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TECHNICAL NOTE NC. 881

A HOT-WIRE CIRCUIT WITHE VERY SMALL TIME LAG

By John R. Weske
SUMMARY

Aicircult for a hot-wire anemometer for the megsure=
ment of fluctuating flow is presented in the present re=
port. The principal elements of the circuit are a Wheat-
stone bridge, one branch of which is the hot wire; and an
electronic amplifier and a current regulator for the bridge
current which in combination maintain the bridge balance
constant. Hence the hot wire is kept at practically con-
stant resistance and temperature, and the time lag caused
by thermal inertia of the wire is thereby reduced.

Through the addition of a nonlinear amplifying stage
the reading of the instrument ‘has been rendered propor-
flional to the velocity.

A dicsenssion of certaln characteristics of Ghe clns
cuit and the results of related calibration tests are
given. ;

"INTRODUCTION

The circuit prescnted in the preseht report is the
result of work conducted since January 1940 at Case School
of Applied Science in connection with a research project
sponsored by the National Advisory Committee for Aeronau-
ties, at the Gradunte School of Engineering of Harvard
University where the basic ides was evolved in August
1940, and at the National Bureau of Standards where staff
menbers of the Aerodynamics Section tested the circuit
and suggested various improvements. Special acknowledg-
ment is due Mr. Ernest R. Jervis of EBast Orange, N. J.,
who designed the original wiring circult, suggested the
use of the various electronic devices, and proposed solu-
tions of numerous electrical problems. An improvenment of
the original circuit designated circuit I was designed
and tested by Mr. A. R. Kantrowitz of the NACA and 1s in-
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cluded in the report as circuit II. Mr. Kantrowitz also
suggostcd the method discussed heroinafter for calibrating
the bridge for alternating-current unbalance

THE CIRCUIT

The hot-wire circuit consists of the foilowing princi_
pal elements:

(a) = Wheatstone bridge, one branch of which is
: formed by the hot wire

(b) - a regulating circuit for the bridge current in-
cluding a battery and one electronic valve

(¢) an electronic direct-alternating-current ampli-
fier operated by slight variations of the un-
balance of the bridge and controlling the cur-
rent regulator

Three forms of the circuit, which appear to have certain
merits and are therefore presented herewith, were evolved
in the course of the development. '

Circuit I (fig. 1) was found to operate satisfactori-
ly at frequencies below 2000 cycles; =2t higher frequen-
cies, the compensating action is impaired by the capaci-
tances of batteries By and B, with respect to ground,
which produce shunting of the plate resistances R5 and
R6, respectively.

In circuit II (fig. 2), the shunting capacitances
have been reduced and the response of the instrument has
been thereby extended to higher frequencies, although
this condition increased the number of batteries required.

In the basic circuit III (fig. 3), small neon tubes
(reference 1) are used to couple successive amplifier

‘stages. This circuit is simpler than circuits I and II.

The basgic circuit III, or any of the basic circuits,
may be provided with an additional amplifier stage, also
shown in figure 3, and through this combination it is
possible to obtain readings proportional to the wind ve-
locity past the hot wire. This proportional character-
istic is obtained by operating certain electronic tubes
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which have been fseund suitable for the purpose in the non-
linear range of its characteristic. The additional stage
is therefore referred to as the "nonlinear amplifier stage."

Phe cireuilt congtantsg are given for clrcuilts I, 13,
angwiE 9n table L.

PRINCIPLE OF OPERATION

If certain dynamic effects discussed later are neg-
lected, the operation of the basic circuit can be explained
as follows: The circuit is assumed to be operating at a
ziven condition of equilibrium. Then a disturbance, such
as may be produced by a change of velocity past the hot
wire occurs, causing a variation of resistance of the hot
wire and consequently a variation of potential between
points (2) and (4) of the bridge (fig. 1). This electric
impulse is transmitted and amplified by the amplifier
stages. A variation of the potential between grid and
cathode of the current-regulating tubes and a correspond-
ing variation of the hot-wire current is the reosult. The
resistance of the hot wire is thereby varied in such a way
as to counteract the original disturbance, and a new con-
dition of eguilibrium is established. By proper choice
of the amplification ratio of the amplifier it is possible,
within certain limits imposed by tube characteristics and
stability of the circuit, to make the difference between
the hot-wire resistance of the original and the new posi~-
tion of equilibrium very small,

In addition to the reduction of fluctuation of hot-
wire resistance, there is a corresponding reduction of the
time lag of response to variation of the condition of op-
eration, provided the effect of capacitances in the ecix-
cuit is also kept small, This provision is necessary be-
cause the magnitude of the time lag depends both upon the
residusl thermal inertia of the wire and upon the effect
ef =uch capacitances.

Hot-wire readings with this circuit are obtained by
measuring directly the heating current or by measuring a
guantity proporticnal to i%, such as the grid voltage of
the current-regulator tubes with respect to the ground .

In order to obtain a reading linear with velocity, use
is made of an additional amplifier stage operated in a
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range of its characteristic, in which the exponent of the
variation of plate current with grid potential, expressed
in exponential form, is equal to the reciprocal of the ex-
ponent relating variations of heating currcnt and of ve-
locity past the hot wire. Tubes, sueh as those listed in
table III, were found te have a suitable range in which
stable operation may be obtained. When adjusted for lin-
earity between recading and veloelty, the circuit may be
expected to measure the mean velocity of fluctuating rec-
talimear- flows.

If, instead of mean velocities, mean rates of momen-
tum of fluctuating rectilincar flow are to be measured, a
nonlinear amplifying stage ad justed to give a reading pro-
portional to the square of the velocity may be expected to
give the dcsired readings.

CHARACTERISTICS OF OPERATION AND CALIBRATION TESTS

Variation of Heating Current with Velecity

If constant resistance of the hot wire, or zero rate

of increesse of heat energy in the wire %% = 0 1s assumed,
the balance of energics supplied to and dissipated by the
hot wire may be expressed by King's equation (references 2
and 3).

§e B 00 (3 & VAR : (1)
R
where
3 instantaneous heating current
R resistance of wire (maintained constant)
i temperature of wire (maintained constant)
TO air temperéture
T instentaneous wind velocity

k(T-T,) rate of heat loss from wire by radiation and free
] convection

c JV(T~TO) rate of heat loss from wire by forced convection
of air stream at speed V
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A circuit, shown in figure 1, was calibrated by meas~
uring the heating current over a certain range of air ve-
locities. BSeveral runs were made with various heating
currents {1 at zero speed. The hot wire used in these
tests was a tungsten wire 8,6 microns in diameter and 5
millimeters long. .

The resultes are shown in figure 4, in which the
square of the heating current 12 _has been plotted against
the square root of the velocity ./V. These experimental
data are in gqualitative agreement with equation (1. The
operation of the circuilt was stable throughout tho range
tested, . ’

Over-All Transcenductance of the Circuit

Response of the circuit te variations of velocity and
to fluctuating velocity may be analyzed by investigating
the over-all transconductance of the circuit.

The over-all transconductance gy 1is defined as the

ratio of variation of heat current of the wire 1 +to
variation of unbalance of thc bridge e.

i)
6

Q

o

em

|

Q

Since the branch cn the bridge parallel to that containing
the hot wire has a resistance approximately 100 times that
of the hot wire, the bridge current may be considered
equal to the heating current of the wire without incurring
an apprecliable error.

The over-all transconductance is given by the equation

. "% k, ¥
e ? .-
[ 51 Ml ) @ms VBT d ( . ) (2>
rpl rps (L-p,'By) (1-pp'Bs
where
By over~all transconductance
- transconductance, 3d or current-regulater stage
3

b amplification ratio




6 NACA Technical Note No. 881

Ty load resistance
rPA- plate resistance
kX  ratio of stage amplification with neon-tube-coupling

loss to stage amplification with zero-coupling
loss (K 1is defined later)

B! effective stage-amplification ratio
B feedback factor

Subscrints
spectively.

R netfer te Lsh, Bd, .+« Shagegine=

The inwestdigzation has been carried out for a basic cir-
enit, shown, in Ffigure 8. It 1s applicable generically,
however, to the other two circuits as well.

In analyzing the over-all transconductance the follow-
ing ‘effects, which will be discussed in detail, have been
considered:

(a) The coupling loss through the neon-tube coupling
(b) The loss of amplification from the potential dif-

ference across the resistance r of the
bridge

3

(c) The effect of alternating-current unbalance of
the bridge

(d) The effect of direct-current unbalance of the
bridge ;

(e) The effect of interelectrode capacitances

Coupling loss through neon-tube coupling.- It can be

shown that the coupling loss through neon-tube coupling
(fig. 5(a)) may be expressed through the factor

N . (3)

»
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sistance r; large as compared with the load resistance
ry, of the previous stage. With the data for circuit III

(fige. 3), this factor has a value of k = 0.89 for the
first amplifier stage.

In order to provide against instability that might
originate in the neon tube, an additional resistance r,

and r,, for the first and second stage, respectively

(fig. 3), may be inserted to produce a voltage-divider
effect,

The loss of amplification from the potentigl differ-
ence across the resistance rz of the bridge.- It is seen

that as the bridge current 1 increases due to an increase
of grid voltage of the current-regulator stage eg (Ede,
3

5(b)), point 4 of the bridge becomes more negative with
respeict to point 1, .and cohsequently there 1s a ‘correspond-
ing decrease of the voltage ey - Eof

: 3

i o

and if the effective transconductance, defined by

gm ' oi
24 th. 3 e
3 . ! 3
1 W,' Bg oe &
where
ag 5
g B fandeidc = e L PR s W
By dbeg 4 € ik .
is introduced, then
24
T e i
\_)Tn =
3 1 + r, gms

and the- feedback factor for the current-regulator stage is

s “3' Bs 1 + r, &

or the leireullt constants of elircult LTI,
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r = 30 ohms
By T 7000 micromhos for ‘6ne tube and
14,000 micromhos for two tubes
it has the value

1

- = 08B 26 and: 0,706, srespechively.
1+qsg

Mg

The _effect of alternating-current unbalance of the
bridge.~ Alternating-current unbalance may be caused by
inductances or capscitances in the individual branches of

| the bridge. In general, their value can be kept low by

| appropriste design, except for the capacitance of the

’ shielded hot-wire leads, the length of which depends upon
the distance between the hot wire and the instrument.

} Their capacitance is of the nature of a distributed capac-

‘ itance. In certain cases it may be compensated for by

’ placing the resistance r, on leads of the same kind and

of equal length as the hot-wire leads, provided that this
arrangement does not affect the feedback of the current-
regulator stage discussed in the preceding section. The
effect of capacitances or inductances in the four branches
of the bridge may be taken into account through a reduced
capacitance 0Cn,35 parallel to the hot wire, since it will
be seen that the residual thermal inertia of the hot wire
may be treated like an electrical capacitance in comput-
ing the circuit. It appears possible to compensate for
the reduced capacitance by a variable condenser. If this
condenser is placed parallel to r,, its capacitance need
not be large and it is possible to use an air condenser.
Locating the compensating condenser parallel to W o

pears to be preferable to its alternative position paral-
{ el To By because in the former case it will not affect
i
|

the feedback of the current-regulator stage.

Any residual reduced capacitance causes a fcedback
B that is given by

< p'g = =
l

(r
i R
r rg\JwGred i R) + 1

L e H) gt (4)
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This feedback, if negative, results in larger phase lag,
if positive, tends to decrease the phase lag, as shown
gualit@tively by curves b and e, respectively, ‘of
figure 6. This feature may be used to calibrate and cem-
pensate the bridge for alternating—current‘unbalance.

The effect of direct-current unbalance of the bridge.-
For the purpose of determining the effect of direct-current
unbalance of the bridge, the variation of the hot-wire re-
sistance with heating current is disregarded and the bridge
is assumed to be unbalanced by the amount Ar (flles 5(c)).

A current i" +then produces a potential

= s 1t
eg = Air

on the grid of the first amplifier stage. The same current

produces, between points 1 and 3 of the bridge, the poten-
tial

i
T A E

The ratio of these two potentials is

B Baallug.
€o Ta By

Thisﬂratio leads tq a\feedback factonr
frs + R)

5 I'l + I‘g

Through variation of unbalance of the bridee 4t 1s
possible to produce regenerative, degenerative, or zero
R\

(I‘B = )

Socdbacele by making L. On ——— - g1, respectively,
f : Ty, * Ty m e

larger than, smaller than, or equal to unity.

B o B
In the case .of regenerntive feedback <1 = A e
: B i Po
gn' )< 1, oscillations resembling relaxation oscillations

arise.in the circuit. As the amplitude of these oscilla-
tions exceeds a certain value, the bridge current is ob-
served to vanish to zero. With regenerative feedback due
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to bridge unbalance, the circuit was found to be too unsta-

ble to use. ' Stable ‘operation 'is possible for a limited range

T R
of degencrative feedback for which <l-—Ar = gm'> e,
of | . P38 :
Although it appears possible that the circuit may be oper-

ated at zero feedback Ar = 0, tests have shown that at
,this condition it is excessively sensitive -to outside dis-
turbances. The amount of negative feedback affects the
over-all transconductance of the circuit and the ratio of
transconductance at gzero feedback to transconductance with

fecedback is ? . Measurements of this

1 - Ap =2 g

cffect were made at the National Bureau of Standards and
curves of the type of figure 5(d) were obtained. From cx-
perience with the instrument, the technique was developed
L0f operating the.instrument '‘at g bridge unbalance Ae = = 2
millivolts which remained essentially constant at all con-
ditions of normal operation.

As the unbalancoe of the bridge was increased toward
the regenerative side, -the circuit would perform high-
frequency oscillations of a large amplitude.

The effect of intcrelectrode capacitances.- If re-
sponse to high-frequency velocity fluctuations is desired,
it 18 necessary to keep all capacltances at a low value:
These low values may be attained to some extent through
proper design of the cireult. 'The effect of interelec-
trode capacitance of the tubes, however, unless compensat-
ed by special circuits, places certain Ximitatiens upon
the magnitude of the lerad resistances of the amplifier, as
can be seen from the following calculatien:

Interclectrode capacitances of the first amplifier'
stage of circuit III (IN5 tubes)

il

Cutput 10 micromicrofarads
Input, 24 stage 3 micromicrofarads
Total = 13 miecromilcrofarads

1l

Load resistance ¥y 0.25 megohms
3,

Assunme 10,000 cycleé 53 0.815 megohms

i1

Ratio of amplification e D00 = | 040%5

/
= l

O.
0

Phase 1la

»
03

o
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Over-all transconductance.— The value of the ever-all

transconductance of circuit 1III for variations of zero fre~
quency and neglecting feedback from bridge unbalance was
computed as follows:

g

'1st stage|2d strge| 34 stage
Transconductance, phos 480 480 2x7000
Load resistance, megohms 025 0.25
Grid-leak resistance, megohms 2.5 | ab
Grid-leak loss 0.9 0.88
Amplification ratio L09LR [ 110352
Feedback factor | : 0,706
Uver—-all transconductance at
zero frequency, mhos 112

ACurrent-regulator stage.

This computed value agreecs very well with the measured value,
Characteristice at higher frequencies are discussed in a
labter section.

The Time Constant

For constant-resistance operation, the heating current
varies as follows: .

T 1,01 = g8 « 5 (6)
where
i, heating currcnt at zero air velocity
R resistance of heated wire n£ zefo velncitf : j
R instantanesus resistance of hot wire | .

gm' transconductance of circuit
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The time constant for constant-resistance operation 1is

ziven by Drydef (referesnce 3) as

. (_‘ i .
WS 4 2lom s R Ra> 1— e (7)
iP Rz Ry o g,' (R - BR,)R
1 +
Ry
where
m mgss of hot wire
s specific heat of metal of hot wire
R, resistance of hot wire at temperature of ambient air
Ro resistance of hot wire at zero temperature
(e - temperature coefficient of resistivity

for values of the transconductance attainable with the com-
pensating circuit

(R - Bg) R

Rgy

sl ) : - (8)

2eq"

hence equation (7) may be simplified to read

W = 4.2 m—s ; (9)

L il R e

The time lag may be computed from values for the quantities
appearing in equation (9) chosen in accordance with hot- "
wire technioue as follows:

Mobaiall oft ot Wiwe . 4 s s lisraee w @ de w0 W e e nicksl
Mass density of wire, p, grams per cubie centi- _
o e SR A S e T I RE T TR B Tt 8.85
Eenzth of vwiwae, T, contimeber . o « + o« o & o« » 0.635
Diameter of wire, 4, .microns el W R M At
Bpecifie heat, | B8y Galarle per “ 0.10352
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Heating lcurrent, io, ZEMIGTFIE s, M v - ile T W S B 0,108
Uranseconductance of cirecult, gp', @wWhos .’ o . 100
Relelativity, r, nicrohms atIBOO G i wls aviip 7.8
Temperature of wire, E, %e ¢ e L i ae 215

Temperature coefficient of resistivity, o . . . 0,005387

Plemidimiatant,. M, BeCOHA . 4 o b esliow e ceandRERONE

Effect of Time Constant upon Amplificatian
and Phase Lag

The time concstant decreases the amplitude and causes
s phase lag of the electrical impulse as compared with the
true signal corresponding to the velocity fluctuation (ref-

ercnce 4).
w
fhe ravio of amplivudes at fregquemney n = - and at

zere frequency 1s

3 | (10)

Jiow BE P

and the phase lag is given by

tan™" (M w) (11)

Numerical values for the dccrease of amplitude and the
phase lag computed for circuilt III are as follows:

Assume n = 5000 cycles, then w = 31,400
Por M = 42 ¥ 107° gec:

Hetido of amplitudes = 0.61

Phase lag = 42,5°

The results of calibration tests of these quantities are

given in figure 6 for the decrease of amplitude of re-
sponse for the phase leg. These results were obtained for
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frequencies up to 8000 cycles, which was the highest that
could be produced with the harmonic-wave generator. The
signal was imposed upon the circuit across points 1 and 3
of the bridge. Phase lag was measured by impressing the
signal upon - the sweep circuit and the grid voltage of the
current-regulator stage upon the ordinate of a cathode-ray"
oscillogrsph,

Further calibration.tests of response over a range of
frequencies were conducted in which the signal was produced
aerodynamically instead of electrically. The apparatus
used for this purpose (see figs. 7 and 8) was developed
for the callibration of hot wires in fluctuating flow of
large amplitude. It makes use of the directional charac-
tenl stilies of the wire.

In this device, the hot wire is meounted on a shaft,
which may be rotated throughout a wide range of speeds,
and placed into an alr streams The amplitude of the fluc-
tuations produced as the wire rotatee in the air stream
nay be varied from 0 to nearly 100 percent of the velocity
of the air through increase of the angle subtended by the
axes of the air jet and the rotating shaft from 8% &e 90° .,

The oscillograph records (fig. 9) were obtained with
the colibrating device previously described. They were
recorded with a General Electric oscillegraph, after ampli-
fication of the output signal of the hot-wire instrument
in a special current amplifier.’ The hot wire was a tung-
sten wire 8,6 microns in diameter and 1/4 inehiiiliong., 17 ]
aXis of (vobtabiagn, which is at right angles to the axig of
the wire, was placed normal to the air Jet.

The frequencies recorded on figure 9 range from O to
480 cycles per second and 540 cycles per second, respec-
tively. In both cases the instrument begins to respond
at approximately 40 cycles per sccond. No measurable de-
crease of amnplitude of the fluctuatiecns occurs between
this threshold frequency and the maximum frequency recorded.
Extension of tho tests to higher frequencies was impossi-
ble because of limitations of the speced of the motor driv-
ing the hot wire, whose naxinun specd was approximately
18,000 rpun,- The fluctuations recorded at zero speed: of ro-
tation of the hot wire are due principally to the turbu-
lence in the air stream =nd possibly in part to microphon-~
e efffectss
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It is believed that the lower limit of response is

' not eaused by the hot-wire circuit, which inhcrently rec~-
“gponds 'to varistions of. zero .frequency, but rather by the

apparatus used for amplifying and recording.

Stability, Microphonic, and Thermionic Sensitivity

At very large amplifications of the output signal of
the circuit, with the hot wire placed in a small confined
space of air to reduce convection, an oscillation oifl e B~
quency of approximately 1800 cycles could be observed.

This oscillation appears superimposed upon the impressed
oscillations of from 40 to 150 cycles but is not apparent
nt higher frequencies. The origin of this frequency is
traced to the feedback feature of the compensating circuit.

The amplitude of this oscillation in many cases does
not exceed s few percent of the amplitude to be measured;
furthermore, it may be reduced by ad justment of the bridge
balance. It appears to become smaller as the resistance
of the hot wire is increased., Further investigation into
the nature and causes of this oscillation are contemplated.

Investigations at the National Bureau of Standards
had disclosed that the instrument possessed a pronounced
microphonic response arising in the tubes of the ampli-
fier and also in the nonlinear amplifier stage. While no
measurements have been made yet of its magnitude, this
sensitivity has been reduced greatly by cushlioning the am-
plifier tubes. Further reductions are believed possible
by selecting from commercial tubes of the type uséd those
of lowest sensitivity; by replacing the tubes used at the
present time with types having the directly heated cathsde
but sturdier construction of the grid; by using tubes with
indirectly heated cathode; or by substituting special
tubes available with specified low microphonic sensitivity,
such as are manufactured by the Western Electric Company.
Information available for the special tubes with specified
low microphonic sensitivity also includes ratings for ther-
mionic sensitivity, and it is noted that for tubes of low-
est microphonic response the thermionic sensitivity is
only a small fraction of that for the other types mentiened.
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Calibration of Linearity of the Instrument
Shown in Figure 3

It was found that the exponent by which the reading
is related to the velocity can be adjusted readily to unity
by varying the bias of the nonlinear amplifv.ay stage. The
exponent was found to be constant over a saufficiently wide
range of velocities. Results of a calibration test are
given in figure 10. i

Directional Calibration of the
Directional Characteristics

Hot-wire readings of the instrument with linear char-
acteristic taken at constant velocity but varying angle of
incidence between direction of flow and hot wire are plot-
ted in figure 11. The figure also shows in dot-and-~dash
lines the ein curve, and it-is seen that the calibration
curve (fig. 11) displaced a few degrees follsws this sin
curve with reasonable approximation, except in the range
from 0° to 6° angle of incidence. It can be stated that
the hot-wire instrument measures the component of velecity
in the transverse plane of the wire. This characteristic
of the hot-wire instrument uay be used for determination of
the velocity vector from rcsdings with hot wires placed
approximately at right angles to each other. Hurthermore,
simultaneous measurement with two hot wires may be ddapted
to the direct determination of the instantancous and mean
rate of momentum of flow of fluctuating velocity and di-
rection, :

CONCLUSIONS

Comvensating circuits for operation of the hot wire
at essentially constant resistance were found to respond
to fluctuations of velocity over a wide range of fregquen- d
cies including aperiodic changes of velocities.

Inagsmuch as constant-resistance operation established
a definite relation between heating current and wind ve-
locity, it is possible through the addition of a nonlinear
amplifier stage to obtain a linear relationship between
instrument reading and wind velocity.
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Quantitative investigation shows that response and
phase lag are still affected by the residual thermal in-
B EHa 0F the wire 'and by capacibanesés in “the ciyemibihianid
that this effect may not bc neglected at high frequencies.
Thore is, furthermore, a tcndcncy to oscillations from in-
stabil ity and a sonsitivity to microphonic disturbancess
Inveagtligation of the circuit characteristics appears te
show, however, that thesc effects may be reduced by con-
ventional technique.
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T4BLE I - CIRCUIT CONSTANTS

T U MR L

Constant Circuit I Giventt 1T Circuit III
2, INSGT 26036 IN5GT
To INSGT 26086 INHGT _
By 6Y6G 6Y6 ISAGGT or 6B7
Ty 6J7 6Y6G
G =12.5 to 12.5 pa;5000 ohms
Cs ‘ 25 micromicrofarads
(Microamperes)
X 0 to 200 5 {’ 0 to 200
Ao | } 0 to 100
(Volts) I
g A ! 135
Bs 1.5 1.5
B, 90 90
S 90
B 90 90
B 145 1.5
B | 90. 1.5
Bl 11,055 Bl
S ) 6 1.5
Bio i | 6 !
(Ohms) _

By + Ra| 2,500 5,000 x
By 30 30 |
Rs [10,000 10,000 ’
Rs i i b5
Rg 0,1 | 60,000
R, {50,000 | o
Reg 75 o
- 150 f 50,000
Rio 750,000
By 750,000
Ria ; 10,000
Bsisk | b 15
B 50,000
Bouss 25,000
216 5
By | 150

2In one shell,
bileasured in megohms.
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Figure 3.- Hot-wire circuit III with additional stage for linear reading.
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(a) Neon-tube coupling of the amplifier
of circuit III.

X O
//l/}kl Grid

Amplifier

Cathode

(¢) Effect of direct-current unbalance
of the bridge.

Fig. 5

Rg , Amplifier

® 1)

(b) Effect of the potential across
the bridge resistance A3 upon
the grid voltage of the current
regulator stage.

1 &m
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(d) Variation of transconductance of the
circuit with the direct-current un-
balance of the bridge.

Figure 5.- Details 0f the hot-wire circuit.
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Figure 6.~ Variation of amplitutde of response and of phase lag with frequency for circuit III.
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| figure 7.- Schematic drawing of the calibrating device for large amplitudes using the di-
‘ rectional characteristics of the wire.
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Figure 8.- Photograph of the calibrating device showing the hot-wire holder
and sliding contacts in the insert to the left.
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Fig. 9
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Figure 10.— Calibration curve for linear characteristic.

Figs. 10,11

Angular getting of hot wire, 6, deg

Figure 11.” Directional characteristics of the hot wire-circuit with linear readings.




