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1. In trodu c t ion

THE 'lHERMAL INSULt.TIm AFFORDED

BY 1.. FIRE RETl~J\rT COi.TING

by ,

R. W. Pickard

The annun t of heat required to ignite a canbustible surface can be
I .

increased by protecting it with a fire re tardant paint layer. This
provides tbarrraL insula tiori. and trills r-educes the r-a to of ris e of ;
temperature of the combustible surface. "This temperntiJre rise depends
not only on the time of exposure and intensity of 'radiation but' also on
the [ilysical properties of the rra torial and the protective layer. : It
is the purpose of this note to clcrive an expression for tho temperature
rise at the in terf'ace of a material and its protective layer and to
discuss the factors upo~ which it depends. . I

I

A rigorous solution of the problem ~ouid be too complex to be!
useful for assess ing the eff.cct iveness of a fire rc tardan t treatment and
certain limiting aaaumptd.ona have therefore been made: I

, ,

that the tc cnpoaf'te solid fanned by the material and its
protective layer is se~-infinite in-extent;

(2 )
, .

the. t the physical properties of the rna terials used are
independen t of temperature; and

tha t there is no heat loss from the irradiated surface., '

I
I'

I
I
!
I

These ass umptions will limit the validity of the results to snort
times of irradiation but the solution may however be used as a guide in
detennining the physical properties of a protective layer 'which is most

,likely to be effective in reducing the temperature rise of the protected
, I

surface. I ,

, "

2. Theoretical derivation ,of interface tcmpGraturc l~se

X:.O

Fig. 1

In Fig. l:~terial 2 represents the material ~o be protected and
rnaterial 1 the protective layer which has a th i.ckncss a.

materitlls 1 and 2 respectively

Let B,) B). be the tempe~dturc rise at POlllts X J ) X..:t.
I

lin
I,
I
I

!
!
I
I
i
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I
I
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Let (<. \A ~ be the thermal conduetiv~_ties of rna terials 1 and 2
\ )
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c

tho subsidiary equations became
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A solution of (Li) is

...':(,....""- _ Cit ).:.
,a c, A C 'P 1- 8 n '
l../l I J L

A solution of (L2)' is.

-e,.

.•...••• !.-.(6)
I
i
I
I

. .... I .
............. (7),

, 'I
o '''- "~I

Ai, A2, B1 and B2 are constants ·to be determined from the

conditions.

1
boundary

. ,

Since

!
from the boundary
follows:

'The value of the remalnlllg constants, determined
.conditions stated in (L3), (L4) and (L5), are as

_'1.<0.. )
= T_~~_~~_, __

,< P('I-\'. 0, c.o-,,-IZ. q, Q t K q, 1l~~'~!Z. '0-)• -v. I I I I /.' ~

I

=I«, q,.J
!l'<1 (i--
1 '

~2
-!

i,,

Hence 6, e '••••••••• • (8)

I
in the 'exponential

I

. I (••••••••••••. 9)
I

. I

I
rise Gi. 1)l,Jy be

I

I

.•...•••... )(11)
,

?<J ~ /. .)' (I.. J'~;-
c-r- ~') -0'''' '1_ - r"";--. _'J)j . JR
~:-_ lJ 0 '
""" - <I. ":;:. .

--~ PJ"t"

"

(i0)may-beJ~ by rewriting the equation
. ---- -.-----_.. -.- ---

If.,o.. K) ~.(

e- '" where ~ = ~J. - Jt~
! + 'e e..1'j.,<,,1.. l-,~ 1- ~

\.rR~ {~;

=

-,
_(7, =

i
C" - ;'\lJ Q.. \JQ I is loss than unity equation (11) may be rCYlri tton I,,

I
, 1

.~ •••••••. ~.(12)
, . ,

The inverse of
form whence

Since

The Laplace~tr~nsform of. the interface temperature

found by put.ting X=O- in equations ~(8) or (9), whence
"( '. -~"'-- \

I ~ - .
••~•••••• ~ .:. (10)

-.
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of this ~c of expression
rise is given by

and the interface

••••• (13)

f·

"I

I 0-
where A = ,-

, t" \I~,C

'3t Discussion
'!
I Equation (13) gavmg the interface temperature rise may be divided

into two parts, a summation berm which is a function of t3:.9::.. and

~.~b. " JCC'
/; z: ._~"" ~

~+-~
\/ R)... JR.~

,I
and another factor dependent on time ana the. thermal properties of the
~vo media. It will be convenient to ~Valuate the summation term first

£ind it ;,!ill be noted that j s: !<':.._ J~:- /11::1- + ~ may have

Ii ~"- 'vF' / l

Jalues in the range.±. 1. The curves for tho surmnation term are shown
in Fig. 2. Fo! values of j3;> 0.6J the sunmat Lon is independent of rg
since the terms~'>Oare negligible. Under this condition the summation
is only a function of j3.' I'
I: ~he temperature rise for various "lalu8s of exposure time was then
c.omputed for e. combustible material hmr,ing the physical properties of wood,
with D. protective layer of thickness 5 x 10-2crr.~.. The temperature rise
was speoified per unit jntcnsity of incident radiation s.ince these are
proportional and the range of thermal donstants for the protective layer
covered the range of non-metals. 1 . ,
,I • .

" The thermal constants in e qua t ion (13) appear as the conductivity
'hnd di~fusivtty. of' the materials. . Th, temperature rise was therefore
computed for various values of conducttvity K I , and thermal capacity
per unit volume !?5r fer the protective layer. From these results a
measur-e of the effectiveness of the prbtcctive layer Was determined by
~he time taken for the interface tempe~ature to rise 450°C, a-value at
,which ignition might occur. Fig. 3 shows this protectfon time plotted
'~s a f~ct~on.of.thc thermal conductiv~ty of th~ layer for a range of
:values of ;:::; r • The, corresponding results for. a range of values of

iconductivity ore shown ::n Fig. 4.

Figs. 3 and 4 show that 'for the range of thermal constants ,considered,
lithe thermal' oapac i ty per unit volume of the. layer largely controls the
,protection time though the effect of ibcrcasing the thermal conductivity
of the layer is to reduce the protecti~n time.

The protection' time will of courde be de;endent on the thickness of
the layer a. Fig. 3 shm7S the protedtion time plotted as function of '
the layer thickness, the layer having /n thermal conductivity of 1 x 10-4
cal/cm/°C/sec. and thermal capacity per un~t volume of 0.3 cal/OC/CC.
The slope of the graph 8hO';.'8 that in ihe range of thickne'sses considered
the advarrbage gained by the addition df further coabs increases slightly

• " Ias the tlnckness of the layer Lncr-eases ,

;--1i Since the ;rotection time dcpcna:J on the thermal proper-t ics of the
protected material some materials will require less p:c0tecticn than others.
In the following a:t:laJ.s:.sis it has, been assumed that the t hermaI properties
and thickness of the protective layer r~main constant while the properties
of the protected material are varied.

,
".1'

"'

r
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Equation (13) shows that under these (;on::~"~:lc,~·:.c. the temp~rature
rise is governed by the values of the mill.tiFl:/'i.:ng fD,(~'~Cr

-'

and 1J z; t<;..
_ 1',(, I~<'

~~Ij;:" ,\.'; \I~- +.. \it., L.
I

These two terms·m~.be rewritten as

I
!

4Ilf
- .

J'\.-( P S +- (1"1 P S--
.J.j;) J. ,'y, 1

_,1;<(>5
\.' • / I " 1

T j~<:.f..·S,
respe6tiveJ,y.

I~

Consider first the effect of ancreaatng the val.ue of thermal
conductivi~ K~. This will decrease the value of the multiplying
factor and increase the value of I which Fig. 2 shows corresponds to
a dec~ease in the value of the series tbrm in Equaticn (13). The
overall effect therefore is to reduce the temperature rise for a given
time of irradiation. Since the bherme.L properties appear in the

cquotion as the product I'(l.~ S J.. only, thGn e-rg var-LatLon in the value
of ;: 51. will result in the same change in the va'Iue of interface
temperature rise as a proportional change in the thermal conductivity.

Fig. 6 shows the protection time p'lot cod as a f'unct.i.on of the
thermal conductivity of the protected ma'terLa.l fGl.~ a rar..ge of vaLucs (If
thermal capacity per unit volume for a pro~c~tive l~yer of thickness
5 x 10-2om, thermal conductivity 2.5 x 10-40£11/cm/OC/sec. bhermeL
capacity per unit volUmc 0.1 ca~OC/CC. It can be seen from tho grnph
that tl~ materials requiring least protection are tho~e with Q high thermal
conductivity and high tp.cnnal caP8:city per unit vo'lizne ..

For convenience tho effect of the varic.bles in Equation (13) on the
protection t~e is summerised in Tuble 1 bel~l.

TABLE 1

The effect of the pp~sical propertios of a
moterial ~~d its protective lnyor on the protection time..

Variablc Effect on Protection I
Time

,

I,
i Low Increase!
;

K1
.'j High Decrease

!I Low Docrease
~Sl !I High Increase

--
Thin Decrease

.~0..-
I

Thick Increase ·1,
,

, j
K2 Low Decrease

High Increase I
j,

- - ,-j

I
ILoW" Decrease

~ 'S). -I' !High
1

Increase
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The effect of heat loss

,I In the foregoing arguments heat 10:;::; f~cm 'Cr-19 i:::-rc.c.iated surface has
been neglected. For a semi-infinite solid receiving radiation the
temperature rise of the surface is Independent of the heat loss provided

II , /) re: /' I u. )
!i . 11 ..Jl<fS '- 0 ),12.. wher-e dj is
'I T

th~ heat lost by unit area of the surface in unit time for oech degree
ri'~e in temper-ature, A sirailar condd.t i.on probably applies. to a composite,
sO,lid. A mean value of Y; for a. temPerature rise in the range

450OC-550oC is '1.4 x 10-3caJ./cm2/ s ec/ OC. ! Hence the time of irradiation
f~r which Equativn (13) is vnlid is given by "

I -----.
II 0.'12 = 1.4 x 10':"3 I.E.-

I
j k,/'5

I' ,

-2
or t; 73k'(.,5, x (0

Table 2 shows the maximum time of irradiation for whach heat loss can be'
neglected for a range of vnlues of

"

TABLE 2

The maximum time of ~::..~~:ar.:iation
for which heat loss con be neg].cc·cel..

. I

. • - T
1 ~ 10-~ I .0073

"S x 10- .036
I 1 x 10-5 .073
1 's x 10-5 ~36

1 x 10-t .73
S x 10- b.6
1 x 10-

3 J' 7.3
I 5 x 10-3 _I-.36~1__--'

The results in Table 2 'show that in gJneral E~uation (13) will only
give a correct value for the interface temperature rise for high
intensities of irradiation'correspondfng to short exposure times •

. ,

5. Conclusicns

An expression has been derived for tho temperature rise at the
interface of a composite solid with r~diation at the surface•. Analysis

I of the expression shows' that the most Ieffer::tive fire retardan.t taint is
one \1i th a high thermal capacity md Low tr~(;Yi.l:.s.l conduc't ivi ty, th e f'ormer'
condition being the more important. 'The prote~tion afforded by the
paint increases with the thickness of the l~ero M~terials which require
the least protection are 'those with a high tr.er:ma:L i;apacH:y: per unit
vo.lume and high thermal conductivity.

.-

I

~::s: validity of the results is 1!iniit~d to ~!lCZ"'·t:O,:·::-:'i:I::s of i):·:r'ad:i.ation
, .s ince heat loss from the irradiated I~u:cface was ne;~li')", ~:t:d., H:'~"'Ne-.....e;r the

pr'Jtec-don times computed from .t.he e:ipressit::~ w.i.~J.. ·c,:; ;:l:r,-~·l;,,:.~ ·~ha:r. wou'l.d
be obtained in practice and the expr~ssion.may be ":WI':;). as a guf.de to the

I .
physical properties requirod of a fire retardant p~int.
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