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THE DEVELOPMENT OF & FQOTL HEAT FLUX METER

H. Wraight

SUMMARY

An instrument has been developed for measuring heat {lux in the range from
0 to 10 W/cmg. It is of robust copsbruction, suitable for ouldoor use and
designed so that it can be mounted flush with a surface to which the heat transfer
is required to be measured.

The outpul of the instrvment is proporiional o the heat lux falling on ik
in the range from O to & W/cm& and at 8 W/cm2 the deviation from direct proporiion-
ality is not more than 6 per cent. The sensitivibty is sul'ficient to enable =
change in heat flux of 0.1 W/cm? to be detecind.

By uvsing the heal flux meier with and without an infra-red traassmission window
on the front valuss of holh the radiated and convecied heal transfer can be oblaised,
The instrument is not very sensitive to draughts even without the transmission
wirdow, but with it the output ls rendered completely unaffected by draught for

a1l practical purposes.

KEY WORDS: Convection, Heal iransier, Infra~red, measuvrement, radiation, window,

raaiometer,
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F.R.Note No. 7S50
November, 1969

THE DEVELOPMENT OF A FOIL HEAT FLUX METER
by

H. Wraight

1. Intreduction

The need has arisen for a heat Ilux meter that will measure the rate of heat
transfer to & surface, both convective and radiaiive, in the range 0 to 10 W/'cm2
to an accuracy of at least 0,1 W/cmz. Th2 instrument required shouwld be of robust
construction and not greatly affected by low wind sﬁeed so that it could be used
out of doors in reasonable weather conditions. It would also need to be capable
of brief (say one or two seconds) immersion in flame without being permanently
affected in any way and to be unharmed by smcky atmospheres.

There is also an occasional need for a higher range instrument, capable of
measuring up to 25 W/cm2 to an accuracy of at least A1 W/cmz. Such a device,
though planned, has not yet been comstructed at the Joint Fire Research
Organizacian,

When measuring a combined radiative and convective heat flux the targst
should be flat and mounted in the plane of the surflace to which the heat transfer
i3 taking place. This is clearly necessary in order to avoid disturbing iths fiow
of hoﬁlgases over the surface near Lthe Larget and to obtain a reliable measurement
of convective heat.iransfer. Aw acceptance angle of 180 degrees would also
enable a more accurate measuremsnt to he made of heat flux from very wlde sources
such as {lames playing over the surface. In addition it was hoped that, by
providing some instruments with an infra-red transmission window, convective
transfer could be eliminated zo that by using a pair of hesat flux meters, on=
with and one without a window, the convection and radiation heat transfer rates
could be separately measured. Clearly, a requirement of the instrument with a
wirdow is to keep the widesh possible acceptalice angle. Also a window might
render the heat flux meter praciically insensitive to draughts, and this could
be useful in special circumstances, e.g. when used as a radiometer out of doors.

The response time (taken as 95 per cent of finzl equilibrium reading) of
g suitable instrument would nolt ba critical so long as it did not exceed a

yvalue of the order of 10 seconds.




The effect of wind on the heat flux meter when used to measure radiation
alone was investigated by directing & current of air from the "blowing" end of
a. domestic vacuum cleaner onto the front face at an angle of 45 degrees, the
air velocity was measured with a vane anemometer before and after the experiments
with the radiant panel rupning. The reduction in output when the blower was
switched on was measured not only for the prototype heat flux meter but also
for the Moll type thermopile* and a "field” radiometer4 in which the sensing
element is behind a mica window. Three values of wind velocity were employed
and incident radiation intensities were maintained at around either 1 W/cm2 or
2 W/cmg. The results are all given in Teble 1 as a percentage reduction of

output due %o wind.
Table 1

Effect of wind on heat flux meter

Percentage reduction in output due to wind of velocity:-
1.3 u/s 2.4 o/s 7.2 n/s
Moll
2
Thermopile 8.1 0 40
Radiation Radiation Radiation
Gardom Intensi Intensit Intensit
Prototype 2,1 W/cgg 43 1.7 W/cm 4.8 1.9 W/cm 7.6
Field
Radiometer 5.0 8.3 645
Moll
18,
Thermopile 602 8.3 40
Card Radiation| - Radiation Radiation
P :zton Intensit 3.3 Intensit 5.0 Intensit 5.6
Tototype 1.2 W/cm 1.1 ¥/cm 0.9 W/cm
Field
Radiometer 602 6+3 8.0

*
This is essentially an accurate laboratory instrument and was never
intended to be used in & draught; it was included here only for

comparison purposes.
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One of the heat flux mebers was exposed to an intensity of 4.0 W/cmz fox
40 minutes, with the ccoling water running through, and the ocutput recorded.
There was no progressive altervation and the output remained between 1.33 and
1.%28 millivolts, a variation of the same order as that of the incident

radiation intensity.

The effect of turnming of £ the flow. of cooling water through the Jacket
was next investigated and it was found that with an incident intensily of about
4 w/cm2 there was no progressive change in ouiput on stopping the waiter flow
even after 30 minutes. At the end of this time the temperature of the
water jacket was probably abous £0%. On restarting the flow the ouiput
temporarily increased by aboutv thres per cent over a period of about fi%e
seconds and then returned to its former value over the next ten ssconds.

2
The same effect, of similar magnitude, was found at an intensity of 2.3 W/ en”..

Another effect investigated was that of moving the receiver tube along
the axis of the water jacket so that the constantan disc either projected in
front or was recessed hehind. It was found thatl a nmovement of some iwo
millimetres either way could be tolerated without noticeably affeciing the
catput, suggesting that shadowing the edze of the farget is unimporient for

the angular size of source employed (semi—angle about 370)ﬁ

Finally it was decided to find out if the effects of convective and
radiative heat transfer to the instrument were moasonably additive. The
radiant panel descziled earlier3 was used to provide the radiation transfer
while an electric firelighter was used o direct a current of hot air onto
the heat fiux meter as a souwrce of convected heat.  The output was measured
with the conwvected and radiated heat on separately axd also on together,

Three levels of radiated heal (aPPTOX~ 1, 2 and 4 w/cm?) and two levels of
convented heat (approxq 1 and. 3 w/cmg) were used and the sum of the individual
instrument readings compared with the readings when both radiated and convected
heat were on together. The wrssults are given in Table 2 and show that in

view of the difficulty of making this kind of experiment* the sum of the
individual cornvection and radiation outpwls is in good agreement with the.

output obtained when both heat sources were applied teogether; apart from ong

case where the value of T dig in doubi.
(%4

»
For example, it is haxrd to avoid scme cooling of the radiant panel when

both it and the firelighter are on tcgether.

-5 -




Table 2

Effect of radiative and convective heating on Gardon radiometer G/1

A1l velues in W/cm2

Panel|Firelighter Panel and {|{Panel|Firelighter Panel and.
only| only Firelighter| only only Firelighter
IR Ic IR + L IRC IR Ic IR + I IHC
1131 1.10 2423 2.02 1.10 2.96 4.06 3.97
2.24{ 0,79 3,03 2.65 fl2-08 |  3.15 5023 5.04
40161 1.0 5.17 5.29 4.25 3.15 T.40 6-93
L

*
Heat flow from firelighter unsteady

4. Production of further heat flux meters

Jince the performance of the prototype was quite satisfactory a batch of
twelve was made and individually numbered G/1 to G/12. Also a small brass
collar with clamping screu was soldered to the water jacket of each heat flux
meter to enable it to be mounted easily onto a vertical 9 mm diameter rod.
The collar is not shown on Pigs | or 2. Care was taken to see that it did not
project beyond the circumference of the water jacket so that the whole instrument
could he pushed inte a tube of internal diameter about 50 mm (2.in) if required-
The twelve waler jackets were each drilled with three blind holes fapped for

8 B.A. screws (see.Fig 1) to enable a window and frame to be {itted if regquired.

All twelve heat flux meters were calibrated against the Moll type thermopile

using radiation over an intensity range of O 1o 4.5 W/cmzw

The calibrations showed that the extreme range of sensitivity was about
35 per cent but all heat flux meters were approximately linear in response

over this range of intensitya

The most sensitive, G/4, and the least sensitive, G/5. were then recalibrated
with their receiver tubes and waier jJackets interchanged and it was found that
the calibrations were unchanged; i.e. the calibration appears to be purely a
function of the receiver tube construction and guite independent of the water

Jjacket.



5. Use of infra-red trunsmission window

Two of the heat fluz meters, G/1 and 6/2, were fitted with a circular
frame désigned to hold a caleium fluoxide disce in froant of the constantan
receiving element. A diagram of the frame and disc is shown in Eig. 5.  The
disc was 25 mm diaweter and 2 mm thick with 20 mm diameter exposed to form
a circular window for transmitting as mich thermal radiation as possible while
shielding the receiving element from draughits and convective heat transfer.

An asbestos paper gasket was inserted between the disc and the frame o preveni

damage due t0 differential therwal expansion.

Caleium fluoride was selected ag a suitable material for a window as 1%
has a high ﬁransm@ssiog coefficient for infra-red radiation over a wide range
of wavelengths (see Fig, 6), withetands a meascnable vise of temperature and
is comsiderably less expensive than other materiale with comparable properties
(notably Irtran 2). Tt 18, bhowever, easily scratched and requires careful

handling-

.

Some exper1181L" weye carried out to invsestigate the zcceptance angle
to radiation of the heat Flag meter by mounting 1t Tacing a radiation source.

The front face was held vertisal in o meou

permitted rotation about

a vertical axis through the constantan raceiving disc. The radiation scurc
was held in ove posiftion and consisted of a 100 watt quariz-iodine lamp placed
at the near Tocva of an eliipsoidal rdzwyer. The hent flux meter wus lecited
near twt not at the further foous no that 16 raceived a concentrated waediation
over a sufficient ures of its Tronk face. The mirror subiended un angle

of T 18 degreen av the mecelving elemeut. This was larger than ip dewizable
for a measgurement of this kin? it was the mininmunm giving a high enougn

intensity for aceurate msasursuent of the heat Ilux metexr output,

BV measuring this oubpus Tor various angles between lthe plane of the

conatantan dise and the

Joeiming it to the azis of the madiation source,
the "extent to which the instranant obsyed Lambert's cosine law could le

determined. This experimsnt was carrisd cul for the following sitvuabions:-~

(a) Constantan dise set £lush with front of water jJackest

I'4 ) e - . N

\b) Coustanvan disc essed about 2 mm behind front of water Jacket
(c) as (b) bt with windew frome fitted

(d) as (@) but with ealeive fiuoride windew in position




The results are plotted in Fig. 7 in the form of the heat flux meter output
against the cosine of the angular deviation from the normal. With the
receiving disc set flush it is seen that the cosiné law of absorption is well
obeyed up to angles of atf least 70 degrees off normal- With no window frame
the effect of the conatantan disc being recessed about 2 mm shows itself in a
falling off in the response at angles of incidence exceeding about 55 degrees.
Wher the window frame is fitted without the wirndow itself the fall-off in
response also commences at about 55 degrees hut its magnitude is approximately
doubled., With the window also in position the respénse-angle of incidence
curve was more or less unchanged. Any deviation from the cosine law can
therefore te attributed to the "shading® effect of the water jacket and

window frame-

It was found that the effect of wind at ambient temperature on the output
of the heat flux meter with window fitted was negligible. This was so for

wind speeds up to 6 metres/second at radiation levels of !, 2 and 4 W/szn

The efficiency of the window in cutting off convective heat transfer i.e.
a hot wind,was determined by using a hot air blast obtained from an electrice
Tirelighter on two of the heat flux metexrs, one with and one without the
window. This test was performed at three different lsvels of thexmal
radiation falling on the instrument and also in the aksence of such radiationa
The hot air from the firelighfier impinged on the heat flurx meters with a

velocity of about 1 metre/second.
The resulls are summarized in Table 3 below.
Table 3

Effect of window on convective heat transfer to disc

Heat flux W/cm2

Intensity of radiation

from panel (o wind) 0 0-85 2.13 4.03
With hot | No window 1.67 1.67 3.03 4.95

wind
With window. 0.13 0.91 2.19 4.19

Convected heat
from firelightex 1.67 0.82 0.90 0.86
(by difference)

Convected heat » P
Ppenetrating™ window 0.13 0.06 0.06 0.10

*
1-€0. extra heat flux reaching target when a hot wind was

directed on t0o the window.
-8 -



Table 3 shows that aboui 3 per cent of the convected heat gets past the

window, somewhat mozxe with 4 W/cm2 background of thermal radiationa

It was found. by moving *“he réceiving tube along the cylindrical hole in
the water jacket, that the heat flux reaching the target was roughly inversely
proportional to its distance behind the window.  This shows that this eflect
is mainly due {0 conduction of heat across the air space between target and
window rather than to heat reradiated from the window. Thus, if for any
purpose it was especially important to reduce to a very low level the effect
of convection transier from a hot gas, this could he achieved by moving the
target back a few millimetres, provided that the angular sime of the radd.ant

source was not large enought to give too much shadowing.

The efficiency of the calcium flucride window in transmifiting radiation
was tested by calibimting instruments G/1 and G/2 both with and without
windows at intensities from 0 .to 4.5 w/cme. A1l four calibrations were of
linear form and the reduction of outpult with window present showed that the
2 mm thickness of calcium flvoride transmitted 91 per cent oif the incident
radiation, Compazison of this valuz with the transmission/wave-lenglth curve
for calcivm fluoride (3 mm thick) and the black body intensity/wavemlength
relation given in Fig. 6 showa that the measured value of 91 per cent is

reasonable.

fo Discuasion

Gardon derived the following expression for the sensitivity, of this type
of instrument, assuming ths recelving disc to be fully absorbent
' . s
o= . x 107 ID T/ x

is the output (mV)

-where V
I i
D

re

. . s .. - 2
3 the intensity of »adiation on receiving disc (W/cu®)
is the diameter of the disc (mm)

and x i

[

the thickness of the disc (mm)

This expression was used o oblain the appropriate foil thickness for
the present instrument and Fig. 3 shows that the sensitivity actually obtained
iz some 35 per cent below the theoretical value probably because of the
presence of the solder bead. Thus the above expression can be used for

design purposes bul does nol eobviate the need for a direct calibration.

Up to an intensity of about 5 W/cm? the oubtput of the provolype heat
flux meter (Fig. 3) is accuralely proporiional to the incident radialion
intensity, but above this level it appears Lo fall off slightly. Ry
applying a relation developed Ly Malone5 it can be shown that this apparent
fall in sensitivity at high intensities is not due to the effect of

IS




convection transfer from the receiving element. If is most likely due to an
over-estimation of radiant fluz by the standard thermopile,caused by placing
it where it may receive air heatred by mixing with the hot combustion products

from the radiant panel.

However, it would be sufficient for many purposes to take the sensitivity
as constant up to 8 'vI/cm2 so that the instrument calibration could be expressed
by a single value, the slope of the line drawn in Fig. 3, i.e..the sensitivity.
This would be very convenient when data collected by a data-logging system were
being processed by computer to yield intensity values. The error incurred
would not be more than about 6 per cent at 8 M/cmz and would be very much less

than this over most of the range-

Individual calibration is always necessary in view of the range of
sensltivity obtained within a batch, probably due to small differences in the
guantity and disposition of sclder used to fix the constantan dise to the

copper wire and tube-

At 8 W,/c'.m2 the temperafure rise at the centre of the target is in the
region of 45 deg C so that even at 25 \r{/cmg3 an intensity higher than any yet
encountered in building fires, the temperature of the Larget centre would still
be mich too low for.the hard-soldered thermocouple junction to be loosened.
provided the water jacket was not allowed t0 run dry. Although the rim of
the constantan disc is only soft .scldered to the end of a copper tube. this

is cooled by its contact with the water Jjacket,

%t is necessary when using the heat fluz meter at these higher intensities
to ensure that only the front part of the water jacket is exposed otherwise
the soft soldered ferminala, leada and rubber tubing used at”the rear of the
instrument may bhe damaged. This is particularly important when measuring
heat flux in locations 1likely to be enveloped in flame from time to time.
In these circumstances it would probably be necessary to mount the instrument

with its front face filush with a surface panel which will protect the rear.

Calibration of the heat filux meter at high intensities must await the
installation of a-high intensiiy source at the Fire Research Station, and

this is in hand.

The effect of wind on the heat Tlux meter is satisfactorily small, beinz
considerably less than that wifth the Moll thermopile and in some cases below

that with the field radiometer with a windou-

-10 -
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It is also apparent that the regularity and rate of flow of the cooling
wvater can be varied considerably without greatly affecting the output, and also
the setting of the constantan disc flush with the front face of the water
Jacket need not be done within an accuracy greater than tom unless a

substantial paxt of the incident radiation is received at a very wide zangle.

The response time of the prototype is below 2% seconds for 95 per cent
of final egquilibrium and in six seconds ecuilibrium has virtually been
attained; this performance is quite adeguate for the uses envisaged for this
instrument. It iz seen that the response is much quicker than that of the

3

field radiometer”.

. 1 . . .
In Gardon's original paper an experimental expression is taken to
£l Pap T xp

represent the rise in radiomefer output with time of exposure

i.e. Tos 0 (1 -7

where T = output after time ¢t
* -
T = final steady ounitput
and T = a time constant

The value of ‘7~ wau given by Gawvdon as 0.0093 D2c For the radiometer
described in this note D iz 9.5 mm, giving a tinme constant of 0.84 seconds: in

good agreement with the value obtained by experiment (Pig. 4), of 0.79 secondsa

Te Conclusions

’

la A robuat heal flue metver, simple {o construct and operate has bheen
developed for the intensity range 0 - 10 W/cmzu Hlthough possibhbly suitable
fior measurirg higher intersitien, its performince at intensiticu above

about 6 W/cm2 will need further exploration with a high intensity radiant
source now under construation.

2s In its normal {form, without a window. hoth radiation and convection

heat fluxes can he measured. It is not sensitive to wind, or to changes

in the cooling water flow, and it obeys Lambert's Cosine Lau of ahsorption.
It is less sensitive than the field radiometer, but nevertheless

readings can be made with adequate accuracy using data.-logging egquipment.

23 was originally intended.

3» A higher range verasion can now be designed and mde up with some
confidence, although it cannot be calibrated properly until the new high

intensity radiant souxrce is in operation.




4a

In a form with a fluorite window, the instrument can be made zlmost

completely insensitive to convection transfer, either with cool or hot

gases, The acceptance angla is 8till large., This instrument can be

used with a normal version, to cbtain convection transfer separately.
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