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the spatiel variatian
in symmetrically heated bodies is oItex assuzed to be wniform
and an effective surface truasfer coefficient is defined s0
thet the anelysis of self heating problens can be sizplified.
T+ 45 shown herc how this approximation can de axtended *o
ellow for a known degree of surfece cooling.
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Introduction

The thermal theory of explosion(l) is derived from consideraticns of
the thermal balance of a material in which heat is lecst by conductian to
the surface and in which heat i3 generatei by a temperature depeadent
reation. Because conductiaon heat loss varies linearly with temperature
while the rate of resciion increases faster than linearly, equilibrium is
only possible wder certain candiilons, and the problem is to £ind these.
In this paper we chall cemsider an approxizate method by zmeans of whick
the problen can be reduced to the sizple formulation criginally given by
Senenolf even witk n boaundery candition invelving surTace cooling.

Ve s4suze & zero order resctil ing the Arthenius Lar and an
isotropic material with themmul and 2 ca zrties that are independent
of temperature. The canventiomal pe; for the canservation
of heat beiween heat conducticn ; 2t s neat generation for the
+ransient stnte may be wrilten
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¥ost of the notation fell pte ; : her auitheors oo this subject,

Thus 6- = =y e mersicniess texperature

and k is a nunber mhich is zero for the slab, 1 for the cylinder end 2
for the sphere
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We have the boundery conditions

a--.

and B e whe surdace cocling soednonent & \/ are
surface ares and woluses hg ex;\:ms:ian scoetimes used in the literzmiuve
(l‘f

HS/\/ reduces here *- HiT.

This approximation pas been widely used, in sarticular Oy
- -~ - ~ : oz - o -' a = ; "'1’ ~
Frapk Xamenetaki in his treaiment of tne cratical pa:‘z:.ct:r\ <i, Gray uad
Ea:pc‘:(f') have =mployed the quadratic arnproimaticn.
—_— E’-_
—
o

z : y U726+ 9)
in the approxioate f'orm.

The equation {o¢r transient oroblisms is greatly aimplified 4_1-(24-)(5) (6)

KX
e R3S e rem (+R)E 6 -
é—-z-.,.z 52 canbe replaced by, Say (Hp‘)ft where ﬂ‘l is some
cmatant. Such a replocement gives the same quation as Semenost's{l)
original sssurption tnat the tewperature is uniform except that the canstant

replaces ihe real transfer coeficient §Y/X i.e, oL . Using this
orm of equation 1 we find the critical values of 5 given by
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-~ When J-s propertiana

¢7 .
ol if a constant we see Irom

does not volve A and anly —/,-,?
Senenoif's criginak 10..»\14.6.._1\1‘.\1, .

by -1 &»ﬁec‘ocs Just the 3%..c 28 B L3 deline some arbitTrary heat
+ransfer coefficient, liere ™ : K Lientified with o~ physical

parpzmeter but it is expect cod to T oa T ien X and approxanately

equal to when Of—> O, Franx Xomenetski '/ haa un fact usedqua?icn ]
tc obtaixn the particular val shot ~ives the correct value of

for c.(«—ya- . The exa:t ac: nas been ;.,.ﬂ-’cl‘.l(o) for
wn arb trary value of of but i A > ain a more Ilexible
apn“ox’.ma-.c resuli. We show Gl JERAE Twe e var.ots earproaches in
Pig.l which is dagrrassatic.

Han aloolony 5

srommacis variaticon of  wiih

av oL &

The line tangential to the scluticn at rerc 15 SemensY's scluticn.
i.e. equation 4 and OQ; .5 Frank Kasenetsici'si2) for 0x‘3\-0 Their
intersection deternines %he =ffective “ran f'_-r coefficiant as defined by
Frank K \ex:mc*skl\l) and denoted by Pos . 1%t has values 2.4, 2.7 and 3.0
for the three con.“igunt on k - o, 1 ana 2, We row wish to find a value
for A (< B> that inseri~d inte equation & it gives ¢ for any value
of "ol . This can then be utilised for approxizate methods in transieat

problens

First aporoximate xmethod

The first of two methods is an cx‘wz\imx of a device used by

[

Frank kemenetsid(7). The approximate equation iz

&
— [/ +-ﬁ2)/§ o = %%% —d e I )
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. Por an inert solid the equaticra becomes the quasi-stationary approximation
* to the orcdinary heat conduction problem, which can readily be solved, We
have ihererfore to sclve equa:ion 1 with  zew the boundary conditicms 2
and 4 and a suitadle initial condition, which fox canvenience we choose as
6=p, att=o0. For the sphere the sclutian is 9)

7 - -
-ra (a..‘r@i-') Vokzan, Smas

= 4 (X 8 <
6 32 I—-\ Q.l/q~1 - a((d.”),)

mn=/

whers Q, is soilutian of

ceeess(B)

However, all we require is nich is expensntinl in tiee as C tends
to infinity. Onily the firs L) is important end this zatisfies

cereea(?)

so that if we compeare equation 7 wiih ciuaticn __;r we nave

p
3/>1 ceereo(E)

-
-

rank Kezenetsld used the boundary condizion of =360 for which &,
equels i which freo oquations iiand 8 gives & squal to 3.64 compared with
3.32 for the exact sclution (with the Arrhenius terw approximated by the
exponentiel}, Q, can readily be obiained froa tabulated solutiens of
equatior (6) for =ny velue of X . Hence froo equation (§) Ba  is cbtaired
and from (4) ¢ is obiained., Similarly, for the cylinder. using the solution
for canduction in an infinite cylinderil0) we obtain 2 from

28 = 4

pi
u.'oo.(s)

where ”[/ iz the first root of

/é/ ICAJ O(J:u’:) eeveen(10)

Yo and Jy are Bessel functiaas of the first kind of order zero
Similarli-for the nlab

cecves(1l)




Aao(-—?c it cen be readily shcwn that
O\ —ry J-';:‘(
Jﬂ dch
. €, —*doL
so that from equation (8). {9) =nd (11) we have

whers o —> O

which satisfles equation L. Cuxrves of ¢ as a fimction of ol using
these ‘approxinations are shown in Pig.2..

The seécnd approximation method

Thesaoonda@gmﬁna“imistom‘ 9 equal to 80 onthe:d.ght-hwd
side of equation 1 where 8o is the value of the maximm teaperatwmry at
zer0 X . We can.now scive the trapsient and steady state equaticn and
we-shall used the steady state solution tc obtain the value of
Equation 1 can no~be integrated in the steady state to give the
dstribution e

Y

)
R

=6, — cx .= --'-r'.(?f')

2.1+ %)

. 5 (1R)
Wovthugwcscri:.mlvaluesofé'f*4 finite A of 3 )
0.7k, 1.47 end 2.2 instead of 0,86,:2.0 and 3.32 for the thxee velnes of k
The correct values for infinite & would be obtained "mm add.s‘tnbnﬁ.m

4

f= :

& - G
=6 — Je [z, e
Boo (l+k) : -

For the bomndary condition equatian (3) anc’ "froz equaticn (1) we
. obtain the critical conditicn as

°=/ (/rR)

[ _L) e cecera(15)
© _ Comparing (44i) snd (15)?% for the ei‘.t’ecﬁ.vevtmn‘si‘err .
?oetfiod.mt o




asﬁ.nplca.dditivc relation quoted by Gray and Harper{3). The terms k8 axe
ratios of a surface transfer cosfficient H to zn internal resistance N
sotbeabm‘omﬂ&naybemgardedasthcadd:imofnalandhnothe‘ical
,m:stanoes surface mes in parallel, or .ntc:mal ones in series,

Vhlues ofc( calculated this way arc shosn in "13.2.

o Ih7sufaa temperature Qs-is obtad.ned fron emt..ons (14) and (15) as CE
’ 9 - ) —_"' A . R
s = o
/3@( Iy SO
l’aic.h is oouparod in Pig.3. with the exact solut:..cn to equt:.ms 1, 2 and B

o While the effective trensfer. ooeff:.c:.mv /9 iz an apprczma.tzm wiich -
is satisfactory for predicting ¢ and also £f it Qoes not belp in assessing

‘the maximm texperature which varies between X and 1.6l because this
epproximate method is based ao a distortion of the tempera distribution. ~
amd- gives @oequal .omity at the cx“...ca&..tate-w Indeed :.zgenerally
less sensitive to spproximaticns them ic &L . I-‘or emzzplc if the coarse

a;’:p}*oﬁaatiqmof )
" ~ /+/;ze

is euplcyed we obtain

(1+ R)A. 6= - //+/;7_7_@)

. : I3 2
1€ C; < ( ’;—__)_L—

- W72 !
whichis correct ic 60 per ceut. However, ,,9*}”_- mspcnchns volue of ﬁ is
infinite and the model has broken down qua.lk,"\.:}‘ «:ly
, If the approximation of 6’4 &}/g@ is used farﬂ O we cen uvse it for-
tmrmient states below the ':rit:.ca. vhere the texperasture distribution
“more wnifera then it is at tie critical, In irunsient siates where ff>f

- the distributior may be less wnilocm and the aprroxiration would be accerd~
_ingly less vaiid. However, the canduction texm ig gf order of magnitude &
. while the rate of gemeration of heat is of orderde” so that es o

-increases the conduction tern becomes less important than the gmemtion
and capacity terms.

- The error in making the exponential appm:d.maticn to the Arrenhius term
igobtainedﬁmtbcmcthuatim. . IQT G

- & T =
& _ &0
e e <

"'Bytreaingthctemin'b tiasmtywehmmfact,nwn'cdm“
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N < . AN R SIDUEE
Taking & as 1,61 (for a'm’Phc!‘e)'reQ; and\f ’5_5 xs 25 'e , ,f :

ST RT & B
the factor € o be sbout 0.88 so that we have wnderestimated &
Yy <dout 108. It follows that the approximaticn based an heat canduction
* theory for am inert material (the upper spproximaticn in Fig.2) may be -
pore accurate than it in fact appears becanse the 'exact' theory gives a
slightly low value, This method can be employed for more complicat
" “shapes{7). ' T ' ' T )
For symmetrical materials equeticn (16) is a simpler relation then =
those given by the roots of equations (B): (10) and (12) and in practice
is likely to be equelly as gocd, though giving too low a value for o
whereas the others give too high a value.
The use of any of thiese formulae enables ore To discusa simple R
iransient self heating or thermal explosion problems without the necessity . " -
of postulating scme artificial transfer coefficient unrelated to the real o
cenditions of the problea. 2

References
(1) Semenoff, N.K. Z,Phys, Chen. 42, 1928, 571.
(2) Frenk Kememetskii, D.A. Zmx.Fiz Kuim 13 (1939) 738.

(3) Grey, P. and Earper, ¥.J. The 7th Intemational Symposium on Cotbustim,
Oxford 1958. .

(&) Allen, A.O., Rice. O.K.. J. amer, Chem. Soc. 1935 57 310.
(5) Rice. 0.K., Allen, A.0. and Cambell, H.C., ibid 1935 57 222,

(6) Rioe, 0.X., J. Chem. Phys. 1910 8 727.

(7) Pronk-Kamenetaidi, D.i. “Diffusion and heat exchange in Reaction

‘ Kizetics”. 1947. (Tronsiaticn by N. Thom,
Princeton University Press, 1955).

(8) Themas, P.H. Trans Farady Soc. 1958 5 60.

(5) Carslaw, E.S. and Jaegar. J.C. Canduction of Heat in Solids. 1547,
0.U.P, p.203.

(10) ikid p.176.
(11) ibid p.99.

(12) Groy, P. and Harper. M.J. (In the press).

Fire Research Statim,
Borehan Wood,
Hexts,

—~ -




Exact solutions s
Aparoamation dosed on conduction mYnert materials
Effective transfer cozticient Qpgroximations
FIG.2 EXACT AND APPROXIMATE CRITICAL VALUES OF 4 1

=

N Sprere iCyhinder,

Excct solution using ¢xponential asproximation
to Arrenkius term

-7 Derived cpproximate solution using equation {16

3. THE EXACT AND APPROXIMATE DIMENSIONLESS
- CRITICAL SURFACE TEMPERATURE ©; AS A

FUNCTION OF o< FOR A SPHERE, A CYLINDER
AND A SLAB




	00001.tif
	00002.tif
	00003.tif
	00004.tif
	00005.tif
	00006.tif
	00007.tif
	00008.tif
	00009.tif



