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DEPARTMENT QIl' SCIENTIFIC AND INDUSTRIAL 'RESEARCH AND FIRE OFFICES t. COMMITTEE
JOINT 'FIRE :BES~CH ORGANIZATION

AN 3:N8'l'~ J'CJ\ f.Uil;E\\ft4'l!!N& !'~tf"IO':IeN AM)
RADIATION. COMPONEN'rS OF HEAT TRANSFER

by
..

A.J .1L Haselden and U. A. Mallet

SUMMARY '

An instrument is described which measures separately the Conveotive and
radiative components of heat transfer within a large £lame. Its principle of
operation is that the convective transfer to' smooth-surfaces, whether polished
or blackened, exposed to a gi.ven f'Laae is the same but heat transfer by
radiation is proportional to surface absorptivity. Two gold-plated copper
aegmentis , one blackened on its receiving sur-f'ace , .are expos ed simultaneously
for a few seconds within a £lame, arid radiation and convection components are
obtained from the rates of temperature·rise of the segments and separately
measured surface abaorptivitiea. Although cooling corl"'eotions are· necessary
they can be simply made since the oooling rate varies linearly with temperature
~:z:cesa•.

The inatrument .can be used aatisfaotorily in flames of al:cohol; town gas
and wood.
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AI{ IM)TRlIli::ENT FOR SEP.ARA.TING, CONVECTION AND
RADIATION ,COMPONENTS OF ,HEAT TRANSFER .

t : •• '. • • :".':. ~.' t. •
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1. Introduction

A.J .H~ Haselden and', K. A:.' Kaliet

..-

The rate at which a fire burna in a compar.tment is determined by the
feedback of heat to the :ruel bed,' partly by radiation from the flame zone
and wallS, and partly, perhaps, by convection from the name and any
recirculating combustion produots. The total feedback of heat has been
measu~e~ in a small compartment by means of a calorimetric total heat-flux'
meter~1) but since there are grounds' for believing tha~ the ,relative
magnitudes of the convection and radiation components of heat transfer vary, ,
with size of compartment, these !DUst be known before the results can be
applied to any other size of compartment. It was not possible to calculate
'the conveotion transfer because of the large uncertainties in the pqy~ical,

properties of the flame gases, and a seoond instrument to measure convection ,/
and radiation components separately has therefore been developed and is
described in this report... .

The instrument is primarily intended fur use in fairly clean flames"
such as those of town gas but it has been fo.un~,poasdble to use, it in flames
:f:rom burning wood. This in8trument wa.s made' the' same size as the' total,
heat-flux meter so that the conveotion transfer wou:l:.d be similar in both
instrumenta,and the results could be direotly compared.

Other workers haye meaaured convection transfer in large flames by two
methods. '

In the first convection transfer was' obtained as the difference between
two measurements, one with a ,total heat-flux meter and one with an instrument
!1e ns i,tiva Only(t~ radiati'on, e.g ~ the ellipsoidaJ, radiometer of the United
Steel Companies 2). :Baulk and Thring have suggested a means of converting a
total hea~flux meter into a radiometer by surrounding the receiver with an

'annular jet of air or nitrogen to prevent ,hot gases reaching the receiver(3).
,; ,"' : . ,.

,l

In the second method convection' transfer was obtained from the total heat '( )
flows to two instruments whose receiving surfaces were at different temperatures, 4
the gas temperature being 'also known, 'or ,httas' surfaces were ,at the same tieaper-a­
ture but were of dif~eren~ a~sorptivities\4). 'Ip was th~ught that the last .
method, with two surfaces' of dif~erent absorptivities, would be most suitable
for the present measurements"bEioau.ae the instrument would be 'relatively simple:
to' ccnabruot ,

" '

2. Construotion and operation

, The instrument consists essentially of tw~ rec'aivars , one blackened and one,
polished, which are exposed" simultaneously 'to: a"heat flux containing both :
convection and radiation t~ansfer components.' '~e'convection transfer to each"
segment is virtually the saIne," but 'the radiation 'transfer is proportional to the'
absorptivity of the segment. From the rates of temperature rise of the segments,
their absorptivities, and ooo7.ing co~fficients;.· the radiation and conveotion
components can be separately determined.

The recei';'er (Fig 1) conai8ts of two nearly semi-circular segments of copper,
pLated with a layer of gold 0.05 mm' thick.:~. ' The front surface of one' segment is
bla.ckened wi.th matt black paint and carbon soof from a town gas flame~, The
segments are 6.0 mm thick and lie: adjaoent to' each other along their diameters.
with a narrow air gap between them, forming a oirc~ar reoeiver 3.78 om in"
diameter. .

,;/ ','i
I _"_~,_...-.---__._' ,_.. . .~" ...., .._~ .. _,:,;,,: ..
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Two versions of the instrument were'made, differing in the construction of the'
water jacket and supporting arm Jand in the, air gaps around the segments. Details
are given in Table 1. The first version' (Fig 1) was used to measure heat fluxes
in town gas flames in a small' .compar-tmerrt ; :,,~e second (Fig 2) had a similar
receiver but the water jacket" and"wa.ter-cooled:~suppo~tingarm were of leak tight
Donntruotion enabling the instrument to be' immersed in tanks of burning liquid
fuel, with the liquid level about 1 om below the pIane of the reoeiver,. or plaoed
within burning woQd crabs , In this version inlet watar flowed first round the
part of the jacket oontaining, the: segments ~d: was returned along the annular
supporting arm,oooling the arm and protecting th~ thermoooupl.e and heater leads.
Part of the return flow waa by-passed through a hinge to cool the removable oap.

Table 1
.. .~.

" Air spaoes around segment's,
I. '.

. .' .

- .. .,
"

" "

" .., Gap between rearGap between ,segment: " Gap between'
Instrument eage and water 4a'o~e~'

, , 'segments {' of .s.egment and
water jaoket:- mID ",-, rom

" " ': mm

"
j'

" , ", "- , ..
Mark 1 0.1 " 0.1 2

"
.' ..

, ,

Mark 2 0,,35 0,.5 3
"

The receiver is-surrounded,b~,awate~,coQled ja~ket, separated by a narrow air
gap at the edge and an air gap 2~3 mm at the rear of the segment.s. The segments
are supported, on nylon bushes to minimize conduotion of heat to the jacket from the
segmonts.' A 40 s.w.g. chromel-alumel'thermocouple wa.s insarted into a hole'in the
rear of each segment and held in place with an epoxy-reain cement so that the
junction lay abou~ halfway through tho t~ckneBa of the segment. An electric
heater, consisting of 36 8.W"g~ Niohrome was 'attached nth an epoxy-res:i,n oement to
the rear of 'each block. S~me 10, om of wire was in contact with the block.

In use the Lnstrument , mounted ,?n ,the end, of ~ probe" is rapidly' positioned in
a flame and a, closely fitting cover 'over the front face of 'the segments is removed.
The output from eaoh thermocouple is amplified and regisiered 6n a pen recorder.
After some 1~15 a expos:ure the cover is replaced anp.. the instrument withdrawn.

The riBe in temperature of the segmerrba 'i~ an' insufficient indication of heat
absorption on the front faoe since' part of this he'at is lost' to the water-cooled
jacket, and there is an interohange or heat betw~~n the segme~ts. However,
Section .3 shows that these effects can be' aocurately 'a:Ilowed for. '

"

3. Determination of the cooling coefficients

The rate of heat 10.88 from t~e segmenta was found'by calculatiop to b~

predominantly by conduotion to the water jacket, partly through the air gaps and
partly through the nylon supports; 80 that the heat loss and heat'exohange between
segments are proportional to ~emperature,differen6ea. The'rate of temperature rise
of the segment a will there~or:e.be,g:i;yen bythe:expressions:-'.. .':. 0-.. :~ ..'. .._ . .. ."

-. '~'. ,1'

Q :~1 = A (a1 I R T' T~L~ h'(g1)'~ ~ (g2"~g1)'
....
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. :'~ - .

lf~ere Q = :thermal oa.paci.ty·:·~r~·one .8~gment (o.~i deg c~1)
.... .."-

g = temperature ris.~.of.' aegment· ~ove ,its initial steadY temperature
(deg C)· .. ' .' ' ., .

. . I '. . ,. . . . .

1i lit Ume (8)

A ::; area of the front lace of one ll.e·gment (cin2)

a = ab80rptivity o,rthe .front faoe' of the aegment

lJl Cl intena:i..ty of radiation incident on the. .rront face of the
. segment (CAl om~2s-:). ".: ..' . : .

Ie 'Cr rate of conveotion transfel' to tha-' front face of the segment
(oal oIJi2s -1 ) ." .

h q heat lQSB. .o~e~~ient· for one.,aegll1ent (~al·.s~1~·gC-1). ..' .
. . . ~ .' . . ~ . . ...1' ...,1

g ::I ooefficient o~. h.ea,t exoh.ro1g~., b.etJraen se'gments (dal 1l 'deg C )
.. .

Suf'fixea 1 .~ 2 refer- to· 'th6··pt4is~a. and'plaokened aegments .
respeotively.· ':'.:.,... .

I1; is" .oon~eJe~·t to' PUt .,.:.:~;:;.:.' .. , ,...' .... .. .. ..
. . :~ ~·r. .:. .

": ~ :'~'::A ( a I:a:+' I .. ·)· .,; '" <~.

8J1d to Jirl~. ~. ror*;;>:.::· .'..•' ". ; Q .• ,.-" .

• •••• ,; •. (3.) :

.. ,........
....'

f
.. ,I

:.:'.' ..', :.: \.' ..:.( ..... C,;·" '.::'
. .

h , g, a~~d 8.2 "ere found.by exposing the .in8~ruIIlent to' .known. .
inhnaities ~ation JI1eaB1U"ed Jd.th.· one Qf the J. po •R. 0.. secondary s.tandard

. thenno.oouple.a 5).•. 0 "The ,ll~~~' .~r,.'r~diatio'n wan, a gas-fired radia.nt panaL
, runn.i.n8 at .Jioma 800 q• .' "..-: ..:;.~-".:.':,.~: ..: ':..:. . . .
. .', /:•. ::":.r; I ; • I', ','... .'.;. • :-... :._: '?~~'~.:~~:{~~ ~} .~_~.~. ~ .:l '::. • • • • '.:. • •

".~:~·~~'~'~,;~)~.~~2·~:j it~;:-~~-:......:t"'trSJ.~ 'tt~~3"'':'~'( l'~:""AA[:~·f..'2) 'i ;;;..: \ '','- ~.;, .o:~. '....._ '., h.·.•·.·•.• A "I_g .~_Ii!yij.'_.~."' na _:L.~. ;-t,y,.. ~ _, ·:'1" ~ ._ ..<••.• , •••• '" • '.-.' :' t-.. . , ... . .. " ~ ..

Q (41 .. 62) - :(~~:~) ':h (91 '+ 92) .
. . :..... "" . ,",' .

, .~: ..
.",.

) •••••• ~ (5)
(

I

• II I'" .

wh.~re 01': 02" 01 and 02 .~e..all v:a1u,oa fo'r the .SBmf:! .instant. Plo·tting.

01 + 92 againat Q1 + '~2·.:~.eld..a: a J.iJw of slope ~:' .whioh g1vea . h, :
•• • ' fI,', ", ~. . .' ••

.....,8~O~~:~ ~~..~~.,Q~t~in~d.frf1!4~.:.:.:;...;\lUU~· ..:~..;~~;·~~~~~.~~ ..<.~d ...~.latting Q2..T01 . ~ ..
against g 2 . - g1 '. yields.a . ·o·.·.ot.·alope Oi:"'+' 2g)/Q' 'whioh gives' 'g . Binp~ h". ,58 ~r~ It is auffioien !ly ~Qcurate to optaill .an estimate of Q1. + ~-,2 and. :
. 2 1 by dif~erenoe.a (Appendix r).· :.' ... ..

" . \

h and. 8 have al.8o been ppte.i.n:ed -i'rolll.~ ooollnaou.rv.es , with the _"
r,adiat10n out off.' Pu·ttug Hi' 1:1 HZ. ~ 9 i~ equationa (4) and,. (5).and. '
integrating givea.l,- .. " . . .'

• • "1

_.••••••. (6)

........
... 3 -'



hand g were thus found from -the,'s,l~p,ea: ~:~~~,~.l~lles ~bj;ll:inec;l;by p~otting °1 + °2 .
and 02 - 01 against t on log";line~paper." 01 + 02 and 02 .; 01 for ..

a typical run are piotted: in' ':Fig"'3B:gairitif" t:"'The ':straightness'of the lines
obtained is evidently confirmation of the proportionality of the rate of heat
loss.to exoess temperature, i.e. of the constanoy of h and g, h (but not g)
oou:Ld alAo \Ill found w.1th both 1l01tlll0ntll bl/l.Qkon04 01' 101't pol;!,ohOo.so' that g1 M d. g 2
would be equal and the heate,xchange between the segments 'zero.

Table 2 gives means and:95pe; '~e~1;'c~~~~-rio~"limit'~-for the mean for hand
g found. for both versions of., the inatrument"frcim-,B, number of _determinations by both
heating ,and oooling curves.

" ,. . {' r : ' ••• ",-.

Table '2

.':; 'j.'

..... "' ,'.', ... " ..
.': .

, ; .

•

Experi~ental' and caleulated'values erf cooling, 'coefficients

, . '" . i: .; ~, . •.... ,.. ...
h g

oa.l- 'a~1 deg c",h .i, .:,., , .. '. ' -1· -1, cal'sdeg e .
Instrument ... ..

E;Per~~nt;':l Calculated Experimental Calculated

Mark 1 0.03 + 0.004- 0.02 0~015 ~ 0;002 0.015.
Mark 2 0.012

+.
0.003 0.008 0.004 + 0,001 0;003- -

The values 'calculated for hand' g, taking into account conduction loss to the
water jacket through the /lir::.gaps' and 'Ilylon: auppor-ts and radiation and convection loss
are a.Lso given in Table 2, lma.. 'in' view of the. apprllxiIDll.tions made in, the calculation
these are in' reasonable .agreement .with ·the~ values'. 'found;bY experiment •.

. , :..;

4. Determination of absorptivities.
",

The absorptivities were initially abtained from equations (4) and (5) and
Appendix I gives a sample caloulation. 'When OJ =02 = 0, the interoepts of

equations (4) and (5) on the ~ + '0;' and '(ii~ - (
1

) axis' are respectively ~H1.: H2~

and ~H1 - H2~, and a1 and a
2

can be found sinoe AI ~ and Q are known. A simpler
Q '. " . .,

method had to be employed wheJ;l,the"instrument was aotually in' use' (Seotion 5.1).
, '

The mean of a number- of determinationa gave' abdorptivity values for Mark 2 of
0,08 and 0.93 for .111 . and "a2; With s tandar-d deviations' for one: measurement of

0.01 and '0.04 respectively; "0:93 is near the 'value normally til.ken for oandle soot
on black paint (0.95) ,for radiatiDn .frcim sour-ces at about,8000 e. .The corresponding
values for Mark 1 were 0.06 and Q.94. 'The y~ue' for ,the po Lj.ahed segment is higher
than pub.Id.shed values 'for gold' (0:.02 to 0.03\?'J) ':" ':;.,:,.1 but this may be because a
small 'amount of soot r-emai.ned in depressiona in 'i;hll 'surface"wh.en .it was cleaned.
The absorptivity was readily reduoed to a conatant value ,pycleamng, )'lith petz-oL ,
after eaoh exposure in a flame. " '... ..... ." ,

. " " .. :.' ', ." . " ,'., .- ,

00 and °i. are' values of, 0" +,09 -and, '9',;-··9,
o 0 t 22 j

period when t is til.kEin as 0 ..

at a suitable, time, during the oooling

.. •..:
t-

-4~

.~ .'

" .-
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5. Operati on in praotioe:

5.1 Abbreviation of calculati'ons' .

For routine UBe ill: ,flames ,.~: ni.or~ rapid m:e'tho'd for computing the results' must
be ,used. 'FUrther, although the time' 'Boale 'of the recorders can 'be accurately.
Bynoh~eriia~d, the time of tho fttArt of th~~exp6ou~~ 13 not ~lWhYD WOll dgrine~.

The simplest method for d~termining Ie and TR'is to r~ad 'temperature rises at

two times t and t + S where S is a. known time intervaL' It oan be shown
from equations (4) and (5) that:- .

H
1

+H
2

_h [(Q1;g2i'~~~-(Q{ +~2')1 •.(8):

[
.-bS.. J' ,' .
e,,~.~ 1

~ - Ht =

. .. ,

,', . ~(h +.·26) S..

(h + 2&) [(.92 ~ ,,~1'>, e . ~ -

C
'", -(h ~ 2g) S '.1

Q 1j

.......
. .

.
, gig I ."

where °1 and G2 are the temperature rises at· time t and 1 and 2 are
the temperature rises at time (t + S). Equations (8) and'(9) do not contain
t. Provided a standard value'for S is tiaken , say 7.5 or 10s, equations (8)
and (9) are rapidly solyed for H1 and H2, and then I R and Ie can be found
from equation 3. '

It is often necessary to measure the absorptivity of the polished segment
during experiments in :which the instrument is. exposed in flames and some sooting
up occurs. This muflt be deterniined by exposure to radiation. The start of
the exposure is then well defined, and it is only necessary to tak~"one d

temperature reading, at a subsequent time (t
1

) •. ~en:- '

H1 + H2 = A I R (a1 +: &2) = h (~1 +,92),
- h t 1

1--:0', Q

= C

........ (10)

1 - e

(h, +2g)(Q2 i.,Q1)

-(h + 2g) t 1Q '

=D

..........
i···.· .

8,0 that

;. . .,,"

....
. .. ."~"

. • •• . . •' (12)

. I,',

'--,.. - _. ~.......~ .... ~.,,_ .._- _.::----
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+ ." ~ •
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I
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I
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If I R is known, a1 can be found from (12), and if IR is unknown a1 can

be found from (13)sin08 a2 is ·unlik~;l1Y .to vary significantly from 0.93.

I t is not worth trying to,. aimpliry equatd ona (8), (9), (10) and (11) further
beoause the exponential.: aeries does .not oonyerge· very rap i d).Y. with these values .
of h , g and Q. and values of' .t, large enoU8h. to atlabia ~~a~f18tj '\j{l lH1 'ii~~ft

from the recorder ohart ~th sufficient aoo.uraey.

5.2 Elimination of condensation of water

It was found, as had been expected, that immediately the segments were expose
in a flame condensation of ~ter ooourred on the segments, increasing the
absorptivity of the poliahedsegm.mt.··. To over-come this .the segments were
maintained above the dew point of the gases by meana of the electric heaters
attached to the rear of the .segment,B~ The· dewpo.i~t of combus-t;iQn products from
stoichiometrio combustion of t own gas is in the region of 61 0Cl7) and the tempera"":'
ture of the segments was therefore held we~ above this,. at about 90oC, by an A.C.
current fed from a Yarl~ thrQugh both heaters in aeries ~ .

The thermocouple outputs at this. temperature (~OJIlI3 3 mV.with coJ,.d junctions
at room temperature) were.reduced to values suitable for the amplifier used by·
introducing in oppos i, tion an e .m.;f.'~. ~hich co.uld b~ yaried. .. The deflectio·n due
to exposure in the flame J{B.S thus an:-anged ttl occupy a large proportion of the"
recorder chart.

Owing to their elevated temperatura the net heat transfer to the segments
was reduced, but this effect was not very large; since the temperature. of the
flame into :l1hich the meter was placed wa,s :u.s.ually high. In any case quite.a
rough measure of f~ame temperature suffioed to enable .a. .corre.otiQn to be
a.pplied. .

It was found. that the va.lues of. h a.nd g were apparently unaffected by
the increa.sed segment temperature. An increase of some 10 per cen~ in' hand g
might be expected in view of the increase in thermal conductivity of· air with
temperature, but as can be aeen from Table 2 an inorease of this order would be
hard to deteot • .

5.3 Effeot of SOQting of polished se'gment

During exposure in a flame soot is gradually deposited on the polished segmen
and the a.bsorptivity BAd hence the radiation a.bsorptio·n inoreases. It is assumed
that during an exposure· thaabaorptivity ~hange8 linearly with time, provided the
absorptivity 'is initially low.' ~lowance for thi~ change can be made by putting

......
in equations (4) an~ (5) wherel is ac~tantobtainedby measuring the
absorptivity before and after expcaure in the fia.n1e for a knojm time. Solving,
we have

Corrected = (Qi
: . .. -·A· (a) 'i

+ (2) ! MeaB~ed . 1_0_. _
. 2Q

Corrected

;. .. . 2

(
.) +.A (~1) . 't L t

;: Q ~: G . ld:eas.ured ... 0 ~ .
~ 1 '.' 2Q

(16)

A value for I R suff1o~ently aoc~ate to ins~rt'in the oorreotion term oan be

obtained from equationA (10) and (11).

6 -
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Table 3 lists values of absorptivity of the polished segment. of Mark 1,
measured after exposur~s of 10s in a town gas flame in the compartment
described previously(8), with corresponding ·values of ~ •

Table 3···

Values obta·ined for ~ in a town /laB flama
o

Town gas Inorease in absorptivity 'g
flow .(a

1)
in 10s exposureo

g/s ~1
s

..
21 0.025 0.0025

12 0.045 0.0045..
4.5 0.13 0.013

°Initial absorptivity 0.06

The sooting up of the aegmerrba of Mark 2 was very slow at the base of
ethyl alcohol (industrial methylated spirit) flames burning in a 92-cm
diameter tray, the abs()rptivity changing by only 0.04 after a total exposure,
in 10s units, of 4 min. Inwood flames the ·s6qting was more rapid but waa
still. suffioiently small to enable accurate readings to be made; changes in
absorptivity of up to 0.09 in 10s ocourred,. giving values ofll' of up to 0.009.

6. Performance with convection flux

No means was available for calibrating the instrument in a known convection
flUX, but it has been posaible to. compare the measurement of a combined radiation
and convection flux with tha sum of the separate fluxes. The instrument was set
up on a slide which could be positively P01htione~ Deahta gas-fired radiant p~el

running at about 8aaoe or drawn back and/scr€efig£.rumXn electric firelighter\9)
was placed on one side of the panel and the hot air blast trained on the
receiver of the instrument. The first reading made was of the conveotion
transfer from the air blast after the firelighter had attained thermal
equilibrium. The radiant panel was then lit and allowed to reach a steady
temperature and a second reading made. The electric firelighter was then
turned off and a third reading made with the radiant panel alone.

The agreement shown in Table ,.l~. between the measured total heat flux and
the sum of the separate fluxes is satisfactory. An attempt. was made to increase
the radiation and oonvection fluxes, but. it was nat found possible with the
available apparatus without bringing the air blast·so close to the panel that
it was deflected, and the·convection flux changed, by the ·plume of combustion
products from the front of the p a nel.

\,
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"', .,-, ".

Measured. heat flux
: I ~;. ~ , , 041 om..;aA..1..

Condition Component
.. ' '.

Polished Blackened. ,~ '" '.
:

. ... +. '" .~ . s·egment..·· ..
segment

r , , ' .

Panel cold 1 hdt., air blast on Ie· 0.18* 0.20+

Panel hot, hot air'blast of:£"' 'I .. 0.06 " 0.72rt:R

Sum Ie IR,. 0.24- 0.92+

I <" ! ..
Pa.qel hot, hot air blast on Combined 0.23 0.89. ,

'.

I
I
r :
I

Table 4".. -. .

,+The agreement between these values' W~3' to 's 0100 extent fortuitous since the hot air
" bIast was only aligned on, to th~ re.ceiver. b! ey~. ,

. '" ~ ., '

°Thia corresponds to a radiati~n:nuX 'to '.a b~aCk·'body.·ab~orber :of O.72/0~93~ 0.77.'
. cal cm-2s - 1 • The radiant flux measured with a }doll thermopile' 5) was 0.81 cal

cm-2s..,1 • . .; . . '. } , . ' :'" ' . \ .

7. Accuracy

The accuracy of the' instrument is difficult to aaseas and ;may depend on the
relativG proportion of radiation and conveotion components and on the steadiness
of the heat fluxes measured. However t~e norma~ exposure time of 108 is BUffic~ent

long for the effect of t~e more rapid fluctuatiome.g. ~hoae inturb~~ent eddie~~10)
to be unimportant.' .

7.1 . Error in heat flux measur-ement due to ~r:ror, 'in cooling constants
• I .'_ .

In the short time of. exposure the heat losses are.relatively small and the,
calculated conveotion and ra~tion heat fluxa~ are not, se'nsitiv.e t~ the values of
h and g .ekployed. Table 5 shoWA that if no AQCOunt at allis taken of heat loss
and heat exchange between segments the erro.r of": the Mark 2 instrument will not
exceed 4 per cerrt , with 1.0~ expda~eB~ . '

~ "
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'. :
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I
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I
1

I
'1

t

, .,

Table' 5

Effect of errors in hand g

. Actual heat
.' . .. . .

'. Error introduced by assuming h =g = 0
transfer . , (true values 0.012 and 0.004

cal -2 -1 ·.·cal -1 -1 respectively)om s' 13. deg C
..

.. oal
-2 '-1em s '

I R Ie Radiation Convection

0 0.1 '0 - 0.002

I

0 0.5 0 - 0.01

0.1 0 - 0.004 + 0.001

1.0 0 ,'- .0.04- + 0.01

1.0 0.5 0.03 - 0.00-
0.1 0.1 - 0.004- - 0.002

The errors of the Mark 1 instrument are potentially greater since hand
g are larger, but nevertheless hand' g only have to be known to an accuracy
of 30 per cent to give heat transfer measurements accurate to some 4- per cent.•

7.2 Error in heat flux measurement du~ to error in absorp.tiv~ty

Error in the absorptivities of the receiving surfaces is more importa~~

than error in the cooling coeffioients. and Table 6.showB what errors would be
made in the measured heat transfer 'components with the Mark 2 instrument if
the actual values of at and a2 wers 0 ..08 and. 0.93 respectively: but other

values had been employed in calcu~ating the c~mponents from the temperature
rises. Errors of 0.04 in one or' other ~f at' and,R2 can cause errors in

the measured components of up to 5 .per cent, and errors of 0~04- in both
a1 and a2 can cause errors of up to' 10 per cerrt , '

... ' ~

", " <. < '
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Table. 6

Effect of errors in a
1

and a
2

00

.
Error if true values' of ~ and'a2'are 0.08 and 0.93 respectively

,

Aetual heat and the following values are assumed

transfer

eal
..,2 -1

&1 0.12 a
1 = 0~08 &1 0.12 &1 0.112em G:.~: = = '=

- ,-'

0.93
' .

'" 0.97 0.97 O..ll9&2 &2 a
2 '" &2 -

,

,~ Ie R 'C R ,C R C Ii . C
.. -

, ,

0 0.1 0 0 0 0 0 . ,. 0 0 , ',0
~.

0 0.5 0 0 0 '0 0 0 0 0 , 0" . '.

",0.1 0 + 0.005 - 0.005 .,.. 0.005 0.000 0.000 ':" 0.004- , + 0 ..01 0 <0-.,005
, i'

1.0 _ 0 0"-05 .,.., 0.05 .,.. 0.05 0.00
. ,

•c.oo Ov04- 0.10 ..,6.05+ - - +.

1.0 0.5 +. 0.05 .., 0.05 .., 0,05 0.00 ' 0.00 .., 0.04- +. 0.10 -:; 0.05
.'

0.1 0;1 +. 0.005 - 0.005 .,.. 0.005 0.000 0~000 .., 0.004- +. 0.01 0 - 0.005

-2 -1
Ii '" Error in radiation component oal em a

C = Error in convectd.cn component 'cal em-23 -1 : '



7.3 Repeatibility of readings

Repeated readings with the Mark 2 instrument at the base of the flames from
a 92-cm diameter tray of burning 'alcohol had standard deviations for the readings
of the convection component of about,O.05 cal cm-2s-1 (in an average convection
riux of abewt O.~ eQ~ 9W-2B~1),Qtl~ fgr'vhe r9Qa1~B Bf the rad~Qt~9n ggm~9fi~nt1
of about 0.1 cal om- s":,' (in an average radiation flux of about 0.7 cal cm- a" ).
The accuracy of the instrument is likely to be. better than this, 'since these
variations include any of the flame itself. Section 6 shows that under some
conditions the instrument can be accurate to at least 5 per cent, which is more
than sufficient in most applioation~ ,in fire ,research.

8. Range of use

The useful range of the instrument is limited by the accurac-y with which
the readings can be read from the recorder chart and to some extent by the
temperature which, the nylon supports wil,l withstand. The output from the
thermoc-ouple on the blackened segment should not be allowed 'to exceed about
1 mV (corresponding to a temperature rise of 24 deg C, or a maximum temperature
of about 1200 C) ; this is full scale deflection with the amplifier and recorder
system employed. The standard exPosure 'time of 10 s corresponds to a 1 in
movement of chart paper at the highest chart, speed of the recorders available
and outputs can be read off at particular times with adequate accuracy.

Total heat flows up to 1.2 cal cm-2s.,.1, corresponding to a 24 deg C
temperature rise in 10 s, can therefore be measured with fair accuracy but
although the instrument can' in principle be 'used at higher intensities provided
the limit of 24 deg C rise is not exceeded, the accuracy will be lower for higher
heat fl~ws because the expOsure time must be made'shorter.

9. .OoncLus i.ona

(1) The instrument Can be used to separate convective and radiative components
of heat transfer in wood, alcohol and town gas flames, and could probably be used
in flames of other materials, provided the flames are no more sooty than those
of wood.

(2) It is more complicated to set up and use than the total heat-flux meter and
this together with the number of corrections necessary in calculating results
makes it unsuitable for routine use.

(3) The instrument is most accurate when measuring total heat flows less than
1.2 cal cm-2s-1, though higher heat flows could prObably be measured provided a
lower accurac-y could be accepted.
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Appendix I

Sample o~lculations ofme~hod for obtaining h and g
, . :: ,:"1 .'": ":. .

........- . -.... ' .... " ..... -"'~' _.. ,_....
The gradients. of ~1 ~ Q2 ~ obtained fitlm the valuefl read off the

reoorded·traoEia='at. tiX~i .=t.me.intervals •. · ~ oalriulations for an experiment
with" I =0.-105·oa1 oms are as: follow8r-' '.'

0 0, Q
2

Q
t ~ - 9· 9

1 +9 ~2 - 91
t 92 91 °1 + 922 1 2
s rv' rV fV/8 rV/ 8 . f V/ s rv/ a . fV r V

0 a 0
20 155 10 "'7 ~1 0.8 6..3 7.9 145 165
40 283 31 6.2 0.9 5.3 7.1 252 314
60 402 47 5.5 0.8 . 4.7 6.3 355 449
80 505 62 5.0. ",1.0 4~0 6.0 443 567. '

100 603 88~4.5 1.0 3.5 5.5 515 691
120 685 103 3.9 0.9 3.0 4.8 582 788
140 757 124, 3..5 1. .0, 2.5 4-.5 633. 881
160 824 144 .-

. '
'. . .

" I;

. . ' . 283 - O·
For example, 92 at t = 20 8 i8' taken all. 40 = 7.1 rV/s.,

• • • •
9

2
- 9

1
is then plotted 88ainst 9

2
- 9

1
, and 9

1
+ 9

2,
against. 9

1
'+ 92 . (Fig 4),

and the gradients of the straight lines through the' points measured.

From equations (4). and (5) and :Fig (4)

h/Q = 0.004.4­

,.(h ~ ,2g)/Q' = 0.0.074

~After oorreotion for recorder error
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Since
Q = }.72

cal :~~~~.:f::~~:~;.:. ~....h ....=.. _,:O'..• 0,1,~ ~~~~ ..~-:.~~g .C=~,:
g =' 0.004 cal 's-: deg C

....:' . :l.t' ;\.'~'~ •. ":"':~',:.!';..~.";' !:..::.:~t .;;.._~.~~"'}: .:I~'~';;· _"';'~" ..:.J -:z."..:.," ~~.,. I" t" .:~ t"'."'~ • '··'.1·..: . ~.... .

. The' abso\"pti>1tie·s'.:OB.\)~':be'.gbta,ined h'Om.-th8-~~nteroept~"of-:the linea' in· ...
;;ri! 4- @n tnl,t' Q1 .., G2 Mel 02'" D1 ¢.It.•. ;..,Jl.Q~~.!}.. t.b:~t the~~,,!~:l;.~et:r~A. pewsI' of"
the thermooouplm is 41 miora: :volt/deg C:-' - . .

'.'. '

..•....• :

.....

..
, '.''1

. '.'.

••.; .•.~ • •• (1B) .;,

....... "..

,.
":,'. .....

I "'~'.

, .
~ '., ; ;

:~.....

, .

..

,.'

-lI" \ '17~ .
'.' \, I ..••";

:.' ...- ~ ....,. ......... "

','. I

" "

"'\"!.-: .,. ',' "~.

,'~ .. , .~

' ..... " . ~

-, ....

• _....... ~.!

'.
; I"\'

_.t .'

····i:~ &1 =:1 • .0.071 ';,':
&2 = 0.94

(.' ":

:"Q = 2.72 ··c·'~l deg C.-1', I
~ '. C3 ), (1 7) :-and (1B) ;,~. ::

:i :
-.". .' .. ,'. ..

~
..

~I!1 ..+· H2~
:

\/ -;"\';~=' •;

1+~Q

' .. ., .. .'
: ';

~H2 - H1~.' = 1:2
.Q ·41

: . '. , ,..'~

.........
,\ ..'.. '. .'

h and: 'g can be obtained from the slopes pt the" J;ine1:l"i.o.f'::FiLg 3~" :~Tb.esa \... s ,

'lines were obtained from the period when the segntents were cOQlin~h,&f.ter the
expo.su:rer givil1&, ~e. valu~s·.p'~.o~~e.d in :Fig' .4-.

.. '.' ~ '. .,. ~. . : ..I.. .:.;' :,;;. .:.. ~.~

.'..... .'
"~ .. .

"

" h . '. 2.3.03 X-:~. 10.•3. ):.= ',,0.004-71.. .Q" = 25.2 x 200')
••".' • " f ••

.. , '~', I, .t -,' ,~: ' ":: i ." '.:' .'~'~ .:...•..~•. >

..
. .' ~

'.~' :: I :"
' ....

h + 2g = 2.303
Q

.. :- :"..

Sirioe

~.'._' _ - -•••• __ ,._•• _ 4'•••_, ~ _ _
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FIG. 1. SCHEMATIC DIAGRAMS OF THE MARK 1 INSTRUMENT
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FIG. 2. SCHEMATIC DIAGRAMS OF THE MARK 2
.INSTRUMENT
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