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Abstract

The problem of thermal explosion in combustible gas mixtures
containing fuel droplets is extended to permit a more general temperature
dependent rate of reaction for most typical practical reactions based on
Arrhenius equation under physically reasonable assumptions. A detailed
numerical analysis of the resulting system of coupled non-linear ordinary
differential equations is performed to account for numeric exponent effects
relating to most typical practical reactions such as sensitized, Arrhenius and
bimolecular reactions respectively. The computed results reveal different
dynamic delay-type behaviours and are illustrated graphically in this study.

NOMENCLATURE

English symbols

A pre-exponential facto(l/ S)

C; molar concentration combustible gaseous mixtlkgp| / m3)

Cpg specific heat capacity of the gas phase at conptaskure(JK ’1kg _l) ,
E activation energy { / kmol )

latent heat of evaporationJ(/ kg )
m; molar mass kg/kmol )

numerical exponent

5

n, number of droplets per unit volun(en']_g) ,
Q specific combustion energyl/ kg )

Rd droplet radius (1)

RJ universal gas constardKmol i K -

t time (S)

Tyo

combustible gas initial temperatureK()

combustible gas temperaturK()

¢}
Greek Symbols
P density of the combustible gaseous mixthg(/ m3 )
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A thermal conductivity\Nm_lK _1)

e-mail: kolasade33@yahoo.com

¢ volumetric phase content (dimensionless)

g Stefan-Boltzmann’s constant

,3 dimensionless activation energy

y dimensionless adiabatic temperature

81 dimensionless parameter expressing competitiondsgtihe combustion and evaporation processes
&, dimensionless parameter expressing impact ofrtileradiation

& dimensionless parameter expressing heat releasety combustion and energy needed to evapordigehtroplets
l// dimensionless parameter expressing ratio of spemifinbustion energy and latent heat of vaporization
[ dimensionless time

Subscripts

0: initial

g: gas mixture,
f: combustible gas component of the mixture (fuel);
d: liquid droplets.

1.0 Introduction

The phase of research on combustion and explotiah®egan at the end of the nineteenth century and
continues to this day is associated with the ineantf the internal combustion engine, with the @lepment of
explosive technology and of internal ballistics &atillery, and, in recent decade, with the extemsntroduction
of jet and diesel engines. In many respects, thase stimulated the rapid development of combustmence
[31]. The procedure for thermal explosion in gasésch contain fuel droplets, has been of muchrate After
Semenov [25] developed the basic theory of phenomeof thermal explosion, models that are more
complicated have been suggested in [20] and [29].

The focus of this research work is therefore onltmg standing problem of thermal explosion and
ignition in a combustible gas containing fuel detpland its numerous applications to furnacestughies and
internal combustion engines [18, 20, and 27, 29, G0er recent years, the theoretical analysishisf problem
has been performed mainly by the use of modern atemp In this regard, there exist many computation
packages that have proved useful. These packagesleen developed to take into account heat and mas
transfer and combustion processes in the mixtugasfand fuel droplets in a self-consistent mafihand 21-
23]. This approach, however, is not particularlyphd in aiding and understanding the relative citmition of
various processes. An alternative approach toithielegm is to analyse the equations in some limitages. This
cannot replace computational methods but can congle them. One of these analyses is based on the
geometrical asymptotic method of integral manifd@id.7].

In view of the physical problem under consideratioone of these papers examined generalised
temperature dependent rate of reaction based dredius equation for combustion phenomenon. Thezefor
generalised physical model for thermal explosioncambustible gas mixture containing fuel dropleds i
developed in the present paper. The major intésefbcused on numerical solutions to the new systém
coupled non-linear ordinary differential equatiagmverning the physical model. Moreover, effectsiofmeric
exponent and dimensional parameters on gas tempergas concentration and droplet radius are tegdor
the following cases: sensitised, Arrhenius and Iéadar reactions, and delay-type behaviours ofntla¢
explosions also feature promptly.

2.0 Mathematical formulation of the problem

The problem of thermal explosion in combustible gasture containing fuel droplets is studied. The
problem is therefore extended to investigate sihatimmogeneous combustible gas containing evapgradeal
spherical fuel droplets while taking into accouengralised temperature dependent rate of reactemfe rof
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chemical reactive species for most practical reasti(see [1] for details). The generalised tempegat
dependence of the reaction rate (i.e. ArrheniusdPgaw model equation [1, 19]) is given as

n _E
K(T)= AT /T = .
(Ty) (g/ o) ex RT. @.1)

where Tgois initial temperature. In previous analyses, weenthat N =0 coincides with the models in

literatures (see for example [9-17, 22-24] andréferences therein). Fitted rate of reaction typidée in the
range=1< N <1. Classicallyn D{— 2, 0,0.5} for most practical reactions which correspondensitised,

Arrhenius and bimolecular rates of reaction redpelst [1, 4 and 6]. Theoretical analyses yield wvas
predictions forn. Thus, the system of equations for spatially hoemegus case of the physical model problem
taking assumptions in [1] into account is

LdT, o _E
Cpg¢g'090Tgng F‘Qfmf¢gcf ATgo Tg ex RJ—Tg

—aR A, (1 -, ) - 4R, (T - T
]Rdnd g0 T g g0 7Rdnda( g go) (2-2)

g0

dR, 1 Ay [T 1
& ip R T_Q(TQ_TQO)_L
t Py Ry g0 Py
-E +4ernd/190 T_g
Lm,

(Tg4 - Tg40 ) (23)

dc, e
@ ==¢,C AT, T, ex

9 gt 90 'g ] " (Tg _Tgo)

47RIn, 0
+—rfd (T, =~ Ty) (2.4)
f

The systems (2.2) - (2.4) includes an energy eguddr reacting gas, a mass equation for a liquapket and a
concentration equation for the reacting gas mixtaspectively. Initial conditions for the system:

T,00) =Ty, ¢, (0) = ¢4, Ri(0) = Ry, : (2.5)
2.1 Non-Dimensional Analysis

In this study, we introduce the following dimendass variables before attempting to make any
approximations:

(,-TLE R c t _
g =Yoo  e0/= n=— r=— t_,=A'expl/5). (2.6)
’ I:%ngo RdO CfO treact Ct

Using (2.6) in (2.2) - (2.5), the dimensionlesgeysof governing equations reads as:

Vi 5o ) 2% = pls ga, V exd — 2 |- ex{o, [a+ Ao
9 dT ¢} 9 9

1+ B34,
+ &0 |.(1+189d)4 _1]} @7
% - _%{ 6, @+ B6,)+&,r [+ p6,)* -1} @8
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d n e

d_,Z =-n (1+ ,399) ex ﬁ +£1¢/r{6?g L+ B6,) +&,r [(1+ ,809)4 —1]} (2.9)
g

with the initial conditions:

6,(00=0,r()=1and (0) =1. (2.10)
In equations (7)—(9) the following dimensionlessapaeters have been introduced:
C gng g0 ﬁ ﬁ RJTgO 4]Rd0nd/1g0Tgo:BeXpa/:B) £ RdOJ T3
& = 1 €2
Qi @, miCi A ﬂAgO

Qfm Cro

— AgOTgoﬂeXp@/ﬂ) w — &

PaARGL T L
The dimensionless system of equations (2.7) - (29)defined by the six dimensionless parameters
V. ,6’, £, &, £ andy . Remarks on the properties of solutions to tidlems (7) - (10) are reported in [3].
Some special cases of the system of coupled neasliordinary differential equations (7) - (9) andial
conditions (2.10) and related problems have beedied analytically and numerically fon =0 (see for
example [1] and the references therein). In thevesvthan =0,&, =&, =0 andn =0,&, =0, analyses
have been performed both analytically and numdyidgal( [8, 22-25, 31] and references sited thekein

3

3.0 Numerical computation

The dynamic system of highly coupled nonlinear atéhtial equations (2.7) - (2.9) with the initial
conditions (2.10) arising from the problem of thatraxplosion in a combustible gas containing fuelptets is
not amendable to analytical solutions. Thereforanerical solutions based on finite difference schesre
presented.

The finite difference forward approximation forsfirderivative of@_, r and 1] with respect to time
T are given as

dé, _ Oy~ by | o)

dr h

i: F R (3.2)

dr h '
and a7 a7 (3.3)

dr h

respectively, wherd is step length.
Substituting equations (3.1), (3.2) and (3.3) ietations (2.7) - (2.10)), we obtain the following

approximation schemes fd/_, I and/] respectively:

9,
8,..=6, +;/7 (8, ) ey 2 %5r(1+,80 No, [+ p8,)

gi

ver|i+a, ) -1 (3.4)
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Ma=r _r_h£3{ggi v (1+ﬁ99i) & [(l+lgggi )4 _l]} (3.5)

6.
n..=n —hn, (1+ Bo, )” ex 1+"2 +heyr, {Hgi 1/(1+ Bo, j

9i
+E [(1+ 8, )4 —1” (3.6)
with the initial values
6,=0, r,=1andn, =1 (3.7)

The numerical approximation schemes above are cmmion time histories of dimensionless gas
mixture temperatureﬁg, gas concentratio) and droplet radiug" for sensitized, Arrhenius and bimolecular

reactions respectively for various values of diniemiess parameters;, £,, 83,1/1, ,3, V.

4.0 Discussion of results
We present in Figure 4.1, convectional thermal @sipihs which occurs without delay for sensitized,

Arrhenius and bimolecular reactions whefy = 2.3, £, =0.048 &,=2, ¢ =15, £ =0.005
andy =0.001 We note that withn increasing, dimensionless temperatt@g and gas concentrati¢h
increasing, whereas dimensionless droplet ratlidecreases.

Figure 4.2 and Figure 4.3 describe thermal explesivith cases of delay-type behaviour. It is sbah t
initially there is a small yet sharp temperatureréase, followed by a moderate temperature riséexglosion
occur. In these cases, it is observed that the/delmore pronounced d# decreases. However, in

Figure 4.1a
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Figure 4.1: Convectional thermal explosion whey = 2.3, &, = 0.048 &, = 2,
¢ =15 £=0.005 y =0.001

the former case it is accomplished by a conceptraticrease, whereas in the latter concentratianedse is
observed. It is seen from Figures 4.2 and 4.3ab4 increasing, dimensionless gas concentrafjoincreases;
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dimensionless temperatun@g increases and decreases respectively, whereasiglontess droplet radiu$
decreases and increases respectively.

In Figures 4.4 and 4.5, analysis reveals that daoahess temperatufl*g , gas concentratidfp and
droplet radiusl oscillate before thermal explosions occur. Aftetially increasing up to the maximum value
of Hg the temperature starts to oscillate and then rev&ahdiness before final explosion. The oscilfetiare

due to the effect which is associated with headesn our system. The phenomenon is charactdriz@tcrease
and decrease in gas concentration after oscilti@spectively. It is worth noting that d3 increasing,

dimensionless temperatur@g and droplet radiusl increases and decreases respectively, whereas

dimensionless gas concentratifnincreases and decreases respectively in Figudesndl. 4.5.

Figures 4.6 and 4.7 illustrate thermal explosioith wases of freeze delay-type behaviour. Aftetidghi
increase in temperature there is a sharp decredeectfinal explosive increase. The entire prodasslves a
decrease and increase in gas concentration reaggctt is obvious from Figure 4.6 amgthat asn increasing,

dimensionless droplet radiug and dimensionless temperaturQg increases respectively, whereas

dimensionless gas concentratinincreases and decreases respectively.

Figure 4.8 shows the slow non-explosive case oflifmamic system. Note the initial sharp jump in the
temperature followed by the decay, the decay irctdreentration and final non-zero value of the thbpadius.
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Figure 4.2 Thermal explosion with delay and gas concentnaiticreases when
£, =3,6,=0.048,6,=2,¢ =15, = 0.005, y = 0.001 -
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Figure 4.3: Thermal explosion with delay and gas concentrafiecreases when

£, =3,6,=0048,6, =2, = 0.7, 3 = 0.005, y = 0.001.
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Figure 4.4 Thermal explosion with oscillating delay and cenization increases when
£, =5¢6,=05¢,=2,¢ =15, §=0.005, y = 0.001 -
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Figure 4.5: Thermal explosion with oscillating delay and camtcation decreases
wheng, =5, ¢, = 05, &, = 20,4 = 0.7, = 0.005, y = 0.001.
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Figure 4.6 Thermal explosion with freeze delay and conceiatnancreases when

£,=10,6,= 056, =2, ¢ =15, B = 0.005, y = 0.001.
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Figure 4.7: Thermal explosion with freeze delay and conceioinadecreaseshen

£, =10,¢,= 05,6, =2 = 07, B=0.005 y = 0.001
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Figure 4.8: Slow non-explosive system when

£, =3¢,=0048¢,= 01, =02 B=0005 y=000L

5.0 Conclusion

It was found that the dynamical behaviour of thstay can be classified for different values of four
key dimensionless parametets,d,,e3,y)) that arise in the analysis. Eight main dynamicahaviours were
identified: convectional thermal explosion, thermeaplosion with delay (the concentration of the bostible
gas decreases and increases), and thermal explegionscillating delay (the concentration of tharbustible
gas decreases and increases), thermal explosibnfiggéze delay (the concentration of the combuestids
decreases and increases) and slow non-explosieibelns.

It is significant to note that the phenomenon dhgdefore the onset of explosion is very important
from a practical point of view. Its dependence drygicochemical properties of the liquid fuel draplender
consideration can be critical in assessing saésiufes of a given dynamic system.
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