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JOINT FIRE RESEARCH· ORGANIZATI ON

THERMAL IGNITION IN THE HOLLOW CIRCULAR
CYLINDER HEATED ON THE INNER FACE

by

P. H, Thomas and P. C~ Bowes

SUMMARY

The critical conditions for thermal ignition in a reactive solid in the
form of a hollow cylinder with the inner face maintained at a constant high
temperature are calculated, Application to the practical case of combustible
lagging on a hot pipe is illustrated briefly~

January, 1965. Fire Research Station,
Boreham Wood,
Herts.



....

LIST OF SYMBOLS

E = Activation energy

f = Pre-exponential factor in Arrhenius equation

F = Integration constant

G = Integration constant

h = Total heat transfer coefficient for convection and radiation

K = Thennal conductivity

Q = Heat of reaction per unit volume

R = Gas constant

r 1 = Radius of inner surface of hollow circular cylinder

r 2 = Radius of outer surfaoe of hollow circular cylinder

T = Ambient temperature ~o

T = Temperature of hot (inner) face of cylinder
p

T = Temperature of 0001 (outer) face of oylinders

r = Distance co-ordinate

ot = hr!K

=
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1
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= ~ (T-T )
RT ~ P

P



... ~'

'.: '-' .,. , -. ...
THEllMAL IGNITION IN m HOLLOW CIRCULAR

CYLINDER HEATED ON THE INNER FACE

P. H. Thomas and P. C. Bowes

INTRODUCTION

The notion of', tMrmal igzrltion .applied to the case~f an infinite plane
,. slab with one face maintained at a 9o,,"stant high t'emperature, while the other

face loses heat to the surroundiDgs\1}, has provided a liseful quantitative
model for till} ~niUon of tliic~ layers of combustible solids in contact with
hot surfaces~2}: . . . .. . -

This note'give,s 'tbe'correspondirtg c~lculations for the case of an infinite
hollow circular cylinder with the inner face maintained at a constant high'
temperature. The results are relevant principally to the practical problem of
fires in pipe laggiDg~:

As usual, the approach consists of a determination, in an approximate manner ;
of the limitiDg steady state for heat conduction in the body, with heat generation
in the body varying 1Vith .tempera.ture in accor-dance with the Arrhenius equation•

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

,- , ,

The genera]; llteady~state. solution of the conduction equation for an infinite
hollow circular.cylinder,with heat generation Qfexp (-E/RT) cal cm-3s-1 and
using Frank-Kamenetskii's expOnential approximation for the Arrhenius te~, is(3)

e
where F and G are integration'constants and

· • • . • • •• (1a)

· . • • • • •• (1 b)

E.'
. :t -~p

Qf E 1"j. Q..:

K~"T'1p

• . • • • • .• (1c)

At the inner face of the cylinder we have the boundary condition

x =,
.00 ••••• (2)



Employing the Semenov - Zeldovitch approximation, i.e. that the maximum
temperature in the steady state occurs at the inner face; we have also

o z = I "'0"" (3)

which, as indicated elsewhere (1), is equivalent, to supposing the hot face to be
in contact with a perfect insulator.

With this' condition, no non-oritical solutions are included in equation (1)
and the Frank-Kamenetskii parameter 'S has its maximum value 8. From the more
general consideration of non-stationary behavf.our- (e.g. ref. 4~ we DlB\Y expeot
that for~ >- '8 , the temperature in the cylinder will increase to high valuesc .' ,
associated with combustion or explosion; Le. ignition will ocour ,

The most general boundary condition for'the outer surface in the steady state
equates the heat flux on either side of the surface, i.e.

where'the subscripts s and 0 imply T, = T and T = T respectively in 9; and
0< = hr/K. This will lead to Sc as a f'ikction of ~ree variableO(, 9

0
and zs'

for critical states. Since, for practioal purposes, we are mainly interested
in large values ofo(, L,e. 'in situations where' the surface temperature of the
cylinder is not much above ambient, we shall adopt the simpler condition

, , , '0' •• (4)

and either put Gs = Go' or, better, baseGs on a surface :empe(~5ure calculated
on the assumption that the material of the cylinder is J.nert •

From equations (1) and (3)

and, further,

.• " .... (5)

~ :
Co

0< G- < ,

- 2 -

... 00 .. ' (6)



From equations (1) aild (4) ".J-.

'..~~

These last three equations yield ~ as a ·function of z and g However;,F . ',0" ,s s ,
for Gz ~'1, equation (7) can be' simplified and combined with equations (5)s ~ .
and (6) to give

"..

,'.

. . (8)

" The' error in S', incurred in the siDiplification of ectuation (7), is less
than 5 per cent f6'r~G~F>40'-which proves ,to' be a condition easily fulfilleds ' , r

in the range of practical ·interest.. ·· . ..,j ., , '.' '. ", *'
* Equations (6) and (8) have been jiaed to' calculAte Sc, in Fig. 1,' whe're
~ c is the critical 19nition parameter express.ed oonventionally in terms of the
semi-thickness of. the cylinder. n11; i.e.

~* ':: a ('2'$ _...!):t,
c ' c ~, '

Th~ limit '0, f' <,if- forz."~ 1.
°c s'

,'Q
s

is ~\!,e and, f'rom equations ('5),' (6)- and (7) we have
,,'

"- -. ",

....... '" .

.r":..-..

-

:For tQs(?~ ~ ... and,·zs~1., "~'~'tion '(10)c~n be satis~ed o~ly if G is' close

to uni ty • ~ c then approachea infiJdtY ~ but S:-appr-oaches a rinite limit and

may be eva'Iuated as follows:

For G~ 1 ,. equation (10) becomes

19
s
1 ~ -t.,. ((It- z!'-? I.

[ 4 ~s=4 ,?

for large

-3 -



and

Rltting Zs = 1 + a, where a~ 1, and noting that

""" i:,:,.. '-; fn' r: 7> 1
"" -)~ -- • "'f, ,U- c., .' .... ,,_,:,:.. ,,', :.... ~: ,_".: , .

: ~,

•

....... e .....

we have, finally,

" , " .' i
'( r8~1'+ '.1+)"-- ~

This ':Ls the expr'essdon obtained earlier(1) for. a plane slab Wi.th one, hot,
face in ,contaot' :with. a .perfeot insulatol;" (L,e !for the condition dQ/dz =' 0' at.
the hot fa.ce), with 0(» 1 and for t6,1 > 5. '.Thl;ls , as is to, be expected;
a thin-walled hollow cylinder tends to behave as a plane slab.'

. .(\.*" '
The erro~ in tJ ','_____............_',c '

... '.. "

' .. ..

- " .
As for the case of the plane slab with a large imposed temperature gradient,

the use of the Frank-Kamenetskii approximatio~~orlarge values of Q requires
o0J!.lID-~nt.. .~$timation of the error in f>'o due, to, the extended use (of the approximation
showed that it was less than about 9 per cent for the plane slab 1). :For practical
applications of the kind envisaged an error of this magnitude in Sc is neg+igibJ:e •

. ,'
Initially the use of the approximation was justified on the grounds that in

the region where it ceases to hold, Le. towards the cool face.of.the slab, the
rate of heat generation is negligible oompared with the ra.te·in the region where
the approximation is good and, hence, the error in' g near the cool face will have
little effect on the ignitiqn crite~on. Sj"noe, for the hollow cylinder", ,the
surface area increases with' radius, 'the temperat'ure and , hence, .the rate of heat
generation, will falloff more rapidly with distance from the hot face than in
the case of the plane slab. It is to be expected, therefore, that the error in
~~for the hollow cylinder, due to use of the Frank~enetskii approximation
will be no greater than for the plane slab and may even be markedly less.

.. .' .

.,
, APPLIcATION

Experimental results are" available foi" the igni'tiqn 0 f plane slabs of wood
fibre insulating board in contact with a hot Burf"ace(2). With the aid of constants
obtained f'rom 'lhese results, the above analysis will be used to estimate' the critical
condi tiona for ignition of this material in the form of oylindrical lagging on pipes ..
Although this' example is unlikely to. occur in praotio'e, it serves to illustrate the
application of .the analysis ,a.:p.d,"Ln partic~a.r,., the effect of the cylindrical
geometry.' " .. . " . ; ... ' ,'~ .. , ,"

From equations (1C) and (9)
" .

. • , ,'J... - £.

fi: ( KR.)~",~
:= 2. T ~* r;-e.-- !l-- .:P Co Qr " :,

-4-
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*"
whe±"s·., be ,corresponding, w-valuea' o-f:'f.,S, ~.~S: .~p:p~P.~t~" to 8:. parlieula.:r caae,

i..e obtained from Figo 1 .~ the cons.tants' have the fol1~·:YfL:I;.u~s for,.wood, <"
fibre iJl.aulating bfI1J.rl~ 2i :.-:

.. ','." ' .. ..' '." I '+.' l, , .... .. S- ," :' " -3' ~1 "
.>: Qf -., 3:,.47 x,tO . c.al ~ ;s.,· ,',

, . ", , '. ',' ·-f· :."... ,;
E = ,25,300 cal mOle, '.' "

K =' 1.2 x 10-4 cal em-1'8-1:oh":1,
,I .... "f:

Aasumi.ng -the lagging to be inert, we hB.ve .the 'following equation for the·
steady sta:t;e at :the. eoe'l, s':1I'face =,:-:

' ..
. '." : ".'

(.13,)
. .~.- .

: , " • ,: : I.. I '.' • ~ • I

where the:'left ,hand.stde·. represent~',theheat·loss".to .the ,suTr~ing~'by'" '
conrectd.on and rad.:ta'tion and is' oa:I:cU1ahla by' .standard methoa.sl 5) . Here, we
shaH oonsider hcrrizontal pipS's in still air f9r which the heat loss i:g'

q·fjx IO-~- (r. -"'X::, + ,,37 X,O-'2 (1$>' T.~) c...L CAo.-
2

S-'

.( ;t.~~), ',;.':., .: ' ".: ., " ... "

• ~ I I ~:} :', •., ,." • ,.,

I, ••:.,u.EW~1,1y,;-.:Tp''''~O:B,JXd.):'1-~·P:·.be.. g.t;V~D:~~}·~.~.~s mus~ then be found tp.

aatisfY equations (1"2-) .an;d,(f3~) aimultaria~ly.:, ..: ..

. .: ."C~C1JJAtsd fn this way, the relatiOnship' between, ignition temperature and
thi.c:knesB is ahO'wn.. iri' :Fig. ?' ,~-r wo~d fibre.:imm:tat:ion on pipes of external
md-illS 1 ~7,(jm' (nomi.nal,f in :B~S·.P.) and 16'.5 cin (nnm~na1. 6 in B.B.P.) for an

I. 'ambient"~sIitpe'rat:ure'of' 150C..·.For;compa..rlBoIr;:.tha relationship .for plane, .
s.lab.e of 19Qad fib:::"8 insu1.a-tion is a~~ shOwn,! and the ol'di~tes for standard
lagging thickriessea of 1inand 2in are given.. " .

The practical implication of oalculations of this kind are to be df.acuased
more fully ebrewhere, but the following pOint may be noted. For 2in lagging
on nom.inal 1in. pipe', ~a d.s 4-,. and this is' the hig¥,St value' a;fz likely to
oocur in pI'aotice;. in' this' case the cylindrioal geometry results in: an
ignit.ion tempera:tl.tra af about 30~C higher' tb;azi for the 21n planeal,a"Q'­
Reduction j.n' ,thi,cknesa f'rom 2in' to 1in: increases the hot surface temperature
for i¢tion by 25-30?C.

UBual1.y', '~he (lov.s"i;ants required for' the above caloulationa will not be .
known and it will be V.306.8.sB.ry to carry out exper:4iental determinations of the
m1.n:i.mum ignition tempe.ratura for at least two· thicknesses of

2
lagg i ng . i The

COn.B·~ants can then be obtained 'from the pl~t of loge 4 b:Tp !(r2-ri
) 1!! 1/Tp~

which is ~inear wlth slope of - E/R. Initially, an asaumed value for E must be
used in calClulating OS' for tile. pUI1>0ae of O'btaining S~ this is then correoted

:f'rom the slnpe of the- final p~t. This graph, proVides a means of linear
lnte:rpola'i;ion and extrapolation.- When, as is the case for fairly thick layers,

+Values fOX' Qf gi:vsn in Table 6 of ref. 2, ~. '~or.r;-ect. Those for mixed hard~
wood sawdu.s't must bemuJ,tiplie.d by 6.75 x 10- and those for 'WOod fibre insulating
bdB.1."'"1i by 7. 30 x i 0-2 •

-.5 -.



the variation of es is relatively small and can be i.8nored, the necessary calculation

is simplified considerably~

Fig. 3 compares the caloulated critical temperature distribution for self~heating,

in 2in of wood fibre insulation on a nominal1in pipe , ,with the temperature distribution
in the absence of self~heating. In the neighbpurhood ,of Zs =1.5, self-heating leads
to temperatures of about 300 C higher than in the absence of self heating.

The temperature gradient at the cool surfaoe, in the presenoe of self-heating is
given by

,
'l":t

and, for this example, is' -29.9°C/om. This is 18 per cent higher than the gradient
withoht self-heating (-25.4.oC/om) and, for the system to be stable, requires an
ambient temperature of about 120C inStead of the 15°-c aasumed in the oalculations.
This adjustment is negli.8ible and, at leaat in the range of practical.interest; the
method estimating g , based on the assumption ,that the lagging is inert, is seen to
be jus tifiable. s
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FIG.1. IGNITION CRITERION FOR' HOLLON CYLINDER



IIbo56 F.R. 685 , . f •

108

rl =1·7cm (1 in SSP.)

rl = 16·5cm (6 in S.5.p. )

lagging'

~
I
I
I
I
I

I
I
I
I
I
I
I'
I
I
I
I
I
I
I

I 1 in lagging

V

2200~-------~--------....--------~-------~------~o

39J..----,r-r------------------------------------------,

u
o

I
w
u
Lt 3
0::
::>
V}

b
I

I..L.o

FIG. 2. TEMPERATURES FOR IGNITION OF WOOD FIBRE INSULATION



300------------....,.....------------.

u 200
o

I
w
0:::
=:>
l­
e:{
0:::
W
a...
2:
w
I-

100

\ - .

Ts-

43
r

Z =r
I

2
A

0 ....------......------.......------....
1
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