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Both the steady state and transient response of the Nusselt number to variations in 
Reynolds number over the range 1 to 40 are given by the analysis of a time 
dependent numerical simulation of a hot-wire anemometer transducer described 
here. Transducer response can be modelled suitably by considering the system to 
consist of a phase independent non-linearity followed by a non-linear differential 
equation whose coefficient (approximate time constant) is Nusselt number 
dependent. Errors associated with slip flow and free convection constrain the 
minimum size of a hot-wire which may be used in calibration anemometry while 
the wire thermal inertia and, to a lesser extent, the response of the Nusselt number 
to Reynolds number limits the use of large diameter wires. Thus, although the 
tendency has been to use finer and finer wires, the basic fluid mechanics suggests 
that a compromise in the choice of the wire diameter is appropriate. Thus 
development of even more sophisticated hot-wire anemometer control systems as 
well as accurate calibration techniques for measurement in flows containing large 
amplitude high frequency turbulence is required 

K e y w o r d s :  heat transfer, f low measurement, turbulence, hot wire 
anemometry, transient response, thermal boundary layer 

Since the work of King 1, the principle of measuring the 
heat transferred from electrically heated fine wires suspen- 
ded in a fluid flow has been universally accepted as a 
method of determining fluid velocity. Hot-wire anem- 
ometers have been used extensively for turbulence 
measurements even though calibration techniques for 
measuring the dynamic response of the hot-wires have 
been very limited. The steady state calibration has been 
assumed to be valid for dynamic measurements and, 
although the time constant associated with the thermal 
capacity of the wire has been well known and determined 
with square wave injection techniques 2, no satisfactory 
experimental method has been devised to determine the 
transient response of the Nusselt number to a per- 
turbation in velocity. 

Kidron 3 used a klystron to simulate velocity 
perturbations up to 50kHz. Perry and Morrison 4 pro- 
duced sinusoidal perturbations in the Karman vortex 
street behind cylinders up to a frequency of 10 kHz. They 
also demonstrated the difficulty of obtaining derivatives 
by graphical differentiation of a static calibration curve; 
the calibration constant thus obtained for a constant 
resistance anemometer system is at variance with that 
obtained from a dynamic calibration technique which 
involves shaking the wire at low frequencies in a uniform 
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flow. Davis 5 used a shock tube to measure the dynamic 
response but since the temperature dependence of the wire 
was not eliminated, this is not a valid method of 
determining the transient response in isothermal 
conditions. 

Very few theoretical studies of unsteady heat 
transfer from a heated circular cylinder at low Reynolds 
numbers have been reported except that of Davies 6 who 
used an Oseen approximation of the energy equation to 
estimate the fluctuating heat transfer from a heated 
cylinder at Re< 1. Several numerical solutions for un- 
steady heat transfer from a heated circular cylinder have 
been reported recently 7 1o for the Reynolds number 
range 100 <<.Re ~<200. The effects of the presence of free 
convection have been addressed. However, the results 
were calculated at such large Reynolds numbers that they 
could not be applied to analyse the response of normal hot 
wire operation. 

The objective of this study was to determine the 
response of the Nusselt number to velocity transients 
normal to the wire by solving the two-dimensional time 
dependent Navier-Stokes and energy equations numeri- 
cally for 1 <~Re<~40. The simulation not only gives the 
transient response but may also determine steady state 
values, buoyancy corrections and errors in measurement 
due to proximity to boundaries or to other wires, as in X- 
arrays for the measurement of Reynolds stress. The results 
obtained are also used to develop an appropriate ma- 
thematical model for the response of a hot-wire anem- 
ometer system. 
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Formulation of the problem 
By neglecting the effects of heating of the fluid by viscous 
dissipation and of radiation from the cylinder, the Navier- 
Stokes equation for two-dimensional flow of an incom- 
pressible fluid with constant viscosity and thermal con- 
ductivity past a circular cylinder of negligible thermal 
inertia can be expressed in the form of the non- 
dimensional vorticity-transport equation: 

D(= 2 V2 ( (1) 
Dt Re 

Body forces and the effects of buoyancy are small at the 
Reynolds number range (1 to 40) to be investigated. 

Introducing a stream function ~O, such that 
u = 8~O/Sy and v = - O~O/Sx, yields: 

VZ¢ = - ( (2) 

Eq (2) implies that the rates of change of density of the 
fluid due to changes in temperature are negligibly small so 
that the mass-conservation equation reduces to the 
statement that the velocity field is solenoidal. 

The energy equation can be expressed as: 

DT 2 
- V 2 T (3)  

Dt Re Pr 

The flow is assumed to be symmetrical about the cylinder 
and no-slip boundary conditions at the surface of the 
cylinder are given by: 

u=0 v=0 T = I  at r = l  
(4) 

u= 1 v=0 T = 0  at r---*~ 

Eqs (1)-(3) subject to these boundary conditions were 
solved for 1 <<.Re<<.40 by the numerical technique de- 
veloped by Apelt and Ledwich ~ ~ for the following cases: 
1. Step-change in velocity, with wire temperature held 

constant 
2. Sinusoidal perturbation in velocity impressed on a 

mean flow at Re=10 with wire temperature held 
constant; 

3. Step change in wire surface temperature. 

The choice of the Reynolds number range and the types of 
perturbation are discussed below. 

Reynolds number range 
The steady state heat loss of an electrically heated fine 
wire has been extensively investigated experimentally. 
King's data reduces to: 

Nu = 0.335 +0.497 Re ~ (5) 

This correlation is in good agreement with that de- 
termined by Collis and Williams 12. 

The requirement of a small heat capacity to reduce 
the wire time constant, large length-to-diameter ratios to 
reduce the significance of end-conduction losses and the 
small current limits of early constant resistance anem- 
ometer systems all explain the present practice of using 
extremely fine wires. These factors plus the requirement of 
small length necessary to determine the microscale of 
turbulence have led many workers to use wires of 2 to 
5#m in diameter. Collis and Williams 12 have shown, 
however, that at Knudsen number (Kn) in the range of 
0.03 to 0.012, there are likely to be significant deviations in 
the Nusselt to Reynolds number relationship. These 
Knudsen number values correspond to air velocity 
measurements at atmospheric pressure for wires with 
diameters of 2 and 5 #m respectively. 

On the other hand it would seem that larger 
diameter wires increase the free convection loss and 
reduce the accuracy of the measurement at very small 
Reynolds numbers. Collis and Williams 12, Hatton et aP 3 
and Van der Hegge Zijnen 14 have shown that free 
convection effects limit the lowest workable Reynolds 
number. The work of Collis and Williams 12 gives perhaps 
the most satisfactory statement of a suitable criterion for 
accurate measurement, namely: 

Re> Gr 1/3 (6) 

However, this criterion simply eliminates the wire dia- 
meter from the inequality and states that the minimum 
velocity which can be measured without free convection 
effects is [gvfl(Tw-T~)] 1/3. Furthermore, the data of 

Notation 
d 

D Operator, dt 

d Wire diameter 

g 
Gr 
Kn 
Nu(O) 
Nu 
Pr 
Re 
R 
r'  

r 

T' 
T 
ro~ 
rw 

Acceleration due to gravity 
Grashof number 
Knudsen number 
Local Nusselt number 
Average Nusselt number 
Prandtl number 
Wire Reynolds number, Ud/v 
Wire radius 
Radial distance 
Non-dimensional radial distance, r'/R 
Temperature 
( T ' -  T~o)/(Tw- T~) 
Ambient temperature 
Surface temperature of wire 

t' Time 
t Non-dimensional time, t'U/R 
U~ Shear velocity 
U Velocity of approach stream 
u' Streamwise velocity 
u Non-dimensional streamwise velocity, u'/U 
v' Transverse velocity 
v Non-dimensional transverse velocity, v'/U 
x Streamwise distance 
y Transverse distance 
y+ Non-dimensional transverse distance, yUjv  
fl Coefficient of thermal expansion 
6, Thermal boundary layer thickness 

Vorticity 
0 Cylinder angle from forward stagnation point 
v Kinematic viscosity 
z' Time constant 

Non-dimensional time constant 
~0 Non-dimensional stream function 
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Fig 1 Wire Reynolds number against air velocity showing 
a suggested operating range 

value of the Reynolds number has been chosen as the 
upper limit for the simulation to avoid complications 
arising from the vortex shedding phenomenon. 

Types of perturbations 
Step change in velocity 

A step is of course an unrealistic velocity perturbation 
except perhaps in a shock tube but there the velocity 
jumps are enormous and accompanied by large tempera- 
ture changes as well. A ramp function would have been as 
useful to identify a single time constant system. However, 
the results are more difficult to interpret if the system 
consists of multiple time constants. The step function 
response gives adequate information for the identification 
of the system and enables the boundary condition be 
changed only at zero time. Thus the boundary conditions 
are constant both before and after the transient and this 
produces a slight advantage in the computational pro- 
cedure as discussed more fully by Apelt and Ledwich 11. A 
50~ size in the perturbation was chosen to: 

ensure that the evaluation of the time constant was not 
affected by the computational accuracy; 
give additional data points on the steady state 
relationships; 
check the basic mathematical model for the response of 
the hot-wire anemometer. 

Three initial Reynolds numbers, namely 1, 10 and 26.67, 
were chosen to give final values of 1.5, 15 and 40 
respectively. 

Collis and Williams 12 appear to give a smaller lower limit 
on Reynolds number than that of Hatton et al la and Van 
der Hegge Zijnen 14. For  example, their data would 
suggest that a 9#m diameter wire operating over the 
whole temperature range could be suitable for R e >  0.03. 
However the correlations given in Hatton et al 13 and Van 
der Hegge Zijnen 14, although differing in magnitude of 
the actual Nusselt number, do agree that below Re=0.1 
there is a significant contribution to the combined 
convection. Thus Re = 0.1 has been assumed as a satisfac- 
tory lower limit for accurate anemometer measurements. 
This, and other constraints are shown in Fig 1 for the 
range of Reynolds number used in subsonic, atmospheric 
pressure, hot-wire anemometer measurements of air ve- 
locity. Since the buoyancy terms were neglected in the 
numerical study, it was felt that solutions would only be 
valid for Reynolds numbers an order of magnitude greater 
than the limit on free convection effects. The lower limit 
for the numerical solutions, Re = 1, also marks the upper 
limit of the regime where conduction is significant. 

Although numerical solutions for the flow past a 
cylinder above the Karman vortex shedding Reynolds 
number of 44 have been obtained 7 ~ o,~ 5.~ 6, the presence of 
eddy shedding means that the contribution of the cylinder 
wake to the overall Nusselt number might be pro- 
portionately more than in the steady flow situation. The 
experimental work of Collis and Williams ~2 shows a 
marked increase in Nusselt number for Reynolds numbers 
greater than 40 and a departure from a power law 
relationship. The Nusselt number might also vary slightly 
at the eddy shedding frequency which would add to the 
complications of calculating time constants for step 
inputs of velocity. Since all subsonic flows can be mea- 
sured with an upper constraint of R e = 4 0  (Fig 1), this 

Sinusoidal perturbation in velocity 

A small, 10~o change, about R e =  10 (the midpoint of 
operation of hot-wires) at a frequency calculated to be the 
corner frequency from the above transient response, was 
chosen to substantiate the time constants measured by 
step function response. 

Step change in wire surface temperature 

The common practice of using a square wave injection 
technique for the determination of the wire time constant 
relies on the fact that the response of the heat transfer to a 
wire surface temperature perturbation is much faster than 
that of either a constant current or constant resistance 
hot-wire anemometer system. 

A step function in the surface temperature was 
easily incorporated into the numerical programme and 
represents the rather unrealistic case of an impulse plus a 
step function of heat or current into a wire of negligible 
mass or specific heat. It might be thought that a ramp in 
the wire surface temperature would be a more suitable 
boundary condition which would correspond to a step 
and a ramp in wire current. However, this would only 
identify the time constant associated with the mean heat 
transfer coefficient. Alternatively ifa decaying exponential 
was assumed for the history of the wire surface tempera- 
ture, the details of the short time constants associated with 
the fluctuations in the surface temperature would not be 
detected. 

The mathematical model and to a lesser extent the 
physics of the heat transfer indicates that Nusselt number 
will be very large for a step change in the temperature of 
the wire. This indicates that the system will differentiate 
the input and then, following the transient decay, return 
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the output to the initial Nusselt number. The size of the 
jump (I00~o) is immaterial in the constant property 
system analysis. 

Steady state solution results 

Temperature profiles 

The isotherms for the three Reynolds numbers (1, 10 and 
40) are presented in Fig 2. At high Reynolds numbers the 
thermal boundary layer is thin as is the width of the 
thermal wake. 

Walker and Bullock a7 have verified experimen- 
tally the wake thickness relationship of Hinze ~ s, namely 
that the standard deviation of the Gaussian distributed 
wake thickness behind a line source of heat is pro- 
portional to Ix~U] ~/z. The temperature profiles of Fig 2 
show the tendency towards the normal distribution 
although the downstream boundary condition and the 
finite grid limit its full development. 

As the flow speed is decreased, the temperature 
profiles tend towards a symmetrical solution about 
x/R = 0 and in the absence of free convection at Reynolds 
numbers of the order of 0.1, the profiles would approach 
the pure conduction case. 

Grant  and Kronauer  ag, in discussing velocity 

measurements close to a boundary, stated that the wire 
thermal boundary layer thickness (60 is approximately 
equal to d/Nu. The thermal boundary layer obviously 
increases as Reynolds number  decreases and a check on 6, 
given by Grant  and Kronauer  19 can be made by plotting 
the ordinate [6JR + 1] on those contour plots of Fig 2. 
The complete results show that for the Reynolds numbers 
greater than 10 this ordinate is a tangent to the 0.4 
isotherm. For  the Reynolds numbers 5 and ! this criterion 
cuts progressively into the higher isotherms. 

Grant  and Kronauer  19 also stated that hot-wires 
can be used as close as 56, from a boundary. This distance 
is also marked on the temperature profiles of Fig 2. As the 
ordinate 56,/R cuts into the isotherm 0.06 for Re = 1 but 
not for Re = 10, this criterion would seem to be applicable 
for Re> 10 but less valid for Re< 1. In fact, the results for 
Re = 5 (not shown here) indicate that this criterion is valid 
for Re > 5. Thus, until accurate solutions of the profiles are 
obtained close to a boundary and with free convection 
terms included, it seems prudent to limit measurements to 
Re> 1 close to a boundary and wall distances greater than 
15R for Re < 5. To take a specific example, for a boundary 
flow of U~ = 1 m/s, y + = 3 occurs at 9d for a 5 #m diameter 
wire at Re= 1. Nevertheless, it must be pointed out that 
wires which are used at distances from the surface one 
order of magnitude greater than the wire diameter may 
give inaccurate results because of the excessive spanwise 
length of the wire and the non-linear variation of tempera- 
ture along its length: the relative intensity near the wall is 
large whereas typical eddy sizes are of the order of the 
distance from the surface and therefore much less than 
typical wire length. 

Local Nusselt number around the cylinder 

The local Nusselt number  around a cylinder is defined as: 

~T 
Nu(O)=- 2(~.r-),= 1 (7) 

and the average Nusselt number  as: 

,f Nu=-- Nu(O) dO (8) 
7~ 

0 

The steady state local Nusselt number Nu(O) is shown for 
the Reynolds numbers 1 to 40 in Fig 3 and illustrates the 
fact that, at Re = 1 there is very little variation in the radial 
gradient of the temperature profile around the cylinder; 
Fig 2 also confirms this. As the Reynolds number  
increases, there is a large increase in the Nusselt number at 
the forward stagnation point but little increase in the 
region for 0>  120 °. This shows that the contribution of 
the tail to heat loss is not very important.  At Re = 40 there 
appears to be an increase in the local Nusselt number 
from 0=120  ° to 0=180  ° and this agrees with the 
approach of the eddy shedding at Re = 44. It is well known 
that in turbulent flow around the cylinder (see for example 
Knudsen and Katz  2°) there is a minimum in the local 
Nu(O) at the separation point which normally occurs at 
0 > 80 °. This result also appears in the work of Eckert and 
Soehngen 21 where the experimental result for R e = 2 3  is 
shown in Fig 3. Excellent agreement exists over the range 
of 0 = 0  to 100 °. These workers used cylinders with 
diameters large when compared with those used for hot- 
wire work, that is, 12.7 to 38.1 mm and an interferometer 
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to measure the temperature distribution. However they 
relied on decelerating flow for their low Reynolds number 
measurements and this could account for the discrepancy 
between their results and our numerical study. Krall and 
Eckert's numerical solution 22 for slip flow and constant 
heat flux at a Reynolds number ofb0 is also shown in Fig 3. 
Both slip flow and constant heat flux reduce the heat 
transfer at the forward stagnation point and increase it at 
the rear stagnation point. Their experimental results for 
Re= 18 and 50 are at variance with the present numerical 
study because of the variation in the boundary condition, 
namely slip flow and constant heat flux. However, in 
addition, their experimental results were corrected for a 
circumferential conduction heat loss of up to 25% and this 
inaccuracy has presumably produced the rather anom- 
alous situation of a non-maximum heat transfer at the 
forward stagnation point. 

Velocity transient results 
Response of Nusse/t number to step input of 
ve/ocity 

The time response of the Nusselt number for 50% step 
changes in the velocity from Reynolds numbers 1, 10 and 
26.66 are given in Fig 5. The response at the higher 
Reynolds numbers appears similar to that of a single time 
constant linear system. As is to be expected, the time to 
reach 0.63 of the increment to the final value, ie the time 
constant, decreases with increasing Reynolds number. 
For  the case of Re= I, many more computational time 
steps would have been required for the Nusselt number to 
reach the final state. The time constant at Re=26.6 
appears to be 0.8 d/U. At Re = 10, tbis time is increased by 
50% while at Re= 1 it is approximately five times this 
basic time. An examination of the extent of the steady 
state temperature profiles of Fig 2 or of Nu(O) of Fig 3 
shows that this result is not unexpected. 

Response of the Nusselt number to a sinusoidal 
input 

To reduce the uncertainty regarding the Reynolds num- 
ber for which the time constants z determined from Fig 5 
are applicable, a small sinusoidal perturbation of velocity 
of 10% at a Reynolds number of 10 was chosen as the 
input to the simulation. An estimate of r at Re = 10 is 2.3 
so that ~o = 2.3 - 1 was chosen for the input frequency. Both 
the input and the output of the simulation are given in Fig 
6. The average magnitude of the output is 0.703 while the 
phase shift is 43 °. Had the time constant z been chosen 
exactly, and presuming that the system can be linearized, 
the magnitude ratio and phase would be 0.707 and 45 ° 
respectively. 

A data fit to magnitude and to phase gives 3=2.3 
and 2.1 respectively. A compromise of z = 2.2 is acceptable 
and fits the data of Fig 8 which is derived from the step 
input results. 

Average NusseR number 

The local Nusselt numbers of Fig 3 when integrated from 
0 to It give the average Nusselt number for each Reynolds 
number. Fig 4 shows that there is a near perfect cor- 
relation with Re 1/2, namely: 

Nu =0.3702 +0.4847Re 1/2 (10) 

This compares well with King's relationship given in 
Eq (5). The data of Collis and Williams 12 in Fig 4 agree 
remarkably well with the numerical results for the 
overheat ratio Tw/Too=2.0. However, the data for the 
small Tw/Too = 1.1 are significantly lower than the con- 
stant property solutions of the present study with which 
they would be expected to agree. Collis and Williams 12 
preferred the correlation: 

Nu = 0.24 + 0.56 Re T M  (11) 

for small overheat ratios. 
In practice, the difference between a 0.5 power 

curve fit and a 0.45 power curve fit can be significant in 
evaluating the slope, as demonstrated by Perry and 
Morrison 4. 
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sociated with these terms show that, for the majority of the 
transient after t = 1, the second time constant is probably 
the predominant one. Fig 8 gives the time constant for a 
velocity transient at this Reynolds number as equal to 3. It 
is thus not unexpected that the response to temperature 
disturbances of the wire surface is on the whole faster than 
the response to velocity since the majority of the thermal 
resistance occurs in the very thin layer in the region of the 
forward stagnation zone. 

Bradbury and Castro 23 used a pulsed current 
superimposed on a mean current to obtain wire time 
constants for wires of 5.3#m, 7.87 #m and 10.9#m in 
diameter and for flow velocities up to 12 m/s. The non- 
dimensional time constant z calculated from their data for 
Re = 5 is 2.9, 3.4 and 3.0 x 103 respectively. These results 
demonstrate that the time constants associated with the 
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Surface temperature transient results 
7 

The responses of the simulation to a step change in the 
surface temperature from T = ] to T = 2 for the Reynolds 
numbers 5 and 40 are shown in Fig 7. The solution for ~ s 
Re = 1 although giving similar trends, oscillated violently c 
at a frequency of 31 rad/t and a damping ratio of 0.065. "~ 

As is to be expected, the Nusselt number rises _ ~ 5 
immediately to very large values and then decays. The ~= 
impulse response is due to the fact that the surface z 4 
temperature has been changed instantaneously while the 
isotherms surrounding the cylinder in the air stream 
remain as for the previous boundary condition. The decay 3 
is not a simple exponential but is due to the distributed 
nature of the isotherms which all reach equilibrium with 
different time constants, The best fit to the exponential z i- 
data at a Reynolds number of 5 is" 

Nu(t) - Nuanal = 7.06e - 27.45t + 1.85e - 2t + 0.245e- 0 1 s4t I 

(11) 
0 This expression fits the 40 data points over the range o 

t = 0.025 to 11 with a maximum error of 1~o of the value at 
t=0.025. Thus the time constants associated with the 
response to a temperature transient are 0.036, 0.5 and 5.4 Fig 7 
on a non-dimensional scale of time. The residues as- 
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mean heat transfer coefficient and the heat capacity of the 
wire is three orders of magnitude more significant than the 
time constant associated with wire surface temperature 
fluctuations in a steady stream as calculated by our 
numerical techniques. 

It is presumed that the response to an ambient 
temperature change would be similar to that for velocity 
since the vorticity and temperature equations are identi- 
cal in form but with different boundary conditions. 

Mathemat ica l  models of a hot -wi re  
transducer and non-dimensional t ime 
constants 

Three simple models of the non-linear hot-wire anem- 
ometer transducer (Fig 9) are possible: 

(a) a non-linearity precedes the dynamics of the system 
whose coefficients are Reynolds number dependent; 

(b) the non-linearity follows the dynamics of the system 
which is Reynolds number dependent; 

(c) the non-linearity precedes the dynamics of the system 
whose coefficients are Nusselt number dependent. 

The computational results are easily examined in terms of 
the first model and a numerical technique was used to 
minimize the variance between the data points and 
dynamic models consisting of first, second and third order 
systems with and without delays of t =2  for the second 
and third approximate time constants. This analysis 
showed that the first order system gave minimum va- 
fiance, and that higher order models did not reduce the 
variance nor the absolute value of the error but readjusted 
the location of the maximum error. Values of 8, 2.4 and 
1.65 were obtained for the approximate time constants for 
50~ velocity jumps from Re = 1, 10 and 26.66 respectively. 

Since the size of the computational velocity jump is 
large, being purposely chosen to improve the signal-to- 
noise ratio, there is considerable doubt about the location 
of this time constant; for example, does 1.65 apply to 
Re = 26.6, to Re = 40, or somewhere in between ? The more 
realistic Model  (c) was then proposed as an analysis of 
Model (b) showed that this model was less satisfactory 
than Model (a). 

It is realized that, in the true sense of the words, 
'time constant' can only apply to time invariant linear 

systems. The second portion of Model (c), that is, the 
relationship between Nu(t) and Nu(oo) can be described 
only with a non-linear differential equation but the 'time 
constant' and 'comer frequency' concept to be introduced 
is applicable for small turbulence measurements when • is 
approximately constant. 

The preliminary data of Model (a) were used to 
estimate the time constant in real time for a particular 
wire as a function of Nusselt number z(Nu). Since the first 
order fit to Model (a) gave the best results, the following 
differential equation: 

dNu(t) Nur, n~l-Nu(t) 
(12) 

dt a -  b Nu(t) 

was solved for the three velocity jumps and an optimi- 
zation of the coefficients a and b of the approximation to 
z(Nu), that is: 

z(Nu) = a - b Nu(t) (13) 

was carried out for the 50% variation in Re under analysis. 
The results are given in Table 1 and plotted in Fig 8. The 
time constant obtained from the sinusoidal perturbation 
is also included in Fig 8 and fits the correlation obtained 
from the transient response. A regression analysis of the 
non-dimensional time constant gave: 

= 6.37 R e -  0.471 (14) 

Corner frequencies of hot -wi re  
transducers 

The comer frequency (or 3 dB point) of a hot-wire 
transducer in air can now be calculated using the data of 
Table 1 or Fig 8. The comer frequency f,  is a strong 
function of velocity for a wire of a particular diameter and 
is only applicable to small turbulence levels -~ 10~. 

U 
f ~ - n d r  (15) 

Eqs (14) and (15) combine to give: 
U 1.471 

f~ = 9.123 d-~.5~- ¢ (16) 

Re(t) Nu (oo) 
Non - lineorily 

a , : f  ~N.) 

b 

I n t TI I Nu (t) 

i:1 l~ D*I  

n ] Nu(f )  
Re(t) TI I Re(t) Non- lineority 

i=1 "t} D+I 

r=f(Nu) 

Re(t) 

C 

Fig 9 

Non - lineority 
Nu(~) I I Tl I Nu (t) 

i=1 ~ D+I 

T= f (Nu )  
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Table 1 Estimates of real t ime constants fbr a 20/~m diameter wire and the non-dimensional 
t ime constant 

Re Nu z',/~s z[t'~- 1 Maximum error a b 

1 0.86046 80.00 6.4 
1.5 0.96690 44.40 5.2 0.34% 367.8 339.5 

10 1.89895 2.39 2.1 
15 2.24227 1.58 1.9 0.49% 8.14 3.03 

26.66 2.87146 0.61 1.34 0.63 % 1.967 0.473 
40 3.44234 0.34 1.10 
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I0 0 0 0  

I000  

. =  

u= Ioo 

)- 

E 
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0 5  
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o R e = l  

/ '  [] R e  = O I 

I00/~ 

/ J 1 ~ 1 I I I I = J 
0.2 0 5  I 0  I0 100 I000 

Air velocity, U,m/s 

Fig 10 Small perturbation wire corner frequency against 
air velocity 

The curves of Fig 10 are drawn for the maximum range of 
wire diameter useful for hot-wires, ie 2 to 100 #m and for 
the Reynolds numbers 0.1 to 40. The solid lines are drawn 
for the range of Reynolds number of the present numerical 
study and are extrapolated to a limit for Reynolds 
number=0.1 on .the presumption that the above cor- 
relation for z extends to this lower Reynolds number 
which is very often in the operating range of turbulence 
measurements (Fig 1). A 10 #m diameter wire covers the 
velocity range 1.5-60 m/s with comer  frequencies extend- 
ing from 8 kHz to 17 MHz. This wire also satisfies the 
Knudsen number, Karman vortex shedding and buoy- 

ancy constraints of Fig 1 and is therefore an acceptable 
compromise for most subsonic anemometry. However, 
using the Bradbury and Castro 23 data, this wire would 
have a comer  frequency of only 80 Hz at a velocity of 
10m/s. Thus, although the velocity to heat transfer 
transient response is adequate, sophisticated compen- 
sation systems have to be used to extend the system 
operating frequency up to a usable range of say 10 to 
20 kHz. 

In addition, the difficulty of measuring high fre- 
quency perturbations at low velocities of the order of 
0.3 m/s is illustrated in Fig 10. The comer  frequency of 
100#m diameter wire is only 200Hz and even if a 5/an 
wire were used which is on the buoyancy limit (Fig 1), and 
the relevant curve could be extrapolated, the frequency 
response would be at best 1 kHz. Furtunately the spectra 
of turbulence at y ÷ = 1 for U~ = 0.3 m/s are less than 1 kHz. 

Conclus ion  

The numerical simulation presented here has verified the 
steady state relationships of King I and Collis and Wil- 
liams z2. The work also substantiates the thermal boun- 
dary layer criterion proposed by Grant  and Kronauer 19 
for Re>5 and suggests that free convection is not 
generally a restriction. In addition it has shown that for 
the majority of hot-wire anemometer applications 
measuring small turbulence levels, the transient response 
of the heat transfer to velocity perturbations has a 
relatively unimportant effect on spectral measurements. 

Small wires of the order of 2 microns in diameter 
are to be preferred both for this transfer function and for 
that associated with the heat capacity of the wire and the 
mean heat transfer coefficient. However, as shown in Fig 
1, this small diameter wire is on the slip flow regime and 
free convection effects occur at velocities which exist in the 
wall region of normal boundary layer flows. The errors 
produced by these two phenomena can only be eliminated 
by carrying out an accurate and complete calibration. On 
the other hand, it appears that a wire of diameter 10 #m 
satisfies all the constraints as regards the basic fluid 
mechanics of the transducer. However, a wire of this size is 
unfortunately subject to a slow electrical transient re- 
sponse time due to its thermal inertia. The development of 
sophisticated instruments will reduce the difficulty of 
measuring high frequency components with wires of this 
size and may improve the overall accuracy of the hot-wire 
anemometer system. 

It has also been shown that the best mathematical 
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model of the transducer uses a non-linear (King's law) 
relation followed by a high frequency response portion 
consisting of a Nusselt number dependent first order 
system. Thus, with an elaborate control system in- 
corporated in a hot-wire anemometer instrument whose 
frequency response is independent of the magnitude of the 
heat loss, an adequate open loop compensation may be 
used to measure accurately large scale turbulence fluc- 
tuations normal to a hot-wire. 
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