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THE DEVELOPMEI'iT OF A FOIL HEAT FLUX METER

by

H. Vlraigb t

SUMMARY

o t.o

.A!.'.. instrument has been developed for measuring heat flux in the range from
2

10 Vl/e-m ~ It is of' robust construction, suitable i'c»: outdoor use and

designed so that jot; can be mourrt.e d flush with a surface to which the heat tr-ans t'cr­

is required to be measured.

The output of the Lns tr-nme nt is pr-opor-ta.ona.l

f 0 , "V' 2 , 0/ 2
in the ra!lgeromt;o , \ I CUJ. anu at () W om l:1:H1

to the he at flux falling on j)_;

de vi.ati.on f'r-orn d i.ro C tp:;:OYO,r.- tion-

,
·'1'.

\,
I
\

,.

ality is not more t han 6 per cent" The sensitivity is suCfic:i.ent to e nalrLe [.t..)
change in heat flux of 0.1 IV/cm" to be detect'-,d.

By using the heat f'Lux meter with and without an .i nrr-a-r-ed t.ra nsnri.s e.i.on wir.dow

on the front values of' bo Lh the rad.i.a te d and convected heal, t.r-anaf'e r' c an be o b t a i ned ,

The instrument is not very ssnsitiv8 to draughts even without the transmissi.on

wi"dow, but wIth it the output .i.s rc,noereo completely unaffected by dr-aught; for­

all practical purposes.
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THE DEVELOPMEl',T OF A FOIL HEAT FLUX MITER

by

H. V1raight

'1. Inl:roduction

'I'he instrument required :ehou'lld be of robus t

The need has arisen for a heat rlux meter that will measure the

transf'er to a. sur.face s both convective
2

to an accuracy of at leas to.·1 W/em .

and radiative, in the range 0

rate of heat

to 10 W/'c:m
2

construction and not greatly affected by low wind speed so that it could be used

out oi' doors in reasonable weather conditions 0 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 smoky atmospheres.

an accuracy of at least

There is also an occasional need for
?

measuring up to 25 W/em- to

a higher range ins trument, capable of
2

1 W/cm. Such a device,

though planned, has not yet been oonstruoted at the Joint Fire Research

Organiza'tiano

When measuring a combined radiative and convective heat flu:x the target

should be i'lal: arid mounted in the plane of the surface to which the heat tr ansI'cz­

is taking place. This is c Le arLy ne ces s ary in o!'der t.o avoid disturbing the f'Low

of hoC' gases over the sur-f'ace ne az- the t.ar'get and to obtain a i'eliable measur-emen t

of convective heat. trans:fer", An accept.ance angle of' '180 degrees would also

enable a more accurate me asuz-erne rrt to be made of heat flux f'r orn very wide sources

such as flames playing over the sur-f'ace , In addition it was hoped that, by

providing some ins truments W.1 th an inf'ra-red transmission window, convective

transfer could be eliminated so that by using a pair of heat f'Lux meters, on~

with and one without a wi.ndow , the convection and radiation heat t.r-ansf'e r- rates

could be separately measured. Clearly, a requirement of the instrument. with a

window is to keep the wides t possible ecceptance angle. Also a window might

render the heat flux me tel' pr-ac ti.cally .i.nsens L t i.ve to draughts, and this could

be useful in special ci r-cums t ance s , e~g~ when used as a z-adi ome te r out of' doors ..

The response time (taken as 95 per cent of' f'inal equilibrium reading) of'

a suitable .i.ns t r-umen L woul.d not be critical so long as it did not exceed. a

value of the order of 10 seconds.
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The effect of wind on the heat flux meter when used to measure radiation

alone "as investigated by directing a current of air from the "b Iowdng" 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 expe~ments

with the radiant panel running. The reduction in output when the bLowe r ,las

switched on "as measured not only for the prototype heat flux meter but also

for the Noll 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 I~diation intensities were maintained at around either 1 w./cm2 or

2 W/cm2• The results are all given in Table 1 as a percentage reduction of

output due to wind.

Table 1

Effect of wind on heat flux meter

Percentage reduction in output due to '-lind of velocity:-

1.3m/s 2.4 m/s 7.2 m/s

Moll
8 .. 1. 20 40

Thermopile

Radiation Radiation Radiation
Gardolill Intensi3 4.3

Intensit~ 4.8 Intensit~ 7.6Prototype 2.1 W/cm 1.7 1i/cm 1.9 W/cm

Field
5.0 8.3 6.5

Radiometer

~loll
6.2 18.3 40

Thermopile

Gardon Radiation Radiation Radiation

Prototype Intensit~ 3.3 Intensit~ 5.0 Intensit~ 5.6
1.2W.jcm 1.1 W/cm 0.9 W/cm

Field
6.2 6.3 8.0

Radiometer

*This is essentially an accurate laboratory instrument and was never

intended to be used in a draught; it "as included here only for

comparison purposes.

- 4 -
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One of the heat flux meters vas exposed to an intensity of 4,0 Vl/cm
2

f'oz­

40 minutes, with the cooLi ng 11ater running through, and the output recor-ded;

There ,las no progressive alteration. and the output remained between 1,.33 and

1038 millivolts, a va!~ation of the same order as that of the incident

radiation intensity.

The effect of turnine offt' the flow, of cooling water, through the jacket

was next investigated and it was found that with an incident inten~iLy of about
"

4 wiem" there was !10 progz-esatve change in output on atoppi.ng the water £101'1.

water jacket was pnobabIy about;

even after 30 mirnrt ee , At the end of
o80 c,

this time the. temperature of the

On restarting the flow the output

temporarily increased by about th!'ee pez- cent over a period of about five

seconds and then retu:~ned to its former value ove r the next ten seconds"
')

The same effect; of si.mila!' IIBg,....itude, was found at an intensity of 2,,3 VII em";

Another effect investigated was that of mov i.ng the receiver tube along

the axis of the water jacket so that the constantan. disc either projected in

front or 1'las recessed behind" It was found tbat a movement of some two

millimetres either' vrsy could be tolerated without noticeably affecti!J€ the

output: 1 suggesting that sha.dowin.g the edge of the ta:rget is uni.mpoz-t arrt fo1.'

tihe angular size of 'Source employed (semi-8.l2g1e about 370
) ,

Finall,y it was decided to find out if the effects of convective and,

radiative heat transfe!.' to the i:0.strt11l1.ent \'Ie~e reanonab.Iy additi"',re" The

z-ada.arrt paneL descr-ibed l7larl:i.e:::-3 ~vaq used to pz-ovf.de the radiation trD.!l--sfer

,'[hile an eLectz-Lc :f'iralighte!' was used to d.i.z-ec t a cur-rent of hot air' onto

the heat i:'llL"'L meter 8.5 a. source 0-£ corrvec t ed heat ... The output ,IaS me asur-erl

with the convected and rad:i.a.ted heat on aepa ra'be Iy aid also 0'1 togethe:r,

Three IeveLs of ;,;-adiated heat (appro:x:. 1, 2 and 4 w/cm2 ) and ,'wo LeveLa of

convected heat (app:crox... I a!~.d.:3 wicri) tce re used and the sum of the individual

Lns t z-umezrt !'eadings compa z-ed \'1i th the r-eadings when both radiated ana. (~o::"1vected

vieVl of the difficuJi.:y of mak:l,1g this kind of

heat ifeTe on togethe7:' .. The :t'ssults are given in Table, 2

"expez-iment

and sh ow that in

the sum of the

individual convect i on and :cndiation out.puts is in good agr-eemerrt with the.

output obtained when both heat sources we::-e applied together, apaz-t from O:JB

case whez-e the value of I is in doubt ,c

,------------_.-

"For example, it is haxd to avoid some cooling of the radiant panel "hen

both it and the firelighter are on togethero

- 5 -
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T,a,ble 2

Effect of radiative ~~d convectivE heating on Gardon radiometer G/l

All values in w/cm2

I
Panel Firelighter Pane I and Panel Firelighter Panel and

only only Firelighter only only Firelighter

I
I

R
I I R + I c IRe I R I I R t- Ie IRec c

I 1.1 3 1"10 2,23 2.02 1.10 2096 4.06 3.97

"2.24 0079 3.03 2.. 65 2,08 3.15 5.23 5.04

4.16 1.01 5.17 5.29 4·25 3.15 7.40 6.93

"Heat flow from firelighter unsteady

4. Production of further heat flux meters

Since the performill1ce of the prototype was quite satisfactor~y a batch of

twelve was made and individually numbered G/1 to G/12o Also a small brass

collar with clamping screw was soldered to the !'later jacket of each heat flux

meter to enable it to be mounted easily onto a vertical 9 mm diameter rod.

:rhe collar La not shown on Figs I. or 2. Care wa s taken to see, that it did not
",

project beyond the circumference of the !'later jacket so that the whole instrument

cDuld be pushed into a tube of internal diameter about 50 mm (2 in) if required­

The twelve !'later jackets were each drilled !'lith three blind holes tapped for

8 B.A. screws (see Fig 1) to enable a,I'lindo'll and frame to be fitted if required.

All twelve heat flux meters were calib:rated against the Noll type thermopile

using radiation over an inte!lSity range of 0 ';'0 40.5 w/cm2
,.

The calibrations showed that the extreme lange of sensitivity was about

35 per cent but all heat flux meters !'lere apl~oximately linear in response

over this range of intensity.

The most sensitive, G/4, and the least sensitive, G/5, !'lere then recalibrated

with their receiver tubes <L~d !'later jackets interchanged and it was found that

the calibrations !'lere unchanged, i.e. the calibration appears to be purely a

function of the receiver tube constl~ction and qUite independent of the !'later

jacket.

- 6 -



Two of the heat f' Iux Illei:e:t'G, Gil and G/2, were fitted with a circular

frame designed to hold a ca Ic.ium fluo::~i.d.e d i sc in f'r-ozrt of the constantan

r~ceiving element. .A. diagram of the f'rame and disc is shown in Fig., 5 .. The

disc was 25 mm df.amete.r and ?_ nun thick wi th 20 rum diameter exposed to fo~m

a circular window for transroit-thlg an much thermal radiation as possible wlri Le

shielQing the rece~jing elemerrG from draughts Q~d convective heat trans~er.

An asbestos paper gasket was iY.~serted betvree:c. the disc and the frame to prevent

damage due to diffe:~e:r.:tial therm"ll expans.i on ,

Calcium fluoride was selected as a suitable matez-l.a L for a 1irin.do"l'T as it

has a high transmi.ssion eoef'ficie::li for in.fra-·2:'ed radiation over a ,·dde range

of wavelengths (see Fie.) 6) ~ \-fi:thstanc18 a reaaonab.le :cise of temperature and

is consdderab.ly less expenaive than. ot.~e:L rnate:cia.ls liith comparable propertties

(notably Ir'tI-an 2). It .is , l'.oweve:r" eaai.Ly Sl:I'atched and zequa z-es car ef'n.L

handling"
.

Some e.xpe:f:i.:lJ:.e:nt~l ,'182;'e !~i;l:r.':rj.Eid out ·to :i.1J.7.'.-:sti.s'fJ.t e the accept3.n.ce '-1;'1.£:18

The rad.ial: i on ~:;01).rC2

ovez- a a11.ffJ. c:i.ent :ire], at' :i,-r; a :C·:r'O~.lt Ll.<::G,

of ± t8 def;z'eea at the :eece.:'i.v.i.::1.g eleme~It: c

The :ud.ITO:;:' :mbJcencled. CJ):l (J.Dgle

T.hh; "'lCI.[\ }.:l:cger than in de[::ly.'u.ble

fOT a measuremexrt 0'[ ttri.s k:i.:'.Y? -D'U:;; 1IJIJB the rn:i.!~,imnm gi.vi~l.g a high e~l.oUf;!l.

intensity for accurake measu!::'e!ae~:!(; of the hea;i; flux mete::.' output"

By men,::-;u.li.ng thL, out:pu:~ for.' ';J-n.~_~i.(J,;,::\ ~mg1f)s betwee:r.l. the plane of' 1;/.1e

conetarrtan disc and the Ij.:x~ ~I oi::::b.g i"i;; toU.te ilZi~-i of the ri.lG.j.at:i 0;'1 aour-oe.,

the 'extent to whi.ch th8 illatr,x'.tBEt obeved Lallll)el't~ a cos i.ne lavl could lie

datermined , This expez-Lment was e':l.I':cied cut f or the following s:U;uat i 0:'1'3 ~-

(a) Cml.S·ta.:n:taJ:!. (lise se":; fl-,I:3h ,,"ith f rorrt of \'!"B...te r ,jacket

(b) CO~1sta.n:(;an disc l"Bcessed a.bout 2 mffi b~hi!".td :f:'Y.'011t of ~'fate:~: ,:jacket

(c) a::~ (1;) but 1,dth 1,·rilld.0:'i f:.c·cLtue fittt'-)d

(d) as (c) hit Iv:!th caIc'i.um flu()~id"J w-1.21d.o:'i' in position

~. T -



\' J The results ane plotted Ln Fig·, 7 in the form of the heat flux metel' output

against the cosine of the angular deviation from the normal~ Vlith the

receiving disc set flush it is seen that the cosine law of absorption is well

obeyed up to angles of at least 70 degrees off normal~ With no wi~dmq frame

the effect of the constantan disc being recessed about 2 mID shows itself in a

falling off in the response at angles of incidence exceedi~~ about 55 degreeso

1:lhen the window frame is fitted lofithout the w.i.ndow itself the fall-off:. in

response also commences at about 55 degrees but its magnitude is approxa.mateLy

doubled" With the .nndow also in position the response-aJ~le of incidence

curve Has more or less unchanged , A...YJ.y de-,liation from the cosine Law can

therefore be attributed to the l: s ha dingH effect of the water jacket. and

windOl'l frame t:

It W&S found that the effect of wind at ambient temperature on the output

of the heat flux meter wi.th window fltted was negligible" This was so for

wind speeds up to 6 metres/seco!.1d at radiation levels ofl ~ 2 and 4 \ol/cm
2

"

The efficiency of the ·,dndo-Ii in cut:t:i~}g off oonvective heat transfer i.e"

a ~Oi; wind.Jvll1s det e rmi.ned by nsi?Jg a hot air blast obtained fJ::'om an electric

firelighter on two of the beat f'Lux mete.rs , one with and. one without the

windo'l'[~ This test was pez-f'ormed at. ·thc:'ee diffex'ent 16-.,.-e18 of the mal

radiation falling on the Lns trumerrt and. also in the absence of such rad.Ia tiOll:-.

The hot air from. the firelighter impinged on the heat flux meters ''lith a

veloeity of about 1 met:c'e/second,

The results are summarized in Table 3 beLow .

Table :3

--------1-

r---~-------------------------,
Heat flux W/em2

.......~---r__----
rad:i.at~LOn.

0 0~85 2 ~ 13 4.09(i:fo w· y."., )_ . J._,~

.-
o wind.m'l 1 ~67 1.67 3~O3 4.95

ith window, 0~13 0.91 2~19 4·.19
.-

eat.
hter 1 <.67 0_82 0 ... 90 0.86
nee)

....._- --_._---
heat.

* 0.13 0.06 O~06 0.10
III 'l'Tindow

!

- -

With hot N
~'lind

c , 1nVs

Intensit.y of
from panel

Convected
)I penet ra.t.i.ng

Convect:ed h
from firelig

(by dif£ere

....
i~eo extra heat flux reaching target when a hot wind was

directed on t.o the window~

- 8 -



Table 3 shO\"TS that about 8 per cent of the convected heat gets past the

windo'·1.1 somewhat; moz-e wi 1:h 4 w/cm
2

background of thermal radiation ..

It was f'ound , by movi.ng the z-eced ving tube along the cylindrical hole i!!

the Hater jacket~ t.ha t the heat flux reaching the target \-1&S roughly inversely

pr-opor-t i onaL to its distance behind the ,.,rindow" This shows th'l t this ef'I'ect

is ma.i.nLy due to conduction of heat across the air space between target and

wi nd ow rather than to heat reradiated from the windo-w~ Thus, if for any

purpose it Has especially important to reduce to a very Low level the effect;

of convection tramf'er from a:. hot gas! this could be achieved by moving the

target back a f'ew millimetres, provided that the angular s.ize of the raclian"t

source ...as not large enought to give too IIDlCh sharlow.i.ng ,

The efficiency of the calcium fluoride vrindow i.n transmitting radi.at i.on

was tested by calibrating .i.nat runerrt s G/1 and. G/2 both wi th and vrithout
'J

windous at intensi t i.ee from o. to 4~5 wicm'", All four calibrations vr8l'e of

linear I'orm and the reducta on of output with winrlmi pr-esent showed that the

2 mm thicknes~J; of' calcium flno!'.i.de tra:0.:3lll:itted 91 per cent of the incident

radaatLon , Compazi.con of this vaIue "ri"t:h the transmission/wave-length c..:U:.r:V8

fm' caIci.um fluoricle (3 rom thiok) 3.!1rl the black body intensity/wave-.leneth

:relation given in Fig. 6 shows that -ehe measured value of 91 per cent is

reasonable.

60 Discmlsion

Ga..:r.don derived "\:l:.e follcl'...r1.:C1g expJ:'e~~~no!)_ for the sensitivity, of tlri.s type

of instrument r as'OJ,'um~Ln,g t):ll;;. ,:\O!neivL,.g dj.GC to be fully absorbent

· ...here V. if.~ the oul.pu__~; (liN)
2

I is the Lntensi ty of :,:,adia.tion on receiving disc (W/Cill )

D is the diame1;e.:-.' of the diHC (rum)

and x is the thickD.ess of the di.ce (mm)

ThiD expresaron wa.s used to obtain the appropz-i.at e foil t.n.i.cknese for

the present Lno t ruaent and. Fign :5 shows that the sensitivity actualJ.y obtained

is some 35 per cent beIox the theol'e·tical vaIue probably because of the

presence of the solder Lear:.• 'rhus; t!J.e above exp re sei.on can be used for

design pur-pos es.. but does not o1riiiate l;h e need for 11 direct ca.Li.brat i.on ,

Up to an intensity of aboub 5 w/ern!- -ell,; 011tPUt of the prototype hea t

flux meter (Fig. 3) is a.ccu:-a:ltely propoz-utona.I to the incident radiation

Lntenaity, but above this le-v-el it appeal's to falloff slightly. By
1-

applyil'l..g a relation developed 'by :MalonE? it oa.n be shown th.'3.t this apparent

fall in sensitivit~y at high .i nt en sritie~1 is not due to the· effect ..of



convection. transfer from the r-ecei ving e Lemenr. It is most likely due to an

over-estimation of .ra df.ant flux by the standard the.rmopile"caused by placing

it where it may receive air heated by mixing with the hot combustion products

from the radiant panelo

However, it would be sufficient for many purposes to take the sensitivity

as constant up to 8 viicm2 so that the instrument calibration could be exp re seed

by a single value, the slope of the line drawn in Figo 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

w.ould not be more than about 6 per cent at 8 vi!ell and would be very much less

than this. over most of the range ..

Individual calibration is a.Iways necessary in vi.eli of the range of

sensitiVity obtained within a batch, probably due to small differences in the

quarrt.i, ty and disposition of solder used to fix the oons tarrtan disc to the

copper wire and tube"

A~ 8 W/cm
2

the temperature rise at the centre of the target is in the

region of 45 deg C ao that even at 2.5 viicm2, an intensity higher than any yet

encountered in bu.i Ld.ing fires, the temperature of the target cerrt re wouLd still

be much too low for the hard-soldered t he rmocoupIe jun.ction to be loosened,

provided the water jacket lias not allowed to run dry. Although the rim of

the constantan disc is on1y sof'r, -ncLde red to the end of a copper tube, this

i.s c.ooled by its contact "i.th the "ater jactket."

It is necessary when using the heat flux meter at these higher intensities

to ensure that only the front pari: of the water jacke t i:J exposed othe rwf.ae

the soft soldered t.e rnri na.La, leads and rubber tubing used at the rear of the

instrument may be damaged, This is paz-t LcuIa r-Ly important when measuring

heat flux in locations likely to be enveloped in flame from time to time.

In these circumstances it wou1d probably be necessary to mount the instrument

with its front face flush with a Burface panel which wi1l protect the rear,

Calibration of the heat flux meter at high intensities must await the

installation of a 'high intensity source at the Fire Research Station, and

this is in hand..

The effect of wind on the heat fluY meter is satisfactorily small, being

considerably less than that with tho Moll thermopile and in some cases below

that 1'1ith the field radiometer wi.th a ''lindo',!,

- 10 -,
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It is also apparent that the regularity and rate of f'Low of the cooling

\-Tater can be varied considerably Hi thout greatly affecting the output: and a.l co

the setting of the con&tantan disc flush with the front face of the wate~

jacket: nee.d not be done w'ithin an accuracy greater tla.n t 2 mm un'Le as a

substantial -pa r t of the incident rad.iation is received at a very Hide angle ..

The response time of the prototype is beLow 2t seconds for 95 per cent

of final equilibrium and in six seconds equ'i.Lf.b ra um has v.i.z t ua.Ll.y b een

at t at.ned, this performance is qua.te adequate for the uses envisaged for this

instrument. It in. seen that the response is much quicker than that of the

field radiometer3,.

1
In Gardon's original paper an. experimental exp r-eas i.on is taken to

represent the rise in :radiometer output l'Ti th time of exposure

'* ( 1 -t/'T )i ..e~ T - T - e

where T .- output after time t

'*T ..- final s t.eady output

and

The value of ro-
/ For the radiometer

described in. thi:3 note D is ~L5 rum. &;i~ling a time constant of 0.84 secondc in

good agreement vrith 'i;llE) value obtained byexperime;:tt (Fig. 4L of' 0~7~) secondu ...

7,· Conclusiol1G

1 ~ A z-obuat hea.t f'Iux. mtr:.~t:1:~S' si.:mple 1;0 construct and operate rOA':lS been
r-)

developed i'o:..':' the intensity runge 0 - 10 W/cm'-" Althongh pos sf.b Iy eui.tabLe

:hOI' mf)asurir.g higlle?:' :1.IJ,teY'.<3iti8s r its 'perfo1.'ill')TIce at intem\itie'J above
.)

about 6 W/cm- \-llll need, fn::::'ther exploration with a high intensity radiant

SOUl-~e nOI'T under CO!l~::d;l'l~·~tion.

2~ In ita normal f'orm, wi t.hou't a \.,rindovT ~ both radiation and convec t ion

heat fluxes can be measured. It in not sensitive to wind~ or to charlge~i

in the cooling "Tater f'Low, and it obeys Lambe r-t ' s Cosine Lair of abeo.rptri.on ,

It is J.ess sensitive than the field radaomebe.r, but neve r-theLeec

readings can be made \'lith adequate accuracy using' data.~logging equi.pmerrt ,

as was ori.ginally iIltm:vlec1.

3. A higher range ve r-ai.ou can D.O~'T be designed and llBde up with some.

confidence s- although it cannot be ca Lib.rat ed properly until the new high

Lntcne i ty radiant source i:.:; in operatLon,

-11-.
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4~ In a form with a fluol~te window, the instrument can be made almost

completely insensitive to convection transfer. either \'lith cool or hot

gases" The acceptance angle is still large~ This instrument can be

used vii th a normal version, to obtain co nvec ta on transfer separately"
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