is taken as unity.
Every turbnlem%nergy spectrum measured has a maximum
at a relatively low frequency, and the turbulence has an
energy spectrum strongly decreasing with increashqg fre-
quency. This means that the signal submerges into the noise
at some frequency value.

The simplified circuit diagram of the ampl.i.fieris given in
iigure 21. The ampliihr consists of five stages. All stages ,
are in a push-pull arrangement to enable the handling of
signals from ungrounded sonrcw. The symmetry of the
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Fmmm 22.—Compensating amplifier, front view.

push-pull arrangement has additional benefits in stability
and freedom from hum. The total ampl.i.ikation without
compensation is approximately 15,000. The compensation
adds another factor of 250 making the total amplification of
high frequencies a maximum of 2.5X106. The breakdown of
st&es f~llows. First stage: b,w-noise triode, approximate

gain 20. Second stage: High-gain pentode stage, amplifica-
tion approximately 50. Third and fourth stages: Amplifica-
tion without compensation approximatcily 20, with compen-
sation approximately 5,000. Fifth stage: Cathode follower,
approximate gain 0.5.

The maximum signal occurs in the fourth stage and over-
load occurs when the output signal is of the ordar of 20 volts
root mean square. The gain control is between the fit and
second stages. It is a constant-impedance, double T, ladder-
type attenuator witi 17 steps having the voltage ratio -1:+2.
This is convenient since it gives a double amplitude in the
output of a square detector on the next higher step. The
original equipment had LC-type low-pass flters. However,
in the new form RC filters wwe adopted since they are easier
to match for the two identical channels and have no over-
shoot. The output is sticient to drive a high-impedance
thermomuple circuit for all except the lowest level turbulence
measurements. The proper balance of the individual stages
is monitored by a small meter on the tint panel. The tubes
are all heated with direct current and the plate supply is a
conventional regylated power supply (300 volts, 100 milli-
amperes) with additional filtering incorporated in the com-
pensating-amplifier unit. Stability of the amplihr was sub-
stantially improved by using small series resistma in all grid
circuit& Slow oscillations (motorboating) were eliminated
by a Iow-frequaucy negative feedback, operating between the
second and fourth stages, by simply connecting the screens.
The low noise required the use of high transconductance tubes
in the fit stage, but these increased the microphonicspickup.
The front-panel view is shown in figure 22.

The noise level of the ampl.ifk naturally depends on the
frequency band width (lilter) and time constant selected.
Figure 23 shows the noise level, determined from the oper-
ation of the compensated amplifier tith varying time con-
stant M, and filter settings, designated from A to E. The
noise level is defined by the roohmean-square voltage fed to
the input that produces a root-mean-quare output voltage
without compensation equal to that produced by the thermal
noise with compensation in the absence of an input signal

COMMJTJ?DE FOR AERONAUTICS

:

I80
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I40

: 120
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o .,

G3mpensotion, rrdllisec

FIGURE23.-Noise Ievel of compensating amp~er (equivalent input
with compensation oIT).

The problem of frequency-response characteristic adjust-
ment of the amplifier near the upper frequency limit is a
matter for compromise. The upper frequency limit affects
the noise level and, if only the root-mean-quare value of
turbulent fluctuations were measured, the ideal frequency
response would be uniform up to a given frequency limit,
then very sharply cut off. On the other hand, if the phase
relations are also important, that is, a faithful response of
wave shape is required, then a more “gentle” falling off at
high frequenci~ would be more advantageous. The fre-
quency response may be adjusted by “t . “ g“ the circuit.
The frequency response of the amplifier with different cut-
off iilters in the circuit is shown in fqyre 24. The amplifier
with no low-pass filter has a uniform response approximately
up to 160 kilocycles and then falls off gradually, The com-
pensation characteristics for an assumed ideal amplifiar am
shown in figure 19. The actual compensation’ characteristics
may be obtained by superposition of figures 19 and 24. For
low time-constant values the response is limited by the inters;
for high time-constant values, by the ceiling-tin-floorratio.

-The response of the compensated amplifier may be accu-
rately determined by the method of squaxewaves. A cirouit
arranged for this purpose is shown in figure 26. Square-wave
pulses are fed intQ a “dummy hot-wire” made up of a decade
capacitor and resistance so aa to have a time constant in
milliseconds equal to the capacitance in microfarads (shunt



●

DEVELOPMENT OF TURBULENCE-MOASURING DQ~

1.2

Lo

#
.8

s .6

! .4

2

0
1’2 5(02 5 102 2 51032 5 104 2 5 KY

~cps

FIffurm !M.-Frequenoy response of compensating ampliiier.

GotlKdmy Osdoxo@,,
,,”..

w-i-anyhat-wire----
------------

c-— 0
Y&

---------------

7

FIGUnE 25.—Calibration of compensation performance by square waves.

lW+unE 26.—Effeot of compensation at high frequency. Time
constant, 0.4 millisecond; squarwvave frequency, 5,000 oyclee per
second.

o Unmmpemoted

b ~ compensated

c ~ mmpensoted

d ~ ampensoted

e Fully mm~soted

f + overmmpemokd

l?IcJunB 27.—Varfous degrees of compensation. Time constant, 0.4
millisecond; squarwvave frequency, 500 cycles per seoond.

rcsistrmce= 1,000 ohms) and a frequency response identical
to R real hot-wire with the same time constant. The fre-
quency characteristics at the output of the amplifier are then
determined by the wave form appearing on the screen of the
cathode-ray oscilloscope. The square-wave input signal dis-
torted to simulate the behavior of the hokvire is known to
be properly compensated when the output signal is restored
to its original form. The screen was photographed during a
variety of tests and same of the photcgrapbs have been
reproduced in figures 26 to 29.

l?igure 26 shows how much a square-wave signal of 5,OOO
cycles per second is attenuated by a hot-wire having a time
constant of 0.4 millisecond and how the greatly reduced and
distorted signal can be restored by compensation. This
shows how much information would be lost without compen-
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Fmmw 28.-Squme-wave rwponse of compensation
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FIGURE29.-Sensitivity of squ-wave method.

sation. I’igure 27 shows the patterns obtained by varying
the compensation se@ng. Figure 28 shows the response of
the compensated ampliiler to square-wave frequencies from
200 to 50,000 cycles per secund. The progressive departure
fi-om square-wa,ve form shows the mntinual elimination of
higher harmonica. A symmetrical square wave has only odd
Fourier components with ampliti-des decreasing inversely
proportional to their frequency. U onIy the fundamental

. frequency passes through the amplifier, the third harmonic
is aWy out of the range. This condition probably has
been reached for the 35,000-cycle-per-second square wave
and definitely has been reached for 50,000 cycles per second
because of the near sinusoidal format the output. This indi-
cates that full cut-off lies between 105,000 and 150,000 cycles
per second. On the other hand, the contribution of the third
harmonic is uku-ly visible in the 20,000+ycle-per+eccnd
trace, indicating an appreciable response at 60,000 cycles per
second. The 15,000~ycle-per-second signal has an addi-
tional contribution from the fifth harmonic. Since higher

and higher harmonics come through

I

as the signal frequcmcy
decreases, the wave shape becomes more and more square.
However, as may be observed from figure 19, the effmt of
compensation alsa deteriorates with increased hot-wire time
ccnstant.

The method of square waves is very sensitive for compmsa-
tion setting, especially when the square waves ovorlap.
Figure 29 demomtiates the sensitivity of this method. The
slight difference between the upper and lower side of the traco
is due to a slight nonlinearity of the sccpe used,

With a square-wave input and prcper ccmpenkation for 0.4
millisecond, the rise time of the output wave is appro~<-
mately 8 microseconds. The rise time here is defined as tho
time required for the output voltage to rise from 10 ta 90
percent ‘of its final valu~ when a-discontinuous transient
(strep-function) voltage is applied ta the input. The samo
dtition would give a rise time of 880 microseconds for tho
uncompensated wave, so the improvement is of tho order of
100 depending slighdy on the definition.

SEEVICEUNIT

If the cm-relationbetween two signals is meaaured by the
radiometer method as described in the section entitled
“General Design Considerations,” the two outputi from tho
compensating ampliiler must be cambined to form bhe sum
and the difference of the two signals. The compensating
ampli&s are provided with gain central only in steps;
therefore additional continuous amplitude contrcls are neces-
sary in the service unit. The equality of the raot-moan-
square level of the two signals necessitate the incarpomtion
of a thermocouple meter.

The circuit diagram is given in figure 30. Two input cir-
cuits are provided by smalkmge amp~tude centrals and
rectiiier-type level metem to equalize the signals. Tho sum
and difference of the two signals are produced by n spocinl
ring circuit. Outputs are provided by convenient switching.
A thermocouple mot-mean-square meter circuit is incor-
porated. The only special feature is the sum-difbrenco
circuit. If a ring of eight identical resisters is fed by two
independent alternating-ourrent signals at diametrically
opposita points, pairs of resisters will cannect onch pair of
feeding points. The midpoint of these pairs of resistorsgives
the arithmetic mean of the potentials; thereforo one pair of
diametrical tap points gives the half sum, and the othor, tho
half difference, of the two input voltages (fig. 31).

For calibration purposes it is desirable ta feed identical
signak to the two systems. This can be achieved by closing
the “1=11” switch.

The compensating amplifier must be terminated by u
3,000-ohm load resister to grcund on each side. This resistar
is not incorporated in the amplifier unit. The equalizing and
metering circuit provides n load of approximately 3,000 ohms
on the compensating-ampliiier outputs. The front panel is
shown in figure 32. Auxiliary circuits havo boon added to
serve other equipment. This fact accounts for tho extrn
features in the photograph.

POWER UNIT

The radiometer method of measuring correlation requires
higher &ec&current output bm the square detector than
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FIGurm 31.-Surn-clillerence circuit.

is available from thermocouples. A higher power square
Fmum 32.-Service unit, front view. .

level (3 to 4 miorovolti). ~ this case the output maybe as
low ss 50 to 100 millivolts. The circuit diaggam of the power
unit is shown in figure 33. The power unit also incorporate
two differentiating circuits that can be caacaded to provide
second derivatives with respect to time. Depending on the
frequency range, the time constant of the di.tlerentiation

detector and also a higher output amplifier have a number of
o~hor possible applications (6. g., recording of output level).

The signal level emerging from the compensating smplifier
is 1 to 5 volts except under rather special circumstance, for
oxamplo, taking low-frequency measurements without ther-
mal-lag compensation or making use of the then low noise

mfUsfs&GG77
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FIcwmmW.—Biased-diode squardmv detmtor.

circuit can be varied by changing the capacitor. An attenu-
ator with steps and 1:- ratio controls the gain and a con-
tinuous gain control is provided to adjust levels of relative
amplification in the two channels (two power units). After
two stag= of voltage amplification a high-power push-pull
stage M&es the signal to the 30- to 40-volt levd across a
rather low impedance (4,ooO ohms cathode to cathode).
This power is available as an output for any meter or equip-
m~t requiring high alternating-current power.

The square detector is a separate circuit within the power
unit. Figure 34 shows the square-law detector circuit. The
original equipment was built with germanium diodes and
small dry-cell batteries for bias. In the new equipment,
vacuum-tube diodes are used and the bias is provided as
voltage drop through resistom fed from a separate floating
power supply. The original circuit is given in figure 34, since
it is easier to follow the principle of operation. The circuit
uses the biased-diode method that can be adjusted to any
monotonic functional relationship betwe& voltage and cur-
rent. The circuit consists of pairs of rectifiers with series
resistors acting as full-wave rectifiers. The bias voltage
prevents the rectiiiem horn conduc~~ before the siaaal
overcomes the bias voltage. Thus with increasing instan-
taneous voltage more and more stages of rectifier paira are
conducting. The curve of rectiiied current against input
voltnge is controlled by the series resistors.

The computation of the circuit can be simplified by
assuming continuously distributed rectifying elements and
seriesresistors. If the voltage drop across the meter can be
neglected, identical series resistors would produce an exact
square law. In the general case the voltage drop across the
meter must be subtracted from the input voltage. The
following quantities are defined:

Slight o+erlood Norrnol opemtia Low level Very low level

I%UEE 35.—Amplitude response of square-law oirouit. Asnpllfkmtiou
readjtied for eaoh osoillograph. Frequenoy, 100 oyolea pm
second.

500 cm Ipm Cps 2,000 Cps 5,000 Cps

FICHJBH 36.—Frequenoy response of squardaw olrouit.

e input voltage
I output current
R= meter rwistance
et input voltage to diode circuit, e—IB~
R: value of the resistor in stage that just starts conducting

at voltage e’
AV bias voltage step between stages
Assuming continuous distribution it mn

%’=&v +

be shown that

(31)

By choosing the resistors on the basis of this appro.ximato
theory the square law established itself remarkably well.

The square-law circuit responds instantaneously within
the limitations of capaci@ effects in the diodes. If the out-
put voltage is plotted against the input voltage (sine-wm-os
input), the resulting Lissajoue figure ‘on the cathodway
oscilloscope is a parabola. Figure 35 shows a series of such
parabolas at varying amplitude levels. At low levels tho
steps are clearly seen, but at higher levels the parabola is
practically continuous. The variation of squaro responso
with frequency is shown in figure 36. The increasing phaso
lag produces an ~-shaped pattern when the phase lagbecomes
900. The quantitative response of the squaring circuit is
given in figure 37, showing that the performance is not
inferior to that of a thermocouple but produces CLsub-
stantially higher &rec&current output. The front panel
arrangement is shown in figure 38. The compact unit of tho
square-wave detector is show-nin figure 39.

CALIBRATION UNIT

The control unit and compensating ampliiler have been
made in two identical units to provide for two identical
channels. The functions that are not needed in duplicate
and involve the low signal levels of the ampliiier input’ aro

.“ .. ....
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FIGURE 37.—Calibration of square-law circuit.

int&rated into a calibration unit.
The circuit diagram is given in figure 40 and the front

panel is shown in figure 41. There are two independent
circuits. One is a calibrating-test voltage supply and the
other, a direct-current potentiometer.

The calibrating-test voltage is obtained from an external
generator (sine-wave, square-wave, or random-noise). A
thermocouple root-mean-square meter (O- to 3-milliampere
range) measures the current through the calibrated resistors.
A shunt can change the range by a factor of 10. The poten-
tial across accurate rwistors can give continuous range of
te5t voltagea from 300 microvolt9 to 90 millivolts at any
wave form. A “dummy hot.mire” (essentially the same as
in fig. 25) is incorporated giving a tied time constant of
0.5 millisecond.

—-—- — - —- — —.— —
—— ---~

—------/. . .
I I I

_l

I 11111,111111111
0 I 2

Inches.-. .—.——..... . . .. .— - — J
Fmmm 39.—Biase&diode square-law deteotor in power unit,

. AUXILIARY EQUIPMKNT

The. auxiliary equipment employed is shown dotted in
figure 9.

Power supplies,-The compensating amplibrs are sup-
plied with the appropriate forms of power which are con-
trolled and metered. The control units have two power
supplies, one for the plate and one for the Nament.

Oscilloscope.-An oscilloscope is used to monitor the out-
put signal. The faithful response of the oscilloscope is im-
portant @ square-wave calibration.

Radiometer,-It was stated in the section entitled “Gen-
eral Design Considerations” that the ratio of the output
currents supplied by the power units can be made a unique
function of the correlation coefficient. The radiometer used
was made by the Sensitive Research Co. The power re-
quired to operate this instrument is a 0.5-milliampere direct
current across a 1,500-ohm resistor, which wouId produce a
750-millivolt potential drop. The power unit has this capa-
bility available, whereas the thermocouples installed in the
service unit are incapable of supplying this amount of power.
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FIGIJRB 40.-Calibration unit.
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Fmmm 41.—Calibration unit, front view.

~ImJEE! 42.-Hot-wire response to traveling shock wave. Compen-

sated A and uncompensated B record from shock wave. Wolkton
wire, diameter, 0.0001 inoh; heating current, 21.42 milliamperes;
u.’= O.47; time constant M= O.225 millisecond; calibrating tie
wave, 6-kUooyole, 7&nillivo1t root-mean-square value.

Wave analyzer, —A naxrow-band-width wave analyzer is
used to measure the power contribution to the total signal
by the diiferent frequency bands. The commercially avail-
able equipment is designed primarily to isolate discrete
spectral lines and is calibrated accordingly. Some modi&.a-
tions, such as the use of a square detector for output meter,
are necessary to measure the proper quantities.

SAMPLEMEASUREMENTS

A few sample experimental results are submitted. This
has been done not so much for the information contained but
to demonstrate the soundness in design principle of the
equipment by its performance in the manner expected.

TIME RECORD OF HOT-WIEE OUTPUT IN A SHOCK TUEE

When a traveling shock wave passes by a point in a shock
tube, the density and absolute temperature increase dis-
continuously and the velocity rises abruptly from zero to a
finite value. If a hot-wire probe is inserted into the shock
tube, a transient change occurs in the flow conditions during
n period that is mtrernely short compared with the response
time of the wire and accompanying apparatus. In accord-
ance with the theory, the uncompensated wave shape should
still be exponential, even though the simple linearized ther-
mrd-lag equation is not applicable. Figure 42.shows an un-
compensated and a compensated record together with a

~-- —. .-.-$. -----

. .

-1
, ,).

.,
. .

,’, ” .

B,.-

,, *,.
..-

-.’.

.-
.,.

.. ——..—-—–-- ——. . .’

Fmurm 43.—Ultimate r~olution of ho~wire method. ~ shock-wave

record, compensated; B, U3-kilooycle square-wave record, compen-

sated; C, no signal; D, sine wavq 50-kilocyol~ 75-ndllivolt root-

mean-square value. Shook-wave indication rises sharply, then

becom~ lea steep, probably because shook reflection from wedge-

shaped holder beoomcs signi60ant. %=33.3 ohms; 1= 13.56

milliampere; time constant ~= 0.205 millisecond.

5,000-cycle-per-second sine wave. The records prove that
with compensation high fidelity has been achieved. Oscillo-
graph records obtained at a higher writing speed more com-
pletely resolve the details of the transient response per-
formance, and, in the presence of a timing signal, the rise
time can be estimated. Figure 43 shows three trams illus-
trating the transient response of the wire to a step function
in flow conditions (A) and in heating current (B). The rise
time measured is of the order of 10 to 15 microseconds. This
work was carried out in the Department of Aeronautics at
The Johns Hopkins Univemi@.

MAS@-FLO W AND STAC4NATION.T13?KPE13ATURE FLUCTUATIONS IN A
SUPEIWONIC TUNNEL

A 0.00015-inch-diameter tungsten wire of approximately
O.OSO-inchlength was used in this investigation. The sensi-
tivity of the wire is given in figure 8. The instantaneous
voltage fluctuation across the wire is given in equation
The mean-square voltage fluctuation

‘ lAe~’=@=Ae.’(m’) 2+ AeT’(8)’–2A& AeTm’r?R.r

with

mt=~f)04G@
;Z7

(15).

(32)
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A(pu) AT.

‘“T=Ji@7 I/z77

If the correlation between mass-flow fluctuations and stag-
nation-temperature fluctuation is complete (I&=*1), the
plot of

)
~+;=j (%T

must be a linear one. The intersection at

AA= ~ -
AeT

equals t?~d the sIope is m’ for RmT= —1 or —m’ for RmT= 1.
A tungsten wire 0.00015 inch in diameter and approxi-

mately 0.08 inch long was exposed to. an air stream with
M= 1.73 and a supply pressure of 40 centimeters of mercury.
The sensitivity for mass-flow fluctuations varied by 1 to 10
millivolts per percent and the sensitivity for stagnation-
temperature fluctuation varied by 3 to 10 millivolts per
percent corresponding to 1 millivolt to 3 millivolts per “C.
The ratio of sensitivitiesvaried by a factor of 1 to 15 in the

.9

.8

.7

Ae’ ~ — Assumrng RmT= -1.0
~“

m’= 0.44

,~ To’ =033
/. Ho

5 /
.

-—– Assurring R~ = O
/

m’. a59

/
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/

T~ = 0.49

6 0 I I I 1 1 I

30 .2 .4 .6 .8 LO 1,2 ‘ 1.4
Aem
~

FIQURE 44.-Graphical separation of mass-flow’ and temperature
fluotuatione.
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FIcmaEI46.—Power smotrum of turbulent fluctuations in suuersonio
boundary layer. l%c-stream Maoh number, 1.76; atm’~heriu
premure; stagnation temperature 2’.=20° C (293° IQ; boundary-
layer thfoknem, 0.500 inoh; probe location V= 0.250 inoh.

useful range. Figure 44 shows a plot of the separation of
mnss-flo~ and temperature fluctuations obtained in the
Aberdeen Bomb Tunnel when the turbulence was ticially
increased in the settling chamber. The graph suggests

strongly thot Rm~= — 1 in this case. Later analysis of the
same data (fig. 10 in ref. 3) indicatea that the fluctuationswere
primarily “temperature spottimws” or “entropy mode.”

An oscillographic record taken during the same experiment
is shown in figure 46. Note the high-frequency content of
the hot-wire output, This is not the random noise produced
by the equipment since the signal-to-noise ratio was ap-
proximately 30:1 (in power). The energy spectrum was
measured by a specially built superheterodyne wave ana-
lyzer up to 70 kilocycles A supersonic boundary layer
about 0.5 inch thick was explored (ref. 3) and the spectrum
found is shown in figure 46. The noise level is about one-
sixth of the signal at the upper end.

TURBULENCE SPECTRUM IN LOW-SPEED FLOW

The perfomnance of the turbulence-measurhg equipment
described in this report seems to be superior tmthat of pre-
viously reported instruments at both high and low speeds.
I?igure 47 shows an energy-spectrum measurement in a
turbulent boundary layer. The noise and the turbulent-
velocity fluctuation are both random functions. The energy
spectrum of the signal decreaaeswith rising frequency. The
spectrum of the ampliiier noise is flat without compensation,

l?mmm 47.—Energy epectrum of turbulent velooity fluotudiona in
low-speed boundary layer. Free-strsmn velooity Uo= 50 feet per

second; boundary-layer thiokneas, 3 inohea; distance of probe from
eurf~ 0.15 inoh; local mean veloeity U/UO=O.63; turbulence level
in terms of free-stream velocity U’iUO, 0.078.

but it rises with frequency when compensated.
The noise readings are indicated at the two highest fre-

quencies where they are still substantially lower than the
signal (points close to horizontal axis). At lower frequencies
the noise spectrum is practically undetectable.
THE JOHNSHOPKILYS UmmmsmY

BALmmom,MD.,Deoembm 1$’,1961.
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TAHLE 1.—PARTS LIST FOR CONNECTORS OF ELECTRICAL CIRCUITS

symbol DesaiPUon M8nnfwtmW Prom To 8k3001

Pi_-- . . . . . . .._-. ~~~:~g::::: AnL PhenOlfoc70rp_________ 8qnarswave SOU8111tor___Controltit_________ 10v
Pa__. . . . . . . . . . . +-g~,=~---..--.....-... .---. ---. ----.. ---. --:-------------- Oontrolonit---------- Oaubrotlorlnnlt _______ O-lvd. o.
P3A-._.___._. [ “- ‘–- ;:::: ~ p~m~ @*--------..----- ~t alpply _____ CantrOlmdt----------- @13vd. o.

IP3A____________ .- —-------------------------------- Pm supply ----------- Oontrol Ill------------- Z2)vd. o.
!P1. ______ . --------- .--- . . - —------------ ------.----..- Oontrol nrdt_________CaltbratlonnnIt—.__._. O-lvd. o.

!----- )~ ph~~ c~-.---.--------- G3ntmlnnlt.----..----.-- &mrms3tirw arrmliSOr--- O+M mv a a ~t-~?~ d~~

I
(R%%%%.%
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Pa_- . . ..-.. –_- k

[Al+slz+-:Ma~lj
,, . . –, -, - -.. ——, —“.P&_________ {m.-alw-.-uc---.- ,

Pa_.._.___.–_ emPa____________ ----------------------------------- 081tbmtbnunit__ ..._- 00nt?olrelit ________ O-Wmv aa
Pa-. _ . ._______ BlnrUrrg~_.. _____ ------------------------------------ Hot-wireproh______ COntrolonly—-__. . . . . O-#XInmd.a, O-lCUlmvao.
Pa .. . .._ . . .._- & P5____________ -..--... ---. ----. -.----. ----. --.--– timpemating mnpUSOr._
Pu..._...__.._- &lN.-------------_-.--.. C~_~v. OOrPv Howard B.

Su-vlca nntt__-.._ . . .._ 0-8 v a. a, 40 v d, a (output slgnnl)
P0wor3’npplg_.. _-..._. Oommnratlng8mplUloT-. W3vd. a,117va. o.

Plo...- . . ..-__._ me Pi___________ _--. -.-_ ---: --------------------- Sbm-vmmgon6mt0r_.-_. Oalfbrctbmunit__ -.-..: 0-10v a. a
Ph. .. .._... ___ BIndbra@________ ----------------------------------- ---------------------------- Oontmlrmlt__...- . . ---- Areaw tarmlnd tod-opotont40motor
Ply .. .._-. _____ eeaPa-------------------- ------------------------------------ S@i-Vtmanlt---------- OwfJl&mw or wave am+ H4gh-lmpxhlnrnoutput

P13.. . .._.. .__.- S@ Pa-------------------- . ----------------------------------- Sa-vitamltt_-_..._.._- Powlm.kilt_.._. . . . . . . Im@auw Inotohwloutput
Ply. ___.. -...-_ Btnrl@ pints ________ ---------------------------------- POwormriL..-_...-_- RatiOmklr _________ O-L6 V d. O.
PM.. -------------- & PA------------------- ------------------------------------ POwermltL -------- . . . . . . . . . . . . . . . . . . . . . . . . . . . 0-1.6 v d. a ond a a (sqaoro output)
P16._.._..._-..- S.wP3A-_ . . ..-_..-_ ------------------------------------ ---. ----–--... ---.. -:------ Power rude_._-_ . .._. 117 v a a
P17.__.__..._- P4@PA------------------- ------------------------------------ Power nnlt__..._...-_. oscmwamo-.__.- . . ..- Lmnt-dgnrdmonltar
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