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INFLUENCE OF END CONDUCTION ON THE 
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Abstract-The influence of end conduction on the sensitivity to stream temperature fluctuations of a 
constant current hot-wire anemometer operated at low overheat has been investigated using a newly 
developed dynamic, cross-correlation calibration technique. A lumped parameter heat-transfer model of the 
wire and support system consistent with the experimental data is presented. Results show that for commonly 
used tungsten and platinum wires, a frequency dependent sensitivity to stream temperature fluctuations is 
obtained in air flows at low subsonic velocities. For measurements with an accuracy of approximately 5% 
under non-isothermal flow conditions, use of a wire of low thermal conductivity such as Pt lo”/, Rh with a 
length-to-diameter ratio of at least 400, irrespective of wire diameter, is recommended compared with 800 for 
equivalent accuracy with tungsten wire. The relevance of the results to velocity measurements with constant 

temperature hot-wire anemometers in non-isothermal flows is also discussed. 

NOMENCLATURE 

A, voltage-displacement sensitivity of displace- 
ment transducer ; 

B’, B”, . ) first, second, etc., derivatives in Taylor 
series expansion of 6 as a function of y ; 

C 1.2.3, thermal capacitance associated with the hot- 

4 
e, 
E, 
h, 
7, 
J? 

k 

L, 

4, 
R, 
R..., 

R’, 

R”, 

.% 

4 
T, 

i;> 

T,(s)> 

wire, transition zone and supports re- 
spectively ; 
wire diameter ; 
output voltage change; 
total output voltage; 
convection heat-transfer coefficient ; 
mean wire current ; 

titfk: ionductivit y ; 
wire length ; 
heat input to hot-wire due to Joule heating; 
ratio of resistances defined by equation (4b); 
electrical or thermal resistance; 
equivalent resistances defined by Fig. 3(b); 

ratio of resistances defined by equation 

(4c); 
=jw; 
time ; 
instantaneous temperature = time average 
+ fluctuation ; 
wire temperature fluctuation ; 
wire temperature fluctuation at 
frequency 0 ; 
velocity ; 
positional co-ordinate normal to flow direc- 
tion. 

Superscript 

-, time average. 

* Senior Lecturer. 
t Postgraduate Student. 

Subscripts 

G 
DT: 

JZ 

h, 

k 

4 

n, 

0, 

S, 

infinitely long wire: wire with negligible end 

losses ; 
conduction of heat between subsystems; 
displacement transducer ; 
equilibrium temperature ; equals stream tem- 

perature at low subsonic speeds ; 
convection heat transfer ; 
conduction heat transfer to a constant tem- 

perature sink ; 
measured quantity with finite length wire: 
one with significant end conduction ; 
noise ; 
reference state; 
support which includes any end plating used 
on the wire ; 

+ y, -y, positive and negative displacements nor- 
mal to the flow direction from a reference 
position ; 

1,2,3, subsystems-wire, transition zone and 
support respectively. 

Greek symbols 

thermal coefficient of resistance ; 
stream temperature fluctuation ; 
change in variable from one steady state 

position to another; 
time constants, z2 being that of the support 
and rl that where influence of support on 

dynamic response of system becomes fre- 
quency independent for increasing frequen- 
cies ; 
phase angle ; 
angular frequency. 

Other symbols 

II? absolute value. 
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INTR0DUC7‘10hl 

THE HOT-WIRE anemometer is a frequently used instru- 
ment for the measurement of Ruid temperature fluc- 
tuations in non-isothermal flows. For such measure- 
ments it is generally operated at low wire currents so 
that Joule heating of the wire is negligible and the wire 

responds like a resistance thermometer. When the wire 
ii effectively long, thermal losses to the wire end 
supports are negligible compared with the convected 
heat losses. The wire temperature is then direct13 
related 10 the stream temperature -the wire behaving 
like a single time constant system for which stream and 

wire temperatures are equal for stream temperature 

~u~tu~~t~on frequencies well below the wire’s corner 
frequency. Above the wire’s corner frequency, the wire 
temperature decreases with increasing frequency due 
to thermal inertia effects. 

When a constant current, i, is passed through such a 
wire, the output voltage change for a given change in 
stream temperature. 6, at su~~ient~y low frequency, is 
given by 

“ , = IK,x, i; where T, = 0. (11 

It will be assumed throughout that the spatial scale 
of 6 is sufficiently large so that d is invariant with 
position along the wire and its supports. Radiant heat- 

transfer and thermoelectric effects will be neglected. 
Frequently, effectively short wires are used for which 

thermal interaction between the wire and its end 
supports may not be negligible. Maye [I] analysed this 
situation for the case of the wire and its end supports 
being at different temperatures under essentialI) 
steady state conditions. Because of~ondu~ti~~n of heat 

to or from the supports, any wire temperature change 
will not equal the stream temperature change, that is. 

T, differs from d. UnfortunateI), Maye [l] presented 
neither a reliable calibration technique nor accurate 
experimental verification of the theoretic&q de- 

veloped results. Furthermore. by neglecting the ther- 
mal inertias of the wire and its supports, the frequency 
dependence of this end conduction on the wire’s 
transfer function has been suppressed. 

Hojstrup er al. [2] extended the analysis by solvin:! 
the differential equation giving the instantaneous wire 
heat balance. The analysis includes the effect of the 
wire conduction losses to the supports which ate 
assumed to respond to ambient temperature flue- 
tuations like a first-order low-pass filter with their own 

time constant. The mean temperature of the supports 
was, however, assumed to equal the mean ambient 
temperature. Verification of the theory was attempted 
with measurements of sound generated temperature 
fluctuations in a cavity. No results for non-isothermal 
fluid flow are presented. Also, from the practical 
viewpoint. little direct indication is given of what type 
uf wire would five a frequency independent transfer 
function, at least within normal experimental XW- 

racier. 
Considering the wire supports as a simple pin fin 

and applying the standard solutions for the tempera- 
ture distribution along such ;I fin (for example. HOI- 

man i3 1) show-s that the tin is ot h~ph efhciency for 
typically used dimensions and materials. Thus. if the 

end of the support embedded in the probe stem is ;~t a 
different mean temperature to that of the Ilox ZLL lilt 
point of measurement-.a situation to be erpecled II: 
the presence of mean flow temperature gradients the 

mean temperature at the wire ends will not equal ILX 
mean Aow te~tl~ratur~. The latter Gtuation is nip 

catered for by Hojstrup CI ui. 1.2-l. 
This paper studies the role of end conduction hea: 

losses and extends the lumped parameter model of the 
wire and support system used b> Bremhorct c’r (il. [4~/ 
to the case of stream temperature lfuctuation mcasure- 

merits. The conditions under which wire temperature 

perturbations produced bq wire current pulsations 

give an identical transfer function to that produced b:? 
stream temperature fluctuations are identified This 
latter aspect is of importance when using the current 

pulsation technique for the matching of an optwhop 

~~~rn~l~s~tt~on network to the wire-s response in order 

to extend the useful frequency range of the gstem 
Finall>. the relevance to vel&ty Iluctiration rxawi-2- 

ments made with hot-wire ;memometers in not)- 

k;ot hermal flows is examined. 

MODEL OF HOI‘-WIRE \Nf9 

SUPPORT SYSTXRI 

Figure 1 shows the thermal model of the hot-wire 
and its supports recently proposed by Bremhorst CS~ ((1. 

[4] who showed from current perturbation measure- 
ments that the wire-support system consists of three 
readily identifiable sub-systems: the wire, a small tran- 
sition region at the ends of the wire which has a time 
constant slightly less than that of the wire, and the bulk 
of the end support. A lumped parameter equivalent 
network for the case of fluctuating stream temperature 
with the free end of the wire supports being at some 
temperature, q,, other than ii; is shown in Fig. 1. 
Since only the response under conditions of negligible 
Joule heating is of interest, that 15, operation as a 
resistance thernlometer, y cz 0. At perturbation 
frequencies well below the wire corner frequency hut 
still of the order of the corner frequency of the end 
supports. the simplified model of Fig. 3(a) results, 
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FIG. 2. Lumped parameter network equivalent circuit of 
hot-wire for fluctuating Tp q % 0 when Joule heating is 

negligible. 

IO) R.. 

(b) 

R 
k3 

4 
I I n I 

‘5 CT@& 'E 

FIG. 3(a). Simplified equivalent circuit for perturbation 
frequencies below the wire corner frequency and negligible 

Joule heating. (b) Regrouping of circuit of Fig. 3(a). 

whereas at frequencies well above that of the end 
support’s corner frequency, the simplified circuit of 
Fig. 4(a) applies. It is assumed that the corner frequen- 
cies of the wire and the bulk of the end support are well 
separated. 

The circuit of Fig. 3(a) can be further simpli~ed to 
that of Fig. 3(b) where R’ is the equivalent of all 
resistances between nodes T3 and TE +6. The mea- 
sured change in output from the hot-wire consequent 
upon the introduction of a stream temperature change, 
6, is given by equation (2). 

e, = fR,cr, i$ (2) 

whereas that for a wire with no end losses, the ideal or 
infinite wire, is given by equation (1). The ratio e, je, of 
equation (3a) or that of equation (3b) when working in 

(a) R n3 

R h2 

I 
1.1. 

ib) 

FIG 4(a). Simplified equivalent circuit for perturbation 
frequencies well above the corner frequency of the end 
supports and negligible Joule heating. (b) Simplification of 

Fig. 4(a). 

the frequency domain is required for an assessment of 
the effect of end conduction. 

e,le ,, = C Ia (3a) 

e,@&,(s) = T,(s)!&). (3b) 

At frequencies below the wire corner frequency, it 
can readily be shown in terms of the elements of the 
circuits of Figs. 3(a) and (b) that the perturbation 
response of the system for variations about r, is given 
by equation (4a) 

where 

R’ 
R=- 

R'+ Rk3 

R” = 
R kl 

Rkl+Rc, +~@c,+Rk,+Rk,) 

k2 

1 

= l+Rc,/R,, 
for large R,, 

f2 = C,RR,, 

71 1 -R" 
-zI___, 
52 l- R"R 

(4a) 

(4b) 

(4c) 

(4d) 

(4e) 

It is noteworthy that the perturbation response is the 
same for iif = TE as for z # Q 

The model investigated by Hsjstrup et at. [2] 
corresponds to the case of R,. = xc with T, = T,, 
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FIG. 5. 

^^ 
‘“0 
c- l-- 
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\ 
‘\ _--_-__jL_-_- 

t Decreasing T, 

Asymptotic form of equation (7)- -amplitude onlyy with first order system approxunation fol- v,lrc 
and transition zone at higher frequencies. 

FIG. 6. Simplified equivalent circuit for perturbation frequencies well above the corner frequency of the 
supports for R,, + x and negligible Joule heating. 

reducing equation (4a) to equation (5). 

T,(s) 1 +r,s 

d(.s j 1 i-T,.\ 
C-5) 

where zI,lr2 = 1 -R” and 52 = C.3R’. 

This latter model assumes that the time constant of 
the end support, TV. is determined by the resistance to 

convective heat transfer to or from the supports, 
particularly, when Rcl and R,, are relatively large (R,, 

can generally be expected to be very large). Equation 
(4d) shows however, that when Rk3 < R’, TV will 
approach C,Rk3 which will lead to a smaller time 
constant for the support than if convection heat 
transfer alone exists. 

The accurate measurement of d(s) for substitution 
into equation (4a) is extremely difficult because even 
when precautions against end conduction losses are 
taken, an uncertainty will always exist. Use of a 
thermocouple for this measurement does not improve 
the situation when operating in a flow with a mean 
temperature gradient. T,(s) at s = 0 is, however, a very 
simple and accurate measurement which when perfor- 
med during a dynamic calibration requires no separate 
or new probe setting-up within the flow. This zero 
frequency value of TI, T,(O), is given by equation (6) 
from equation (4a) and can be used to normalize the 
latter to the form of equation (7), where a constant size 
perturbation in stream temperature has been assumed, 
that is, d(0) = 8(s). 

7;(O) 
___ = (1-R”R) 
d(O) 

T,(s) 1 +r,s 

T,(O) 1 +t$ 

The amplitude variation of this function with fre- 

quency is shown in Fig. 5 in asymptotic form for two 
values of 71:i~2 and fixed T?. 

At higher frequenciesPPof the order of the w-ire 

corner frequency---the equivalent circuit of Fig. 4(b) 
applies where R,, is not shown as the loop containing 
it becomes independent of the remaining circuit. If R,,.! 

is very large, which is probably a good approximation 
in the absence of more substantial data than are 
available at present, the circuit of Fig. 6 results. After 
substitution for the voltage source, (5. with the current 
source equivalent, 4, it is seen that stream temperature 
fluctuations and wire heat input perturbation\ pro- 
duce an identical response within the thermal netwjork 

representing the wire and its supports. Wire heat input 
perturbations can be easily produced by the long 
established method of perturbing the wire heating 

current thus providing a simple tneans of measuring 
this section of the wire response. Application of this 
latter technique to the case of I_T = TK has shown that 
for wires with end conduction losses, a precisely first 
order system response at these frequencies is not 
obtained (Bremhorst ef (~1. [4]) although for purposes 
of illustration, such an approximation is used in Fig. i. 

The measurement of the wire response over the 
whole frequency range generally of interest, by means 
of a single method, represents an as yet unanswered 
challenge. Since Bremhorst et ~11. [4] have already 
measured the response at higher frequencies for the 
complete system, only the lower frequency range 
requires further consideration. A method of obtaining 
this by shaking the wire in a temperature gradient to 
produce stream temperature perturbations is de- 
scribed in the following sections. 
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DYNAMIC CALIBRATION 
TECHNIQUE-THEORY 

Movement of a hot-wire through a known linear 

temperature gradient in a uniform velocity field, will 
produce a known temperature perturbation. The 
production of such a flow field at normally used flow 
Reynolds numbers without associated turbulent tem- 
perature fluctuations is nearly impossible. The anem- 
ometer output will, therefore, contain the oscillating 
component produced by the movement of the hot-wire 
as well as an uncorrelated turbulent temperature 
fluctuation component. In addition, unless the wire is 

completely insensitive to velocity fluctuations, a con- 
tribution from these will also be present and since 

temperature sensitive wires are operated at very low 
wire currents, electronic noise contributions can also 

be expected. Like the turbulent temperature fluctu- 
ations, turbulent velocity fluctuations and electronic 
noise will be uncorrelated with the perturbation 

component-since the velocity field is uniform, only a 
velocity perturbation normal to the flow direction and 
90” out of phase and hence uncorrelated with the 
temperature perturbation will result. 

If a signal proportional to the temperature per- 

turbation is available simultaneously with the output 

signal from the hot-wire, the cross-correlation tech- 
nique reported recently by Bremhorst and Gilmore [5] 
for the determination of the hot-wire’s sensitivity to 

velocity fluctuations in the presence of uncorrelated 
extraneous effects, can be applied to obtain a dynami- 
cally determined sensitivity to temperature per- 
turbations. When the wire is moved through a linear 
temperature gradient, a signal proportional to the 
temperature perturbation can readily be obtained by 
use of a displacement transducer attached to the probe 
supporting the wire. This can be correlated with the 
hot-wire signal. The noise free hot-wire output is given 
by equation (2) whereas the displacement transducer 

output by equation @a) and 6 as a function of y by 
equation (8b) when expanded in a Taylor series. 

e DT = AY (ga) 

6 = Ery+B”$+B.“$+... . 
Higher than first order terms become negligible when 
the temperature gradient is linear. Substitution of this 
approximation of equation (8b) in equation (8a) yields 
equation (9). 

e DT = $6, 
Cross-multiplication and time-averaging of the total 
hot-wire signal (which includes e, and the un- 
correlated noise components e,) with the displacement 
transducer signal leads to equation (10). 

(e, + e, )e,, emeDT 
=p 

a 
eDT ei?T 

(10) 

The calibration constant (B’/A)fR,cr, can be ob- 

tained by measuring the hot-wire signal under static 

conditions for a small but constant displacement from 

its equilibrium position. The wire is first held at a fixed 

displacement of+ y from its equilibrium position. At 
this point, the time averaged anemometer and dis- 
placement transducer signals E,, and E,,, +), are 
obtained. 

Similar readings are then obtained at the - y posi- 
tion. By performing this calibration in the same 

temperature gradient as the dynamic tests, leads to 
equation (11). 

E+,-E_, AE 

E DT.+Y-E~~,-~ AEDT 

(AT,) 
=;fR,a,-. 

(ATE) 
(11) 

Combining equations (10) and (11) yields equation 

(12) where the terms on the LHS are readily measur- 

able. 

If a sinusoidal perturbation in wire position is used so 
that 6 = 16lsinwt, then Tl = ITI1 sin(wt-4), and if 
AT, is scaled to equal 161 with a consequent resealing of 

AT’, equation (12) reduces to equation (13) at any 
given frequency of perturbation. 

emeDT AEDT 

-dE -( 1 eiT 

(13) 

In terms of equation (7), ITI 1 = ITI and AT, 

= ITi(O)l. 
It is seen, therefore, that the term of equation (13) 

containing the cross-product gives a direct measure of 
the amplitude response of the wire’s transfer function 
multiplied by cosd. Since the measurement of $ is 
quite difficult because of the large turbulent tempera- 
ture fluctuation component, a comparison of mea- 
sured results with I( 1 + rls)/(l + 7$)l cos C#J rather than 

I(1 + zls)/(l + 72s)j of equation (7) is preferred. A plot 
of this function is shown in Fig. 7 for z2 = 1 and 

various 71. 

This method has the advantage that calibration of 
the hot-wire is possible in the presence of extraneous 
but uncorrelated fluctuating signal components. A 
separate measure of the temperature gradient is not 
required. Use of a sinusoidal displacement has the 
additional advantage that any minor deviations from 
linearity of the temperature gradient will have a 
negligible effect on the result as the sinusoid has its 
probability density concentrated at the extremes of the 
wire displacement cycle. It also avoids the high 
accelerations associated with a square wave test signal 
which would be the ideal signal if the linearity error of 
the temperature profile is to be eliminated. 

EXPERIMENTAL APPARATUS 

All tests were performed at the outlet of a 4O:l 
contraction from a settling chamber designed to 
produce a low turbulence flow free of swirl. A spirally 
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FKi. 7. Modilied amplitude response of 

wound heater was mounted in the settling chamber The hot-wires were operated ai constant current 

just upstream of the contraction to produce a core of without compensation for their thermal inertia. C or;- 

air approximately 10 C above ambient temperature. structional details of the hot-wires and pro+ arc 

The resultant temperature field contained regions of shown in Fig. 8. The probe was designed for negligible 

sufficient linearity of the temperature profile and flow distortion near the wire with the aid of hydrogen 

flatness of the velocity profile for the tests to be bubble How visualization in ,I water tunnel. ,\n 

possible. electrodynamic shaker was used to r>erturb the hoi- 

I=lOmA 

2.5~m dia. tungsten 1=3mA 
50pm dia. copper plated 

? 

2.5pm dio.tungsten 
50pm dia.copper plated 

1=3mA 

Eooxied and 

~0.33 tip dia. 0.83 bulk dia. 
nilon wrapped 

- 1 r 
gold alloy 

F ‘Cx7 --7 

1--4,5-L--137---&d 
Tapered 

Total exposed prong length 
E 33.7 x 0.83 dia. 

3.18 dia. 
Stainless steel 

Dimensions, mm 

2.5pm dia. tungsten 
SOpm dia. copper plated 

1=3mA 

A 
I I IOFm dia. Pt-IO% Rh ;:lQmA 

Dimensions, mm 

FIG. 8. I-lot-wire and probr details. 



Stream temperature fluctuations of a hot-wire anemometer 151 

wire probe, displacements being measured with a agrees well with one obtained by estimation using 

Hewlett--Packard 7DCDT displacement transducer. readily available heat-transfer data. The existence of 
Checks for unwanted vibrational modes of the hot- Rt3 with a value similar to but lower than that of R,, 

wire probe were made with a stroboscope. Flow also explains the relatively lower values of r2 obtained 
velocities at the hot-wire were measured with a pitot here, to those expected if r2 were calculated just on the 
tube and Betz micromanometer. basis of R,,. 

Signal processing was carried out on an EAI 231R 
analog computer on-line. Test frequencies above 15 Hz 
could not be used for the following reasons, (i) the 
limited frequency response of the displacement trans- 
ducer, (ii) to avoid the frequency range affected by the 
wire’s thermal inertia, (iii) the limited capabilities of 
the electrodynamic shaker, and (iv) to avoid stray 
vibrational modes of the probe and hot-wire which 
severely reduce wire life. 

Since the correlation method used is sensitive to 
~plitude and phase effects, considerable care was 
taken to avoid errors introduced by these in the signal 
processing equipment. 

RESULTS AND DISCUSSION 

Figures 9(a)-(d) show the results of dynamic tests 
for the wire-support combinations of Fig. 8 at three 
different velocities: points at only three frequencies are 
shown in Figs. 9(a)-(c) up to the maximum possible of 
15 Hz with available equipment. The zero frequency 
point is not shown but is at I?I,(s)/T,(O)l cos d, = 1.0. At 
lower frequencies than those shown, the statistical 
accuracy decreases as very long averaging times are 
required, up to 10 min, during which time the flow 
conditions tended to drift. Figure 9(d) shows typical 
results at the lower frequencies. Estimated experimen- 
tal accuracy of lT,(s)/T,(O)I cos 4, and hence zi/zZ, is 
l-3% depending on frequency and flow velocity. 

Perhaps the most significant result for practical 
anemometry is that for a 2.5 urn tungsten wire, even at 
the relatively high L/d ratio of 800, IT,(s)/T,(O)j cos d, 
< 1.0 at the lower velocities tested. Use of a low 
thermal conductivity wire material such as the 
platinum alloy, Pt 10% Rh, (k = 30.1 Wm-’ 
“C-” at 20°C) gives a considerable improvement 
as seen by comparison of the 5 urn tungsten (k = 
163Wm-‘“C-’ at 20°C) wire of Fig. 9(a) with the 
5 pm Pt 10% Rh of Fig. 9(d) at the same velocity and 
similar Ljd ratio. Results between these two would be 
expected for platinum wires (k = 71 Wm-’ ‘C-l at 
20°C). Tests with a 10 urn Pt 10% Rh wire with L/d 
= 600 resulted in 17’,(s)/TI(0)I cos r#~ = 1.0 in the range 
of velocities and frequencies tested thus giving a clear 
indication of the high L/d ratio required even for a low 
conductivity material in order to achieve at least 
within present experimental accuracy, the ideal re- 
sponse of lT1(s)/T1(0)Icos~ = 1.0, that is, negligible 
end losses. 

The model presented can now be used for the 
extrapolation of the test results. Equation (4e) can be 
rewritten as equation (14) for the case of large R,,. In 
the lumped parameter model R,, cc (hdL)- ’ 

(14) 

The data points shown together with that at s = 0 
permit quite accurate curve fitting of the theoretically 
derived curves of Fig. 7. From this procedure, the value 
of o2 (= l/~~) for each test can be obtained and is 
shown on the abscissa of each plot together with the 
appropriate value of ~,,/r~. 

and R,, cc Lki’d-‘. A reasonable approximation for 
the heat-transfer coefficient is h x br0.33d-0.67. Sub- 
stitution in equation (14) for a given probe design leads 
to the relationship of equation (15). 

=2 
--lot l- 
71 I i&&&=(:)-2.(l5) 

Application of heat-transfer correlations for the 
estimation of the various resistances of the theoretical 
model of Fig. 3 shows that R’ YR,,, to an accuracy of 
better than 5%. This is because the surface area of the 
supports available for convection heat transfer is large 
for the probe used. Similarly it can be shown that R,, 
and R,, are of similar order of magnitude. R,, is 
~nde~ndent of velocity but R’ and R of equation 4(b) 
are dependent on it. TV of equation (4d) can therefore 
be expected to decrease with increasing velocity. 
Figures 9(a)-(d) verify this trend. 

From the dynamic test results, R,,/R,, was found to 
equal 2.7 at 5 m/s. Equation (15) for the velocity range 
tested may, therefore, be further approximated by 
neglecting the variation in R,, hence giving the 
approximation of equation (16) which may be verified 

(16) 

It is of interest to assess the ratio of Rh3/Rk3 
= R’/R,, to test the hypothesis stated at the outset that 
conduction heat transfer along the supports to a sink 
somewhere within the probe stem takes place. Taking 
as example the 5 pm tungsten wire at 5 m/s of Fig. 9(a) 
gives r1/r2 = 0.73. From current injection tests, Brem- 
horst et al. [4] found that for such a wire Rhl/Rcl 
= 1.35. Substitution of this into equation (4~) for large 
R,, together with equation (4e) yields R = 0.73 which 
with equation (4b) leads to RI/R,, = 2.7. This value 

with the data of Table 1. Within the limitations of the 
lumped parameter model approximation for this dis- 
tributed system and the experimental accuracy of 
l-3% for ~i/r~, quite good agreement is obtained 
between the experimental data and the predicted 
trends. A disadvantage of the dynamic parameter 
identification method is that for 7Jz2 close to unity the 
result of equation (16) is very sensitive to small errors. 

Predicted wire lengths required for the various wires 
tested are shown in Table 1 for 7,/72 = 0.99 and 0.95, 
the 1% and 5% accuracy levels when assuming a wire 
response independent of frequency. For tungsten wires 
very high L/d ratios, of the order of loo0 and more, are 
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Stream temperature fluctuations of a hot-wire anemometer 

Table 1. Extrapolation of test results at 5 m/s for reduced end conduction 

Predicted L/d 
required for 

L 
Wire 71lT2 Lid (mm) r1/t2 = 0.99 S,/T2 = 0.95 

2.5 tungsten pm 0.85 400 1.00 1670 750 
0.88 560 1.40 2080 920 
0.93 800 2.00 2180 980 

5 tungsten* pm 0.73 200 1.00 1210 550 

5 Pt 10% Rh pm 0.87 236 1.18 910 410 
0.83t 200 

* At 25 m/s this wire gives T,/z~ = 0.79 (by extrapolation). 
t Extrapolated to L/d = 200 by use of equation (16). 
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required if a frequency independent sensitivity is to be 

achieved. The results clearly show the advantage to be 
gained by use of the Pt 10% Rh alloy as wire length is 
always to be as low as possible in order to improve 

spatial resolution. 
In boundary-layer measurements, air velocities are 

often below 5 m/s which in the present experiments 
represented the worst case. Equation (16) indicates 
that tl/t2 is only a weak function of velocity. However, 

below 5 m/s, the term of equation (15) containing Rh3 
becomes significant. This leads to a more rapid drop of 
z1/r2 with decreasing velocity at which measurements 
with the available wind-tunnel were not possible due 
to significant buoyancy effects and their associated 

flow instabilities. 
Equation (16) also indicates that for a given wire 

material and L/d ratio, z1/z2 and hence 

IT,(.s)/T,(O)I cos 4 is almost independent of wire dia- 

meter. In fact, the larger diameter gives a slightly more 
favourable result. This is the reason that the extrapo- 
lated values of L/d required for a given accuracy of 
measurement (Table 1 for 2.5 and 5 pm tungsten wire) 
show that a slightly smaller L/d ratio can be used with 

the larger diameter wire. Accuracy of measurement is, 
therefore, strongly dependent on the length-to- 
diameter ratio and only weakly dependent on velocity 
and wire diameter. 

Finally, the relevance of the above work to turbulent 
velocity measurements in non-isothermal flows re- 
quires consideration. In this case constant temperature 
anemometers are generally used which keep T1 of Fig. 
2 constant by varying I to meet the instantaneous 

cooling demand which can be produced by a change in 
R,, or by 6. If 6 is still assumed to be ofsufficient spatial 
extent to affect all parts of the system uniformly, it is 
readily seen that end conduction will influence the 
response to 6 since heat lost by convection is inde- 
pendent of the frequency of d whereas that lost by 
conduction to the wire supports will be frequency 
dependent. Usually, such velocity measurements re- 
quire correction for a substantial temperature com- 
ponent contained in the signal. The temperature 
sensitivity must, therefore, be known accurately. Fre- 
quently, 5 pm tungsten or platinum wires with L/d 

= 2OOG300 are used. The results of Fig. 9 are, 

therefore, applicable and indicate that considerable 
difficulty will be encountered if accurate correction for 

the temperature component of the signal is to be 

achieved. 

CONCLUSIONS 

Application of a novel cross-correlation, dynamic 
calibration technique has shown the significance of 
hot-wire end conduction losses for the measurement of 

stream temperature fluctuations under non- 
isothermal flow conditions. 

A lumped parameter model of the wire and support 
system suitable for analysis of the wire’s response 
under these conditions and consistent with the expe- 

rimental results has been presented. 
Results indicate that heat conduction along the wire 

supports is significant compared with the convection 

heat loss from the supports thus decreasing their time 
constant below the value applicable under conditions 
of convection heat loss alone. For low sub-sonic flows 
generally used in laboratory investigations and, parti- 
cularly, in the wall region of boundary layers where 

velocities are always very low, results indicate that the 
Pt 10% Rh alloy wire is to be preferred. For such a wire 
of 5 pm diameter, an L/d ratio greater than 400 is 

considered to be necessary for measurement accu- 
racies to within 5% in air flows with velocities down to 
5 m/s if a wire response independent of frequency is 
assumed to apply. Since a long wire will lead to spatial 

resolution problems in turbulent flows, smaller dia- 
meters are to be preferred but the L/d ratio must still be 
similar as z /z 1 2 is only a weak function of wire 
diameter. 

For measurements of turbulent velocities in non- 
isothermal flows where hot-wire signals generally 
contain a mixture of velocity and temperature contri- 
butions, wires with low conduction heat losses to the 
supports are to be preferred as uncertainties regarding 
the temperature component of the signal similar to 
those encountered with temperature sensitive wires 
will exist. 

Throughout the above it was assumed that the 
stream temperature fluctuations are of large spatial 
extent. Application of the model presented, to smaller 
scale fluctuations is only of limited potential use as this 
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is a distributed effect. However, if the above recom- 
mendations regarding wire selection are followed, 
uncertainties due to end losses are minimized and any 
extension of the model to small scale flows would not 

be of practical interest. 
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INFLUENCE DE LA CONDUCTION AUX EXTREMITES SUR LA SENSIBILITE DE 
L’ANEMOMETER A FIL CHAUD AUX FLUCTUATIONS DE TEMPERATURE D’UN 

ECOULEMENT 

R&urn& On &die t’intluence de la conduction aux eatremit& de I‘an&nometre a fit chaud sur la 
sensibititb aux fluctuations de temptrature. dans tes conditions d’intensitk constante et de faible surchauffe 
seton une nouvelte technique d’ttatonnage avec corrCtation. On prCsente un modPle thermique du systime 

compost du fit et du support. compatibtc avec les donntes cxpCrimentales. Les rtsultats montrent quc 
pour tes fils de tungstine et de platine gCn&lement utilists. on ohtient une sensibilitk qui dkpcnd de la 
frPquence pour les fluctuations de tempkrature des Ccoutemcnts d’air li vitesse subsonique. Pour des 
mesures d 5’?;, dans des conditions d’tcoulement non isotherme. on recommande l’utilisation d‘un fil 
Pt%lOP; Rh avec un rapport longueur sur diamttre au moins &gal ri 400. indkpendamment du diam&re. 
on a 800 pour un fil de tungstene. On discute aussi l’apptication des rCsultats aux mesures de citesse avec 

des anCmomt:tres :i temp&ature constante. 

EINFLUSS DER WWRMELEITUNG ZU DEN ENDEN AUF- DIE 
EMPFINDLICHKEIT EINES HITZDRAHT-ANEMOMETERS BEJ 

TEMPERATURFLUKTUATIONEN IN DER STRi)MUNG 

Zusammenfassung- Es wurde der EinfluB der WQrmeteitung zu den Enden aufdie Empfindlichkcit eines 
Hitzdraht-Anemometers bei Temperaturfluktuationen in der Striimung untersucht. Das i\nemometer 
wurde bei konstantem Strom und geringer ijberhitzung betrieben, wobei eine neu cntwickelte 
dynamische,gegenseitig ergtizende Eichmethode benutzt wurde. Ein cinfaches WBrmeiibertragungsmodell 
fir den Draht und dessen Haltevorrichtung wird vorgesteltt. welches mit den experimentellen 
Ergebnissen iibereinstimmt. Die Ergebnisse zeigen. dal3 man mit den iiblicherweise benutzten 
Wolfram- und Platindrtiten in Luftstriimungen bei Geschwindigkeiten weit unterhalb der Schallgesch- 
windigkeit eine frequenzabhgngige Empfindlichkeit gegeniiber Temperaturfluktuationen in der Striimung 
erhilt. Fiir Messungen mit einer Genauigkeit von ungeflhr 5”,, bei nicht-isothermen Strfimungs- 
bedingungen werden Drghte mit niedriger WLmeteitfihigkeit wie Pt 10:” Rh mit einem Linge zu 
Durchmesser-Verhdtnis von mindestens 400 empfohlen. unabhsngig vom Durchmcsser. verglichen mit 
800 fiir entsprechende Genauigkeit bei Wolframdrlhten. Die Bedeutung der Ergebnisse fiir 
Geschwindigkeitsmessungen in nicht-isothermen Striimungen mit cinem Hitzdraht-Anemometer van 

konstanter Temperatur wird ebenfalls diskutiert. 

BJlMIIHME KOHUEBbIX 3WPEKTOB TEPMOAHEtiOMETPA HA 
qYBCTBMTE.JIbHOCTb K QJlYKTYAUMfiM TEMHEPATYPbI rlOTOKA 

AHHO’raq&ia - C “oMollW0 HenaBHO pa3BMTOii LWHaMHVeCKOfi KOppe,lNWOHHOL? MeTonMKM KanM6- 
POBKM 6bLlO MCC.WnOBaHO BnHIlHMe KOHWBblX Y$(l)eKTOB (yTeYeK Ten.la Yepe3 KoHUbl HMTM) BHeMO- 

MeTpa iIOCTOBHHOr0 TOKa. pa6oratotuero np~ HM~KMX neperpesax Ha vyf3cTaMTenbHocTb K 

+nyKTyaWflM TeMneparypbl rlOTOKa. npencTaeneHa KycorHo-napah4eTpMqecKan Monenb Tenno- 

06Meaa CIiCTeMb, “HTb-NpmaBKa, 06eCneYHBalo”,a5l COr.laCOBaHMe C 3KCnepMMeHTaJlbHblMM ItaH- 

Hb1MII. Pe3ynbTaTbl ITOKaSblBaMT, gT0 B IlOTOKaX BO3LlyXa “PM HM3KMX DO3ByKOBblX CKOPOCTRX 

YyBCTB&,Te”bHOCTb 06blYHO “pMMeHW%blX BOnb@paMOablX M ,,,larMHOabiX HMT& K $,7yKTyaUMRM 

TeMne,,aTypb, “OTOKa 3aBMCMT OT YaCTOTbl. &WI M3MepeHMfi a HeW3OTep’rlMYecKMX yC!lOBrtnX c 

TOYHOCTbLO “Op%!lKa 5 4; PeKOMeHDyeTCn HCnO.“b30BaHMe HMTefi, M3rOTOBneHHblX M3 MaTepMana 

c MaJIOfi yneJIbHoti TennOnpOsonHocrbtO, TaKOrO KaK 10”; cnnaa nnaTHwa-peHMR. c oTHoweH54eM 

fl,,MHb, K LWlaMeTpy He MeH‘Y? 400 (He3aBMCMMO OT aMaMeTpa HMTM), B TO BpeMS KaK 3iW ~OCTR2@ZHMR 

TaKOR Z.Ke TOYHOCTM B Cily’tae aO,,b@paMOBOfi HMTM He06XO~.MhlO WMeTb 3T0 OTHOUIeHMe nOp%lKa 800. 

TaKXe o6cymnaeTcn L,OCTOBep”OCTb p&3ynbTaTOB M3MepeHHCi CKOPOCTH nOTOKa TephlOaHeMOMeTpOM 

nOCTOIlHHOfi TeM”epaTypb1 B HeW30TCPMnL~eCKMY yCnOBMllX. 


