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INTRODUCTION

The problem of turbulence in asrodynamics is at present being
attacked both theoretically and experimentally. In view of the
fact however that purely theoretical considerations have not thus
far led to satisfactory results the experimental treatment of the
problem is of great importance. Among the different measuring
procedures the hot wire methods are so far recognized as the most
guitable for investigating the bturbulence gtructure. The several
disadvantages of these methods however, in particular those arising
from the temperature lag of the wire can greatly impair the measure-
ments and may easily render guestionable the entire value of the
experiment,

The name turbulence is applied to that flow condition in which
at any point of the stream the wagnitude ond direction of the
velocity fluctuate arbitrarily about a well definable mean value.
This fluctuation imparts a certain whirling characteristic to the
flow, )

At any point in thé flow the velocity can be decomposed into
a mean velocity and a so-called turbulence component. The time-
average value of the latter is by definition equal to zero. The
turbulent velocity fluctuationsg according to investigations thus
Tar made show no regularity in their details and hence it is evident
that they obey only statistical laws. Between the velocity fluc-
tuationg measured at different points a certain correlation is
observed which serves to define the turbulence dimensions in space.

The order of magnitude of the turbulent fluctuations in actual
flows is relatively small, being altogether 0.25 to 2.5 percent of
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the time-averaged value, and only in extreme cases will it attain
5 percent of that value. The frequency range of the turbulence
fluctuations however is much greater, the frequency numbers lying
between 10-3000/second. -

On the basis of what has been said above an instrument for
measuring the velocity fluctuations must satisfy the following
requirements:

1., I{ must be able to measure up to about a 1 percent effective
velocity fluctuation and up to about 5 percent of the latter or,
referred to the time-averaged value, to about 0.05 percent accuracy.

2. The size of the measuring device must be small so that it
should not be larger than the characteristic dimensions of the tur-
bulence and therefore in many cases it must not exceed 1 millimeter.

3. It must falthfully reproduce the sine components for the
different frequencles asg far as possible within the range of
10-3000/second.

4. If the connection (correlation number) between the velocity
fluctvations measured at two or more points is investigated, the
velocity fluctuations must be reproduced with the greatest nossible
faithfulness. This uniform reproduction of the frequency range in
addition to the phase relations however imposes severe reouirements
on the instrument.

Hot wire measurements go back to about 30 years ago when for the
first time its possibilities for measuring stream velocities were
investigated. Ir 1914 L. V. King (reference 1) lowered a heated wire
into a heat dissipating air stream to investigate the air flow laws.

At the same time as King, Dr. Istavan Schrodt (reference 8) was occupied
with the develomment of a zero inertia velocity measuring instrument
using for this purpose slender heated filaments. Unfortunately however
he was unable to give any relation expressed by equations.

Following King's lead Huguenard, Magnan and Planiol (refer-
ence 8) concerned themselves with hot wire velocity fluctuation
measurements, investigating in particular the velocity fluctuations in
the free atmosphere.

H. L. Dryden (reference 2) was the first to determine theoret-
ically the thermal lag effect of the wire and its numerical value and
to design a compensated amplifier. Thisg amplifier system was further
develoned by W. C. Mock (references 3 and 5) and his coworkers.
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Independently of the above, Doetsch (reference 9) in Germany
conducted hot~wire velocity fluctuation measurements without
however compensating for the themmdl lag.

In Holland, Ziegler (reference 11) independently of Dryden
designed a condenser compensated apparatus and (refersnce 12)
measured the thermal lag of the wire using a variable currept bridge.

In England, Simmons and Salter conducted several tests with
their hot-wire apparatus (reference T) especially their well-known
turbulence spectrum measurements (reference 10).

Important turbulence measurements without using the hot-wire
method were conducted by Schubauer (reference 4) on the basis of
the increased heat diffusion due to turbulence.

The procedure for conducting the hot-wire measurements consists
generally in placing a very thin platinum wire (prepared by the
Wollaston method) in the flow, the wire being heated by an electric
current. The air stream cools the wire to a degree depending on
the stream velocity. The wire temperature thug fluctuates in
correspondence with the velocity fluctuations and with it the wire
regslstance and therefore the voltage drop across it. The voltage
fluctuations of the wire are therefore proportional to the air
velocity fluctuations. This however is true only if the thermal
lag of the wire is small for those frequencies which are under
investigation.

Unfortunately however it follows from theory that the effect
of the thermal lag cannot be compensated electrically up to any
frequency limit, At higher frequencies the wire responds with a
smaller amplitude because it cannot heat up and cool down with
sufficient rapidity, A compensating device is precisely a means
for giving a more faithful amplification of the fluctuations at
the higher frequencies. There is a limit however to the amplifi-
cation as the higher frequencies are continuously increased and
therefore we require only of the compensating apparatus that it
restore a 1 percent drop in amplitude due to the inertia effect to
approximately its initial value.

In addition to the above primary compensating amplifier a
further amplifier is naturally required for the cases where the

~fluctuations are led to an.oscillograph or the effective value

of the fluctuations is measured with a thermocouple voltmeter.
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With the apparatus that has thus far been developed. abroad
(reference 5) the compensator frequency characteristic shows a drop

- of about 10 percent for the frequency range of 25-1000/second and

about 30 percent for the frequency range lOOO-SOOO/second.

The design of the amplifying apparatus still leaves much to be
desired. There are three fundamental conditions encountered in the
hot-wire method of measuring the velocity fluctuations:

1. Ths known velocity fluctuation amplitude should be capable
of being fixed in advance especially at the higher frequencies,

Z. The thermal lag of the wire should be compensated in the
desired frequency range and within the latter the response should be
faithful,

3. The quantity characterizing the thermal lag of the wire (the
time constant) should be known accurately under the actual conditions,
The compensation for the desired measurements is determined on the
basgis of these conditions.

The obJject of the present paper is to describe a calibration and
measuring apparatus and a method by which

1. The wire consgtants can be determined by simple measurements;
the scatter of the latter can be readily smoothed out, and on this
basis the amplitude of the fluctuations determined.

2. The thermal lag (time ccnstant) is determined by a separate
method as under actual conditions and the required compensation and
fgithful response of the entire apparatus can be readily controlled.

3. Because of the above-mentioned possibility of control of the
compensation and thus the measuring accuracy and entire response an
eggentially better new amplifying apparatus is obtained.

On the basis of known principles it was possible in this paper
to design a reliable hot-wire turbulence measuring apparatus. To
give a detailed account of it would however exceed the scope of the
present paper.

The theoretical and experimental scientific work underlying the
pregent investigation is part of the research program of the Aero-
dynamics Institute. I here wish to express my sincere and grateful
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thenks to Dr. Elod Abody, the director of the Aerodynamic Institute,
Tor his careful guidance and far reaching support. It was he who
‘pointed out that without turbulence tests fruitful aerodynamic research
cannot be conducted, In the autumn of 1939, I was entrusted with the
design of a turbulence measuring apparatus. In designing the apparatus
and in working out the principles of the present investigation I have
received much useful advice and much material aid without which this
experimental investigation could not have heen undertaken.

TRANSFORMATION OF THE KING FORMULA FOR THE
HEAT 10SS OF A HOT WIRE
According to the relation obtained by L. V. King (reference 1)

the heat loss of a thin metal wire in an air stream can be expressed
in the following form:

= (61 - 6,)(BV/Y + 7) (1)
where
H heat loss per unit length of wire
v velocity of air

Gl temperature of wire
6 temperature ol air

8 and vy are constants which depend only on the wire diameter
and other data (specific heat, density, conductivity). The validity
of the equation extends down to such small velocities for which the
free convection velocity of the heated air may be neglected in com-
parison with the blower velocity. The formula moreover can be used
ag long as the radiation losg of the wire is not too large or until
the wire is visibly glowing. At certain values of the Reynolds number
the flow about a cylinder undergoes a clange and according to test
results the constants in the equation undergo a discontinuous change
but the validity of the equation still holds over separate intervals.

L. V. King derived thisg equation theoretically. For the purposes
.of our investigation we shall only make use of it when the above
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equation is valid or the heat loss of the heated wire is proportional
to the temperature difference and to the square root of the velocity
while the constants remain such within a certain range.

The second law on which our consgiderations are based is that the
resistance of the platinum wire varies linearly with the temperature
coefficient. Thé deviations from the linear law for the range of
measurements considered lie within small enough limits so that they
can be neglected.

Since the temperature of the wire cannot be easily measured
directly the heat equilibrium equation referring to the steady state
must be written in such a form that only measurable quantities remain
in the equation. We introduce the following notation:

W heat in Joules produced per unit length of wire per unit time
ry  « resistance per unit length of wire at air temperature 8o

r I resistance per unit length of air at test temperature 61

1 length of wire

rl =R total resistance of wire under test oonditions

rol = Ry so-called cold resistance of wire, or resistance at air

temperature )
J strength of wire heating current
o temperature coefficient of wire resistance

In the steady state there is equilibrium between the heat produced
and heat conducted away or

J2 g [L+a (61 - 60)] = (61 - 65) (BT + )

We introduce the following quantities

r  ——
a = (61 - 6) = —g=— = —%- , a=d% 5 ¥y =J%

instead of the variables, and the constants
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B S 4 2
C. = o rg Jo =8 a=1J
and moreover let y' =y + ¥,.. The'equation written with the new
variables and constants is '
arg(1l + a) = 2 B(y + 3,)
"0 a P o]
a(1 + a) = acy’ S - (2)

Solving the above equation for the variables we obtain the following
simple formulas:

q
a = T 3
ey aa— (3)
B e - Cy
q == 3 S (4)
A
_Ll+tag N J
y - a c yo Vs 2 (5)

Three variables occur in the equation: the temperature coefficient,
the heating current strength (squared) and the air velocity (square
root). The simple connection between them is expressed by the above
formulas. For greater ease of manipulation we snall keep some
variable as constant treating it as a parameter and thus discuss only
the relation between the other two. We canuot however leave out of
congideration the fact that during the actual meagurements the changes
in the wire resistance react on the heating current and therefore we
must digcuss the so-called dynamic characteriatic.

THE THREE SETS OF STATIC CHARACTERISTIC CURVES

We sghall first investigate the case where the wire temperature
and therefore its resigtance is kept constant and shall find the
current strength corresponding to which the gilven velocity produces
the arising heat quantity: '
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(according to equation (4) of preceding section). This means that ;
g is proportional tc y' from which it follows that we obtain ;
straight lines which start from the point y''=o0, y =~ y,. The
negative values of y mnaturally have no physical meaning. We can
now very easily obtain the wire calibration or the determination of
the constants ¢ and y, (fig. 1). The wire is calibrated by con-
necting it in a resistance (Wheatstone or Thompson) bridge and
balancing the desired resistance and therefore the temperature., For
each wind velocity we obtain the current given by the balanced bridge
and in this way the wire temperature, Through the points we draw the
characteristic curve. The segment intercepted by the abscissa axis
gives the value of y, while the value of ¢ 1is obtained from the

slope. The slope is
() w2
Ta+ 1l 3y
oy A J
~

From this we can see that for a = 1 the slope is 1/2 of ¢ and
only for a = 1is the entire value of ¢ obtained, The case
a = 18 indicated by the dotted line of figure 1.

(&) .

n

In the characteristic of the fluctuation measurement the current
intensity and therefore q is constant, To the different values of
the velocity and therefore y there correspond different valuss of
the temperature, that is,- a, The latter is simply connected with ¥
and the parameter ¢q. This idealized state however would be realized
if' the wire, whose resistance is assumed very large, is heated from
a very large source of voltage across it and thus the resistance
fluctuations would not react on the wire heating current. The equa-
tion of the curves

a = —~~——«a; g = const,

represents hyperbolas whose asymptotes are parallel to the coordinate
axes, the horizontal asymptote coinciding with the axis of abscissas
(fig. 2), that is, when y = a = o, The position of the vertical
asymptote is determined as follows: ILet y' = y'3 where a =o and
y' =y, where a =1, then
a=1=-——,—%——-— and a=oo=———,--(—1-————
cyy - 4 C¥g - 4

from which cy&

"

2qg and oy’

g and therefore ¥\, = y4/2.
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If the asymptote cuts the positive y axis, then when the wind
veloclty 1s zero the wire is cooled down. It 1ls atill necessary
however to have a current because otherwise the wire would not be

ﬁ% sufficiently sensitive at greater velocities.
| A The measure of the sensitivity 1s given by the derivetive of
the curve:
§é>= g __a(l+a) )
3y a (ey' - @) '

From thls as a basis there are computed the voltage fluctuations
which are produced by the wvelocity fluctuations,

The third class of characteristic curves are the wire heating
curves, Here we consider the veloclty constant and thus the temper-
eture as a function of the current and therefore the degree of
heating. These characteristics are likewise hyperbolas whose
asymptotes are parallel to the coordinate axes. The horizontal
asymptote is given by a = - 1, that is,

g e D o 1im
a=GFrog aoe o =- 1

Naturally the part of the curve below the g axie has no physical
meaning. The position of the vertical agymptote 1s computed as
follows. Let

a
f

q, for a =%

q; for a=1

SRR TR
R
K
)

then a =1 = ol anda:oa:....f‘f...._
cy' - q3 ey’ = 4y

and therefore cy' = 2q; and cy' = g, from whicﬁ Qg = 2q3.

If the curve is plotted not with the values of a but with the
o resistance R 1iself we obtain a quite similar curve, In this case
7 77" however we exprass the reciprocal of the resistance 1/R as a func-
! tion of q and this must give the straight line .

b g
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g S > A
R "o o9
;__L(' 0 VR 1.1 B

From the’ 1nterceom on tle vertlcal axis we thus obtain the resistance
for zero heating current condition, that is R,, the so- -called cold
registance which corresponds to the air temperature.

We also require.for later purposes the slope (%%) given by
¥

o) q _fey' =a) - (-a) _a(l +a)
( B-—Gy - . (Gy - q)z q ) (9)

With the aid of this coefficient we can compute the effect of the
heating ‘current fluctuations on the thermal state of the wire.

DYRAMTC CHARACTERISTIC AND THE COMPUTATTON
OF THE VOLTAGE FLUCTUATIONS .'_'"

Thus far we have considered the wire by itself. Actually however
the wire is connected in a heating current circuit., If the velocity
fluctuates, the wire temperature and therefore the entire resistance
will fluctuate. This means however a variation of the resistance of
the current circuit and therefore of the wire heating current. We
congequently can not regard the latter as constant and must thus
consider a further characteristic curve of the wire, the so-called
dynamic characteristic which is analogous to that of the electron
tube (fig. 4).

All our considerations thus far have referred to the stage of
thermal equilibrium hence to phenomena where the thermal lag of the
wire is not taken into account. From the. preceding discussion we
know that the velocity fluctuations are small in comparison with the
fundamental wvelocity. It is thus convenient to consider every vari-
able as made up of two parts namely, the average value with respect
to time and the fluctvating component. We denote the average by a
bar over the symwbol and the fluctuating component by A. Ve thus
have o

vV=v+Av; J=J+AJ; R=R + AR

Y =F +Ay; 4 =q.+:4q; a =28 + Aa

]
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(in vhat follows we shall everywhere use the differential coef-
ficients 4in.place of. the.different : -coefificients, which corresponds
to neglecting the terms of higher order in the Taylor series.) We
compute the constants from the mean values. The error thus committed
assuning a +10 percent velocity fluctuation remaing below 0.5 percent,

According to the transformed equation (3) a = a(&, q); hence
in the case of small changes, neglecting the terms of higher order,

: py
As = (%% . Ay_+A(g% . bAg
But 4q = q(é) and I = I(R) hence . Agq (5~ Aa
. ) E
3 (%5 Ay + /Ba> (ac\ Aa
k Aa,
K;}-; = ( . éq
Idyn - (oq/ )

The coefficient (%é)
7 Jayn

is the so-called dynamic slone. The coef-
8 ficient (5%) gives the variation of the current with the resist-
‘ r

ance, The subscript r indicates tHat the current circullt remains
unchanged in the differentiation and should not be confused with the

quantity (%%)~_ referring to the wire.
J

We obtain the voltage fluctuation in the following manner. The

wire voltage, in the same manner as above, is decomposed into a mean
value and a fluctuating component.

=P + AP = (3 + AF) (R + AR)

Neglecting the second degree terms

&P = Ry(1 + &) AT + R Aa | (10)

{6J> Aa da = (dy/d
yn
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AP‘ R 5[ l l+a a (BJ) } ’ (11)
= Jv by = j; Av
2v

+ & /oy _ o
Ef{ koa a(l +a) y

1-()@@) oo

AP

il

1+ l—:éé- éi) -
AP J da v ¥ Av
P

@)@,

The above can be briefly written as in the following form:

vy

AP
&4 12

5 (12)
This equation holds only for the sglow so-called quasi-stationary volt-
fluctuations. For rapid changes the thermal lag of the wire modifies
the relations. Hence the value of the voltage fluctuations thus
computed will later be denoted by AP, and will be termed the virtual

voltage fluctuations because that would be their value 1f there were
no thermal lag.

The second factor E on the right side of equation (12) is

properly speaking the correction factor of the wire dynamic charac-
teristic:

1+ a = L 2£>

J o8, r
70 o
- () &

It expresses the reaction of the fluctuations on the wire current.
Thue if we use a very large voltage source and a very large resistance
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connected with the wire, the current would not vary. If this effect

_ is not taken into account in the wire characteristic or the computa-

tion of the voltage we would have E =1,

The third factor in the equation is

7 7 q-4a
Z="'__iz_'_'=__y = __O<l
y J + 3o q
where qg 1is the value of ¢q corresponding to zero velocity.

We shall now compute the value of E. We shall first consider
the simple case when the wire with a large resistance connected with
it has a large source of voltage across it (fig. 5).

We shall denots the value of the resistance in the circuit not

including that of the wire by Rgs. The total resistance is thus

U 1
R-Ro(l+a+s) J—-'R;gm

(_a:l) S, S S— (13)
da/y l+a+s
5(1) 1
A ZJ( —— 14
(Ba Ja. ) a+ 8 (14)
or using equation (9)
5 + t 1] -8+l
, J a+1l+8
E = J =
-faa)( T
\3q ' a+1+8
a+1 __BJ(@+1) B
a+l+s RJI(a+l+s) U
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vhere e denotes the ratio of the wire voltage to the total battery
voltage. Thus the coefficient E is very simply expressed since it
depends only on the percentage of the battery voltage used and on a.
Since the battery voltage is at least 10 to 20 times the wire voltage
and a 1s never greater than 1, the value of B ig not much below
0.8.

The reaction of the fluctuations on the current circuit and the
fact that we must take into account the dynamic characteristic
explains this 10 to 20 percent deviation of B from unity.

NONSTATIONARY STATE OF THE WIRE

The results thus far obtained all apnly to the case where-the
changes are very slow or the heat generated in the wire is in
equilibrium with the heat conducted away, For rapidlnggayﬁaq,n

changes the quantities of heat generated and conducted,are not e&ual
and the difference is taken up by the wire heat capacity.

Let @ De the heat contained in the wire referred to unit length.
The rate of change of the heat is obtained from the difference between
heat produced and heat lost according to equation (1)

g‘% = JZI‘O [1+ CL(Gl - 65)] - (91 - 6,) (B J7 o+ )

We can write the equation using the variables and constants introduced
in the first section. In addition let '

O

=h 0 =4.2n0 6; 1 cal = 4.2 W gsec

where h is the heat capacity of the wire, m the mass of unit
length of the wire, ¢ the sgpecific heat cf -the wire and

n = Eg— the thermal lag constant of the wire. With the variables
o .
introduced above we have

da _ .- . '
n === a(l + a) - acy

As we see the above equation reduces to the steady state equation (2)
da _

if = = 0.
at
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The equation of the unsteady state of the heated wire was first
- -obtained by Dryden (reference 2) on the assumption that the heating
current of the wire was constant. As was already shown even in quasi-
gstationary state this supposition does not correspond to actual
condistions and therefore in the expression for the nonsteady state

equation we must take into account the effecn of the fluctuation of
the current.

Since we are considering the measurements of the velocity
fluctuations and since the magnitude of any fluctuation is small as
compared with the average value, we shall again split up the vari-
ables into the mean value and the fluctuation component. The mean
value satisfies the steady state squation:

0 =q(l +a) - acy'

In addition we write down the nonsteady state equation:

da _ . - '
noy o= a(l + a) - acy

Subtracting the'top equation from the bottom, since da _ 999, we
have dt dt

n %ég = AQ + dAa + aAq - acAy' - cy'la +

+ AaAg - chaldy

Neglecting the second crder small quantities and making use of
equation (2) we are led to the following simple form

(3 2 |
o dta ala + 1) Aq - Aa - B8 pye (15)
dt a -(1

) 191

introducing the relations

9 . _ 8% _ /d
=(.§§rzxa,-z€9_(§§

and making use of equatlon (9)

- ew

AN

o dba dAa +
dt

;éum;

AY

) (2:) &
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vhich with the aid of equatwons (9) and (14) we can reduce to the
following form

1 - a dAa :
.25 ( Ay
dyn

In what follows we shall require the voltage fluctuations.  We
can express AP in terms of Aa on the basis of equations (11)
and (13) '

Multiplying the previous equation by ROJ(l - ©) we obtain the
voltage Tluctuation except that on the left side are the true voltage
fluctuations while on the right side appear the so-called virtual
voltage fluctrations (equation(12)) which can be derived from the
steady state equation and which would hold for very slow changes

Thus the equation assumes the form :

1 5 aap - )
— =5 . N
1+ 2ae g /4t . )
PR N
8 M
w_ _-_-.-.l'—..:_. ’a: n= O N M (16)
1l + 2ae q e |

the coefficient M, being denoted as the ideal and M +the actual
time congtants, respectively. The former value was assumed by
Dryden without taking account of the reaction effect of the heating
cuxrent circuit. Thus, if the wire ig fed from an infinitely large
gource of voltage 1 + 23¢ = 1 and we would have M = My. In the
actual apparatus used, however, such assumption leads to conslderable
error. The value given by Dryden in his first report (reference 3)

1

1+ 2ae
This, however, gives an error of 7 to 14 percent which moreover is
not constant. With the aid of the time constant the general
fundamental equation of the wire can be written

= 0,86 - 0,95 depends on the operating state of the system.

dap
Mo+ AP = AP (17)
The equation is entirely similar in form to that derived by Dryden
except that the time constant is different. Here AP, denotes that

EEN
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value of the voltage fluctuation which we considered in the previous

“~gections.  This value would hold for.quasi~stationary or very slowly
- varying velocity fluctuations while AP is the actual voltage

fluctuation of the wire under the distorting effect of ths termal -
lag.

Fquation (17) is a very simple linear first order equation. Ve
shall solve it for the case that AP, 1s a sine wave process. As

can be easily seen AP is then alsoc a sine wave except that it is
of decreaged amplitude and displaced in phese. Let

where P, and P, are constant but may be com.plexo Substituting

into the equation we can express the ratic of Ehe WO complex voltage
amplitudes.

Po 1 L o “HEVOtE M2t
Pyo L + M2nf /T 4 (enfM)Z

Introducing the phase displacement angle @@

(18)

© = arctg 2nfM
the above ratio assumes the following simple form:

P .
T =o -1®cos@;
Yo

Fo

e

VO

= co3

or the amplitude ratio decreases with the frequency while the phase
lag increases. This would be exactly the situation if the voltage
AP, 1s connected across a voltage divider consisting of a reslstance
R and an inductance I whose time constant L/R is equal to the
time constant of the wire (fig. 6). :

We obtain the voltage AP, distorted by the thermal lag, from
the resistance. This can be seen from the substituted circuit. The
considerations are naturally true for any sine component and therefore
the fluctuations in the above substitution circuit can be expressed
by a Fourier series or a Fourier integral. Table 1l and figure 7
show the effect of the thermal lag on the. amplitude decrease and
phase displacement for three valuss of the time constant that occur
in practice. The time constants refer to platinum wires (Wollaston)
of 6 to 10 p diameter in normal use (v = 2 to 10 m/sec, and

= 1). Figure 7 shows the amplitude distortion in logarithmic
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scale, the absolute value of the above complex ratio naﬁurally being
used. It is seen that at large frequencies the absolute amplitude
varieg linearly with the frequency.

The turbulence, ag we mentioned in the introduction, is entirely
random and consists of velocity fluctuations which can be expressed
by a Fourier integral, Thus the separate components are each
differently distorted. We cannot use a thin enough wire with small
thermal lag in such a way that in reproducing the velocity rluctua-
tiong the distortion due to the effect of the thermal lag is reduced
to the limit of error. Thus the only recourse is to design an
electric compensating circuit whose distortion effect just balances
that of the wire both as regards amnlitude and phase.

To determine the compensation however an accurate knowledge of
the time congtant for all conditions under which the wire is used is
indispensable. The computation of the thermal lag constant n from
its diameter is on the other hand very uncertain because the mass of
the wire 1s proportional to the square root of its diameter and thus
for exanmple if we determine the diameter of a 0,006 millimeter wire
with an error of 0.0003 millimeter or a 5 percent error this alone
would introduce a 10 percent error in the determination of the time
constant. This error of 0.0003 millimeter can be easily committed
however since this length is quite short within the wave lengths of
the visible spectrum., The unevenness of the wire contributes to the
difficulties of the measurement as well as the fact that the density
required for the computation of the thermal lag constant and
particularly the value of the specific heat, are not with certainty
at our disposition because the chemical purity of the wire prepared
by the Wollaston method is not perfect.

In view of the above difficulties a solution had to be worked
out which on the one hand permitted direct measurement of the wire
time constant and on the other hand the control of the proper
functioning of the compensation in operation.

THE DBXPERIMENTAL CONTROL OF THE COMPENSATION AND THE
DIRECT MEASUREMENT OF THE TIME CONSTANT

We have seen in the previous section that the thermal lag of
the wire under any operating condition is characterized by the time
constant which depends on the thermal lag constant of the wire and
on the temperature coefficient and wire current (a and q); further-
more the magnitude of the heat source (e) also gives a correction.
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Hence the time constant values obtained from computation alone and

hwthe determination of the desired ccmpensation is very uncertain.
We could convince ourselves most ‘directly of the correctness-of the

compensation if we could permit velocity fluctuations of known form
and magnitude to act on the wire. From the distortion of these we

could determine the correctness of the compensation. We camnot how-
ever solve this satisfactorily, especially at the higher frequency

numbers (above 200/sec).. ;Drydsn (referenco 2) employed only a small
frequency I = 60/second for the fluctuations of the air speed in
calibrating the wire but neither was the desired sine wave process

aggured nor was the amplitude sufficiently well defined)

A somewhat less direct method is that of fluctuating the heating
current of the wire. Ziegler (reference 12) used a method in which
the wire time constant was measured experimentally by a variable
current bridge.

In vhat follows an apparatus is described which reproduces the
fluctuations faithfully and with the aid of which the desired
compensation measurements can easily and rapidly be controlled. The
underlying idea is that the character of the amplitude response
provides the most sensitive indication of the faithfulness of the
regponse,

The wire heating csurrent is produced as a square wave form.
This is distorted by the thermal lag of the wire into a wave form
conslsting of segments of exponential curves. From the record
obtained with an oscillograph any value of the time constant can be
determined as in the case of other heating characteristics (the
heating of an electric motor). The distorted voltage, being led to
an amplifier provided with a compensating circuit is in the case of
a properly designed compensator, regained at the output terminals
in its original square form after amplification. The compensation
of the square voltage form can be very accurately controlled.

We can read off from the scale of the separately calibrated
amplifier the time comstant for which it has been compensated and
therefore we can determlne the wire time constant for the condition
under consideration.

We shall investigate the wire placed in a stream of uniform
velocity and, as we shall later see, connect it to a simple
Wheatstone brldge. It turns out that we can repeat our considera-
~ tions with respect to the nonstationary condition of the wire for
the case where, with the stream velocity constant the heating
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currvent of the wire is made to fluctuate about a mean value by means
of & series-comected resistance which varies periodically and. W1th
the wire connected to a bridge (fig. 8,

The bridge is so chosen that the ratio of the currents in the
two branches is sufficiently large (1:20 - 1:100). We shall call
this ratio T. We shall express all resistances in terms of the
cold resistance of the wire. Between the points X and Y of the
bridge there is no direct voltage if the bridge is balanced with
direct current. The current in the wire ig made to fluctuate about
the mean value by short-circuiting wart of the resistances outside
the bridge. From the condition of bridge balance

=2t ey Jo=J 43 = J(1 +T)

the bridge resistance itself is

L 4a+b
Bor = Bo =77

and the total resistance of the eclrcuit is

L l+a+bd )

R = By (FE242 +s)
gsubstituting s = s'(1 + T) or the resistance which gives that
voltage drop which would correspond to the current flowing in the
wire. Thus the wire current is

Jo U 1

J = 1T+ T ﬁg l+a+b+ 8

From this we see that we obtain the same formula for the wire
current as for the simple current circuit except that 1t is
necessary to take into account the resistance outside the bridge in
obtaining the wire current. The ratio T must be chosen as small
as possible in order that changes in the wire resistance due to
changes in the ratio should not play a large part. We may then
neglect the variation of T in the equation.

The changes in resistance in the circuit are determined by the

derivatives —~) and ( q) We note that
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@

because in the formula a and & are interchangeable.

Let us write down the equation (15)‘ for the unsteady state
noting that Ay =0 ,

dAa
at

Substituting the equalities

n = Ag(l +2) + (q - cF7) Aa

=.§g= §.1 83 __.'_._.___g
Ag <6a>r Aa+( Ag; oy a =

Os

n%%—? = (1 + a) (g—%} As —{% v(%)l

daa _ 8() +8) /3q R i _a(l +8) /9
rrath = <BS>AS }vl 2a- (gg-r]Aa

=i
Q)

From equations (9) and (14)

a(l +a) soa\  a(L + a) og  om
= (%), 3 () - - ne

Subetituting the true time constant from equation (16) we have

dAa 280 .
Me<s— 4+ A2 = - — Ag 19
at 1 + 28e (19)

The above equation gives the relation between As and Aa,
From the equation we ses that the time constant characterizes the
current fluctuations the same way as the velocity fluctuations.

We must now determine the voltage fluctuations. In the preéent
cage however the voltage fluctuations of the wire are not Propor-
tional to the resistance and therefore to Aa, The current follows

. .the square form of the. wave -corresponding. to the short .circuiting. of

the resistaance while the wire resistance follows the distorted wave
form consisting of the exponential segments.
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In order that we obtain the fluctuations of the voltage (temper-
ature) proportional to the resistance fluctuations we derive the
voitage fluctuation between the points X, Y of the Wheatstone bridge
in figuwe 8. This fluctuation consists of two parts. Between the
points X and Z +the voltage fluctuation due to the voltage fluctua-
tion of the wire, eguation 10 is

APyx = Ro(l + &) AT + JRyha

Botween the points Y and Z +the resistance (cR,) is constant,
only the current fluctuating

APZY = CROAJ'
ATt = g7 —B% L aT; 9—% - S
L+a+b a4+ 1+ b
AP7y = ROE'—;I rE  pa s (1L + a) R,AJ
lL+a+b c

APXY = APyy - Algy

bPyy = Bo(l + &) AT + JRyha = Ro(L + 2) AJ -

o1

- JR, L - Aa
1+ b
APgy = JR, (1- ——i-}-?m> ba = JR,(L - T) da
AN 1l +a -+ b,
where f = —=—t8_ _ IBy(1 + &) = P

l1+a+hb ER?(l +8+Dd  Thr

In the last equation we substitutc the quantity £ which is quite
analogous to the quantity e which 1s the ratio of the wire voltage
to the bridge voltage. If we multiply equation (19) by JR,(1 - f)
we obtain
dAP~ - ) zae
M —=7== + APyy = - Rod(l - f) —=Z— As (20)
at x¥ © 1 + 2ae
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The above equation is entirely similar in form to equation (17)
except that here the fluctuating resistance of the heated circuit i
enters. in place_of the.wirtual.voltage fluctuations,. If-the changes
in the resistance follows the purely square form (fig. 18) then the
fluctuations of the resistance consist of exponential segments

(rig., 18). If we lead the voltage fluctuation APyxy which is.
accurately proportional to the resistance fluctuation, to an
amplifier which is provided with a compensating circuit and determine
the compensation correctly then the amplified voltages are propor-
tional to the resistance fluctuwations, that is, we obtain a purely
square voltage form at the amplifier output terminals.

COMPENSATION OF THE THERMAL LAG BY A TRANSFORMER CONNECTION

The simplest compensation is obtained given by a voltage
divider conaisting of a resistance and inductance, the voltage being
taken off from the inductance (flg. 9). This adaptation was also
the one used by Dryden.

This solution however possesaes two disadvantages. The first
is that the time constant 1s altered by the variation of the resist~
ance R and thus to the value of a single time constant corresponds
a different absolute amplifications and such a long series of measure-
ments is very inconvenient. The greater disadvantage however lies in
the fact that the errors given by the connection can only be corrected
if we change all the other elements of the system to correspond to the
fixed time constant. The compensation of the circuit is accurate only
if on the one hand the locad of the compensating circuit can be regarded
as a pure redistance load or if the frequency is small, and on the
other hand if we are far from the resonance point of the inductance
coil L,

The inecrease in the resistance R, is at the expense of the
amplification, but we can displace the resonance point toward greater
frequencies only with very great difficulty if the time constant is
given. There is thus no other way except either to be content with
the greater accuracy obtainable with a lower frequency range or to
seek a solution where the above errors are eliminated without inserting
further circuits which would have to be varied when determining the
value of the time constant.

The fundamental circult of the compensated amplifiler of Dryden

-~ is shown in figure 10, With this circuit it was possiblé for Dryden

and his coworkers,after further improvements on it, to produce an
amplifier (reference 5) in which through the compensation the frequency
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characteristic in the rangs 25-lOOO/second shows a deviation of

10 percent and in the range of 1000-3000/second a2 deviation of

40 to 45 percent in comparison with. the measnred value at 100/second.
The magnitude of the above value is due to resonance. This linear
distortion does not answer our requirements because in the above -
distortion the faithfulness of the rcsponse is not satisfactory.

. If in equation>(lz) which expresses the effect of thermal lag
we give the value of P and substitute

dAP 4P, 3
-a-{'=a-£; P+ APy = Py

we obtain the equation

ap _
M'a—_t'-f-P-Pv (21)

This shows that equation (17) holds not only for the voltage fluctua~
tions but also for the voltages themselves. In the squation the

term M %% can also be called the compensating voltage because we

must add this to the distorted wire voltage P in order to obtain
the initial undistorted or so~called virtual voltage.

We shall amplify the voltage P by two amplifiers connected in
parallel (fig. 11). ILet one of the voltage amplifying factors be g1
so that the amplified voltage is g;P. Let the other amplifying factor

be a differential operator g 4 5o that the other voltage obtained
2 3%

is g %%. If we add the two voltages which act in parallel we obtain

dp 82 ap . &2
8.F + &z 3T < 6L (é; 3T é) = g1Py, 1T gz = M

From this we see that the amplification is determined by g3 alone
" while the time constant which results from the compensation is
determined by the ratio of the two parallel amplifiers, We can vary

the quantity %% to any degree by varying the compensation.

Let us see vhat amplitude distortion and phase displacement the
differentiation gives for a sine wave voltage., The differentiation
from our point of view can be conceived as a linear distortion and we
can determine the amplitude ratio and phase displacement as a function
of the frequency. Let '
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or the amplitude ratio must inerease with the frequency while the
phase must be displaced n/2 ahead. Such.a frequency characteristic
must be possessed by the amplifiers within the intended frequency
range. . The condition itself also shows that it is not possible for
the compensator to have frequencies of any magnitude whatever for
such high frequencies require & proportionatelv greater amplification.

For the differentlal apparatus we choose a transformer, since
in the no~load condition of the transformer the primary current is
proportional to the derivative of the secondary current. Therefore
by putting the primary side of the transformer in a preponderantly
ohmic resistance circuit the primary current is proportional to the
voltage of the voltage source and thus in the voltage of the secondary
we obtain a time derivative., The practical solution was to connect
the primary side to the anode ecircuit of a pentode with large internal
resistance (Ry = 2 megohms) while the secondary side is connected
nearly without load by means of a direct tube ampWifier to the grid
of a following tube (fig. 12).

The actual circult connections are shown in figure 14, the
elements being so connected that in the direct amplifier a uniform
smplitication is obtalned and in the differential stage the corres-
ponding amplitude and phase ratios accurately correspond to the
differentiation.

The amplification by the direct stage amplifier can be increased.
The increage is limited however by the condition that the value of
the desired time constant can only reach the value corresponding to

the value of gl or we must also be able to increase €x+ The latter

2
however is limited in value and thus we amplify further the already
compensated voltage. :

The value of the time constant ¢an be varied by regulating elther
81, Or gp. We can obtain a large range of regulation if we vary
both. It is best to vary .81 -in geveral fixed stages but. gp
continuously but between smaller limits in such a manner that the
regulated values of gz Just comes in between the fixed Jjumps of g;.
By the sufficlently fine variation of g, we can control the tlme
constant to which the compensation gives rise while g;, which
‘determines the absolute ampllficatzon of the compensated voltage, has
only seveoral fixed values.
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It can be verified directly with an oscillogram that the above
described amplifier: with transformer assures a faithful response.
These oscillograms are shown in figuresl8(a) to (g). TFigure 18(a)
shows the square-form fiuctuation impressed on the heating current
circuit (the voltage being taken .off from the 5 ohm normal resist-
ance). The current fluctuation depends on the wire resistance and
therefore the variation of the voltage fluctuation that is taken

. from the points XY of the bridge follows the exponential form
(fig. 18(b)- . .

With the connected compensating circuit we can set the compensa-
tion for different values. In the case of perfect compensation we
regain the original square-wave form (fig, 18(e)). Figures18(c)
and (@) show the condition of undercompensation (M; < M) and
figures18(f) and (g) the condition of overcompensation (M > M).

The wire data were d = 0.008 mllllmotem, M= 1.6.10% second; the
frequency was 200/second ' '

DESCRIPTION OF THE MEACURING CIRCUIT

The arrangoment of the measuring circuilt is sketched in fig-

ure 13, The wire is connected to a Wheatstone bridge. For control-
ling the heating of the wire, in rough measurements, as well as for
various commections, a special junction box was employed (K. K.)
which could be used with various wires (not shown in the figure for
greater clarity). A 5 ohm normal resistance which was connected in
series with the wire forming one branch of the bridge was connected
simmgenies-with~tie-wire forming “ore branch-of-the bridge was connected
to the junction box. For the other two branches of the bridgs therc
wag used a part of the registances of a measuring bridge (W. pridge).
The ratic of the two branches wasg chosen ag 5:100 and thus satisfied
the condition (T = 0,05) under which we obtained our results. .The
galvanometer reqguired for the balancing (G) was connected o the
junction box. For current source there was used a 20 or 40 V
storage battery. The current was measured by measuring the voltage
across a 5 ohm normal resgistance in series with the wire. The
© voltage was measured with a direct current compensating apparatus (F. XK.).

For amplifying the voltage fluctuations taken off the wire and
compensabing the thermal lag there was used the first stage
amplifier (E. E.). The amplified and compensated voltage taken from
the amplifier was led to the principal amplifier (F. K&) to whose
output connecting nosts was connected the thermocouple voltmeter,
(Th, V.) which measured the effective value of the fluctuations and
to a cathode ray oscillograph (Osc.) which permitted viewing the



NACA ™ No. 1130 a7

fluctuation process. ‘For calibrating the voltage an audible frequency
.. .génerator (Gen.). was used. The calibration voltages were adjusted
with a one way reading millimeter. The square wave fluetuation for
measuring the time constant was obtas ined by a mechanical interrupter
driven by a synchronous motor. The velocity measuring wire itself
was connected to the junction box by a2 shielded cable. For accurately
adJusting the position of the wire at the place at which the velocity
- survey weas made an arraungement capable of fine adjustment and movable

in two directions was at our disposal. The velocitles were measured
in a ‘wind tunnel. o -

By means of the cross connections to the Jjunction box it was
possible to connect the primary amplifier to the wire (a), or in
measuring the time constant to the bridge junctions (b), or to the
generator producing the calibrating voltage (c).

The wind tunnel in the investigation was that used for turbulence
investigation by the Aerovdynamic Institute. It is 500 millimeters by
500 millimeters crose section and 2200 millimeters in length and
capable of wind velocities of 0.2 to 30 meters per second,

With the above described arrangement the following measurements
could be made.

1. Measurement of the wire resistance, obtained by balancing the
galvanometer in the bridge.

2. Measurement of the wire heating current. The voltage across
the 5 ohm normal resistance is measured with the voltage compensator
when the bridge is balanced and no current flows in the galvanometer.

3, Measurement of the wind velocity, with a Prandtl tube and
micromanometer.

4, Measurement of the time constant. The voltage proportional
- to the resistance fluctuations of the wire is led from the post b
© Yo the first stage amplifier. - In the case of correctly adjusted
- compensation we can read off the value of the time constant from the
calibration scale of the primary amplifier civcuit. The correct
“compensation is controlled in an objective manner with the aid of the
picture appearing on the oscillogreph screen.

- v 5.rMeasurementuoﬂ«theudegmeerof‘turbulence, or the effective
value of the velocity fluctuations. With the first amplifier set for
the correct time constant we determine the compensated voltage:
fluctuation proportional to the velocity fluctuations., After further
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- amplification the voltage is measured with the thermocouple volt-
meter. Corresponding to the. ad justment of the compensation and the
magnitude of the fluctuations we also measure the magnitudes
characterizing the state of the wire under test (heating current,
resistance). : S

6., Calibration of the amplification. We set the alternating
_current delivered by the frequency generator to a fixed value and
lead the produced voltage fluctuation across a 1 ohm normal resist-
ance to the amplifiers (terminal ¢ of the K. K. switch). With the
thermal voltmeter we measure the voltage obtained from the amplifiers,

CALIBRATION OF THE AMPLIFIER CIRCUITS

Since the apparatus used in the measurements except for the
amplifiers can be obtained commercially, only the amplifiers must
be carefully calibrated especlally the compensating stages of the -
thermal lag of the initial amplifier, The amplifier was constructed
by Karoly Pulvari of the Mechanical Measurements Laboratory on the
basis of the principles of the present investigation. The detailed
drawing of the connections is shown in figure 14.

The obJject of the main amplifier is to further amplify the
voltage compensated by the primary amplifier and already proportional
to the velocity fluctuations and render the voltage measurable with
a thermocouple volitmeter. Thus the only requirement imposed on the
main amplifier is that i% should amplify uniformly within the frequency
‘range used. . :

It was possible to perfect the primary amplifier, especially to
ad just i1t by varying the resistances Rg and Ry, so that the
desired trend of the characteristic curve of the compensating stage
(corresponding to the differentiation) is obtained. Special difficulty
however was encountered in the response at small frequency numbers
(f <50/sec). It was found possible to increase the faithfulness of
the response with the aid of a branch consisting of a resistance Rg
and capacitance Cg and with the connections used in the primary and
main amplifiers (R4 and C3 = 0.0l pF). The resonance of the
transformer for the differential stage could be lowered by the increased
resistances Rg and Ry7. The switch Xp was used for the case where
the compensation was not required (in different measurements) and it
was desired that the amplification in.the frequency range of 5000~
15000/second should not be impalred by the damping effect of the
transformer. v :




NACA TM No. 1130 29

The calibration was effected with & sine voltage supplied by
the frequency generator. There were separately calibrated the
‘direct-and- differential (indirect) stages of the primary amplifier.

e < B S e i

Let the complex amplification of the direct stage be
| g1 () = grony (£) eWL(L)

and that of the indirect (differential) stage

go(f) = gzoﬂz(f) oiV2(f) é%

where g o9 and gpo &re the nominal amplification factors (referred
to f£4)
Wl and Wg the phase displacement angles
n; and 7o the relative amplifications

From equation (17), for the sine wave

AP,

AP = e
1 + i2nfM

Let P; Ve the amplified voltage by the direct stage
Py the amplified wvoltage by the indirect stage
Py the sum of the two _
Pl = g]AP; Pz = ngP; Pk = Pq + P2

Thug the amplified and compensated voltage is

glonleﬂyl + igZOZﬁfnzein
Py = APy (22)
1 4+ 1i2xfM
Let
€20 |, ana B -k so that p =M
810 _ M
S . nleﬂyl + iznkonzeiWE
Py = APy&10

1 + iMexf

J
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If 77 =12 =1 and Y =¥y = O then with k = 1 perfect compensa-
tion would be o¢btained. The deviation from this is shown by the
relative amplification and phase displacement of the compensated volt-
age or n; and V. These we can expreas as follows:

Py = APy oni(E) oWE(E) | (23)

The values of 7 and Wy depend'naturally on my, Nz, Vi, Va2
as well as on the choice of M and k. With the above data, nx
and Y can be determined most simply graphically (fig. 15).

. . 1
First we obtain the value of T ISR The circle described

with the unit vector OA ag dlameter intersects the radius vector [o}:]
at angle @ = arctg 2xfM. The vector O0OC at right angles to 1t has

12nfM -
the value T T We multiply the vector OB by ny; and rotate

by the angle \bl and thus obtain the vector OB' while we multiply
the vector OC by kn, and rotate by the angle V', thus obtaining OC'.

— nleibl — . Zﬁanzeiwz
B' = v5 s O =¥ T e

The sum of the two vectors OX gives the relative amplification and
phase displacement:

— = = o1 | iznrii,eiVe
X = GB' + 007 = -k 2T el
1 + iM2nf

The segment YX shows by how much 1y deviates from unity. These
values naturally hold for a single frequency. If we draw the

vector OX for various frequenciles we obtaln a polar diagram for

the relative amplification and phase displacement. From this it is
clear that we do not choose the value of k as unconditionally unity
but smaller or larger according to the trend of the polar curve. With
the chosen value of X we obtaln the value of the bime constant

xR
(@]

2
1

M=

|

(1!
o
Wi

which is essentially the ratio of the nominal amplifications. Thus
we see that the calibration of the time constant scale can be obtained
independently of the hot wire measurements.
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We adjust the value of the time constant in the primary amplifier
so that first the direct amplification (gjpg) can be varied in 7 stage

“and secondly the indirect (differential) stage: magnlflcatlon (g20) is

regulated contm.uouslyn

The values of 1n7 and 7o, were measured for constant-amplitude
frequencies. The amplified voltage could be measured with the thermo-
couple voltmeter independently of the frequency. In the case of N2
however where it is necessary to investigate the relative deviation
from the differentiation it is more suitable to integrate the voltage
with constant amplitude but different frequencies so that after
differentiation we obtain a constant amplitude and from the deviation
from.the conatant amplltude we measure n2.

The - 1ntegrat1ng stage can be obtalined in a relatlvely easy
menner with great accuracy. The stage was made up of a voltage

‘divider congisting of a large resistance and a large condenser

(fig. 16) with the following data:
R = Ry = 0.5M), C = 1uF

Thus the maximum angular error of the connection at the lowest
frequency used, 50/second, is & = 1°. This is of the order of
magnitude consistent with the other measurement errors.

During the measurements the phase displacement angles of the
amplifiers (V;, V,) were adjusted by leading the input voltage to the
horizontal plate of the cathode ray tube and the output voltage to
the vertical plate., Thus in the case of a sine voltage we obtain
an ellipse on the screen. If we choose the two amplitudes to be
equal (on the scréen) the axes of the ellipse include an angle of
45° with the directions of the deviations and in this case the phase
angle between the 1ncom1ng and outgoing voltages is :

2

2.,
b

VY = arctg
a
where a and b are the major and minor axes of the ellipse. We

can readily see that if the ellipse degenerates into a straight
line, Y =0 and if into a cirecle, { = 90°.

In this manner we determined the values of 17q, ng, Vi,
“and’ VYo' ‘and prepared the poler diagram for several values of k.
In the polar diagram nA and Vi are functions of the frequency
numbexr. Thls is seen in figure 17 for the time constant value
M= 2,10"3 gecond, k = 0,97. It is more suitable however in place

of the phase displacement Vy to use the quantity




32 NACA ™ No. 1130

Yk
Tk = 2nt.

as an indicator of the trueness of the response.

From this we can see that up to about SOOO/second frequency
number the response ig very good (about 5 percent deviation) and
satigfactory up to about SOOO/second The greatest difference
AT 1s 14.1C7 ~6 ' seconds or less than 1 percent for the time
conatant value of 2,107 -3 geconds.

PRACTICAL CARRY.NG OUT OF THE TURBULENCE MEASUREMENTS

In measuring the turbulence a large number of points must be
taken so that we can determine the space distribution of the
turbulence fluctuations, the dependence of the latter on the velocity
or the turbulence boundary layer properties.

The cold resistance is measured from the heating characteristic
of the wire., The square of the wire current (gq) is plotted as a
function of the measured reciprocal of the resistance. According

- %o equation {(8) we then obtain a downward sloping straight line.

Extrapolating to zero current we obtain the value of the cold resist-

ance, -
Géy ~

The two heat dissipation constantaqused in the measurements at
the desired temperature coefflclent ‘are determined (a = 0.8 - 1.0).
With the apperatus shown in figure 13 we measure the current at which
the temperature coefficient of the wire and therefore its resistance
remains constant for various velocities. The intercept on the
horizontal axis gives the value of ¥, and the slope the value of
the constant ¢ (fig. 1).

For obtaining the thermal lag constant n we measure the time
congtant under different conditions. The state constants of the wire
are measured in the usual menner while the time constant is determined
with the square voltage form as described in detail above. There are
thus at our disposal the corresponding values of a, q and M. With
these expressed in equation (16) we have

o -y AL+ 28e)

a
80 thaﬁ n' can be determined from one measurement alone. More than
one measurement is made for the purpose of equalizing the deviation
of the measurements.
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From the values of the constants we prepare the table which
gives the corresponding compensation for the different states of the
‘wire.” Since in the-measurements the mean reslstance of the wire is
constant (the bridge adjustment is kept constant) only the heating
current of the wire is changed corresponding to the various velocities.
" Thus the state of the wire is uniquely characterized by the current.

-The- table is computed as follows. From the current and the
resistance of the wire we know the value of P. Assuming a constant
‘voltage source (20 or 40 volts) we compute the value of e. The
-value of a 18 previously computed; the value of n is known from
the thermal lag and M = M(J) ' can be computed.

Having thus prepared the table we adjust the wind tunnsel to the
corresponding velocity, and adjust the wire to the point for which
we wish to measure the velocity fluctuations. In the amplifiers we
then ad just the compensation corresponding to the wire current and
read the thermocouple voltmeter. The reading of the latter is
proportional to the degrse of turbulence. The effective voltage
fluctuations (the square root of the mean square value) is expregsed
in percent of the fundamental velocity. The amplification of the
apparatus is throughout controlled with the frequency generator and
the possible correction factor determined. :

Since during the measurements we keep the wire resistance and
thus the value of a constant we note down only the value of the

current, the reading of the thermocouple voltmeter, and the adjust-
ment of the amplifiers.

In evaluating the results we compute two voltage values. The
first is the voltage which the wire would have under the condition
congidered if the degree of turbulence were exactly 1 percent.
Denoting this by 4P} we have from equation (12)

|

. P ,
APl = —]':-66 VAN (24:)
so that the APy can be computed. The second voltage is the input
voltage which for a certain setting of the amplifiers gives one
division reading of the thermocouple voltmeter. This is given by
the above amplifier calibration table which we modify by a certain
correction percentage in controlling the measurements. The ratlo
of the two voltages shows what percent of the degree of turbulence
glves a one division-reading of the thermal voltmeter. We multiply
the above value by the voltmeter reading to obtain the value of the
degree of turbulence itself. This system has the advantage that for
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. the same mean velocity (¥) the state of the wire (&, g) does not vary
and therefore the reading of the thermal voltmeter need be multiplied
only by the obtained constant.

IT we wish to obtain a visual picture of the turbulence fluctua~
tion we connect the compensated voltage fluctuations from the primary
amplifier to the oscillograph. The above is important particularly
for observing regular flow phenomens (Karman vortex street, etc,).

With the above turbulence lnvestigating apparatus the probable
exrror is 3 to 4 percent of the measured value (degree of turbulence).
The greatest part of this error 1s given by the amplifier and the
thermal voltmeter while the direct current part (W. bridge F, X.) is
esgentially smaller. This value of the error corresponds to that 1n
usual technical measurements and appears satisfactory for the purposes
of turbulence investigation especially since this accuracy is not
attained with the apparatus used in other countries. This estimated
exrror is confirmed by the scatter of the measurements which is of
gimilar magnitude. N

Figure 12 shows the free turbulence of the wind tunnel. There
is clearly seen the quite arbitrary character ¢f the fluctuation,
Figure 20 shows the turbulence research apparatus set up by Szerzo
for the Aerodynamic Institute.
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Table I
p M = 0.5 msec M = 1.5 msec M = 5msec
Po/Pvo | (PO Po/Pvo l (Po Po/Pvo ‘Po
10 0.9%9 1.8 0.996 5.4 0954 175
20 0998 3.6 0.983 10.7 0.847 323
50 0.988 88 0.903 25.4 0.537 57.5
100 0.954 17.5 0.729 43.2 0.302 724
200 0847 32.2 0.469 62.0 0.156 810
500 0.537 575 0.208 780 0.063 86.4
1000 0.302 724 0.106 83.5 0.032 88.2
2000 0.156 81.0 0052 87.0 0.016 89.0
5000 0.063 86 4 0.021 88.5 0.006 890.6
10000 0.032 88.2 0010 802 0.003 897
Table TI
r 0 Y 7 y | vk | G
Ysec ! ! 2 2 10%ec
20 0.980 —50 0.900 _— 0.970 —_ 65
50 0.995 —_ 1.000 10 0.990 10 70
100 1.000 —_ 1.000 20 1.000 20 70
200 1.000 10 1.000 40 1.000 40 68
500 1.005 30 1.005 120 1.010 110 61
1000 1.020 60 1.040 270 1.035 250 70
2000 1.020 120 1.035 520 1.030 510 75
5000 0.850 300 0.580 1500 0.580 1500 83
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