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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.
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~ LIST OF SYMBOLS

Activation energy

Pre-exponential factor in Arrhenius equation
Integration constant |
Integration constant

Total heat transfer coefficient for convection and radiation
Thermal conductivity

Heat of reaction per unit volume

Gas constant

Radius of inner surface of hollow circular cjlinder
Radius of outer surface of hollow circulaer cylinder
Ambient temperature °K

Temperature of hot (inner) face of cylinder
Temperature of cool (outer) face of cylinder.

Distance co-ordinate

r/r1

(=)
‘I?TE.? (7-7 )



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

E

‘by -

P. H. Thomas and P. C. Bowes

INTRODUCTION

The nntion of thermal ignitlon applled to the case of an’ infinite plane
slab with one face maintained at a z ?stant high temperature, while the other
face loses heat to the surrounﬂings has provided a useful quantitative
model for th? jgnition of thlck layers of comhustible s0lids in contact with
hot surfaces!?2

Thls note gives the' corre5ponding calculations for the case of an infinite
hollow circular cylinder with theé inner face maintained at a constant high
temperature. The results are relevant princlpally to the practical problem of
fires in pipe lagging.

As usual, the approach consists of a determination, in an approximate manner,
of the Limiting steady state for hsat conduction in the body, with heat generation .
in the body varylng w1th temperature 1n aocordance with the Arrhenius equation.

i ' THEORETICAL ~
The geﬁéral'stéédy{stafa,éoluﬁidn of’thé'ﬁonduction'eqnation for an infinite
hollow circular. cyllnder, with héat generation Qf exp (-E/RT) cal cm™2s~1
uging Frank-Kamenetskii's exponential approximation for the Arrhenius term 15(5)

O = L9 S(ep T

where F and G are intégration constants and

- T-T, '
6 = 772 (T TET

Z:T/,r’ T‘;\<’Y _<‘T2 rnestenan (1b)

§ . QFETe

caerane. {16)

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

=0 ol  x =1 cerenes (2)



Emplioying the Semenov - Zeldovitch approximation, i.e, that the maximim
temperature in the steady state ococurs at the inner face, we have also

dé _ 0 z = | cenaoans (3)
Iz ot

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

With this' condition, no non-critical solutions are included in equation (1)
and the Frank-Kamenetskii parameter ¥ has its maximum value § . From the more
general comnsideration of non-stationary behaviour (é .. ref. L) we may expect
that ford > 3 o3 the temperature in the cylinder will increase to high values

associated with combustion or explosion; i.e. ignition will ocour.

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

_ ;(6_4_5 ~_—.D((9g'9o) oA Z“";Y’/y‘ = Xg
x

vwhere  the subscripts. s and o imply T=T_ and T = T respectively in 8; and
ol = hrz/'K This will lead to §, as a fiinction of %hree variablec, 6, and z_

for critical states., Since, for practical purposes, we are mainly interested
in Jarge values ofo{, i.e. in situations where the surface temperature of the
cylinder is not much above awbient, we shall adopt the s8impler condition

6 = O A Z T z; e (1)

and either put Qs = 90.01‘, hetter, baséQE on a surface temfefa ure calculated
on the assumption that the material of the cylinder is inert 2 .

From equations (1) and (3)

F -G _ 2 : veensass (5)
)+ G

and, further,

3G -
DA 0<G < I creeenns (6)

i



From equations (1) and (%) B T

. S 2 :
2F G-Zs : S
63 —_ e 2 sewsoewy (?)
S.(1+ st_ c) :
These last three equations yields as e function of Z and @ However,

s,
for Gz >>1 equation (7) can be simplified and combined with equa‘tlons (5)
and (6) to give

s = 96’3@(“'?%) - 74_*—5 ‘e"?!{x‘ reeeee. (8)

.

The error in 3, incurred in the simplification of equation (7), is less
than 5 per cent for Gz, F>l;ﬂ - which proves to’ be a condition ea.s:Lly fulfilled
in the range of practloal 1nterest ' i

Equations (6) and (8) have been used to calculate Sc, in Fig. 1, where
%c is the critical ignition parameter expressed conventionally in terma of the
semi~thickness of the cylinder wall; i.e.

The limit of: St for z—> 1

CH is'q;rer and, from equations (5), (6) and (7) we have

9.'_;2)2
es‘ - - &30- ) +G Z,
o +6) 2,

vereesan (10)

‘For [9 |> o and z —7-1 equation (10) .can be satlsﬁed only if G is cloge
to unity, 9 then appmaches infind ty, but . S approachés a finite limit and
may be evaluated as follows:

For G-» 1, equation (10) becomes

: A2
{y. G
lgs‘ ~ &94 (' Z:;é';)

{0‘3“7;_5‘ , : for large ,9,'



Putting z, = 1 + a, where a1, and noting that

5 = @ct) /&""G_?l_"

and

we have, finally,

o o (alera)
[ -~ g*

This 4is the expression obtdined earller( 1) for.a plane slab with one, hot
face in -contaoct with.a,perfeot insulator (i.e, for the condition d9/dz = o at
the hot face), with & 3> 1 and for |Bs) > 5. . Thus, as is to be expected,

& thin-walled hollow cylind.er tends to behave a3 & plane 8lab.’
(\* ~ . . . N .
The error :m E

.. (1)

pi

As for the case of the plane slab with a large imposed temperature gradient,
the use of the Frank-Kamenetskii approximation for large values of @ requires
comment., _ Estimation of the error in S due to the extended use ,of the approximation
showed that it was less than about 9 per cent for the pla.ne slab( For practical
applications of the kind envisaged an error of this magnitude in g is negligible.

Initially the use of the approximation was justified on the grounds that in
the region where it ceases to hold, i.e. towards the cool face.of.the slab, the
rate of heat generation is negligible compared with the rate-in the region where
the approximation is good and, hence, the error in O near the cool face will have
1ittle effect on the ignition criterion, Since, for the hollow cylinder, the
surface area increases with radius, the temperature and, hence, the rate of heat
generation, will fall off more rapidly with distance f'rom the hot face than in
the case of' the plane slab. It is to be expected, therefore, that the error in
9 for the hollow cylinder, due to use of the Frank-Kamenetskii approximation
w:Lll be no greater than for the plane slab and may even be markedly leas,

D ... ... . APPLICATION oL -
Experimental results ars available for: the ignifisn of plane slabs of wood
fibre insulating board in contact with a hot surfacel? With the aid of constanta
obtained from ‘these resulis, the above analysis will be used to estimate the critical
conditions for ignition of this material in the form of cylindrical lagging on pipes.
Although this example is unl:..kély to.occur in practice, it serves to illustrate the

application of the analysis, and “in pa.rticular, the effect of the cyl:.ndrical
geometry.

From equations (1c) and (9)

. ST E
KR li - z-rp - . ...
v -7 = 2T, [5F ( EF—) Ioake R co (12)

Rl



x
whexe. Sé’ corresponding to-values of Zy . and G a.pprnpriate to a particular case,

is nbtaired from Flg, ?nd the consta.nts have the following values for wood. .
.f‘lbre JLSu]a“bi:lg bﬁarﬁ.

Lalakl o o
T = 347 x 108 ol om 33 o
"B X 25,300 cal mole,
K 12x10-’!"ualcm 31001

(R

Assuming ths lagging to be inert, we have the ‘following equatlon for the
ateady stale at the doel surface:-

WMT-T) = 5 VT e 9

where the’ left hand side represents. the heat loss.to . the surroyndings by
convection and radiation and is calculable by standard methods\?)., Here we
shall consider horizontal pipes inm still air £or which the heat loss is

)l 23 -

~2_ A -l
quEOI (T_,;zr' + |37x;o' __ﬂ?—’Tp) el ow’ts
S (2m)Y S

Pl L (ST oy

Usua,lly, :'1‘? 'l‘ and r1 Will be gi,ven a.nd. rz

'saulsfy equations (1‘2) .and . (13) slnmlta.neaus],y

a.nd T must then be found, to

Ca.lculatsd in this way, the relationship ‘hetween ignition temperature and
thickness is shown in ‘Fig. 2 Por wood fibre.insulation on pipes of external
radius 4 7um(mmna111nBsp)a.nﬁ165cm(nmimlsinBSP)foran
" ‘ambient: tamperaturd of 415°C. For: oompariaan, the relationghip for plane

slabs of wood fibre insuiation is alsc shown,' and the ordinates for sta.nda.rd
lagging thickriesses of 4in and 2in are given., -

The practieal implication of calculations of this kind are to be discussed
more fully elsewhero, but the folleowing paint may be noted. For 2in lagging
on nominal {in pipe), %y i8 4, and this is the h:l.ghast value of z_ likely to
accur in practice; in this case& the cylindrioal geometry results in an
ignition temperatuxe of about 30YC highér ‘then for the 2in plane slab.

Reduction in thickness from 2in te¢ 1in increases the hat surface temperatura
for ignition by 25--30%C.

Usually, the corsbants required for the above calculations will not be
known and 1% will be rsoassary to carry out experigental determinations of the
minimum iguition temperature for at least two thicknesses oleagglng.z- The
constants can then be obtained from the plot of logg 4 S‘ T /(r2--r,i Vs, 1/T' :

which is linear with glope of —~ E/R. Initially, an a.ssumed value for E must be
used in ecaloulating 0 for the purpose of obtaining 8 this is then corrscted

from the slops of tha fj_na.l plot, This graph provides a means of linear
interpslation and extrapolations When, as is the case for fairly thick layers,

“*Values for Qf ziven in Teble 6 of ref. 2, a.rg incorrect, Those for mixed hard-
wood sawdust must bermﬂ.tiplieﬂ. by 6.75 x 107 and those for wood fibre insulating
boerd by 7.30 x i0™2, :



the variation of 98 is relatively small and can be ignored, the necessary calculation
is simplified considerably. '

Fig., 3 compares the calculated critical temperature distribution for self-heating,
in 2in of wood fibre insulation on a nominal 1in pipe, with the temperature distribution
in the absence of self-heating. 1In the neighbourhood of z, = 1.5, self-heating leads
to temperatures of about 30°C higher than in the a.'bseme of self heating.

The temperature gradient at the cool surface, 1n the presence of self-heating is
given by S
X .
dT _ _ R _4_ . L
oL T E J-G- Ta

and, for this example, is =29, 9 /cm. This is 18 per cent higher than the gradient
mthout gelf-heating (—25°L°C/cm) and, for the system to be stable, requires an
ambient temperature of about 12°C instead of the 15°C mssumed in the calculations,
This adjustment is negligible and, at lesst in the range of practical Anterest, the
method estimating Q based on the assumption that the lagging is inert, is seen to
be justifiable. ' '
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FIG. 3. CRITICAL TEMPERATURE DISTRIBUTION IN -

WOOD FIBRE INSULATION (2 INCH LAGGING
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