
C.P. No. 274 
(14,285) 

A.R.C. Technical Report 

C.P. No. 274 
(14.285) 

A.R.C. Technical Report 

MINISTRY OF SUPPLY 

AERONAUTICAL RESEARCH COUNCIL 

CURRENT PAPERS 

The Hot-Wire Anemometer for 

Turbulence Measurements 

Part II 

«r 
r 

•-

by 

B. Wise, M A , and D. R. Stewart, D.Phil. 

RATIONAL GAS TURBIN I 
ESTABLISH M 

22M/ 
H ^ > H i G - t U 

IV i £ -
WZ . H- R . r r w i c 

LONDON : HER MAJESTY'S STATIONERY OFFICE 

1956 

PRICE 2s 6d NET 





CoP. No. 274 

The Hot-wire Anemometer for Turbulence Measurements 

Part I I 

- by -

B. Wise, M.A. and D. R. Stewart, D.Phil . 

Oxford University Engineering Laboratory 
O.U.E.L. 54 

Presented by Prof. A. Thorn. 

23th September, 1951 

SIMftUflf 

An acoount i s given of some experimental work undertaken to t e s t 
the theory of operation of a hot-wire anemometer with radio-frequency heating, 
which has been given in a previous paper (Ref . i ) 

1. Introduction. 

2. A description cf the apparatus employed and some re su l t s obtained. 

2 . 1 . The simple o sc i l l a to r with inductive feedback. 

2.1 • 1« Square-'wave monitoring. 

2 .1 .2 . An audio o sc i l l a t i on . 

2.2. The t rans i t ron o sc i l l a t o r . 

2 .3 . The push-pull o sc i l l a t o r . 

3 . A comparison with the compensated constant-current system. 

4. Negative feedback. 

5* Conclusion. 

1• Introduction 

In a previous paper (Ref.1) an analysis has been given of the 
operation of a hot-wire anemometer both with d i rec t -current heating and rad io -
frequency current heating. The improvement in the response to high-frequency 
veloci ty var ia t ions obtained by posit ive feedback was described, and in 
pa r t i cu la r i t was suggested that a tuned-anode osc i l l a to r with mutual-
inductance feedback would provide a sui table embodiment of the theory. Some 
de ta i l s pf experiments which have been carr ied out along these l ines are 
given in Section 2, together with some of the r e su l t s obtained. A comparison 
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of this system with the conventional constant-current system is given in 
Section 3. In Section 4 the possibility of using Wo types of heating, 
originally considered in Section 5 of the previous paper, is again referred 
to. 

2. A description of the apparatus employed, and some results obtained 

2.1. The simple oscillator with inductive feedback 

The simplest circuit which has been used for heating the wire is 
shown in Fig. 1, where Ri represents the hot wire. The tuning capacity 0 
was 300 pP, and various values of L-j and L2 were tried. 

An audio input signal was obtained from a boat-frequency 
oscillator, and fed into the hot wire through a resistance of 1,000 ohms. 
A diode demodulator was coupled to the tuned circuit, and the demodulated 
signal amplified. As was shown in Ref. 1, the demodulated response is at 
twice the input frequency. A Marconi wave-analyser was used to pick out and 
measure the amplitude of the response over a range of frequencies. It was 
shown in Ref. 1 that this response varies with frequency in the same way as 
the response of the wire to variations in air velocity. A typical response 
curve is shown in Pig. 2. For this wire, Ra * 9»5 ohms, R-| =» 14 ohms, 
and the time-constant in constant-current operation was 0.5 m sec. Referring 
to the equivalent circuit of Pig. 11 in Ref. 1, these values give '. 
Rb • 13»3 ohms and C => 37.6 Â P. L was equal to 49 HH, so that a peak 
is to be expected at a frequency of about 2,600 c/s, compared with the 
observed value of 3,000 c/s. The gain at the peak over the zero-frequency 
response was found to vary considerably v/ith the mutual inductance employed, 
i.e. with the degree of feedback. It v/as shown in Rof. 1 (See Pig. 12 and 
the associated calculations) that a very small change in R0 produced a 
large change in the amplitude of the peak response. It is assumed therefore 
that in practice the effective value of Rc is not necessarily quite equal 
to R-j, and as a result the damping of the response varies with M. Another 
variable circuit parameter which was found useful was a resistance in the 
cathode circuit, not shown in Fig* 1, which was h,-passed at radio 
frequencies by a condenser. 

The effect of different values of the inductance is shown in 
Pig. 3, where L was 100 mi for curve 1 and 49 uR for-curve 2. 

The circuit v/as found to behave in a similar manner with various 
other types of valve. 

2.1.1. Square-wave monitoring 

In order to provide rapid means of adjusting the circuit for the 
best response, a square-wave input was employed, and the response observed 
on a cathode-ray oscillograph. This input voltage was arranged to vary 
between zero and some positive voltage, and as it was obtained from the 
beat-frequency oscillator, its frequency was known, and it could be varied. 
By this means it was found an easy matter to adjust the mutual inductance 
and cathode resistance to give the most faithful response, and this was found 
to correspond with a slight peaking of the response curve as measured with a 
sinusoidal input voltage. To illustrate this, Pig. 4 shows four photographs, 
taken with a 400 c/s square wave, for a wire under similar conditions to 
those which gave rise to curve 1 of Pig. 3« Here the feedback was gradually 
increased from (a) to (d). The most satisfactory response would be given 
by curve (b). The poor shape of the comparison wave in these phptographs is 
due to distortion in the oscillograph amplifier, which v/as inferior to the 
amplifier used for the actual signal. 

Pig. 5 shows some similar photographs taken with the wire in a 
turbulent stream of air. 

2.1.2./ 
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2.1.2. An audio osc i l l a t ion 

I t has sometimes been found possible to adjust the c i r c u i t so that 
the response becomes in f in i t e at some frequency, i . e . the radio-frequency 
voltage i s modulated at an audio frequency with no input s ignal . When th is 
happens the modulation envelope i s sinusoidal , so that there i s no question 
of i t s being a relaxat ion osc i l l a t ion . The occurrence of this phenomenon 
can be explained, on the basis of the equivalent c i r cu i t of Pig. 11, (Ref. 1) 
i f i t i s assumed that the effective value of Re i s in those circumstances 
somewhat greater than R-|. Since 0 in Pig. 11 (Ref. 1) depends on the 
mean veloc i ty , the frequency of this audio osc i l l a t ion var ies with mean 
veloc i ty , and th i s might provide a useful device for the measurement of 
ve loc i ty , as the re la t ion between frequency and veloci ty , for any given 
c i r c u i t , i s found to be stable with time. An experimental curve is given in 
Pig. 6, and from this i t wi l l be seen that the var ia t ion i s most rapid a t 
low v e l o c i t i e s . 

As i s mentioned l a t e r , in Section 4, an audio osc i l l a t ion can 
eas i ly be induced i f d i rect -current heating i s used as well as r ad io -
frequency current heating. 

2.2. The t rans i t ron osc i l l a to r 

Theory indicates that the smaller the value of the tuned-circui t 
inductance the grea ter wil l be the response band-width, but i t was found 
d i f f i cu l t to use small inductances with the simple c i r cu i t of Pig. 1. In 
consequence, a t rans i t ron type of osc i l l a to r was t r i ed , with an inductance of 
4*3 uH, and a tuning capacity of 60 pF, giving a frequency of about 9 Mc/s. 
The c i r cu i t i s shown in Pig. 7 and typioal responses in P ig . 8. The 
amplitude of radio-frequency osc i l l a t ion could be controlled by means of the 
suppressor-grid vol tage, and i t was found that the response became more 
peaked as the osc i l l a t i on amplitude f e l l , un t i l with 24 vol ts bias on the 
suppressor gr id an audio osc i l l a t ion occurred at 10,400 c / s . I t will be seen 
from Pig . 8 that a reasonably f l a t response was here obtained up to 
20,000 c / s , which is the best achieved so far . I t was found necessary, 
however,- with th i s c i r c u i t , grea t ly to exceed the allowable screen 
d iss ipa t ion of an EP50, so that for th is reason i t i s not considered r ea l ly 
prac t icable . The CV116, 6J7 and 6K7 types of valve were also t r i ed as 
t rans i t rons without success. 

2.3» Push-pull o sc i l l a to r 

The most successful o sc i l l a to r employed so far was of a push-pull 
type, as shown in Pig. 9, the frequency of osc i l l a t ion being 8 Mc/s. The 
amplitude was varied by means of the control-grid b ias . A typical response 
i s shown in Pig. 10. 

3« A comparison with the compensated constant-current system 

One of the advantages of any hot-wire system, such as i s described 
here , which attempts to approximate to the ideal constant-temperature 
condition, appears to l i e in the fact tha t the s ignal- to-noise r a t i o i s far 
higher at high audio frequencies than in the conventional compensated 
constant-current system. I n th i s l a t t e r system the signal obtained from the 
wire, due to any given amplitude of turbulence, f a l l s continuously according 
to a simple time-constant lav/, i . e . at the ra te of 6 dB per octave, and th i s 
i s compensated for by an equal time-constant in the amplifier. The noise 
which is s ignif icant i s that produced in the f i r s t stage of the amplifier, 
and the s ignal- to-noise r a t i o over any frequency band i s fixed by this noise 
and the amplitude of signal produced. Thus the s ignal- to-noise r a t io i s much 
poorer for high-frequency turbulence than for low frequencies, owing to the 
f a l l in s ignal amplitude. This consideration i s especial ly serious by v i r tue 
of the faot that the signal due to random turbulence i s of the same 
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nature as noise. In our feedback system, however, the signal does not f a l l 
off un t i l a frequency of the order of 10 kc/s i s reached, so that for 
measuring small amplitudes of high-frequency turbulence i t would appear to 
be far superior to the compensated constant-current method. 

Another advantage of the radio-frequency system i s that the 
response curve changes very l i t t l e with mean veloci ty , whereas in the 
compensated constant-current system the compensating c i r cu i t required 
depends on the veloci ty . To i l l u s t r a t e t h i s , curves are given in P ig . 11 
showing the va r ia t ion of the response curve with veloci ty for a wire in the 
push-pull osc i l l a to ry c i r cu i t of P ig . 9. 

4* Negative feedback 

I t was suggested in Ref. 1 that , when two types of heating are 
employed, the poss ib i l i t y of broadening the response band-width ar ises by the 
use of negative feedback. The theory of th is has been further developed, 
and some experiments have been made. The two types of heating may be 
d i rec t -cur ren t and radio-frequency current or two radio-frequency currents 
of different frequency. Of these, the former v/as found the easier to 
implement in prac t ice , and a typical c i r cu i t i s shown in P ig . 12. 

I t can eas i ly be shown that the simple feedback employed in th i s 
c i r cu i t has the effect of ra i s ing the frequency of the peak response but 
also of ra is ing i t s magnitude, so that an audio-frequency osc i l l a t ion may be 
produced with quite a small amount of feedback. This phenomenon i s referred 
to in Section 2 .1 .2 . To avoid t h i s , the response before application of 
feedback must be over-damped. This can be done by reducing the rad io-
frequency feedback u n t i l the c i r cu i t ceases to be se l f -o sc i l l a to ry , and then 
introducing a voltage into i t from another o sc i l l a to r . This ensures t ha t , 
m Pig. 11 (Ref. 1) , RC i s def in i te ly l ess than R-|. Another way of 
reducing the peak amplitude i s to feed back addit ional ly a dif ferent ia ted 
s ignal . The poss ib i l i ty of feedback with a. doubly-different ial signal has 
also been considered. Detailed theory w i l l be given i f p rac t ica l r e su l t s 
appear to jus t i fy i t . 

The broadening of the band-width which r e su l t s from negative 
feedback i s necessari ly accompanied by a decrease in the actual signal level 
lor any given turbulence amplitude, and i t would appear therefore that no 
improvement m the s ignal- to-noise r a t io i s effected. I t i s possible that 
for some applications the high-frequency turbulence level may be suf f ic ien t ly 
hign to make th i s consideration i r r e levan t , and i t i s intended to carry the " 
invest igat ion further in this di rect ion. 

5» Conclusion 

Some embodiments of the theory of radio-frequency heating of a 
hot-wire anemometer, as given in Rcf. 1 have been described, and the r e s u l t s 
indicate tha t the system should be useful in the measurement of high-frequency 
turbulence. * J 

/ Since th i s paper v/as wri t ten, our a t ten t ion has been drawn to two 
papers ^fiefs. 2, 3) describing work in which radio-frequency heating of hot 
wires has been employed. There appears, however, to be l i t t l e s imi la r i ty 
be**r«*m th i s work ana ..the systems described here. 
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