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Abstract—A technique has been developed for determining local heat flux from simultaneous measure-
ments of the velocity and temperature fluctuations 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 correla-

tion between velocity and temperature fluctuations.

NOMENCLATURE

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 diffusion;

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;

time average.

1. INTRODUCTION

IN conNecTiON with some work on heat
transfer to CO, near its critical state, a previous
paper [1] 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

Qe = pvat (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.

For the velocity measurements, 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 (10~° m dia. resistance
wire compared with the 5 x 107° 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, 3]. 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 10™* 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
75 x 10™* m in the middle of this wire was
electrolytically etched to expose the platinum
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with a resistance of about 50 Q. Photo micro-
graphs of this length showed it to be approxi-
mately circular with a diameter of about 10~ % m.

The whole array of wires lay within a volume
of dimensions less than 10™* 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 0-5 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
rams. 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, 416 x 1072 m id. and
1'4 x 1073 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 143 x 10° W/m? 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 1222 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 a as 0-00378
per °C without systematic error, using the
relationship

ET = RI = RoI (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 0-1°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 1:5°C, in agreement with a calculated rise
of 1-6°C. The error in indicated air temperature
over the range of velocity in the present experi-
ments, was calculated to be appreciably less
than 0-05°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 1075 5. The most rapid temperature fluctua-
tions observed on the oscilloscope had periods
of 5 x 10™*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 12-2 m/s and air temperatures 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
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the usual relationship

E} = [A+B(U/NDN(Tw - TY. ()
The calibrations 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, 1 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

u+vY . 0E, JdE,
( 72 )Jz tE @
6EV aE,,
w-(F T o
Subtraction gives the radial velocity
p =1L evzﬂ 6)

2 GE,

in the usual way because the temperature terms
cancel, provided the two wires are identical and
have the same temperature sensitivity JE,/0T,.
In the present experiments with the r.m.s.
temperature fluctuations 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 dE,/0U. The radial
velocity was therefore estimated from equation
(6) using the value of 8U/JE, 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 dU/AE, does not vary with fluctuations
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of the air temperature. In fact, equation (3) shows
that dU/GE, must be a function of (T — T).
Hence the magnitude of this further error is
related to /(T — T,). In the present experi-
ments with values of this ratio about 1 per cent
it was shown from the calibrations to have
produced errors in the value of v of about
3 per cent.

4.4 Spatial resolution

Errors may also have arisen in the present
preliminary experiments in a pipe of 4-16 x
102 m dia., because the wire array was not
small compared with the microscale of turbu-
lence. The dimension of the former was about
7-5 x 10™* m whereas the latter was estimated
from the criterion given by Hinze [7] to be about
5 x 10™* m. Hence the wires cannot have res-
ponded to the small scale fluctuations in velocity
and temperature. It is not possible to quantify
the error due to this source but the accuracy of
the heat flux measurements, given below as
8 per cent, suggests that most of the heat transfer
was produced by the large scale fluctuations.

4.5 Overall accuracy

It is not possible to give a general figure for the
accuracy of this technique in measuring turbu-
lent heat flux. The above review of possible
errors does however suggest that the worst
source of inaccuracy is usually likely to be failure
to match the sensitivities of the two hot wires.
For small values of the ratio /ATy — T,), say
less than 3 per cent, the accuracy should be about
the same as that with which X hot wires can
normally measure radial velocity, in practice
probably about 10 per cent with carefully wired
probes [8]. This estimate is in agreement with
the results below. For larger values of the ratio
YATw — T,) the accuracy will deteriorate due
to only approximate cancellation of the tem-
perature terms in subtraction of equations (4)
and (5) and to variations in dU/9E, in equation
{6) with fluctuations in air temperature.

RESULTS
5.1 Typical experimental data
Traverses with the probe in the heated pipe
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were made with heat flux from the wall from
26 x 10> to 130 x 10> W/m? and with
mass flow rates from 476 x 1073 to 159 x
10°3* kg/s giving Reynolds numbers from
7700 to 25000. Values of the wall heat flux were
calculated both from the electrical power input
to the test section and from the mass flow and
bulk temperature rise of the air. These values
agreed to within 5 per cent.

A typical set of results for a wall heat flux of
130 x 10> W/m? and a Reynolds number of
14900 is given in Fig. 2 in which the mean axial
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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

Our = pC, vt

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

_ _ _9U oT
Ou: = pCpiley: — evy) eTEﬁ
N 2E, U
= pC — 14
1
“Roax

and are also plotted in Fig. 2.

These values were checked independently as
follows. At the 53:1 heated length to diameter
ratio of the 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 diffusivity for heat

From the results obtained with a wall heat
flux of 13°0 x 10> W/m? and a Reynolds num-
ber of 25.100 the eddy diffusivity was calculated
using the relationship
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aT
Qtur =&y —a;‘ ’ (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.
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F1G. 3. Comparison of present values of total diffusivity
with previous measurements.

In all three of these investigations the accuracy
of determining &y 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, 3] 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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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 vt/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, 11]. Hence the velocity
temperature correlation may be a more accurate
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characteristic of turbulent heat transfer than
eddy diffusivity. It also has the advantage that,
unlike diffusivity [2, 3] 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 ie. uv/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 v /vt to uv/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

1. 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.

2. Measurements of the eddy diffusivity for heat
near the centre of a pipe, possibly more
accurate than previously available, have been
made.

3. 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
QUELQUES MESURES DE TURBULENCE DANS UN ECOULEMENT D’AIR A
TRAVERS UN TUYAU CHAUFFE

Résumé—Une technique a été établie pour déterminer le flux de chaleur local & partir de mesures simultanées
des fluctations de vitesse et de températures dans un fluide turbulent Les erreurs auxquelles elle est sujette
ont été examinées et sa précision a été estimée & partir d’essais préliminaires dans ’écoulement d’air a
travers un tuyau chauffé. Les résultats fournissent des renseignements supplémentaires pour la diffusivité
turbulente de la chaleur et de nouvelles données pour la corrélation entre les fluctuations de vitesse et de

température.

EIN WARMESTROMMESSGERAT FUR TURBULENTE STROMUNGEN UND
EINIGE TURBULENZMESSUNGEN IN EINER LUFTSTROMUNG DURCH EIN
BEHEIZTES ROHR

Zusammenfassung— Es wurde eine Technik zur Bestimmung des lokalen Warmestroms durch gleichzeitige

Messung der Geschwindigkeits- und Temperaturschwankungen in einer turbulenten Strémung entwickelt.

Die Fehler dieses Verfahrens wurden gepriift, und die Genauigkeit wurde aus vorlaufigen Versuchen in

einer Luststrdmung durch ein beheiztes Rohr bestimmt. Die Ergebnisse bringen weitere Daten fiir die

turbulente Wirmeiibertragung und neue Daten fiir die Bezichung zwischen den Geschwindigkeits- und
Temperaturschwankungen.

U3MEPEHHE TYPBYJIEHTHOI'O TEHJIOBOTO ITOTOKA U CTEINEHMU
TYPBVJIEHTHOCTHI TIPU TEYEHUUN BO3[VXA YEPE3 HATPETVIO

TPYBY

AHHOTanMA-—Pa3paboTaH MeTol ONpefeleHMA JOKAJIbHOTO TeIUIOBOr0 NOTOKA HA OCHOBE

ONHOBPEMEHHOI0 MBMEPEeHNs NMyJbCalyil CKOPOCTH M TeMIepaTypH B TypOYyJIEHTHOM MOTOKe

muAkocT. OUeHeHb NOTPeIIHOCTH M TOYHOCTh M3MepeHUN U3 NpeBAPHTEIbHBIX OILITOB 1O

TeYeHNIo BO3[yXxa B Harperoll TpyGe. Ha ocHOBe pesynbTaToB MoJydYeHH TaHHHE 0O TYpOy-

JenTHON AupdysuM Temra M HOBHE AAHHBIE NO ONpefeNeHMI0 KOPPEeIALMA IVIbCauuAMU
CKOPOCTH U TeMIIepaTyPHL.



