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Abstract-A technique has been developed for determi~ng local heat flux from simultaneous measure- 
ments of the velocity and temperature fluct~tions in a turbulent fluid. The errors to which it is subject 
have been reviewed and its accuracy has been estimated from preliminary tests in air flow through a 
heated pipe. The results provide further data for the eddy diffusivity for heat and new data for the carrela- 
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tion between velocity and temperature fluctuations. 
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hot wire constant, see equation (3) ; 
hot wire constant, see equation (3); 
specific heat at constant pressure ; 
cold wire d.c, voltage; 
cold wire deviation from mean voltage ; 
hot wire d.c. voltage; 
hot wire deviation from mean voltage; 
cold wire current ; 
thermal conductivity ; 
heat flux by eddy difTusion ; 
cold wire resistance ; 
cold wire resistance at 0°C ; 
pipe radius ; 
air temperature; 
deviation from mean air temperature; 
hot wire temperature ; 
axial velocity ; 
deviation from mean axial velocity ; 
friction velocity ; 
radial velocity ; 
thermal coefficient of resistivity ; 
eddy diffusivity for heat ; 
density of air ; 
r.m.s. value ; 

1. ~ODU~ON 

IN CONNECTION with some work on heat 
transfer to CO2 near its critical state, a previous 
paper [I] discussed the interest in rates of heat 
transfer by turbulent eddy diffusion within the 
fluid. It suggested the possibility of obtaining 
the local turbulent heat flux from simultaneous 
measurements of the turbulent fluctuations in 
velocity and temperature, using the relationship 

QI”, = &Pt (1) 

which applies provided the specific heat per 
unit volume is constant. The present paper de- 
scribes the technique which has been developed 
for making these measurements and which is 
applicable in normal gases and liquids as well 
as in near critical fluids. 

time average. 

For the velocity m~urement~ hot wire 
anemometry was chosen as the only method 
likely to be successful in following the turbulent 
fluctuations. For the temperature measurements 
both thermocouples and resistance thermo- 
meters were considered. The latter can be made 
smaller than the former (10m6 m dia. resistance 
wire compared with the 5 x low5 m dia. of the 
smallest practical thermocouple junction) and 
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were therefore chosen for their lesser thermal 
inertia and faster response to temperature 
fluctuations. Probes carrying both anemometer 
and thermometer wires have been made. 

To test these probes and to show the data 
which they can obtain, a few measurements were 
made of the radial distributions of heat flux and 
mean values and fluctuations of velocity and 
temperature in the turbulent core of air flowing 
through a long, uniformly heated pipe. Values 
of the heat flux were calculated, firstly from the 
known wall flux and the established mean 
velocity profile and secondly from the velocity 
and temperature fluctuations. The agreement 
between these values is considered good enough 
to prove the principle of the technique. The 
conditions of these tests did not allow its accuracy 
to be precisely established but the errors to 
which is is generally subject have been identified 
and are discussed here. 

In making these tests with air, the radial 
gradient of mean temperature was obtained 
and has been used to calculate the eddy dif- 
fusivity for heat. The values presented here are 
appreciably lower than previous measurements 
[2, 31. The results also give the correlation be- 
tween the velocity and temperature fluctuations 
which does not appear to have been previously 
measured in flow through a heated pipe. 

2. PROBE AND ELECTRONICS 

The probe used to carry the anemometer and 
thermometer wires, was a modified DISA 
miniature X hot wire probe. The X arrangement 
of hot wires was chosen to allow measurement 
of radial velocity in a pipe. Two extra pins 
(sewing needles of 5 x 10m4 m dia.) were 
cemented to the ceramic stem of the probe at 
opposite ends of a diameter normal to the plane 
of the X. Their points were level with the points 
of the longer hot wire pins. Wollaston wire, 
silver with a platinum core, was used as the 
resistance thermometer (the cold wire) and was 
soldered to the needle points. A length of about 
7.5 x 10e4 m in the middle of this wire was 
electrolytically etched to expose the platinum 

with a resistance of about 50 R. Photo micro- 
graphs of this length showed it to be approxi- 
mately circular with a diameter of about 10v6 m. 

The whole array of wires lay within a volume 
of dimensions less than 10e3 m with the cold 
wire up stream of the hot wires and therefore 
out of their thermal wakes. Being at right angles 
to the hot wires the wake of the thin cold wire 
was not expected to interfere seriously with the 
hot wire measurement of velocity. This assump- 
tion was checked experimentally on occasions 
when the cold wire broke without detectable 
change in the hot wire readings. 

A block diagram of the electronic circuitry 
used with this probe is shown in Fig. 1. The hot 
wires were operated normally by two DISA 
55 A 01 anemometers. The difference between 
the “turbulence outputs” of these instruments 
was formed to give the radial component of 
turbulent velocity in the usual way. This dif- 
ference was then fed, after appropriate amplifica- 
tion, to one input of a wide band (up to 50 Kc/s) 
Burr-Brown multiplying circuit. 

A battery in series with a high resistance was 
used to maintain a constant current of O-5 mA 
through the cold wire. The voltage across it was 
amplified and its mean value, after smoothing, 
was measured by a digital voltmeter to give the 
mean temperature. The r.m.s. value of its fluctu- 
ating a.c. component was measured by a Dawe 
r.m.s. voltmeter. This fluctuating component 
was fed to the second input of the multiplier. 

The output of the multiplier thus gave the 
product of the voltage fluctuations due to turbu- 
lent fluctuations in the radial velocity and 
temperature. The mean value of this product 
was measured by a damped galvanometer. Its 
instantaneous value together with those of the 
radial velocity and temperature voltages, were 
monitored on a multi-beam oscilloscope. 

3. OTHER APPARATUS 

The probe was tested in air flow at 
atmospheric pressure through a stainless steel 
pipe of 5 m length, 4.16 x 10m2 m id. and 
1.4 x 10e3 m wall thickness. The probe was 
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FIG. 1. Block diagram of electronics. 

inserted axially into the pipe to put the wires 
two diameters up stream from its open end and 
could be traversed across a diameter. 

The pipe was thermally insulated along its 
whole length and a 244 m length from its outlet 
was electrically heated by passing current along 
its wall. This heating could produce uniform heat 
flux up to 1.43 x lo3 W/m2 from the inner 
surface of the pipe to the air flow. The 244 m 
length, giving a heated length to diameter ratio 
of 55, was adequate to establish fully developed 
velocity and temperature profiles at the position 
of the wires [4]. The wall temperature at this 
position was measured by a thermocouple. 

Air could be passed through the pipe at 
velocities up to 12.2 m/s giving a Reynolds 
number of 30000. A pre-heater before the test 
section was provided to give control of the air 
inlet temperature at values up to 100°C. 

4. SOURCES OF ERROR 

4.1 Calibration of cold wire 
The cold wire was calibrated in the range 

15-100°C against a standard thermocouple 
with isothermal conditions and 9.15 m/s air 

velocity in the test section. This calibration gave 
its thermal coefficient of resistance tl as OGO378 
per “C without systematic error, using the 
relationship 

E, = RI = R,Z (1 + aTA). (2) 

Using this calibration, it was estimated that 
the wire could indicate changes in air tempera- 
ture for a given velocity to an accuracy of 0*05”C. 

An error can however arise with change in 
velocity, due to the heating effect of the current 
through the cold wire. This raises the wire 
temperature above that of the ambient air. 
Hence, change in air velocity and therefore also 
in the heat transfer coefficient of the wire, 
changes both the wire temperature and its 
calibration against air temperature. This error 
can be quantified from the heat transfer co- 
efficient for cross flow over a cylinder [5], the 
wire dimensions and the heat release determined 
from the wire current and voltage. Calculation 
indicated that for the velocities in the present 
work, the wire temperature did not exceed the 
air temperature by more than 01°C. This 
calculation was checked experimentally by 
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increasing the cold wire current to 2 mA which 
gave a measured rise in wire temperature of 
about l*S°C, in agreement with a calculated rise 
of 16°C The error in indicated air temperature 
over the range of velocity in the present experi- 
ments, was calculated to be appreciably less 
than 005°C and must have had negligible 
effect on the accuracy of the results. 

4.2 Response of cold wire 
To allow this technique to be successful, the 

cold wire must respond rapidly to temperature 
fluctuations. Its response time to a step change 
in air temperature can be calculated from its 
dimensions, specific heat and heat transfer 
coefficient. (The effects of conduction within 
the wire and the thermal capacity of the air 
surrounding it are negligible.) For the velocities 
in the present work, calculation showed that 
following a step change in temperature the wire 
indicated half this change within less than 
3 x lo- ’ s. The most rapid temperature fluctua- 
tions observed on the oscilloscope had periods 
of 5 x 10m4 s or longer and therefore the error 
due to the cold wire not responding instantane- 
ously to these fluctuations is thought to have 
been negligible. 

4.3 Calibration of hot wires 
The thermal coefficient of resistance, 0.00395 

per “C of the hot wires was measured in the 
same way used for the cold wire. From this, 
their resistance at 290°C was calculated and 
they were always operated with this resistance 
constant. 

They were calibrated with isothermal condi- 
tions in the test section for velocities from 
3.05 to 12-Z m/s and air t~~ratur~ from 15 to 
60°C which covered the range of operating 
conditions in the present work. During calibra- 
tion, the wires were positioned on the centreline 
of the pipe and the local axial velocity was 
calculated from the measured volume flow rate 
and the velocity profiles for the Reynolds 
number of the flow [6]. With the wires at 45” 
to the axial direction, their calibration fitted 

the usual relationship 

E; = [A f B (Q/2)+] (T, - TA). (3) 
The libation of the two wires were the same 
within experimental error. 

A more accurate form of equation (3), such as 
that suggested by Hinze [7], to allow for the 
sensitivity of wires to the velocity component 
parallel to them, should be used. The error due 
to neglecting this sensitivity is however small 
compared with other errors in the present 
results and equation (3) has therefore been used 
here for its simplicity. 

When the two wires, I and 2, are operated in 
turbulent conditions with heat transfer, their 
voltages fluctuate with the fluctuations of both 
the velocity and temperature of the air. These 
fluctuations are given by 

eyl = ff-f$‘J2$+ tf$ 
( J 

(4) 
A 

eyz= ff-j$ JZf$+tz_ 
( 1 

(5) 

Subtraction gives the radial velocity 

I)= 
evl - ey2 ati 

2 a& 
(6) 

in the usual way because the temperature terms 
cancel, provided the two wires are identical and 
have the same temperature sensitivity &?$&T,. 
In the present experiments with the r.m.s. 
temperature ~u~t~tio~ of the order of 3”C, 
the magnitude of the two terms in the right hand 
sides of equation (4) and (5) were approximately 
equal. Hence the error in equation (6), due to the 
assumption that the temperature terms cancelled 
on subtraction, was comparable with that 
usually made in assuming that both wires have 
the same velocity sensitivity 3Ev/ao. The radial 
velocity was therefore estimated from equation 
(6) using the value of aU/Z, obtained from the 
isothermal calibrations at an air temperature 
equal to the mean temperature indicated by the 
cold wire. 

This estimate is still subject to error in that it 
assumed aU/aE, does not vary with fluctuations 
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of the air temperature. In fact, equation (3) shows were made with heat flux from the wall from 
that aU@E, must be a function of (T’, - 7”). 2.6 x 102 to 13.0 x lo2 W/m2 and with 
Hence the ~~itude of this further error is mass flow rates from 476 x MY3 to 15.9 x 
related to t’/(T, - TA). In the present experi- low3 kg/s giving Reynolds numbers from 
ments with values of this ratio about 1 per cent 7700 to 25000. Values of the wall heat flux were 
it was shown from the calibrations to have calculated both from the electrical power input 
produced errors in the value of u of about to the test section and from the mass flow and 
3 per cent. bulk temperature rise of the air. These values 
4.4 spatial re~l~t~~~ agreed to within 5 per cent. 

Errors may also have arisen in the present A typical set of results for a wall heat flux of 
preliminary experiments in a pipe of 4.16 x 13.0 x 102 W/m2 and a Reynolds number of 
lo-” m dia., because the wire array was not 14900 is given in Fig. 2 in which the mean axial 
small compared with the microscald of turbu- 
lence. The dimension of the former was about T 
75 x 10d4 m whereas the latter was estimated 0 

from the criterion given by Hinze [7] to be about 
5 x 10m4 m. Hence the wires cannot have res- 

E < 
$ x 5 

ponded to the small scale fluctuations in velocity 
and temperature. It is not possible to quantify 

z 5 o 

the error due to this source but the accuracy of 
.j ; 
Q 

the heat flux measurements, given below as 
8 per cent, suggests that most of the heat transfer g 4 
was produced by the large scale fluctuations. 2 

ec 3 
4.5 Overall accuracy $ 

It is not possible to give a general figure for the 
21;2 
ti 5 

accuracy of this technique in measuring turbu- 
lent heat flux. The above review of possible 

$ - 

errors does however suggest that the worst o 
source of inaccuracy is usually likely to be failure 
to match the sensitivities of the two hot wires. 

2 
t, 

For small values of the ratio t’/(TRt - TA), say 
less than 3 per cent, the accuracy should be about 

&& 
g 

the same as that with which X hot wires can r” 
normally measure radial velocity, in practice = & 
probably about 10 per cent with carefully wired z 1 ;i 
probes [8]. This estimate is in agreement with 
the results below. For larger values of the ratio 

3 f’ 
ti b 

t’/(T, - TAf the accuracy will deteriorate due 
to only approximate cancellation of the tern- 2 = M 
perature terms in subtraction of equations (4) 
and (5) and to variations in 8J/JE, in equation 

g i,z 
z S 

(6) with fluctuations in air temperature. 

5.1 Typical experimental data 
Traverses with the probe in the heated pipe 

Us No. = 14 900 

Wall heat flux=130 X lo2 
W/m’ 

I I I I 
0.2 0.4 0.6 0.8 

Distance from $_ 

Radius 

Fro. 2. Typical experimental data. 
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velocity, the r.m.s. radial velocity, the mean air 
temperature and the r.m.s. temperature fluctua- 
tion are plotted against radius. Values of the 
mean radial turbulent heat flux were calculated 
from the relationship 

Qtul = PC,Z 

which, after substitution of equations (2), (3) and 
(6), becomes 

1 
X--- 

R, Iu (7) 

and are also plotted in Fig. 2. 
These values were checked independently as 

follows. At the 53 : 1 heated length to diameter 
ratio ofthe probe position the axial mean velocity 
profile was fully developed and the axial mean 
temperature gradient was invariant with axial 
and radial position. Hence this profile could be 
used to determine the radial distribution of total 
heat flux by both molecular conduction and 
turbulent diffusion. The conduction flux was 
calculated from the radial gradient of mean 
temperature and subtracted from the total to 
give the diffusion flux. The values thus deter- 
mined are plotted as the broken line in Fig. 2 
for comparison with the values obtained from 
the velocity and temperature fluctuations and 
shown by the experimental points. The accuracy 
of the latter is given by the ‘points’ showing no 
significant deviation from the calculated line 
and their random scatter about it having a 
standard deviation of about 8 per cent. 

5.2 Eddy dijjbsivity for heat 
From the results obtained with a wall heat 

flux of 13.0 x l@ W/m2 and a Reynolds num- 
ber of 25.100 the eddy diffusivity was calculated 
using ,the relationship 

Qt,, = 8~;. (8) 

The values obtained are compared with simi- 
lar measurements by Sleicher [2] and Johnk and 
Hanratty [3] in Fig. 3. In this graph the data are 
presented as total diffusivity divided by the pipe 
radius and the friction velocity, this being the 
method of presentation suggested [9] and used 
[3] to allow comparison of data from pipes of 
differing radius. The present data are about 25 
per cent lower than the previous data over most 
of the turbulent core of the flow. 

I I I I I 
0 02 04 O-6 06 

Distance from $_ 

Rwdi”S 

FIG. 3. Comparison of present values of total diffusivity 
with previous measurements. 

In all three of these investigations the accuracy 
of determining sa was limited by errors in the 
measurement of the radial temperature gradient 
which was low and difficult to determine 
accurately in the turbulent core of the flow. The 
previous workers [2, 31 deliberately obtained 
their data with small temperature differences of 
less than 10°C between the pipe wall and centre 
line and, hence, very low gradients, because they 
measured the velocity profiles with isothermal 
conditions only. In their experiments these 
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FIG. 4. Comparison of correlations for transfer of heat and 
momentum. 

profiles were needed to determine the heat flux 
and they therefore wished not to increase the 
temperature differences sufficiently to change 
the velocities. In the present experiments with 
direct measurement of heat flux, temperature 
differences up to 50°C were used and therefore 
the present measurements of temperature 
gradient and diffusivity may be more accurate. 

5.3 Velocity temperature correlation 
The present experimental data also give the 

correlation between the fluctuations in velocity 
and temperature, defined as Z/v’ t’. Values ob- 
tained from all the data are plotted in Fig. 4. 
These values are insensitive to both heat flux 
and Reynolds number over the ranges investi- 
gated. 

This correlation provides an alternative 
method, to that using eddy diffusivity, for 
characterising turbulent heat transfer. The latter 
depends on the assumption that the motion of 
turbulent eddies is dependent only on the local 
gradients of mean velocity and temperature. 
The validity of this assumption for large eddies 
has been questioned [ 10,111. Hence the velocity 
temperature correlation may be a more accurate 

characteristic of turbulent heat transfer than 
eddy diffusivity. It also has the advantage that, 
unlike diffusivity [2, 31 it does not vary with 
Reynolds number and it may be easier to 
measure accurately because it does not depend 
on the temperature gradient. 

If the basic mechanisms for the turbulent 
transfer of heat and momentum are similar, this 
correlation for heat transfer should be com- 
parable with the similar correlation for 
momentum transfer i.e. Z/U’V’. The latter 
correlation [12] which is also insensitive to 
Reynolds number is plotted as the broken line 
in Fig. 4. The ratio of z/v’ t’ to z/u’v’ is nearly 
unity at all radial positions. (The approxi- 
mately 5 per cent difference is barely significant, 
allowing for the experimental accuracy.) This 
ratio is therefore suggested as an alternative to 
the turbulent Prandtl number the values of 
which are uncertain [13], for quantifying the 
analogy between the transfer of heat and 
momentum. 

6. CONCLUSIONS 

A technique has been developed for 
measuring local heat flux and turbulence in 
the presence of temperature gradients. It 
may be useful in investigating the mechanisms 
of heat transfer and of practical value in 
situations (e.g. non-uniform conditions, 
roughened surfaces) in which the transfer 
cannot be calculated from measurements of 
the mean velocity and temperature profiles. 
Measurements of the eddy diffusivity for heat 
near the centre of a pipe, possibly more 
accurate than previously available, have been 
made. 
Alternative methods, to those using eddy 
diffusivity, have been suggested for describing 
turbulent heat transfer and the analogy 
between heat and momentum transfer. 
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UN APPAREIL DE MESURE DE FLUX DE CHALEUR EN TURBULENT ET 
QUELQtJES MESURES DE TURBULENCE DANS UN l%OULEMENT D’AIR A 

TRAVERS UN TUYAU CHAUFFE 

R&nn~Une technique a ttt Ctablie pour determiner le flux de chaleur local a partir de mesures simultantes 
des fluctations de vitesse et de temperatures dans un fluide turbulent Les erreurs auxquelles elle est sujette 
ont tte examinees et sa precision a tte estimee a partir d’essais preliminaires dans l’tcoulement d’air a 
travers un tuyau chauffe Les resultats fournissent des renseignements supplementaires pour la diffusivitt 
turbulente de la chaleur et de nouvelles don&es pour la correlation entre les fluctuations de vitesse’et de 

temperature. 

EIN WARMESTROMMESSGERAT FUR TURBULENTE STRGMUNGEN UND 
EINIGE TURBULENZMESSUNGEN IN EINER LUFTSTROMUNG DURCH EIN 

BEHEIZTES ROHR 

Znsammenfasanng- Es wurde eine Technik zur Bestimmung des lokalen Wiirmestroms durch gleichzeitige 
Messung der Geschwindigkeits- und Temperaturschwankungen in einer turbulenten Strijmung entwickelt. 
Die Fehler dieses Verfahrens wurden geprtlft, und die Genauigkeit wurde aus vorliufigen Versuchen in 
einer Luststromung durch ein beheiztes Rohr bestimmt. Die Ergebnisse bringen weitere Daten fur die 
turbulente Warmeilbertragung und neue Daten fur die Beziehung zwischen den Geschwindigkeits- und 

Temperaturschwankungen. 

H3MEPEHBE TYPBYJIEHTHOI’O TEIljTOROl’O IlOTOHA M CTEllEHH 
TYPBYJIEHTHOCTB HP&l TE=lEHklM H03AYXA YEPE3 HAl?PETYlO 

TPYEY 

AHHOTannn-Pa3pa60TaH MeTOn OIlpE!~e~eH~~ JIOKaJIbHOI'O TetIJIOBOI'O IIOTOKEI Ha OCHOBe 

OJ(HOBpeMeHHOI'O vl3MepeHElK IIJ'ZbCaIJHi CKOPOCTEl PI TeMlIepaTJ'pbI B TYP6J'JIeHTKOM IIOTOKe 

H(CZflKOCTII. OL(t?HeHbI ItOrpE!LUHOC'rM EI TO'IHOCTb I43MepeHId El3 IIpeRB3pPI'IWIbHbIX OIIbITOB II0 

Tt?qeHAH) BO3Ryxa B HarpeTOti Tpy6e. Ha OCIIOBe pe3JVIbTaTOB IIOJIJ'WHbI AaHHbIe IIO Typ6y- 
JEKTHOfi jJHI#4Y311" TeIIJI3 H HOBbIe RaHHbIe II0 OIIpW&IIeHHIO KOppW-I@-i IIyJIbCLiqHHMH 

CKOpOCTYr M TeMIIepaTJ'pbI. 


