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SUMMARY

Requirements are discussed for an amplifier swtabie for subsonic
and supersonic twbulence work with hot wires.  Such an amplaifier needs
to have a constant gain at low frequencies, and a gain rising in propor-
tion to frequency at high frequencies, in order to compensate for the
thermmal lag of the hot wire. A fairly sharp cut-off 1s required at the
high frequency cnd, and it is desirable that this cut-of f frequency should
be adjustable, so as to limit the band width of thec emplifier to no more
than is essential, thus preserving the maxamum *signali-to-noise! ratio.
The amplifier should also be free of interference arising from extemrmal
vibrations or from the power supply.

An amplaficr is descrabed which has a froquency range from 1.4 ¢fs
to 50 Ko/s, dealing with a rangec of thermal time lag from O.1 m.s. to
5 m.s. An iron dust-corcd inductance is used to gave tho required
compengation for thermal lag, the circuit being a modifacation of Dryden's
circuit, The upper frequency cut-off is adjustable in s1x steps from
1.5 Ke/s to 50 Ko/s. The oubtput can be applied to a thermocouple meter
and to an oscilloscope, and the sensitivity is such that full output is
obtained for 100 uV low froquency input, at a setting of 0.5 m.s, time
Jag. The output in this case 1s about 5 volts giving an overall gain
of 50,000 for low [reguencies. The upper frequency pain for negligible
noise interference 1s about 4.6 x 10°, fThe low limit of turbulence
which can be measured varies from 0.1% with 1 m.s. time lag and 10 Ke/s
upper Freguency cut=off, to 5% with 5 m.s. thermal time lag and 50 Ke/s
cut=off, These valucs can be decreascd if necessary by the use of a
transformer inpub.






LIST OF CONTENTS3

1 Introduction

A

Specification for Amplifier
General Features of Amplifier

Compensation Stage

i £ W

Disturbance Level

5.1 Sources of Disturbance in the Amplifier
5.2 Apparent Noise Level of a Turbulence Amplifier
5.3 Filter Design for Power Supply

6 Design of Amplifier

General

Low Frequency Consideretions

High Frequency Considerations

Filtering of Power Supply

Compensation Stage

Output Stage

Adjustment of Low Frequency Characteristics
Further Details of Amplifier

O‘\G\O‘\?\O\O\P‘\?\
O~ P n =

]

7 Discussion of Characteristics of Amplifier
List of Symbols

References

LIST OF APPENDICES

Circuit Values in Fig,1

Apparent Noise Level of Various Velves as First Stage of
Amplifier

- 2—

@D ~N w» P

10
10

M
12

Appendix



LIST OF TILUSTRATIONS

Caircult Diagram of Amplafier

Circurt For Compensatiloa Stage

Calculated Frequency Churwucteristic of Compensation Clrcuit
Compensation Swilchung Arrangement

Sample Two=-Stage E-C Falter

Positaon of Filter in First Stage

Substitube Diagram For R~C Coupling an Amplilier

Frequency Characteristic Ior Attenuation of Disturbancos
Fraom Power Supply

Frequency Characterisiic of Uncompensated Amplifier at Iligh
Prequencies

Phasc Converter Stage Originally Usecd

Phose Converter Slage = Final Vorsion

An Amplifier Stage Wath Power Supply Filtcr and R-C Coupling
Low Frequency Compensating Caircult

Laow Frcauency Compenscting Clreuit Plus R-0 Coupling
Froquency Characteristic of Civeuit of Fig.ih

Frequeney Characteristic of Circurt of Fag.ih

Falling Off 1n Amplification For Inffcrent Freguency
Ranges.,  {Time Constant = 5.0 m.s.

Folling Off an Amplafacntzon For Differcnt Freguency Rangces,
{Taume Constant = 1.0 m,s,)

Falling OFf in Amplification For Daffersnt Frequency Rongoes.
(Tune Constant = 0,2 mM.s.)

Low Frequency Characteristics of Amplifier
Apparent Noise=level of Amplafier

Amplatude Daistortion of Amplafier

10
11

12

-

13
1L
15
16

17

18

19
20
21

22



1 Introduction

The conventronal method of measuring turbulencc 1s to use amall wires,
which are clectrically heatod and exposed to the air-stream. Wind fluc-
tuations produce corresponding fluctwiions in rate of cooling, in
temperature and in clectrical resistance of the wire. With suitable
circults, these fluctuations appear as voltage changes across the wirc.

The ratio of the volbage vrcduced, to the magnitudc of the wand fluctuation,
varies with fiequency, becausc of Lhe thermal lag of the hot vire. The
amplificr serves the double purposc of amplifying the small voltages
produced by the wire, and of compensating for the lag of the wire in such

a way that the combination of hot wirc and cmplificr produces an outputb
proportional to the wind fluctuntions.

Amplifiers for subsonic turbulence measurements have been described
by Dryden and Mockl, Schuh®, Kovasnay?, Schubauer and Ilebanoffl, A.A.
Townsend- and others; these amplifiers are all sumlar in function,
with a provision for compengataing for the thermal lag of the hot wire,
and with a frequeney range from 5 ¢/s to 5,000 ¢/s or 10,000 ¢/s.

The amplaficr described in this report was originally planned for
turbulence work at supersonic spseds, where 1t is expected that an
extended frequency range will be requared. It was however soon apparent,
that with some modificatzon, the same equupment could be used also at
sutbsonic speeds, and in i1ts final version 1t 1s surtable for measwing
subsgonie wind tunnel turbulence of low intensity.

The design of an amplifier for turbulence measurements presents
varrous problems, among whicn the most important are thosc of preventing
self oscillation, ensuring a low noise-level, and designing a suitable
compensation stage.

Sance the response of a hot wirc docrcascs at high frequencies, that
of the amplifier has to inercasc, sc as to give a uniform overall
charactcristic.  Such a freguencgy charactersstic in an amplificr
anvolves some dangor of sclf oscillation, and spccial precautions must
be taken i1n scrcening both whole stages and indivadual components,  The
power supply to the amplifier should have a low impedance, and in the
present case, filters arc also used between cach stage and the power

supply.

The noisc=levcl of an amplificr results from disturbances in valves
and resistances in the carly stages, and thas 1xmits the amallest turbu-
lence which can bo measured, The nolse-level 1s kept as low as possible
by the carcful selection of these components,  The noise increases
rapidly with increasing band-width however, and deponds also on the
frequency characteristic of the amplifier.  Although very little is
known about supcrsonic turbulence, 2t is expected that frequencies of
up to 50,000 ¢/s may be produced., On the other hand, in a good subsonic
wind Hunncl it moy be found that frequencies higher than 1,000 ¢/s arc
of little amportancc. Thus it is uscful to be able to limut the upper
frequency to no more than is essential for each particular application,
Circuits were thereforo designed to cut=off the upper frequoncy at six
points ranging from 1.5 Ke/s to 50 Ke/s.

Several crcults have been proposcd to compensate for the theoretical
fall off in sensitivity of a hot wire at high frequencies due to themmal
lag. These circuits can be divided into two mein classes; those incor-
porating a resistance and an anductance in series and those having a
resistance and a condenser in parallel. In the former type, the impedance
of the element increascs wath increasing frequency, and so it can be used
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directly as an anode load. The impedance of a resistance and condcnser

1n parailel, decreases with increasing frequency, and the element must be
incorporated in a negative feedback circuit or in an impedance network,

in order to give the correct frequoncy characteristic. The circuit used

in this amplificr 18 a modifaed form of the inductance circuit, usang an
iron dust-cored coil. The high frequency cut=off 1s effected by a parallel
condenser, giving a resonance ncar the required cut-off frequency. The
resonance circurt 1s damped by & parallel resistance, and another inductance
in the cathode circult gavos a further reduction above the resonance fre-
quency, duc to high negative fecdback.

2 Specafication for Amplaficr

The specifcation for the amplifier 1s determined by the requirements
for turbulence measurements on the one hand, and the possibilities of
amplificr design on the other. As our knowledge of turbulence is rather
limited, the specafication 1s to some extont a matter of opinion, It is
determined by the following considerotiions:

(1) Intensity and frequency range of turbulence to bo measurcd.
(2) Tame constant and frequency distortion of the hot wire usecd,
(3) Output required from the amplifier.

(4) Necd to avord any intcrference by airborne noisec or vibration.
Thrce maan types of turbulence con be distinguished:

(2) High level turbulence such as is found behind secreens, in wokes and
in bowndary layers. Thesc intensities range from about 3% to 10%,
(intensities are measured as voot meon squarces of velocity fluctuatzion

as a porcentage of mean spced) and the frequencies encountered lic beotween
2 o/s and 10,000 ¢/s approximately.

(b) Wind tunnel turbulence, which may be os low as 0.01% for the best
tunnels®. In most cascs, an upper frequency limat of 10,000 /s scaas
to be sufficient. However, flucbuations of very low frequency have becn
obscrved, down to 1 ¢/s, and even lover frequencies may be of importance.

(¢} Supersonic turbulence. Very littlc s knovn about this type of
turbulence. Estamates of freoguoney range are normally made by assuming
that a pattern of turbulcnee 1s swept clong wath the mean speed. If the
pattorn consists of cddics wath a diamcter of ﬁ“, frequencies as high as
50,000 c¢/s may occur, if %hc mcan specd 15 the sonic spuocd. The ntensity
of turbulcnce 1s likely to ve higher than un subsonic wind tunncls,

The range of turbulence intensity can conseguently be assumed to be
0.01% to 10%. In order to derave the corresponding input voltages,
assumptions have to be made about hot wire sensitivaty. TFor measuring
turbulence of the order of 0.01% at ordanary wind tunnel speeds, (60-300
ft/sec), swtablc wires have been found to be approxamately 0.02" long
and 0.0002" diamctcr,  The voltage produced over such a wire for 0.01%
wind fluctuation 1s about 10 uV, 1f no reduction of scnsitivity due to
thermal time lag cccurs. It was known, however, from previous turbulence
emplificr design, that 1t 1s difficult to measure inputs as low as this,
oven with a band-width limitcd to 10,000 c¢/s, because of noisc anterfercnce.
A transformer input has been used beforc to overcome this dafficulty, and
it was decided to use this method again, Thas mecant that the amplifier
1tself could have o lower sensitavity, and 100 uVvV input to give full scale
output, was the figure chosen. At the other extreme, with an input of
say 10 mV, onc stage 1s by-passed to avoid overloading and dastorbtion.
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The frequency range of the amplifier without compensation was fixed
from about 1 ¢/s to 50,000 o/s with a drop in sensitivity of 30% at
either end. To extend the frequency range of the amplifier below 1 ¢/s
would involve considerable difficulties in design and operation of the
amplifier. On the othor hand, the significance of these low frequencies
in turbulence work is not yet clear. They probably conlributc appreciably

to tho tofal energy only in low turbulenee wind tunncls, In supersonic
wind ‘tunnels, frequencies above 50,000 ¢/s may be amportant, but ihe hot
wire responsc 1s unknown at frequencics as high as this. At medium

frequencies 1t was sufficient to consider the hoat capacity of the wire,
the relevant £low and tamperature fields being assumed to be the same as
in the steady state. Thus equation (1) (sec lator) woas obtained,  Hove
ever, for sufficlently high frequencies, the follovang effects will occur:

(&) A sort of thermal skin effect, whereby thc temperature of the ware
18 not constant over the cross section of the wire.

(b) Dynamic effccts in the flow field and the tamperature field around
tho hot wire.

A rough cstimate was made in Ref,7 of both effects, and according to this
they occur above 30,000 o/s for a wire of about 0.0002" diameter, The
upper frequency limit of the amplificr was therefore fixed at 50,000 o/s.

The change in sengitavity of a hot inre with frequoency, duc to its
thermal lag, 1s gaven by:i-

A = Ao (1)
/1 + (21)2 £242

where A 1s the wire sensitaivaty at the froquency f, and Ay at zero
froquency; * 1s the tame constant, which depends on wire diamcter, wind
spced and tonperature. This change in sonsitavaty 1s also accompanicd

by a phasc shift, but since oniy r.m,s. valucg are of interecst in almost
all turbulance measurements, the phase angle is of little importance.

For a platinum wirc of 0.0002" diameter, ond vand speeds of 60-=300 ft/sec.,
the time constant is botween 0.1 m.s, and 0.5 m.s. approximately. Wires
smaller than 0.0001" dicmoter are scldom used. For supersonic turbulerce,
tungsten wires up to 0.0003" drometer are likely to be used. S1nce the
time constant is approximately proportional to (diam)5/3, a range of time
constant from 0.1 m.s. to b m.s. 18 considercd to be sufficient.

The compensation stage, which is described more fully an Section i,
contains o suitable circuat such that ats amplafacation is proporticnal

to J'1 + (Zﬂ)z 12 12 wathin the desired froquency range; +thus compensa-
tion 1s mede for the thermal lag as given by equation (1).

The output of the amplifier serves two purposes; one i3 to give a
visual display on a cathode ray tube, and the other 13 to feed a thermo=-
Junction for measurement of root mean squarcs of input voltages, A
thermojunction 1s generally used in connection with turbulencc measure-
ments since the reading of this instrumont 1s independent of waveform
and frequency. The thermojunction uscd in thais amplificr has a maximun
current of 5 m.a. Assumng a working current of 1.5 m.a., the input
nceded to the current limitang circult in whach it is incorporated is
5 v. This voltagc is also adeguate for use as input to a cathode ray
oscillescope, and gives a total gain neoded for the amplifier of 50,000.
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An amplafier which works well in an clcetronie laboratory may be
uscless necar 2 wind twnel, becouse of the large amount of vibration and
cairborne noise prosent., Thais may cause vibratrons of the ianer systoms
of the valves and these 1n twrn result n oltermcating voltages at the
output terminals of the valves. The susceptibility of a valve to vaibra-
tion is lknown as microphony, and the amplificr must be reasonnbly froe
from the effects of microphonic valves.

3 General Features of Amplifier

This section deals with general considerations for the design of the
ampiifrer whoso circult diagram is given in Fig.i. For more detarled
considerations as Lo the value of andividual components, see Scolion 6.

The amplaifier consists of 6 stages with an end stage fecding & thermo=-
Junction, and a soparate cnd stage for an oscalloscope. The design of
the amplifier is largely determained by two considerations: ensuring that
rno valve overloads, ond maimteaning ¢ favouwrable ratio of signal to
clectronic novse throughout the amplifier.

The position of the compensation stage has to be carefully censidered.
With the compensation circult used in this amplificr, 1t is not possible to
avold having a gain of less than one for the compensation stage, for signals
of low frequency. Therefore, in this stage, the level of signal in the
plate circurt should be well above the noisc level of the next valve, and,
at the same time, the signal voltage on the grid of the compcnsation valve
should not be so high as to excoed the linear range of opcration. Thesc
requirements are met by making the compansation stage the third stage in
the amplafaicr.

A reduction in scnsataivity of an amplaificr can be effected by a
potentiometer (*volume control!) in the grid circurt of one of the stages.
Simlar cons:derations apply to the position of this potentarometer. Ie
1t were placed at the anput of the amplificr, it would reducc all input
signals to the level of the amallest to be measured and consequently the
signal-to-noise level would be wmecessarily wnmfavourable for the hgher
values of input. On the other hand, 18 placed ot thce grad of the ond
stoge, 1t wouwld endanger the previous stages with overloading.  Both ill
effects arc avoided by placang the pvotentiometer at the grid of the third
stage. However, its range of operation must be lamited t0 a reduction
n gean by a factor of about 20; 1in order to reduce the sensitivaty stall
further, the first stage con be hy~-passcd.

In order Lo achieve the necessary response at low freguencies, there
arc no by-pass condensers to the cathode resistances, Thas results in a
drop mn amplaification for each stage. If all stages were of the push-
pull type, this drop in amplifiication could be avoided wathout 111 effect
on the low freguency characteristrc of the amplafier, but the noisc-level
of the amplafier would then be increased by a foactor of approximately Vo ¥
This 1s onc reason why in thig amplifier only the last two stages are of
the push=pull type.

* With two indcpendent sources of clcoctricity of random chavactor, the
resulting voltage (or current) i1s the root of the sum of the squarcs of
cach voltage (or currant).



Fach stage 13 connected to the power supply ilhrough an electric
filter which consists of a resistance and a condenser (R=C filter), This
is one of factors which helps to prevent self oscillation in the amplifaier.
Another factor is careful screening of aindaividual stages against each other.
The whole amplifier 1s operated by onc stabilised H.T. power supply, and
accumulators supply the valve heating current.

Mircrophony of the first valve 1s avoided by carofully selecting a
miniature valve, and housing it in a stecl box which s suspended on
rubbor bends. The valve is completely scaled in the box to avoid air-
borne noisce reaching it.

L Compengation Stage

Among various altcratives, Dryden's circu1t8 (see Flg.h(a)) with
a dust=core corl as inductance, was found to be suitable for compensating
the thermal lag of a hot wire for a frequency roange up to 50,000 c¢/s.
It consists of an inductonce I and a resistance R in series in the
platc circult of a wvalve; its frequency characteristic is dctermined by
a time constant < = I/R. If the valve is a pentode, the plate current
is independent of the anode load, and the output voltage of thais stage

is proportional to the anode impedance 1.e¢. R J1 + (202 £2 22, 1f

T = I/R is equl to the time constant of the hot wire, the thermal lag
(sec equation (1)} is accuratcly compensated. Torordal dust-corc coils
combine a gufficiontly high inductance with low losses. They arc small
in sizec, and commercially avoalable,  In Fig.? a circuwi 1s shown which
provides, in addition to the compensation, a provigion for adjusting the
uppcr frequency limit ab will,  The resistance R and inductance L
Torm the compensating clement at low frequencies. As the frequency rises,
the condenscr C  gives o porallel rosonance with the inductance 1L, the
moxamum impedance being detcrmaned by the parallel resistance R, At
the gome time, the impedance in the cathode carcuit inereascs dué to s
thus grving a high negotive fecdback and the gain of the stage falls
steoply above the resonance frequency. By o suitable choice of Ry, C,
and the mutunl conductonce of the valve, Bme the gain of the stoge
follows the ideal gein very closely, up to the resonanl frequency. In
practice, the resistance R in Fag.2 can be neglected in comparison with
tho ampedance of the conl L, for all but the lowust frequencies. In
ordcr to facilatate analysis, this resistance hog been omitted in the follow-
ing dascussion., Thus the ideal gain 1n this casc is proportional to

J(Zn)z £2 12 1.e. %o 2nfl. The impcdance in the plate circwt 1s now

a parallel resononce circuat, consmisting of an inductence L, o condenger
C, ond a resistance R?. The impedance of this circuit is (with w = 2xf
and ,j:"[‘"']):

7 = L (2)
i_él_..+ ....1._.. o+ j(.uC
D JuwL
The plate current is
8m B
I, = L (3)

1 + By g + JuwIn o



where Eg 1s the grid voltage. The amplafication of the stage is
given by!

B .
Eg~ n (4)

Before combining equations (2), (3) and (4), the following dimensionless
quantities are introduced:

[u]
u
!

and

with

Then the complex quantity Ep/Eg can be cxpressed by mn, &, € and ¥;
1ts modulus 1s:

Ep
Eg

= - (5)
Jm - )2 4 82 1 e &)

and 1ts argumont

- tan-1 EM-

1«7
An examination of (5) shows that for low frequencics

WL
= Y1 = T——-...—..-.
£m

Eg



This is the ideal gain, since + g is constant. For high frequencies

-

g

low pass filter. The quantities ¢ and & can be suitably chosen to

2ve the best frequency charactcristic, which 1s one that follows closcly
the 1deal compensation as far as somewherc near v = 1, and then falls
rapadly. Tvwo possible cases suggested thomsclves:

2
&m

becomes proportional to jE and the caircurt behaves as a simple
M

(1) Terms in m2 in the denomnator of equation (5) to vanish®,

and %E to be equal to the idoal compensation at n = 1.

A

(2) Terms in 1@ b

to vanish.

and 1n Mt in the denominator of cquation (5)

In casc (1), the result 18 g = 1,27, § = 0.616, and an casc (2)
€ = 6 =1. Both curvez arc shown in Fig.3. Obviously & curve wiith
valucs of & and & botween bhese two scts of valucs would bo better,
Thus e = 1.135 ond & = 0.808 wore chosen for the amplifier,

By using convenb.onal filters, ithe same or beltor rosults could be
obtained, bul this would anvelve an additioncl stage, and morc circuvrt
olaments; 1t zs doubtful whether this cxtra rclfinement s worthwhile.

As a seraes o' frequency ranges are wanted, some filter elements
have to be made vamable, and C, Ry and Iy are changed in steps,

5 Disturbance Level

5,1 Bources of Disturbance in the Amplafier

As tho highest sensatavily of this amplifier 1s detertuned by the
dasturbance level, it 1s worthwhile to investigate its various sources.
Disturbances arise maanly in valves and resistances. In valves, there
are two main sources: electronic noisc and microphony. The former can
again be sub-daivaded into shot and flicker effect. The shot effcct is
duc to the atomic structure of elcctricity, and has a uniform frequency
digtribution, The flickcr effect 1s due to irrcgularitics in the cmission
of clectrons; 1t is of large intensity at low frequencics, falls with
wnereasing frequency, and is usually small above 5,000 c/s. Microphony
is due to the vabrations of the electrodes in valves which ore excited by
airborne noise and vibrations. The noise in recsistances is duc to the
thermal movement of the electrons in the resistance. It has a wniform
frequency distraibution. In carbon resistances there 15 an additional
daisburbance due to the finite size of carbon granules; this appears when
direct current passes through the resistaonce,

A further source of disturbances 1s the power supply. The influence
of ihese disturbances can however be reduced by surtablce filters. An
estimate of the magnitudes involved i1s useful. It 18 cvident from the
diragrom of Fig. 1, that the amplificr is most scensative to disturbances

¥ Multaplying thc brackets uwnder the root in the denominator of cquation
(5) yiclds 1 + nz EE + 52 - 2] 'r]l+ [82 (62 -2) & 1 + n6 2.
Terms in n2 vanish in this cxpression if g2 + 62 w2 =0 and in nh

if 2 (82 = 2) +1 = O,
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of this kind through thc high tension lead which supplies the first stage.
Roughly % of the hgh tension voltage of 280 v Jiecs on the grid of the
second stage, if no filtcr for the power supply xs used, The input level
to this stage is about 2 m.v. If disturbances of 5% of this value are
allowed, the high tension of the power supply should be constent to within
% 10“é of iis value, for disturbances which lie in the transmitted
frequency band of the amplafier, This as .ather a stringent conditaion
for the power supply, which does not sean to be fulfilled by standard
equipment: whence the need for a suitable filicr between each stage and
the power supply.

5.2 Apparent Noisc Level of a Turbulence Amplifier

In order to find the smallest voltage which can be measured by an
amplifier, it is customary to give the disturbances as cquavalent voltages
at the input of the amplifier, regardless of where thoy actually oceur in
the amplifier. This can be 11lustrated by the method of substitute
circuits or diagrams. It as usual to substatute an amplifier with its
disturbances by an ideal amplifier without internal disturbances, but
with an equvalent source at the input of the amplifier. It will how-
ever be found in this case that another defanition of an equivalent
voltage is more useful, This problem will now be investigated in morse
detail.

The voltage across the hot wire, e, which is produced by the wing
fluctuations, is determincd by the sensitivity of the wire, the intensaty

of wind fluctuation U' and the frequency spectrum of the fluctuations.
The sensitavity of the wire is dcfaned by

e = ATU! (6)

Because of the thermal lag of the wire, A depends on the frequency f
as given by equation (1} i.e,
Ao

A =
\/1 + (211;),2 £2 2

The frequency spectrum of wind fluctuations is characteraised by a function
F(f) defined by:

daU'?) = U'2 p(f) ar (7)

where d(U'z) is the turbulent encrgy between the frequencies f and
f 4 df. With the help of (6), (7) and (1), the following equation can
be written

3(2) A2 a(u?) A2 U2 B(s) af @
e = =
14 (2R2£2 22 1 4 (292 £2 42

Finally, the voltage across the wirc 1s obtained by integrating equation
(8), whenee

2 2 42 jf #(f) ar
& = AU (9)
° 1+ (272 12 42
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This voltage 18 to be comparcd vith the clectronic noise level at the
input of the amplifaicr in order to fand the mmallest turbulconee level
which can be measurcd,  However, a comparison of this kind is of 1little
use, sinec it depends also on the speetrum of turbulence instead of only
on the properties of the measuring equipment. It wall be shown that 1t
is better to compare signal voltage and noilse level at the output of the
amplifier,

The ratio of ocutput voliage to input voltage of the compensated
smplificr 1s

C = G J1 s (2m)2 £2 72,

where Cp 18 thu corresponding ratio at f = 0, The output voltage E,
due to wind fluctuntions 15 given by

2 . U222 (10)

and the output wvoltage duc to the internal noise by
£2

B = Cp° f K(£) [1 + (2m)2 £2 12] ar (11)
£

where K(f) is the function charactcrising the frecquency spectrum of the
equivalont noisc voltago at the input of the amplifier, and f4, o are
the frequency limits of the amplifier. The factor C, in boLh equationg
18 not relevant to the problem, and therefore both sudes of equations (1 0)
and (11) are divided by Co®+  ¥or the purposes of this report, we dofine
the expression In/Co, ac lhe apparent noise level of a turbulence
amplifier, since it gives a darcet indication of the lowest intensity of
turbulence which can be measured, when compared wiith the oxprossion EVCO*.

The actual meusurancnt of the apparent noise level is made 1n the
following way: no input is applied to the emplificr, and the output duc
to the intcrnal disturbunces is measured, whnle the compensation i1s set
to a certain valuve of time constant 'r'., Then the compensation is
"switched off" and a signal 13 fed into the amplifier to give the same
output.  The amplaitude of thas signal 1s the quantaty E,/Cy, that is
the equivalent noise lovel,  "Switching of f" the compensation means
removing tho inductance in Drydan's circurt (see Fig.Lh). In this
amplifier 1t entails swatching out the inductance in the anode circuat,
and the one in the cathode circuit, thus giving a flat responsc at the
low frequency value of the gain,

5.3 Filter Design for Power Supply

The funmction of the power supply filter is twofold.

(a) To reducc disturbances from thc power supply.

* B/Co = U' Ay from cquation (10), and A, wall be known for individual
wires by calibrotion, thus giving U'. In practice, E/C, nccds to be

at least threc times E,/C, in order that the noisc shall have a negligible
ef fect on the measurcment of the turbulence.
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(b) To avoid interference between different amplifier stages through the
common power supply,

Design considerations have only been based on the first of the filter
functions, the second being automatically fulfilled by the filters used
here.

Two types of fallcr have been used; one consists of resistances and
condensers only (sumple R-C filters); +he sccond uses neon tube voltagoe
regulators in place of some condensers.

In Fig.5 a simple two stage low pass filter is shown., If the intemal
registance of the source providing the input voltage 18 amall, and the
filter works on a load whosc resistance is large, compared with the rosist-
ances of the filtor, then the ratio of output voltage to input voltage is

1
\/1 + 7 92+pl"

(12)

where p = 2% fRC.  In Fige6, this filter 1s inserted between the power
supply and the first stage. Rp1 18 the plate resistance of the fairst

stage in which the valve used 1s a triode., With an internal resistance
Ry for the valve, the Tfilter works on & load Rp1 + Ry which 1n practice

is bigger than the resistances of the filter, Thus expression (12) will
be valid at least approximatcly., The rest of the amplaificr incorporates
a number of high pass filters, cach of which consists of a coupling con~

denser and a grid leakage resistance; the corresponding substitute dia-

gram 1s shown in Fig.7, where each square symbolises an amplifier stage.

The retio of oubput voltage to anput voltage is

& m

B (\?1_:;) (13)

if B is the total amplification of all steges after the first one,
1
2% fCK

o = 2% fCx R,. By multiplying expressions (12) and (13), the ratio of
anplaifier output to input due to disturbances i1s

at frequencies for which

<<Rg, m the number of stages, and

m
P = 3 ( g ﬂ) (11)
\/1+7P2+p}+ \/1 +o°

Digturbances of low frequencics are suppressed by the amplifiecr proper

(0 amall) and thosc of high frequeoncics by the power supply filter (p largol
By a suitable choice of «/p, the medium frequencies can also be suppressed,
In Fig.8, P/B is shown as a function of frequency, for m = 4 and for
three values of o/p. If the frequency spectrum of the power supply
disturbances is known, the nccessary filters supplying the first and

other stages can be dosigned so that the disturbances are kept at the
desired low level.
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The by-pass condenser of the falter, which is directly in the plate
circurt of a valve may have an influence on the frequancy characteristic
of' the amplifier, To illustrate thus, consider Fig.12, where an amplifier
stage with a power supply filter is shown. For sufficiently low frequen=
cles, the impedance of € will be comparable with and hence the
amplafication of this stage will rise with decreasing frequency. Whether
this anfluences apprecrably the frequency charactoristic of the whole
amplifier, depends on the valuc of the tame constant R, C,. As the low
frequency cut off of the amplifier is usually due to the action of coupling,
coupling condenscr Cg and grid leakege resistance R, in each stage,
there will be practically no influence on the frequency characleristic,
if Rp C4 2s large compared with R, Cgx. For tlas amplaficr, the value
of (1, as roquired by considerations of power supply filtoring, wes
usually big enough to make Cqy >> R, Cg. However, in some of the
later stages, C; was purposely made much smaller, in order to umprove
the frequengy characteristic of the amplificr. This will be dealt with
in Section 6.7.

With surtable values for R and for the power supply voltage, some
of the condensers ¢ 1in Fig.6 can be replaced by neou tube volbage
regulators, whose dynamic resistance varies accordiang to type from
L0=30C 0, Dynamre resistance means lheir resistance to alternating
voltages, and 2t 25 cqual to dV/di if dV is a change in voltage, and
di the ecorresponding change i1n current. The main advanlage of using
neon tubes an Cilters is that their impedance 1s practically constant
even at very low frequencies, whon othorwise very bulky condensers would
have to be used. On the other hand, there is a danger that neon tubes
may not be sufficlently constant in operation, thus introducing new
disturbances. Filters with neon tubes were found to be satisfactory,
although the tubes had to be selected; the amplifier with neon tubes
hag not been i1n operation long cnough to decide how soon the tubes
deterrorate and necd replacing.

6 Desagn of Amplifier

6.1 General

In Sections 2 and 3 the specification and general features of the
amplificr have been dealt with., As the circuats used are either orthodox
or have been described previously, the considerations given herc refor
mainly to the actual values of components used, The suffix numbers given
to the components refer to those used in Fig.i.

6.2 Low Frequency Congiderations

The low froguency limit decided upon [or the amplafior, detcrmines
the values of tho grid circuit time constants Rq C4, Ry Gy, R14 Cg cte.
A valuc for this tume constant has been obtained by assuming
(a) 5 stages.

(b) At the frequency f,, an overall decrease of sensitivity to 1 /2
times the valuc at medium freguencies.

(0) Equal decrcase in scnsitivity in cach stage.

Then?
1
1
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(Tho assumption of five stages 1s made because the last stage has a high
negative fcedback and consequently its decrcase in sensitivity at low
frequencies 1s much smaller than for an ordinary stage with the same grad
circuit time constant).

For f, =3 ¢/s which was first chosen in view of the intended use
for supcrsonic work, the time constant obtaincd is

T = 0425 sec.

In most cases, the values of R and € chosen to give this timo constant
were R = 500,000 and C = 0.25 uF. The main exception vas the compen-
sation stagc. Here the fall off is detormined by the resistor Ryg and
the condensor C4q. Ryg unecds to be small compared with the internal
resistance of the valve, and large compared with the compensation elcments,
vhach arc paraliel to it, At the same time, 1t must be smell enough to
give a recasonable anodc voltage on valve Vg, and the best compromisc wos
found to be 62,0000; C4q Was conseguently” 2 uF.

When the frequency lamit was lowered to 1.4 ofs, the tume constants
of all the grid circurts ware doubled to a valuec of 0.25 sec except in
the case of Ryg and Cy9; here it was found to be impracticable to
1ncrease exthor” component, since, in tho case of the resistance, thas
would change the operating cenditions of valve V; unfavourably, and in
the case of the condenscr it would involve too laTge a stray capacity.
The oxtra decreasc in sensitivaity in thia stage was compensated for in
othcr stages by suitable circuits which will be described later {Scction
6.7). In a samiler way, the docroase in gensitivity in the firast stage
was arranged to be negligible down to 1.4 ¢/s; thus for measuring high
levels of turbulence, the first stage con be by-passed without affecting
the frequoncy characteristic cof the amplifier, Allowance was also made
for the low frequency fall off due to impedance in the scrcen circuits
of the pentodcs and the condensers Cs, Cg, C44 and 024 werc inercased
from 4 p¥ to 8 uPF.

6.3 High Freguency Considerations

The values of tho ancde load resistances in the amplifier are deter-
minod by the high frequency cut off required, since the stray capacity
across thesc resistances causes the fall off, Under the samc assumptions
as1én Section 6.2, the time constant for the upper frequency lamit fy
ig

KWA
- Jz/b-1 ,
.?.'Kfat

with ¢ = Ry Cy, wherc Ry = ﬁfﬁijég-, which is the combination of plato
.p'r i

resistance Ry aad anternal resistonce of the valve, Ry, in parallel;
Cg is the stray capacity. For f4 = 60,000 ¢/s and COg = S50ppuF we
obtain Ry = 20,0000  In stages with pentodes, this 1s egqual to the
plate resistance. Tor the first stage, where a triode is used, the
plate resistance may be higher. (R, = 30,0000) .
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Another factor which influences the high frequency fall off i1s the
value of the potentiomcter i1n the grid circuit of the compensation stage
(Ry),). With this in any other position than full gain, the stray capa-
cities across the two halves of the potentiometer causc the attenuation
to vary with frequency. The effcct 18 reduced if the resistance of the
potentriometer is decreased, bub this in turm necessitates an increase*in
the value of the condenser Cg, so that the time constant may be kept the
same. A potentiometcr of 250,0000 was found lo alter the frecucncy
characteristaic enly to o rother small extent on changang the attenuation
(see F1g.10); at the same time, 1 1F for the condenser Cp does not
involve too bulky a condenzer. In order to reduce the high frequency
fall off, the lcads from anode to followaing grid were kept as short as
possible, and the cut off value wilhout compensation was found to be
70,000 ¢fs.

6.4 Faltering of Power Supply

The amount of filtering needed 1o cut out 50 ¢/s ripplc and low
frequency Jumps from the power supply, was decided ompirieally. The
powecr supply uscd is stabilised and has an antomal impedance of about
200 It incorporates two neon tube voltage rogulators and thesc were
carcfully sclectcd, as some of thom scumed to strike in un unstable
faghion and give rise %o violent periodic jumps.  Even with the best
neon tubes, a certain amount of digturbance reaches the output of the
amplifiecr, This was concentrated in the low frequencies, as for these
frequencies, the power supply filtcr was the lecast effcective. The by~
pass condensors Co and Cz were Tirst of all chosen as 8 uF, but this
was found to be wnsufficicent to ramove the low frequency Jumping.,  They
were increased to 16 uF each, and ihe resistances Re and Rf 1ncreased
frem 15,0000 to 33,0000 . These values were setisfActory, although the
Jumping was still noticeable, Neon tube voltage regulators were tried
in place of C; and C;7 and using these, the resistances Re and Re
could be rcductd to 15,0000 without 111 effect, as long as the neon tubes
werce cariying just less than their full load current, and faulty tubos
werc elumnated. The components in the filters were altercd slightly,
aeftcrwards, to glve the correet low frequency cut off, (scc Scetion 6.7)
but the filtering was still adequate.

The present arrangsment of the compensation stage, with the ancde
corl and associated components isolated from the H.T. supply by condenscr
Cqq, instead of being directly in the anode circuit of the valve, has
two maan advantages., TFarstly, 2t provides excellent filicrang of ripple
and Jumps from the power supply. The powier supply filter discussed in
Section 5.3 could net be used in an arrangement with the coll directly in
the anode circuit, since the by=-pass condenser (01 in Fig.12) would
sceriously effect the low frequency performance of that stage. Secondly,
the losses of the anode corl are much less when 1t 1s carrying no dircct
currcnt, and so the response is much nearer the ideal casc.

Filters an the lator stoges do not nced to be ag efficient as those
in the earlier oncs, and the only difficulty oxpericneed was in the first
push-pull stoge, It occurred with the so-called "phose converter stage"
vhere the sangle input stages change over to the push-pull type. Origin-
ally, the circurt of Fag.10 was used. Herec, the plate resistance is
gub=~divaded and o fraction m of the output is fcd back to the grid of
the otheor valve in the pair. However, by following the grid cirecuit of
valve I1, it can be seen that any ripple of thc power supply appcars to
a full cxient on the grid of that valve, whereas the signal 1s reduccd
by & factor m, so ihat the ratio of ripple to input becomes rathor
unfavourable, (m being 80-100). In Fig,11 thais dilfficulty 1s avoided
by using & potentiometer, consisting of Rg and Rg/,, in parallel with
the plate resistance Rp, by whach both signal voltage and ripple are
reduced by thec same amount,
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6.5 Compensation Stage

The component values in the compensation stage were modified from the
original theoretical values for three reasons:

(1) because of the effect of R19 ‘on high frequency performance.

(2) in order to compensate for some of the decrease in sensitivaty
of the amplificr at high freguencios.

(3) bocause of the effect of the compensation resistance Rpg on
the low frequency rangos.

The mmpcdance of the anode coil Lo and the parallel condenser and
reszstance, rises to about 20,0000 at 50,000 o/s on the highest frequency
renge.  Comparcd with this impedance, the resistance Ryg (62,0000) can-
not be nceglected as has been done in the theory ocutlined in Section L.

In order to compensate for the influence of R, o, the registance R

wos increased for each range by an appropriate Smount. The resistance
Rpy which is uscd in the 50 Xe/s range was increased s3till further to
compansate for the fall off in sensitivity of the rest of the amplifier
at high frequencies., The losses of the coil Lo may have had some
effect on the high frequency characteristics, but from the data given by
the manufacturers this would only be of the order of 1%.

In the treatment of the frequency characteristic of the compensation
stage, the compensation resistance R (see Fig.2) has been neglected., In
doing so, 1t was agsumed that the cut off frequency was high enough for R
to be small comparced with the impedance of the coil, over o considerable
range below that frequency. However, with the low frequency rangos this
is not the case, and the actual frequency characleristic differcd from
the onc given by cquation (5). The deviaticn consistod mainly of an
addaitional increcase in amplifier sensitivity at frequencies about 60% of
the cut off freguency. In order to keep this increase withain reasonable
limits, the resistance Rp4 was reduced for the 1.5 Ke/s, 3.1 Ke/s and
6.25 Kc/s ranges. No adjustment was necessary in the higher freguency
ranges., The effect of the compensation resistancc, R, is the more marked
the highcr its value, or, since 1 = I/R, the lower thc value of time
constent <. (Sce Figs.17, 18 and 19). '

6,6 Output Stage

1

The oubpul stage 1s the same as previously used by Jamcs and Mrtchellll,
It automatically protects the thermojunction by limrting the current through
it. The maxamum current depends on the circmat elements, but a convenient
way of adjusting it within certain limits is to change the resistance R# .
The thermojunction used here has a maximum current of 5 m.a., and gives an
cutput voltage of 10 m.V, D.C. for an input of 2.5 m.a.

6.7 Adjustment of Low Freguency Characteristic

It is not always possible, and in scme cases not even desirable, to
spread the "falling off" in the freguency characteristic of an amplifier
evenly over all the stages, As has already been mentioned (Section 6.25,
an extre decrease at low freguencies can not be avoided in the compensa=
tion stage of this amplafier. Also, in order to measurc high levels of
turbuwlence, the first stage has to be by=passed; if tins 2s not to result
in a change in the overall frequency characteristic, the first stage must
retain full sensitivaty at lower frequencies than the rest of the amplifier.
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A circuat bas already been mentioned in Section 5.3 which can be
used to amprove the low frequency characteristic of the amplifier. Tho
essentials of this cirecuil are shown in Fag.13; a constant current is
applied to the input of the circuit, and the voltage at the output shows
an Incrcase at low frequencies when the impedance of €4 is compareble
with the rosistance Rq. Tho recsistance Ro is sufficiently high for it
to come into play only at still lower frequenciles. I1f this circuit
forms the plate circuit of a pentodec, the current I is practically constant,
Ro 18 necessary in order to provide the D.C. power supply to the valve.
With a view to lafer applications, it 1s more practical to base the
analysis on the combination of this circuit with a R=C circuit (Fig.ih)
as exists for instance in the grid of an amplifiecr stage. In ordecr to
simplifying analysis, R is assumed to be veory large comparcd waith R,

If Vg ts the voltage at the output and I, the cwrrent applied to the
anput, the resvlt of the analysis is

A P {4 8)2 4 (xp)?2

I By u‘/‘1+pé ’52+(Yp)2

where p = 2m fRC, § = Rq/R, and y =R;CC" .

(15)

Equation (15) 1s plotied for & =1 and & = 2 in Figs.15 and 16
rcspectively for various values of y. As the low frequency circuit and
the R=C circuit do not influence cach other, they may in reality be in
different parts of the ampiifier. As mentioned before, the power supply
filter for esach stage already contains the compensation circuit of Fig.13,
1f the value of the by-pass condenser which is directly in the plate
circuat is suitably chosen. By doing so, the efficiency of the circuit
as a power supply filter may be impaired, but it is always possible to
cffect the compansation at o later suage, where less need oxasts for
power supply filtering. When neon tube voltage regulators were used in
the power supply filler of the first stage, the efficiency of the first
half of the filter, 1.e. Rg plus ncon tubes, was such that the remaining
part of the falter i.e. Ry and Cp could boe chosen so that the fall off
in this stage did not occur until well bolow the amplifier cut off fre-
guency.

The compensation for the extra decrease in amplification in the third
stege was effected by suitably choosing Cg 211 the sccond stage and Cqp
in the fourth stage.

Apart from these permenent adjustments there is a necod for tomporaxry
alterations to the frequency characteristics in two cases,

(1) If a transformer is used before the .first stage.

(2) If thc time constant of the amplifier is cxperimentally sect
by the method of sguare woves.

For the measurement of the lowest levels of turbulence, it is
necessary to use o transformer between hot wire and amplafier input.
The froguency ronge of a particular transformer used, extended from
2.3 ¢/s to about 10,000 ¢/s. It was considered desirable to improve
the frequency characteristic of the transformer plus amplifier at low
frequencies.
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The usual method of determining the time constant of a hot wire, is
by superimposing on the constant heating current of the hot wire, a small
alternating current with a square wave form. Due to the thermal lag of
the hot wire, this wave form 18 distorted, but it 1s brought back to its
original form by a correct setting of the tame constant in the amplifier
compensation gtage. 1In order to avoid any additional distortions by the
amplifier itself, rather stringent conditions hold for the phase shiftl?l,
If & square wave 1s fed into the amplifier with the normal condenser (1),
an the fourth stage, it 1s reproduced wath a slight tailt in the horizontal
part of the wave form. Although allowance could be made for this, it is
more convenient to eliminate a2t in the amplificr by temporarily altering
the oircuit.

For both purposes, i.e. improvament of the low frequency characteristic
of the amplifier with transformer input, and reduction of phasc shift with
a squarc wave input, the low fregquency compensation circuit in the fourth
stage has been uscd; the condenser L, 18 replaced by C13 = 3uF for
transformer input and by Cq5 =1 UF for square wave compensation setting,

6.8 TFurther Dctails of Amplifier

The omplifier is housed in two soparate shielded boxes; the first
onc contains the first three stagos, and the second one the remaining
steges, TIndividual stages are shielded from each other by compartments
within the boxes, and the anode and cathode coils are in separate mu-metal
cans, This shielding was sufficient to prevent self oscillation under
all operating conditions but there was an interference between elements
of the compensation stage which was noticoed by deviations from the cal=-
culated frequency characteristioc. This was remedied by placing the com=
pensation valve itself in a compartment, so that the grid was shielded
from cathode and anode.

Interference due to microphony in the valve in the first stage, was
of fectively removed by using a miniature triode and housing it in a sealed
steel casing suspended by rubber bands, A pentode of normal size in the
second stage had too much microphony even when using selected valvos.

A miniaturc pentode suspended on rubber bands proved satisfactory, but if
a new amplifier is bullt, it is recomended to house this valve also in a
steel box, The third and fourth stages are not so important, but cven
herc, selected normal sized pentodes were used. It is probably advisable
to use miniature peniodes here too, because their microphony is generally
less than that of ordanary sized valves.

In order to awvord noise being produced by resistances, the 'grid
stopper' resistances (Rp, Rg, Ri5 etc) were kept as low as possible
(about 6007). As plate rcsistahce of the first valve, a wire-wound
resistor was choscn, in order to avolid the noise from a granular resis=—
tance when a direct current flows through it.

7 Discussion of Characteristics of Amplifiexr

Four curves are given for the low frequency charactéristics of the
amplifier without compensation ("ig.20). Onc is for the amplifier as
originally built wath a drop of 30% at 2.6 ¢/s. The second shows an
improvenant in the lower froquency limit from 2.6 ¢/s to 1.4 ¢/s and the
third shows the overall gain of 1 amplifier plus a transformcr with 25:
amplification, In this casc, the compensating condenser C1ﬁ is smtched
into the fourth stage. The amount of over compensation is thought to be
tolerable. A curve is also given of amplifier plus transfqrmer without
low frequency compensation, i.e. with condenser C1h in circuit.

19 =



The curves of high frequency gain without compensation were taken for
the whole amplificr ("high gain" in Fag.9) and for the amplifier with first
stage by-passed {low gain" in Fig.9). In cach case, the frequency
characteristic was taken for throe settings of the potentiometer, ;
full gain, mddle of the potentiometer, and a setting somewhere near the
bottom of the potontiameter, The first stage causes an extra fall off,
and the effect of potontiomcter setting i1s also quite noticeable, As
the opcration of the amplafier 1s restricted by a filter whose highest
frequency 1s 50,000 ¢/s, both effects are considered to be tolerable.

Figs. 17, 18 and 19 show the gain of the amplafier with compensation,

compared with the ideal gain, A, for a particular setting, 7, of the time
congtant, where

A= a1 4 (292 £2 12,

Ap 1s the gain at zero frequency, and f 1s thc frequency. The agree-
ment 1s within a fow percent, up to the cut off frequency, exccpt an the
case of the low value of timc constant (Fig.19). This cffect has bon
explained an Scction 6.5 and was considered to be tolcrable.

The apparent noise level of the amplifier (sce Section 5,2) is shown
in Fag.21. This guantity varies appreciably with the band width of the
amplificr and with the time constant setting, Thus, for the low time
constant of 0.2 m.s. and on the ranges lower than 6 Xo/s, tho noise levcl
is less than 10 uV. With a time constant of 5 m.s. and oa the 50 Ko/s
range, however, the nolse level rises to 1600 uV, The input voltage needs
to be at least threc times the noisc level so that the increcase in r.m.s.
output due to norse shall not excced 5%. Thus the lumits of input voltage
set by the noise level appear to be 10-20 KV and 4,8 m.,v. for the two
extreme settings of time constant and frequency band mentioned before.
Disturbances from the power supply do not allow input volitages of less
than 100 UV to be measured, With the transfomer input, the maximum
sengitrvity is L uv.

F1g.22 shows that above a certain value, the current througnh the
thermojunction in the output stage ceases to be proporticnal to the ampli-
fier input. Thas is duc to the swing into the non-linear characteristicg
of the valves, wherc harmonics of the input frequencies arise. The linear
range of the output is sufficient for practical purposes; some non=linear
rangc is unavoidable if the carewrts are to protect the thermojunction from
ovcrloading. In Fig.22 a plot of the galvanometer rcading used in con=
junction with the thcrmojunction is also given. About two thirds of the
gelvanometcr scolc is wathin the lincar range of the amplifier.

The guestion now arises as to whether the specifications for the
emplifier, as given in Section 2, have beon fulfalled by the present
amplifier, Tt appears from this section, that this 1s so, as far as
frequency renge and filter performance are concerned., It should also
be mentioned that solf oscillation and microphony of valves werc both
avoaded. However, for supersonic turbulence work, where a large f?e-
guency range may be involved, the sensitivaty of the presen? amplifier
mey not be sufficient,due to the high noise level. The noise lovel of
the first valve, where the majority of the noise originates, can be
expressed as an equivalent input resistance at the grad of the first
valve, This resistance is about 30000 for the valve used, whercas the
lowest valucs arc ebout 300012,  This means, expresscd in input Yoltages,
a reduction to about 1/3 of thc present value (the equavalent resistance
ig proportional to the squarc of the cquivalont inpub voltages)., Several
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other valves were used in twm in the first stage, and a table of their
apparent noise levels is given in Fig,23., They were used under the same
conditions as the minlatwe triode (C.V.139), the valve permanently
connected in the first stage, and 1t can be seen that there was little

to be gained by using any of the other valves. The lower values of
equivalent resistance can be obtained by using a triode with a high trens-
conductance, which in twm requires a high plate cwrrent. As the power
supply filter requires a gubstantial voltage drop over the resistances
vwhich it contains, an increase in plate current can only be obtainocd
either by a much higher voltage power supply (it need only be for the
first stoge) or by a reduction of the resistances in the filter. The
latter would entail some restriction of the low fregquency range. As

one would expect the low frequency range not to be so important for
supsrsonic turbulence, this seems to be a suitable way out. If the
need arises, the best solution along these lines would be to build an
extra first stage, perhaps with its own power supply. Alternatively,

a transformer, designed to cover the required frequency range, would
give a lower apparcnt noise level.

LIST OF SYMBOLS

f frequency

A wire sensitivity at frequency f
Aq vire sensitivity at zero frequency
T time constant

L inductance

R resistance

RP cf. Section L

RB’ IB Cf- Fig.2

&n mutual conductance (cf. Section 4)
J V-1

Eg grid voltage

Ep plate voltagc

W = 2nd
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! w/bo

8 wOL/RP

e Ip w ék + RB)

1
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impedance

voltage across hot wire
intensity of wind fluctuation
cf. equation (7)

(output voltage)/(input voltage)
Catf =20

ocutput voltage

21 RC

B, o, m cf. equation (13)

P amplifier output/input
8 R,/R
Vo2 } cf, equation (15)
i (R, ¢,)/(RC)
REFERENCES
No, Author Title, etc.
1 Mock, Dryden ' Improved Apparatus for the Measurement of
Fluctuations of Air Spesd in Turbulent Flow
N.A.C.A, Report No. 448 1932
2 Schuh An Electrical Instrument for Turbulence
Measurement
(UM 6607 19%4)
3 Kovdsznay Some Improvements in Hot Wire Ancmometry
(Hungaria Acta Physica Vol.I Noc.? 1948)
4 Schubauer, Theory and Application of Hot Wire Instruments
Klebanoff in the Investigation of Turbulent Boundary
Layers
(N.A.C.A./TIB/1074 1946) A.C.R. No, B5K27
5 Townsend Measurement of double and triple correlation
derivatives in isotropic turbulence,
Proc, Cemb, Phil. Soc. 43 (560-570) 1947
6 Schuh, Tinter R.A.E, 4 't x 3 £t Experamental Low Turbulence
®Wind Tunnel Part IT
(R,A.E, Rep. Aero,2285) 4.R.C. 11,829
August, 1948,
7 Schuh Detcrmination of the Sensitivity and Time
Constant of Hot Wires for Turbulence Measurc-
ments

(Rep. and Transl, No.165 1946)
AR.C, 10,046

- 20 -



10
11

12

Author

Dryden, Kueth

Terman

Terman

James, Mitchell

Spangenberg

REFERENCES (Contd)

Title, etc.
The Measurement of Fluctuations of Adr Speed by
the Hot Wire Anemometer
N.L.C.A. Rep. No.320 1929

Radio Engineers! Handbook
15t edition 1943 page 356 and 357
Publishsd by McGrave-Hill Book Co,

The sams, page 414

Tarbulence Measuring Apparatus
R.A.B. Tech. Note Inst.,949
4, R.C., 9885, March, 1946

Vacuum Tubes
18t edition 1948 page 327.
Published by McGraw-Hill Book Co,

- D2



54 0KQ
6200
10000
30KN
33%0
33K0
51 0K0
6200
3700
20KQ
150KQ
12K0
12K0
250K0
33000
8200
270KQ
4 0K0
62K0
10000

Circuit Valucs in Fig.d

APPENDIX I

HSHI="E=HH
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Carbon
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Carbon
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Carbon
Carbon
Carbon
Caxrbon
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Carbon
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Carbon
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Carbon
. Carbon
Log Carbon
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Registances

» Wire Wound

Pot 2W

Pot 2W

Variable with frequency

Range
100
6200
15000
20K

0.25 uF
16 puF
16 uF
0.25 uF
L uF

8 uF

8 u¥
0.5 uF
L uF
16 uF
2 UF

% W. Carbon
+ W. Carbon
5 W. Carbon
1 W. Carbon

/

EBQV
oV
350V
350V
3507
350V
350V
350V
350V
350V
350V

(sce compn. car. values)

Condensers

Variable with frequency
range (see compn. cir. values)

-2 -

1C0KQ
10K0
510K
33000
1000
1MQ
10KQ
LIKQ
33000
20KQ
50000
15K0
510K
510K
10000
17000
17000
6200
5000
3900
22000
50000
51CKQ
50000
3900
120K0
51 KQ

e
O~ U £\

W. Carbon
W. Carbon
W. Carbon
W. Carbon
W. Carbon
W. Carbon
W. Carbon
Carbon
Carbon
Carbon
Carbon
Carbon
Carbon
Carbon
Carbon
Carbon
Carbon
Carbon
Wound Pot
Caxrbon
Carbvonm
Carbon
Carben
Carvon
Carbon
Carbon
Carbon

-

1-a0af1paf 0]+ - nof=b e Blaf-po]ar0] ol sl —pal ol

SyAs=sssazsdasd

»

AMMH$WM@HW§M@H0
A==A=mgIS=S=EY

3 ur 350V
12 4B 350V
1uf 3507
4 uF 350V
0,25 uF 350V
b UF 350V
C.25 LF 350V
V.25 it 350V
0.25 uF 3507

L uF 350V
0.25 uF  35W0W
4 uF 350V
L WP 3507



Compengation Circuit

i@_lues Valves'
L2 = 100 MIH.
Fro=
quency | Iy Roy Cio vy  C.V.439 Min, Triode
range Vo  C.V,138 Min. Pentode
» Ve C.V.1065 EV.R.65 Pentode
Ke/s M.H. KO
(1 é ) (128) 1('023 01 uF vi C.V.1065 (V.R.65)  Pentode
_2.1 64 2.22 0.022 uF \";g X y :
.25 2 .0 0,00 F
12,5 Tel 175 | oloort v gé C.v.1932 (6356)  traedo
2 81 2C. 00 pur
5?) L |11.2 2 350 ﬁﬁ@ Vg C.V.1091 (V.R.91) Pentode
Switches
S Onc pole two way
S, Two pole six way rotary
8 Two pole two way
Si One pole threc way
T Thermojunction
(Rated Current 2.5 m.a.)
m,a, 1-0-~1 mlliameter,
Necon Tube Voltage Regulalors
Ny C.V,1070
Mo "
¥ "
Ni n
For a Low Frequency Cut-0ff of 1,4 ¢/s
The following components are altered:-
Condensers Cz and each replaced by two neon tube voltage

regulators (C.V.1070), in series

R5 changed to 15K0; Rg to 13KQ;

R7 and Rpg to 1MQ; Rqp to 10K0; Rz to 11KQ
¢, Gi9 to 5 uF; Cg to 12 uF;

C)-i-’ 05, G165 C2p to 8 uF; Cg to 1 pl.

v n—
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Apparent Noisz Level of Various:

APPENDIX 1T

Valves as First Stage of Amplifaer

val 3.1 Ko/s | 6.25 Ke/s | 12,5 Ke/s | 25 Ke/s | 50 Ko/'s
alveo Range Range Range. Range Range
C.V.4
(Min, Ti?.ode) Le3 uV 154.5 UV LO Wy 109 BV | 250 uv
aﬁ'g;lf’,ge 5.6 HV 1 uv 38UV 97 UV | 250KV
A.C.100
Triode 7 uv 17 WV L2 By 100 pV | 250 uv
Tiﬁge 22 uv L7 wv 111 pv 270 WV
V.R.56
as ’l‘r:?.odc 13.2 pv LO uv 97 &V 245 wv
- 26 =
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FIG. 2& 4@ab)

FIG.2 SIMPLIFIED COMPENSATION STAGE.
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"IN *OFF"

FIG.4@@ab) COMPENSATION SWITCHING
ARRANGEMENT.



| [ 1
IDEAL COMPENSLTION
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FIG.3 CALCULATED FREQUENCY CHARACTERISTIC OF COMPENSATION CIRCUIT.
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FIG.5.6&7

FIG.5 TWO STAGE R-C FILTER.

>~ FIRST REST
INPUT | STAGE OF
o—] AMPLIFIER

POWER
SUPPLY

FIG.6 POSITION OF FILTER IN 8T STAGE.

— X —-- |
o .3 IR

FIG.7 SUBSTITUTE DIAGRAM FOR R-C COUPLING
IN AMPLIFIER .



FIG.8
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FIG. 9
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FIGIO & li

" VALVE 1 i
' "
Rp RG = 500 K.
R = 1004
— Re= 20K
Rk Rp ~
INPUT = | m s« B0 ~I100
R .0  OUTRUT
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VALVE TC !
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USED .
VALVE I i
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INPUT
o
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+— 280V
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FIG.1l PHASE CONVERTER STAGE FINALLY
USED.



FIG.12.13& 14

FIG.12 AN AMPLIFIER STAGE WITH POWER
SUPPLY FILTER AND R-C COUPLING.

| A

R,

INPUT OUTPUT

CIT R2

FIG.I3 LOW FREQUENCY COMPENSATING
CIRCUIT

-
by
0

|

g L

R Vo

C'T Rz J

FIG.14 LOW FREQUENCY COMPENSATING
CIRCUIT PLUS R-C COUPLING.
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MEASURED GAIN
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FIG.20
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FIG 22
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