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Abstract Spatially homogeneous thermal explosions governed by a three-step chain-branching kinetic
model are described in the asymptotic limit of large activation energy for a range of chain-branching
cross-over temperatures. The model consists of a sequence of chain-initiation, chain-branching and chain-
termination steps. Temperature-sensitive Arrhenius kinetics is employed for the initiation and branching
steps, while the termination step has a temperature-independent rate. Marked distinctions in structure
arise as the magnitude of the chain-branching cross-over temperature is increased relative to the initial
system temperature. Attention is focused on the regime where the chain-branching cross-over temperature
is close to the initial system temperature. Results are also obtained for the fast and slow explosion limits
where the two temperatures are not close.
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1 Introduction

Ignition of a spatially homogeneous exothermic chemical mixture is characterized by a marked rise in
the rate of temperature growth. Temporal evolution of any subsequent thermal explosion, as well as the
structure of the ignition phase, depend strongly on the chemical kinetics. Examples that have received
considerable attention include one-step thermal decomposition models, and multi-step chain-branching
reaction schemes.
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For a one-step process with Arrhenius kinetics at large activation energies, Kassoy [1,2] gave a complete
asymptotic description, from initiation to completion, of a spatially homogeneous thermal explosion. After
an initial induction period, in which the variations in temperature and fuel concentration are small, ther-
mal runaway takes place over a much shorter time scale. Significant changes in the temperature, together
with a major depletion of the fuel concentration, occur exponentially fast. In many practical gaseous
systems, however, one-step models do not provide a good representation of the actual kinetics. Nor do
these schemes possess a critical initial temperature that defines the explosion limit delineating a distinct
boundary between fast and slow reactions, which is a property of many gaseous systems [3, Chapter 2,
Sect. 8].

Gaseous reactions often proceed through a sequence of chain initiation, chain-branching (production),
and chain-termination steps [4, Sect. 2.3.4]. Examples include oxidation of hydrogen and the combustion
of gaseous hydrocarbons. In most cases, the role of chain-initiation reactions is to decompose the fuel to
produce a small initial quantity of chain carriers (free radicals or atoms). The chain carrier production
rate and further decomposition of fuel is then accelerated by the chain-branching mechanism. Termination
reactions, where most of the heat of reaction is released, deplete the carrier concentration and lead to the
final limiting adiabatic temperature 77, . In practice there may be many initiation reactions, but simplified
descriptions assume that all of the chain initiation processes can be combined into a single one-step global
reaction. Similarly, the chain-branching and termination reactions are represented, respectively, by one-
step processes. A detailed description of the particular chain-branching model employed in the present
paper is given in [5]. To describe thermal explosions for such overall three-step schemes, it is convenient
to introduce an initiation cross-over temperature 7, at which the rates for the initiation and termination
steps are equal, and a branching cross-over temperature 7} at which the branching and termination rates
are equal. For ease of discussion, we assume that 77 is greater than either 7, ; or T}, although the relative
magnitudes of 7, ; and T} are varied. Reaction rates for the initiation and branching steps are governed
by Arrhenius kinetics in which the inverse (dimensionless) activation energies are small. Using ¢; and ¢,
to denote these inverse energies, it is the limit €; < €, < 1 that is considered here.

If the chain-branching temperature is significantly lower than the initial system temperature 77,, the
small quantity of chain carriers produced in the initiation reaction multiplies rapidly in the chain-branching
step, and is then depleted during the relatively slow termination stage. Specifically, the chain-induction
period is much shorter than the termination step. When 77 is significantly greater than the initial temper-
ature, the chain-branching reaction does not lead to a rapid growth in the radical concentration, and the
chain-induction period is substantially longer than the termination stage. When 7} and T, are relatively
close, the structure of the explosion becomes very sensitive to the precise ordering of the temperature
difference with respect to the magnitude of the small parameter. Obviously, the branching temperature
plays a critical role in the description of chain-branched reactions. In particular, it defines the second explo-
sion limit between rapid and slow explosions for H,—O; reactions [3]. Moreover, it has recently been shown
to define a detonability limit in propagating detonations [5, 6]. The present paper examines the influence
of the magnitude of the branching temperature on the overall structure of spatially homogeneous thermal
explosions for a three-step chain-branching reaction model.

Gray and Yang [7] provided an early discussion concerning the significance of a chain-branching step
in the evolution of thermal explosions. Subsequently, Kapila [8] gave a complete asymptotic description
of thermal explosions at high activation energies for a two-step chain-branching scheme. The initiation
reaction was replaced by the assumption that a small amount of the chain carrier was already present, and
criticality occurred when the carrier was consumed by a sufficiently rapid chain-termination reaction. In the
model used here, which includes a chain-initiation step, the explosion is always supercritical. Sen and Law
[9] have also examined the Kapila two-step model for larger initial carrier concentrations, and a more recent
analysis has been given by Bonilla et al. [10]. A complete description of homogeneous thermal explosions
for a five-step mechanism, including dissociation and recombination effects, has been presented by Birkan
and Kassoy [11] in the limit of large activation energies. The three-step chain-branching process employed
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by these authors is similar to the present model, but they include quadratic reactions for the initiation and
termination steps, and they permit the termination rate to have a weak temperature-dependence. Their
analysis corresponds to a limit in which the chain-branching cross-over temperature is just above the initial
system temperature. Del Alamo and Williams [12] have also considered the homogeneous problem for a
three-step model, under the assumptions that the initiation reaction is of zero order, and that none of the
three reactions is thermoneutral. However, their analysis only treats the induction phase of the explosion.

An outline of the chain-branching reaction scheme is given in Sect. 2. Results for cases when the chain-
branching cross-over temperature is close to the initial system temperature are examined in Sects. 3 and 4.
In Sects. 5-7, the broad details of the solutions relevant to the cases 7, = T,, T) < T},,and T; > T, are
presented. Sect. 8 provides a tabular summary of results for all the cases examined.

2 Reaction scheme

A three-step reaction scheme is adopted in which the initiation stage generates an intermediate radical Y
(chain carrier) from the fuel F. Production of the radical Y is then enhanced through the chain-branching
step, and the process is terminated when the intermediate is fully consumed through production of the
final product P. As in [5], suitable forms for the reaction rates are:

Chain-initiation: (F — Y) k; = c;exp(—6; /T,
Chain-branching: (F+Y — 2Y) kj =} exp(—6;/T"), 2.1
Chain-termination: (Y — P) k, = constant.

Initiation and the chain-branching rates are assumed to have Arrhenius form with constant pre-exponential
factors ¢; and c. In ((2.1)), 7" is the mixture temperature, and 6; and 6, are the activation temperatures.
The termination rate is often only weakly dependent on temperature, and here it is taken to be constant.

Appropriate non-dimensional variables are defined by using 1/k,, as the basic time scale, and the initial
temperature 75, as the basic temperature scale. Consequently, the dimensionless dependent and indepen-
dent variables are

T=T/T;, and t=k,t, (2.2)
so that
T=1 at t=0. (2.3)
Dimensionless inverse activation temperatures (or equivalently inverse activation energies) are given by
T T _ €
== =l _ " 2.4
€E=¢€p 9 1/, i o! m (2.4)
It is assumed that the inverse activation energies are small and ordered so that
€ < e K 1. (2.5)
Equivalently, m = O(1) > 1. Corresponding dimensionless reaction rates are
k; k k,
ki=—L kp=-2, ke=-2=1. (2.6)
Lk A

From (2.1) the rates can be re-expressed in the form

wmen[2 (D) wenl (-]

where 7; is the cross-over temperature at which the initiation and termination rates become equal, while
Ty, is the cross-over temperature at which the branching and termination rates are equal. Using (2.1) these
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temperatures can be related to the pre-exponential factors, the activation temperatures, and the termina-
tion rate. For ease of discussion, 7; is taken to be larger than the limiting adiabatic temperature (see (2.15)

below.)
Based on (2.1) the relevant dimensionless production rates are
ri = fki, ry = pfyky = fykp and r.=yk.=y, (2.8)

where p (=1) is the dimensionless mixture density, f is the fuel mass fraction, and y is the radical mass
fraction. The overall rate laws are then

d d
d_]; =—ri—r, d_)t} =rit+rp—re (2.9)
with

=1 and =0 at r=0. 2.10
f y

If Q is the available (dimensionless) formation energy, then the chemical energy

gq=00—-f-y), (2.11)

where heat absorption associated with any endothermic contributions from the chain-initiation and chain-
branching steps is neglected [5]. For spatially homogeneous problems the specific internal energy

T
e = —— — g = constant, (2.12)

y—1
where y is an effective specific-heat ratio. Use of (2.11) and (2.12) enables the energy equation to be
written as

T=14+B80—-f—-y). (2.13)
Here
B=(—-1H0O=00) (2.14)

is an effective heat release parameter. From (2.13), it follows that the limiting adiabatic temperature
y—0,f—>0)is

T="Tuy=1+8. (2.15)
From (2.8) and (2.13) it is easily established that

dr

— = 0 2.16
a = Pr=0 (2.16)

so that temperature increases monotonically throughout the reaction.

3 Thermal explosions: 1 — T = O(¢) > 0

When the chain-branching cross-over temperature is close to the initial system temperature, the evolu-
tion is sensitive to the precise magnitude of 1 — T}. Three distinguished limits are needed to capture the
dynamics. These limits are described in Sects. 3-5.

Based on the starting temperature 7 = 1, it is appropriate to re-write the rate constants in the form

m 1 1 1
kizkioexp[?(l—f)}, kbzkboexp[g(l—?)], (3.1

where

m 1 1 1
kijg = ——\1==)i, kp= ——(1-=). 3.2
! eXp[ 6( Ti)} P eXpi 6( Tb)} 3-2)
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Since 7; — 1 = O(1) > 0, kjp is exponentially small. However, for the limit

1—T,=0() >0 (3.3)
being considered here, kg = O(1). Consistent with this limit it is useful to set

T, =1+€Ty, (3.4)
which gives

kpo =exp(Tp1) =14+ A, where A =0() > 0. (3.5)

3.1 Initiation stage

From (3.1)-(3.4) and (2.8)—(2.9), it is apparent that all changes are initially exponentially small with respect
to the activation parameter €. This is the characteristic feature that defines the initiation stage. Appropriate
asymptotic expansions are:

f=1-kofitze) — kxpr(t;e) — -, y=kij1(t;e) +knjatse) +---,
T:1+kiof"1(t;e)+kl-20f"2(t;e)+-~- . (3.6)

Note that, although the ]A‘j, etc., may include terms that are algebraically small in €, they do not include
terms that are exponentially small in €. Substitution in (2.9) gives

dfi oA i

— =14+0+A — =1+4A 3.7
o~ LT A+, SE=1+49, (3.7)
and, from the energy equation (2.13),

Ty =B - ). (3.8)
It follows that, with f; = §; =0 at = 0,

5 Lo oa 7 I+A4 A 4
yi=—le ), fi=—z =)=, (3.9)
and

Ti—pl Lot (3.10)

1=p8 Az e — — al .
The second-order term j, satisfies

dy; . Mo A AT -

22 ap =" i+ a4 A), (—l —fl), (3.11)

t € €
and the solution can be expressed in the form
2
92=D Bu(; A, B, €)™, (3.12)
n=0
where the coefficients B,, are listed in Appendix A. Similarly,
t t

h=fat [ 52 di and To=p [ 520 di (313)

If necessary, explicit expressions for fg and T» can be deduced.
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Of particular importance is the asymptotic behavior of y as t — oco. From (3.9) and (3.12), it can be
shown that
y~ki0(ze t+-~-)+kiolT(;—1—A 4ot (3.14)
Inspection of this result, and the corresponding expressions for f and 7', indicates that y does not remain
exponentially small as 7 increases, and that the expansion (3.6) fails when

kiped! = O(e). (3.15)
This signals the end of the initiation stage, which is characterized by the time scale
1 € m 1 1 1
-1
i =€ 1g_1(€) A o8 kio A€ ( T,') A o8 €’ ( )

and leads to the onset of the induction stage described below.

3.2 Induction stage

Examination of (3.14) and (3.16) suggests that a suitable time scale for the the induction stage can be
defined by

t=tig+1, where 7=0(). (3.17)

Over this period, it is useful to view 7 as a dependent variable and to define a new independent variable by
setting

T'=1-ecu (3.18)

Because of the Arrhenius factor in the rate laws, employing u as the independent variable simplifies the
algebra, and avoids possible disordering in subsequent asymptotic expansions. Note that (2.16) implies that
u increases monotonically through the overall reaction process. In view of (3.17) and (3.18), (3.9)-(3.14)
can be used to show that as t — fje,

2
YNe[éu+ﬂu +~~}+62Hé—u]u2+-~-]+0(e3u3),

2 282
' 1 Aﬂ 1+A ' 1ﬂA 1+ A)? G19)
+ + ) 2 + 1+4) 2 3.3
f~1—e|: 5 u+ 25 u—i-m}i-e H 2ﬂ+ 25 u+--- [+0(€u’),
and
- Au 1+A 1+A)?
Az~1og7“ - ;:1 Ut---+e [[1+%]u+m] + O(E%u?). (3.20)
These relations represent matching conditions, as u — 0, for the induction solution.
Suitable expansions for the induction solution are
=g = €)= Tow) + el )+ .
y=ejuse) = ey (u) + o) + -+, (321)

L—f = efe) = fiw) + ) +---.
Over this stage, perturbations in temperature and mass fractions are all O(¢). Neglecting exponentially
small terms, the governing equations become

dj (A—efH+A)e =1 di 1
du B(1—eu)? odu By —ew)?’

(3.22)
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and
~ u
=y+—-— 2
F=3+ s0—aw (3:23)
Using the expansion (3.21), and matching with (3.19) and (3.20), gives
ﬁyl A+AE ~D—u, fi=5i+pu=p""1+A)N(" - D), (3.24)
b= — ——tdit + A og(A%y, 3.25
=5 [ - 2] sA%p). (329)
Similarly, for the second-order terms,
1 1
25 _ 2 2 2u _ u o _ u _ 2
/~3 y2=—-(1+A) (26 e’ + 2) +28(1+ A)l(u — De" + 1] — pu”, (3.26)
b=+
and
u _ L
ih=p" / I AT R (327)
o | i@ yi@

Continuing the expansion to third order yields

+382( + Ayte + Bl + A)2(1 + A) — 6B)uc

1
FA+A) [5(1 + A — 4801 +A)—|—6ﬂ2]e” (3.28)
1

=B — 2+ AP +2B(1+A) = 6671 + A),
f=73+u/p,
and
~ u ~
h=pB"" / Ry (i) dii. (3.29)

0

Here,
5 2 2uv 5 ~2
Rou) = ~314 uy2(w) +ys(w)  yy(u) (330)

i P i)

Of most interest is the asymptotic response of the solution as u — oo. For the local time scale 7 the
limiting behaviors are

—u

~ ~ [ ~ u ~
o~ Fig) — ———— b, I~ — 4T . small
0~ g0 = 77 +-, h 28 + tig1 + exp. small, (331)
; 1+Ae”+5+12'3 2 144 + fieo + exp. small ‘
27 g2 24p2 T oz M2 T CXP-SMAL
where
ST AT
E A g "B W Au 8l 63)
- 2u Vo) 1 ’
fig1=— iy S
BJo | nw i@ 2
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and

1+A4 2(1+28)
- +

1282 21+ A
In (3.33) the function Ry (1) represents the asymptotic behavior of R(u), neglecting terms of order
w’e=2" and is defined by
1+4 , 5+128 1+4 1+8 5, ., 20+p8 _, 286 _,

e” + u— u-e —ue " — ——e .

128 128 1286 B +A) 1+A 1+A

ligp = +p7! i {Ry (1) — Rooo () }du. (3.33)

Rooo(ut) = (3.34)

Adopting (3.34), rather than the simpler result with an error term O(u’e~*), is advantageous with respect
to numerical evaluation of the integral in the expression for Zig.
Corresponding results for the radical mass fraction are

1+A _(1+4)y

- 1+ Ay
e+ 0w, y~ 2’32 ~ g

683

y1~ e® 4+ Oue), 3 e + Oue™) (3.35)

with similar behaviors for f;. Inspection of (3.35) indicates that the induction solution is no longer valid
when
u = O(log(1/e¢)). (3.36)

The exponential growth associated with (3.35) implies that significant radical production will occur over
the scale defined by (3.36). This growth period is discussed below.

3.3 Growth stage

From (3.21), (3.35) and (3.36), it appears that a new local structure is required when
u=1log(l/e) +v (3.37)

with v = O(1). On this scale the radical mass fraction undergoes O(1) growth, while the magnitude of the
temperature perturbation is O (e log(1/€)). Appropriate local expansions are

f = F(v;€) = Fo(v) + € log(1/€)Fiy(v) + eFio(v) + - -,
y=Y(;e) =Yo()+elog(l/e)Y11(v) +€Yio(v) + -, (3.38)
t —lig(e) = €i(v;€) = ef{lo(v) + € log(1/€)t11 (v) + €lyo(v) + -+ },

where ?ig(e) includes all constant terms that arise in the ?i/(v) as v — —oo. These factors follow from
matching with the induction solution. Using (3.16) and (3.31)-(3.33) gives

. 1 _ 1 54128
lig(€) = - tig—1(€) + tigo + € log(l/G)ﬁ + elig) + > log*(1/e) 245
1+A -
— €% log(1/€) T Cligp + - . (3.39)

Corresponding asymptotic matching conditions for fl-j(v) and Y;;(v) as v — —oo are listed in Appendix B.
Neglecting exponentially small terms, (3.22) is replaced by

A

dy 1+ A)Fe" —¢ dr 1

dv B[l —elog(l/e) —ev?” dv - BY[1 —elog(l/e) — ev]?’ (3.40)

while (3.23) becomes

F=1—Y—l( clogl/e) +ev ) (3.41)
B \1—¢€log(l/e) —ev
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Substituting (3.38) in (3.40) and (3.41), and matching with (B.1) and (B.2) leads to
Yo=1-exp(-B "1 +A)"), Fo=1-7Yy=exp{—p (1 +A)e"},

N L R (3.42)
to—ﬂ/_oo[YO ) 1_}_Ae 2} dv 1+Ae +2'3v.
Terms O (e log(1/¢)) in (3.38) are defined by
201+ A) 144 ,] 1 1
Yllz—exp[U—Te ]—f, F11=—_Y11_E’
) v 2 Y e e’ 54+128]
t = — — - — — d 3.43
" /,oo IﬁYo(V) BYZG) (+A? BA+A) 1267 ] ’ G4
e~V e’ S5+ 128

Tt AR  pA+A) 128
and those O(¢) are

1 2(1+A 1+A 1+A 1+A

Y10=—EV+ a+ )(v—l)expiv— + e”]— + exp[— + e”],
1

Fip = —Y10— Ev, (3.44)
. v 20 Yi0(D) ]
oy = — — — dv+b ,
10 Lm [ﬁYo(v) AY2(0) alo(v)] v+ bio(v)
where

pe 2V e 2 ve ™V 2¢7 54128 1+4+A
aio

SUxA2 154 TBaxA T1xa T T2 VT 127

B pe 2 e +2A) e~ e 2B+ e
20+ A2 41+A2  BA+A) BU+A
(5412802 _A+Ap

2482 1242

bio = (3.45)

Although the above results give ¢ — fj, correct to O(€?), it is necessary to extend the expansions for Y
and F. After some algebra, these results can be written as

Yoy — L 2044% [2V S ] PR/ [V a +A)ev]
vy =20 00+ I” At ] N [2<1 +A?  6(1+A) ] exp[v a +A)ev]
B B B B> B B
20p — v
_4d +Aﬂ)2<v D xp [ZV a4+ lgA)e ] ’ a6
and
Y2 = [2(1 4 - d+A4y ] exp [——(1 + A’ ] — v_z + c20(v) exp [v — —(1 + Ajet ]
B 22 B B B
200, _1)\2 v
~2a +A/)32(v 1) exp [21) _a +5A)e ] , 547)
where
3A+A02  [200+A4)2  6(1+A) 6(1+A) 2(1+A)7?
c20(v) = 5 [ - ] v+ 5 T g (3.48)
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In addition,

1 2v V2
Fpp=-Yn——, Fy1=-Yy——, and Fy=-Y0— —. (3.49)
B B B
From these results it can be seen that F and the higher-order perturbations F;; become exponentially small
as v — 00, so that the fuel is completely consumed in the growth stage; this depletion is accompanied by
maximum production of the chain radical. The above solutions also indicate a significant enhancement in
the thermal response as v (or 7) increases, corresponding to the onset of the termination step. Appropriate
local solutions are described below.

3.4 Termination stage

The above growth-zone analysis indicates that the fuel mass fraction F' becomes exponentially small as
v — oo. After neglecting these terms, results for the radical mass fraction (3.42)—(3.48) reduce to

1 v 1 2v 2
Yoo ~ 1, Y11 ~ 5 Y10 ~ B Yoo ~ 5 Y1 ~ 7 and Y30 ~ e (3.50)
Similarly for the time,
NV . . A+28)v . . A +2802 .
fo ~ 5 + toco, 111~ Tﬂ + 11100, and  fy9 ~ 2/3/26 + H000- (3.51)
Here,
i /O{(> ()}d+/m[<> 1]d ! (3.52)
= ro(v) —ap(v Vv rolv) — — vV— — .
0o N 0 0 A 0 Vi 1A
with
1 e’ 1

ro = BYQ(U), and ag = 1A + ﬁ (3.53)
Also,
. 0 0 1428 1 1
Hioo = - d+/ A O I - : 3.54
1100 [w{rll(v) aj (v} dv ; [rn(V) B ] VAT A BT A (3.54)
where

2 Yi1(v)
rn = - (3.55)

BYo(v)  BY2(v)

and

e 2 e’ 5+128

= 3.56

M= az T parA T 12p (3:56)
Correspondingly,
. 0 o0 1428 11+10A 1
t = r —a d+/ [r ——]d— — 3.57
1000 /_OO{ 10(v) —aip(v)} dv A 10(v) 2 YT aar A BAT A (3.57)
with

2 Y
0 Y 10(”) (3.58)

T BYo)  BY2(n)
where ajo(v) is defined in (3.45).
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€ B

Fig. 1 (a) Variation of time scale for the onset of termination (a) with e form =2-5,7; =3, =1and A = O(1), withA =5
(dashed line), A = 1 (solid line) and A = 0-25 (dotted line); (b) with 8, for A = 1, ¢ = 0-1, m = 2.5 and for 7; = 2 (dashed
line), T; = 3 (solid line), T; = 5 (dotted line)

Examination of these results suggests that the growth expansion (3.38) is no longer a valid description
when v = O(1/¢). This signals the beginning of the termination step, wherein there is a marked reduction
in the chain-carrier concentration. It is now appropriate to set

|4 1
v=——log- (oru=e V). (3.59)
€ €
Because f is exponentially small, matching conditions for this region as V' — 0 are
v V2 V QB+ 1)V?
y~l—-————+.-+, and t=t—t,;~—+—-—-—+---, (3.60)
BB B 262
where

28 +1
282
Figure 1a shows characteristic behaviors of the termination scale 7, as a function of € for various values
of the parameter A, with m, g, and T; fixed. Figure 1b shows the variation of ¢, as a function of g for
various 7; with m, B, and ¢ fixed. Not surprisingly, the time scale for the onset of the termination reaction
increases with decreasing ¢, i.e., as the buildup of chain carriers in the initiation reaction becomes slower.
Figure 1b shows that 7, has a relatively weak dependence on g for the range shown, but increases in value
with increasing 7;, again due to the initiation reaction being slower. Note that the result defined by (3.61)
is not uniformly valid as A — 0 (see (3.16) and (3.32)). Necessary modifications to the theory are outlined

briefly in Sect. 5.
From (3.60) it follows that the limiting behavior of y(t) can be determined directly as

+ €210g(1/€) 1100 + € 11000 + - - - (3.61)

. 1.,
te = lig(€) — € 1og(1/e)E + €looo — €2 log?(1/€)

1
ywl_,+z,2+..., (3.62)

and it should be observed that, to this order, the result is independent of €. Neglecting exponentially small
terms, with t =t — f, = O(1), the second of the rate equations (2.9) reduces simply to

d

dy__, (3.63)
dr

and the appropriate solution consistent with (3.62) is

y=e . (3.64)

Although the exponential form of the final decay of the intermediate radical is immediately apparent from
(2.8) and (2.9), the determination of 7, (¢) requires knowledge of the initiation, induction and growth stage
solutions discussed previously. Expressed in terms of V the solution (3.64) becomes

Vv

S I S 3.65
y G (3.65)
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Fig. 2 (a) Comparison with exact (dashed lines) and asymptotic outer composite (solid lines) solutions for A = O(1), for
Tp =0925,T; =3, 8 =1, = 0125 and m = 2:5. (b) Comparison with exact (dashed lines) and asymptotic outer composite
(solid lines) solutions for A = O(1) for y for T, =096, T; =3, 8 =1,e =1/16 and m = 1.5

The corresponding result for the temperature is

1 -7

3.5 Composite solutions and comparison with numerical results

Although changes are exponentially small within the initiation stage, this step provides important infor-
mation concerning the initial behavior in the induction period. A composite solution for the growth and
the termination stages can be obtained from the standard composite form

X = Xinner + Xouter — INNET(Xouter), (3.67)

where inner corresponds to the growth stage and outer to the termination stage. This composite solution
is compared with an exact numerical solution in Fig. 2a for ¢ = 0-125 and 7}, = 0-925. As expected,
the growth solution does not accurately incorporate the induction behavior, but there is good agreement
between the asymptotic analysis and the numerical calculations for the growth and termination steps. A
result for smaller values of € and 1 — T} is displayed in Figure 2b. Again, good agreement is obtained for
the growth and termination phases.

4 Thermal explosions: A = O(1/¢)
4.1 Initiation stage

The analysis in the preceding section was carried out for A = O(1). Numerical values employed in the
studies by Birkan and Kassoy [11] and Short and Quirk [5] suggest, however, that there are practical
circumstances in which A 3> 1, and this case is considered here. The particular distinguished limit adopted
is defined by

A=2 with a=0@1)and >0 (4.1)
€

for which

1—Tp =e€log(l/e) + O(e). (4.2)

Although (3.9)-(3.13) were deduced by assuming A = O(1), it can be shown that these results remain valid
for A = O(1/e) provided that ar < m(1 — 1/T;), and the expansion (3.6) now fails when

ke = 0(1), (4.3)
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thereby defining the chain-initiation time

_ m 1 € 1
fio ~Tigo = — (1 — = ) + — log —. 4.4
ig ig0 P ( Ti)+a Oge (4.4)
In contrast with the initiation scale fiyo = O(1/e) for A = O(1), the initiation scale figy is O(1) for

A = O(1/e). Subject to (4.1) the initiation and termination periods are of the same size. An appropriate
time scale associated with the failure of expansion (3.6) can be defined by

Again, it is convenient to regard 7 as a dependent variable and to use the perturbed inverse temperature
u as the basic independent variable, see (3.18). As u — 0, the matching conditions (3.19) and (3.20) are

replaced by

A OT0 SN O Rt W SN O (L W

y ,3u+ 28 u”+ —i—e[(ﬂ—i— 25 )u + ]+e ( 2ﬂ2+ )—i— ) 46)
B B \B 28 2% 2B ’

and

2 _ —
af~loga7u—'82—1361u2+-~-+e[(1—ﬁ2ﬁa)u+~-~]+62(ﬁ+-~-) +--e 4.7)

4.2 Induction and growth stage

In contrast with A = O(1), the limiting behaviors (4.6)—(4.7) indicate that there is already significant radical
production, with y = O(1) and f = O(1), when the temperature change 7 — 1 = O(¢). The period when
u = O(1) corresponds to a combined induction and growth stage. Corresponding asymptotic expansions
are

y=yow) +eyw)+---, [f=fow+efiw)+--, (4.8)
and
t=tigo+et(u)+ . (4.9)

Neglecting exponentially small terms, the rate laws can be re-expressed in the form

dy (a+ee'f—e di 1

- - = 4.10
du Bl — eu)? du  By(l — eu)? (4.10)
and the energy equation (2.13) gives
1 eu
=1l—-y—— . 411
f YT 5T e (4.11)

Substituting expansions (4.8) and (4.9) in the rate law for y given in (4.10), together with (4.11), yields
Bdyo/du = ae'fy, Bdy1/du = ae“fy + (1 4+ 2aw)e'fy — 1,

(4.12)
Bdyz/du = ae'fo + (1 + 2au)ef; + Qu + 3au2)e”f0 —2u
with
u u?
fo=1-=yo, fi=-y1— 5 and fo =—y; — s (4.13)
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Matching with (4.6) as u — 0 leads to the solutions

yo=1—exp [%(1 - e”)} ,

; 4 (4.14)
By1 = 2a—1)exp [E(l — e”)i| +{14+2a(m—1)}exp [B(l —e)y+ u:| —u,
and
4 2
Byr = —u® +exp [3(1 - e”)] > Culwsa,pre™, (4.15)
n=0

where the coefficients C,, are listed in Appendix A.
Using (4.13), the results (4.14) and (4.15) also define fy, f; and f>. Similarly, the #, can then be found
from the second of Eq. 4.10. Corresponding results are

. ! 1 1. du
n = _— de{ + —lo — 416
1 /0 [ﬂyo(u) au] a*7p (10)
and
- 1 | 2u i
b= / LNl (4.17)
B Jo | yow)  yg(in)
As u — oo, it follows from (4.14) and (4.15) that, neglecting exponentially small terms,
2
u u
0~ 1, ~——, and o~ ——. 4.18
y g y 5 (4.18)
Similarly, from (4.16) and (4.17),
- u - - 1 1 -
~ E + Ligl» and 1 ~ E (1 + ﬁ) u? + tig2, (4.19)
where
- r 1 (1 1 1. & 1
gl = — da+/ I _——]dL'H——lo———, 420
! /o [ﬂyo(u) au] 1 Bvo@ B a B P (420
and
- 1 [ 1 U U
L = —/ 211( _ 1) - y;“_’) ~ U, (4.21)
B Jo yo(u) yO(u) B

From (4.13) and (4.18), it follows that for large u the fuel mass fraction f is exponentially small. Clearly,
when A = O(1/¢), the peak production rate of the chain carriers is achieved in the present region with
u=0(q).

4.3 Termination stage

Equations (4.18) and (4.19) indicate that the growth expansions (4.8)—(4.9) fail when u = O(1/¢). As in
Sect. 3 with A = O(1),

u= v (4.22)
€

for which T = O(1) and 1 — figo = O(1). Suitable local variables are

T=t—tig with T=T(r;e) and y=y(r;e). (4.23)
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(@) 4 : : : : (b) 24
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Fig. 3 (a) Ignition times g as a function of € for a = O(1) with m = 2.5, T; = 3 and = 0-6 with a = 2 (dashed line), a = 1
(solid line), a = 0-75 (dotted line) and a = 0-5 (dot-dash line). (b) Ignition times f, as a function of g fora =1, ¢ = 0-1 and
m = 2-5 for T; = 2 (dashed line), 7; = 3 (soild line) and 7; = 5 (dotted line)

Here,
tig = ligo + 6Eig1 + €2Eig2 +eee (4.24)
where the constants ;; are defined in (4.4), (4.20) and (4.21).

Results for #z are displayed as a function of € in Fig. 3a for various values of the parameter a. As
shown in the figure and predicted by (4.4), f;; decreases as a increases or as the chain-branching cross-over
temperature becomes significantly lower than the initial system temperature. The dependence of ;; on the
heat release parameter is shown in Fig. 3b for a range of initiation cross-over temperatures 7; with m = 2.5
and € = 0-1. As can be seen from the figure, and consistent with (4.4), the growth time scale is only weakly
dependent on the heat release when g = O(1).

It can also be established from (4.18) and (4.19) that matching conditions as T — 0 are

1 1
y~1—r+§r2+-~-, and T~1+ﬂ(r+§t2+~-~>. (4.25)

Because f is exponentially small, substitution in the rate laws and matching with (4.25) again leads to the
results (3.64) and (3.66), although 7 is now defined by (4.23) and (4.24), rather than by (3.60) and (3.61).
The current analysis requires

T; > 1+ 8. (4.26)

If the above constraint does not apply but 7; > 1, there are minor modifications in the asymptotic (t — 00)
exponential decays.

4.4 Composite solution

Although changes are exponentially small within the initiation stage, this step provides important infor-
mation concerning the initial behavior in the induction period. For the limit (4.1) the induction and growth
stages overlap (Sect. 4b). In addition, the solutions for the induction, growth and termination phases can
be combined to yield a uniformly valid representation for # > O(1). It has the standard composite form
(3.67) and can be written

Yeomp = Yo(u) + €y1u) + €*y2w) — VA = V)7,
fcomp = fo(u) + €f1(w) + EZfZ(“)»
fcomp = ;ig()(u) + et (u) + 62?2(“) + log M} (4.27)

vV o/1 1 — DV
A 2
B (/3+2ﬁ2)v’
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Fig. 4 Comparison with 1.0 1 * * * * *

exact (dashed lines) and

asymptotic (solid lines) 0.8 1 f L

solutions for a = O(1), for i [

T, =08, T; =3,8 =06, 06 y i

€ =0-125 and m = 2.5. T-1£y T T-1 b

The asymptotic and exact [

solutions overlay each 0.4+ C

other 1 I
0.2 1 5
0.0 ] : : : - =

and very simply
1
TCOIl'lp == m.

Comparison with an exact numerical solution is shown in Fig. 4. For this particular example a = 0-7986.
As can be seen, the agreement between exact and asymptotic solutions is excellent.

(4.28)

5 Thermal explosion with slow iniation: T, =1 (A = 0)
5.1 Initiation stage

The case A = 0, for which
Tb =1 and kb() = 1, (51)

is used to characterize T, — 1 = o(€). As in the earlier analyses, perturbations from the initial state are
exponentially small, but the duration of the initiation step is exponentially large with respect to €. Only
the leading-order terms are listed in the subsequent analysis. Higher-order terms can be obtained using
the approaches followed in Sects. 3 and 4.

A suitable initial independent variable is

u= 6_1kiof£0 (5.2)
and corresponding leading-order results are

T =1+ kiotto + O(k), v = kioQRito/B)'/? + O(e71k%),

(5.3)
f=1—kio{Qao/B)'* +ito/B} + O k), 1= Qito/B)"* + O™ kip).
Examining the growth of the correction terms indicates that this solution fails when #iy = O(e%/ 3k;)2/ 3).
Introducing a new independent variable U through
u= 67]/3/(1-10/3 U, (5.4)

shows that there is a second layer of initiation in which changes are also exponentially weak. Suitable
expansions are

y=e PPV Wi + 0 Pk, f=1-Pl*FO:e) + 0E i),
(5.5)
t= Pk PElie) + 0P, T =14k T+ 0 i),

@ Springer



J Eng Math (2006) 56:105-128 121

Neglecting exponentially small terms, the dominant approximations are

U g o
ﬁf=/ . F=0y8, (5.6)
0 Y(u;e)
where IA/(IAJ ; €) satisfies
. dY L. o .

,BYdU:1+(1—e/ﬁ)UY, with Y - 0asU — 0. (5.7)
Note that as U — 00,

© d
f—>f,-=ﬂ‘1/ L (5.8)

0 Y(use)

The higher-order exponentially small terms show that the expansion ceases to be uniformly valid when
U = 0Pk Py oru = O(1).

5.2 Induction stage
As noted above, in the present limit the initiation time is exponentially large; see (5.5) and (5.8). After

this initiation stage, perturbations are O(¢) and the solution adopts the standard induction structure. The
leading approximation is

y=e—1—w)/B+0@E>), f=1—eCE—1)/B+0@E>), T=1+cu+ O (5.9)
with
R u 1 2 2 2 2
t— Bige) = — 4~ lap-=-Z 10) 5.10
ig(€) /0 Ie“—l—u M2+3N«] " 1 30g”+ (€), ( )
and
tg = Pk P+ 0. (5.11)

As u — 00, it can be seen that
o . 1 1 5 5 ]

+/m[;]du—2+0(elogl/e). (5.12)
1 e“—l—u

5.3 Growth stage

As u increases, the induction solution (5.9) does not remain uniformly valid. Significant fuel depletion,
accompanied by a marked growth in the chain-carrier concentration, occurs. A suitable new variable,
equivalent to that found for A = O(1), is again

u = log(l/e) + v. (5.13)
Straightforward calculations lead to

y=1—exp(—e"/p) + O(clog(1/e)), f = exp(—e"/B) + O log(1/e)),
(5.14)
T=1+¢€log(l/e)+ev+ O(e? log(1/¢€)),
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and
t—fg=¢ / V [ L e i] dv—e™" + — + O log(1/€)). (5.15)
—oo [ BY(V) 2B 2B
In the limit v — oo, the basic approximations give
y—1, f—exp.small, t— v/f+ Tg+ €Toco, (5.16)
where
0 1 1 ®1(1
’0”:/_oo[ﬂy<v> _ev_ﬁ]d”/o E(y(_vfl) -t G417

5.4 Termination stage

The above growth expansions fail when u = O(1/¢). Setting
u=>V/e, (5.18)

and following the analysis given for the termination stage in Sect. 3.4, shows that the dominant structure
still has the form

y=e %, T=1+4+B0-¢e"7, t=t—1, (5.19)
and
te = to — B e log(1/€) + €tgo + O(e? log?(1/€)). (5.20)

6 Thermal explosion with rapid branching: 1 — 7}, = O(1) > 0
6.1 Initiation stage

When the branching temperature T} is significantly below the initial temperature 7 = 1, the branching rate
is exponentially fast, but for 7; > 1 the initiation rate is exponentially slow. Consequently, the initiation
reaction will still produce only an exponentially small concentration of chain carriers. It remains useful to
employ ko and k;p as initial measures of the rates with

kpo > 1> kjp. (6.1)

In this limit it is straightforward to use time as the dependent variable. Subject to (6.1), the initial stage is
now exponentially short with

t = §/kpp. (6.2)
The initiation expansion has the form

y=al'(e), f=1-adGe),T =1+ a/kp)OG:e), (6.3)
where the amplitude

a = kio/kpo 64)
is exponentially small. It is not difficult to show that

[ =e—14+00/kpy), D=6 —1+01/kpp), O =pE —1=35) + O /kp). (6.5)

Continuation with the expansion indicates that difficulties arise when

s =1log(1/a) = O(1/e). (6.6)
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6.2 Growth stage

Based on (6.6) and arguments given in Sect. 3, the exponential growth (6.5) associated with the initiation
stage fails on the scale defined by (6.6) and a suitable new time scale is

s=log(l/a) +s (6.7)
with
y=T(@)+00/kpy), [=@6)+O0A/kpo), T =1+ 01/kpp). (6.8)

Using this expansion gives

o) =

I'(s) = .
®) 14+es’ 14+es

(6.9)

6.3 Termination stage

Examination of higher-order terms in the growth solution indicates that (6.9) is no longer valid when s
becomes exponentially large, specifically s = O(kpg) or At = O(1). A suitable new variable is

t—tg=o, (6.10)
where
1 1 1
=—\=-1 1-=)). 6.11
BT ekyo (Tb +m( Ti)) (1D
Neglecting exponentially small terms, the solution again has the form defined by (3.64) and (3.66), i.e.,
y=e?, T=14+B8(1-¢7). (6.12)

7 Slow thermal explosion: 7, — 1 = O(1) > 0
7.1 Initiation stage
When the branching temperature exceeds the initial temperature by O(1), both the initiation rate k;y and

the branching rate kpo are exponentially slow, see (3.3), and there is a long initiation period prior to the
onset of significant fuel depletion. In this limit, A — —1, and provided 7; > T} > 1,

1> kpo > kio. (7.1)
For ease of discussion it is, in fact, assumed that
Ti > T, > 1+ B. (7.2)

The initial expansion is now similar to that outlined in Sect. 3, but the error terms must be modified. In the
present case,

u = kioﬁb/e, (7.3)
and

y = kio{§(@p:€) + Otkpo. kio)},  f =1 — kiolf (@p: €) + OCkpo, kio)}, -
t = i(fip; €) + Olkpo, ko), T =1+ kioity + O(k).

Again the terms y(ilp; €), etc. retain all terms that are algebraically small in €. The leading approximations
are given by

~

y+log(l =9) = —ip/B, f=9+ip/B, 1=—logl-3J). (7.5)
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7.2 Induction stage

Evaluation of higher-order exponentially small terms in the initiation expansion indicates that the solution
(7.5) is no longer valid when u = O(1) or t = O(e¢/kijp). Local variables are

f=1—c¢fnue), y=kioyin(use), t=-el/kio, (7.6)
and the leading-order terms are

Yin = €"(L — eu/ + O(€))), fin = u/B + O(e),

T = ! _njﬂmu + 62(51;)21 (1 — (1 4+ muwe "™} + O(e?).

Note that the radical mass fraction remains exponentially small.

(7.7

7.3 Depletion stage

From (7.7), it can be seen that the induction structure fails when u = O(1/¢). On this scale, where there is a
significant change in the fuel mass fraction and system temperature, it is found that there are exponentially
fast changes in the radical concentration, and the relevant time scale must be modified in a similar manner.
Setting

u="V/e, (7.8)
and neglecting terms that remain exponentially small, gives
|4 |4
=1——— y=kpp (1 - ——— ) "V/e,
I=1"a-w’ ”( m1—V)e
(7.9)
(6) e 1+0)
t=tleg — | — x 1+ 0O(e)y,
*\ko) mai—vE—a+pv !
where
€ 1 1428 )
tg=—|—+te—5+--). 7.10
- ho<Mﬂ (mp)? (7.10)

7.4 Relaxation stage

Equation (7.9) indicates that as V' — B/(1 + B), which is the adiabatic limit with 7' — 1 + 8, the depletion
solution requires modification. Introduction of

V=8/014+8)—¢€v (7.11)
with
_ 1 mp
=it en | 12
leads to
1 emw
gz/"77dw+a (7.13)

Here the upper limit of the integral has been inserted for convenience, and the constant c is associated
with exponentially small terms in the ignition time fe,. In addition,

_ a+p? o d+p) mp
f=c¢ 5 v,y = ekjo 5 Vexp < A mv] . (7.14)

For the case (7.2) it is apparent that y remains exponentially small through all stages of the reaction.
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8 Concluding remarks

A spatially homogeneous thermal explosion for three-step chain-branching reaction kinetics has been
investigated in the asymptotic limit of large activation energy. What distinguishes this work from previous
studies is that a broad range of chain-branching crossover temperatures is considered. As illustrated in
Tables 1-5, details of the evolutionary structure, including the ignition delay times and the temporal extents
of the various stages of evolution, are found to be markedly sensitive to the departure of the crossover
temperature T} from the initial system temperature of unity. Although they contain other generalizations,
recent studies of similar systems with a similar asymptotic approach have been confined to the range
1—Tp = O(e), where € is the dimensionless measure of the inverse activation energy. For example, Birkan
and Kassoy [11], while staying within the narrow range of crossover temperatures, considered second-order
initiation and chain branching, and included dissociation and recombination steps, in their comprehensive
analysis of the full temporal history of spatially homogeneous explosions. Del Alamo and Williams [12]
confined their asymptotic treatment of chain-branching to the induction stage, as they were primarily

Table 1 Structure for 1 — 7, = O(1) > 0 (A is exponentially large); kpo is exponentially large and k;o exponentially small
with respect to €

Step t T f y
Initiation O(k;ol) 1+ O(kio/kpo) 1 — O(kijo/kpo) O(kio/kpo)
Growth O((ekpp) ™) 1+ O(kyy) o) o)
Termination t—tp=0() o) exp. small o)

tg = O((ekpo)™!)

Table 2 Structure for 1 — T, = eloge + O(e) (a = O(1) or A = O(1/¢)); kio is exponentially small with respect to € and kpg
is O(1/¢)

Step t T ! Yy

Initiation o) 1+ O(kio) 1 — O(kjp) O(kio)

Induction and growth t— fig = O(e) 14+ O(e) o) o)
tig = O(1)

Termination t—Ttg =01 o) exp. small o)

Table 3 Structure for 1 — 7j, = O(¢) > 0 (A = O(1)); kip is exponentially small and kg = O(1) with respect to €

Step t T f y

Initiation o) 1+ O(kip) 1 — O(kip) O(kio)

Induction t—tig=0(1) 14+ O(e) 1—0(e) O(e)
tig = 0(1/¢€)

Growth t—Ttig = O(e) 1+ O(elog(1/€)) o) o)
2ig =tig +O01)

Termination t— ?ig =001 o) exp. small o)
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Table 4 Structure for 7, = 1 (A = 0); kjo is exponentially small with respect to € while kpy = 1

Step t T f y
Initiation 1 o) 1+ O(kip) 1 - O(kjp) O(kio)
Initiation 2 O((e/kin)'7?) 14 02PK) 1— 02PK) ORI
Induction t—Tg=0(Q1) 14 O(e) 1—-0(e) O(e)

lig = O((e/kin)'/?)
Growth t—1g = O(e) 1+ O(elog(1/€)) o) o)

Iy = big + O(1)
Termination t—t,=0(1) o) exp. small o)

te = Iy + O(e log(1/€))

Table 5 Structure for 7, — 1 = O(1) > 0 (A — —1); kjp and kpo are exponentially small with respect to €. Note that
Ti>Tp,>1+8

Step t T f y
Initiation o) 1+ O(kjp) 1 — O(kip) O(kip)
Induction O(eky') 1+ O(e) 1—0() O(ki)
Depletion [ — feg =exp. small 1+0Q1) o) exp. small

teg = O(ekyy')
Relaxation t — teg = exp. small 1+8—T=0() O(e) exp. small

concerned with a determination of the ignition-delay times. They considered a marginally broader range
of crossover temperatures, and allowed all three kinetic steps to be energetic. In both of these studies, the
expressions for ignition delay times for the cases considered therein agree with ours.

The spatially homogeneous problem is only the first step in the study of how explosions occur. In
any realistic configuration, spatial nonuniformities and the associated acoustic and diffusive transport
will have an important role to play. Such problems for the chain-branching model are currently under
investigation.

Appendix A. Constants for the second-order solutions

The coefficients B, in the second-order solution (3.12) are

B, LtA (é—l—A),

A4 \e
1+A (B , [ B 2044)] (1+A)2+A)
B = — Py LA P
! 2A2( )t+[AZe[m A }+ A3 }’
(A1)
N B 1+A_2m +A2+A—1
a3\ a ar
B 1+A] 1 28 1+A4) 244
Bo= |t lm- T2l 2 | 22, A 2
0 LAZ[m A ]+A3 by El Ky el T
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Similarly, the coefficients C, in the second-order solution (4.15) are
1
Co =21 ~2a) = 55(1 - 2a)?,

(1 —2a)?

C; =6a—2+T+2 Hl—3a+ u + 3au?,

a(1—2a)]

11
C = _E |:§(1 —2a)* +2a(1 = 2a)u + 2a2u21| .

Appendix B. Matching conditions for the growth solution when A = O(1)

The matching conditions for the growth solutions (3.38) when A = O(1) (Sect. 3.3) are:

A eV L v +(1 + A)e’
1+A 28 122

e 2 e 5+ 128)v
2(14+A4)2  BA+A) 122
s ve™® (34247 ve™ 2B+ De” (1280 (14 Ay
W20+ 42 T41+A?  BA+A) A+ A 24p2 1282

Corresponding results for chain-carrier mass fractions are
14+ A’ 1+ A)32e?
~ 5 — 2/32 + e,
_l+2(1+A)e” e
B B '
vo1+A 20+Ape” [(1+A)? 2(1+A4)
Yio~—=— + [ 5 — } e’
B B p B B
1 31+ A)ye’
Y22~—E+—ﬂ +,
. C2v 6(1+A)ve [2<1 +4)*  6d +A)]eu N
B B B2 B
V2 1+A4)?% 20+A) 3(1+Apn’e’
Y20 ~ BT + 5 + 5
20+A42 6(1+A))] , [A+4)> 41+472 601+A4)) ,
52 — 3 ] ve + [ — ] e+

+...,

+o(1),

1~

4+ o(1).

Yo

Y~

2p3 B> p
Related results for the Fj; are easily obtained from the algebraic relations (3.24), (3.26) and (3.28).

(A2)

(B.1)

(B.2)
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