Int. J. Heat Mass Transfer.

Vol. 18, pp. 351-362. Pergamon Press 1975, Printed in Great Britain

SIMULTANEOUS HEAT AND MASS TRANSFER
IN SPHERE IN PRESENCE OF PHASE
AND CHEMICAL TRANSFORMATION
UNDER GENERALISED BOUNDARY CONDITIONS

G. TripaTHI, K. N. SHUKLA and R. N. PANDEY
Institute of Technology, Banaras Hindu University, Varanasi-221005, India

(Received 4 August 1972 and in revised form 2 June 1974)

Abstract—The present investigation includes a theoretical study of simultaneous heat and mass transfer
in a sphere in presence of phase and chemical transformation. The transfer potentials are determined
under the influence of most general type of boundary conditions. Approximate solutions of these transfer
potentials have also been determined. The whole analysis has been presented in the dimensionless form
with the help of similarity criteria.

a’

NOMENCLATURE
coefficient of diffusivity;

Greek symbols
s, Vi, Characteristic root defined by (17) and (27);

A;, B;, dimens.onless known thermophysical y,, defined by equation (21);
coefficients; o, Laplace transform of 6;;

A, defined by equation (35a); & phase criterion;

Ay, B,j, defined by equation (22a) and (22b); 0, specific heat of evaporation;

G specific content;; 3, Soret coefficient.

D,;, defined by equation (35b);

Fo,  Fourier number; .

fi(x), given functions; Subscripts

Jo;,  constant values of the given functions; 4 heat;

k, reaction constant; m,  associated matter;

n, order of reaction; dy, solid phase;

P, defined by equation (18); d,, gaseous products of decomposition.

@Q.j, defined by equation (19);

Qs,  heat of reaction;

r, space variable; Superscript

R, radius of the sphere; 0, characteristic entity.

s, Laplace parameter;

t, time variable; Suffixes

T, temperature distribution; i 1,2,3,4;

W,  concentration of the matter; Js 1,2;

Wop,  dimensionless simplex; m, L2,..., ;

X, dimensionless space variable. n, L2,..., 0.

INTRODUCTION

THE PRESENT paper deals with a theoretical study of simultaneous heat and mass transfer in a spherical capillary
porous body in presence of phase and chemical transformation. Such type of phenomena occurs frequently
during the kilning of ceramic ware and also kaoling kilning.

Thermal effects become apparent when a majority of mineral substances, etc. are treated thermally in different
temperature ranges. Since the process of transfer becomes very complicated, much attention has not been paid
to it by researchers in the field. However, the theoretical investigation carried out by Lebedev [1], Luikov and
Mikhailov [2] on the one hand and the experimental work carried out by Ralko [3] on the other are noteworthy.
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In the text of [2] the authors have studied simultaneous heat- and mass-transfer phenomena in an infinite
plate in presence of phase and chemical transformation under the convective type of interaction law between
the body surface and the gaseous medium. Previously the authors [4] considered the same system under the
influence of the most generalized boundary conditions. The initial distributions of the transfer potentials and the
chemical reactions have also been considered to be of the most general type.

The present work is in continuation of the author’s previous work. Expressions for the transfer potentials are
obtained in a sphere for the general type of chemical reaction and arbitrary initial distributions. The expressions
are further simplified for a chemical reaction of the first order and for uniform initial distributions.

STATEMENT OF THE PROBLEM

The internal heat and mass exchange for unidimensional bodies in the form of a sphere may be described by
the system of differential equations.

aT (T 20T\ ep W, Q.0W,
5‘“4(5?*;5)*;7“?;7 @
W (OPW 20W o (OPT 28 o
a M\ Tr e )T "'(ar2 r or )
and
aw, W, 20w, ST 20T\ oW,
AT, A il O, (o p 22\ T R .
ot adl( or? +r or + 4 d’(6r2+r87r> o’ 0<y<R t>0; 3

where T = T{r,t) and W = W(r,t) are the potential distributions of heat and matter respectively.

In the thermal decomposition of the body, the rate of chemical reaction depends upon the concentration of the
reacting components and the products of decomposition. The rate of reaction to a first approximation is a
function of the concentration of the reactants and thus

oW,

Frate ~kfi(Wy,) (4

where fi(W,,) is some given function.
The system of differential equations (1)—(4) is transformed by using dimensionless variables
r agl T W, W,

W,
X=—, F=—§ 7] =_— 0 = — 0] and 0= 2
X 0 YT 2w T wp W,

and similarity criteria:

(i) The Luikov criteria of the field of bound matter and the products of decomposition in relation to

temperature field 4 a
Lu,=-—" and Lu;=-2
aq aq

(ii) The Posnov criteria for bound matter and the gaseous products of decomposition

OmT° 64,T°
Pn, =—— and  Pn, =2 -
W %,
(iii) The Kossovich criteria for the bound matter and gaseous products of decomposition
|14 374
Ko, = d and Ko, = 95 'Z‘
c, T° ¢g T
(iv) The Hess criterion
kR?
Ge = — (W)™~
adz
and the dimensionless simplex
Wy = .10./ d°2~
The system of differential equations (1)~(4) now becomes
0(x01) _ &*(xby) 0(x6;) 0(x85)
= Ko —-K , 5
oFo  ox? " aFo % oFo ©)
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0(xt;) 3*(x0) 3%(x6:)
=L m mP m ’
aFg ~ Lm g g T Ll Prin = ©
a(X04) 62()(94) 62(x01) 1 5(x93)
= Lu + Luy P -— 7
oFo T oxr M T ToFe ™
and
005
—— = —Lu;Gef(f;)y, O<x<1 and Fo>0. 8)
¢Fo
The boundary conditions for the system of differential equations (5)—(8) can be defined as
0, +(1, Fo)+ A1 6y(1, Fo)+ B, 6,(1, Fo) = ¢,(Fo) 9
62.x(1, Fo)+ A3 01,x(1, Fo)+ B2 61(1, Fo) = ¢,(Fo) (10)
041, Fo)+ A3 0, (1, Fo)+ B3 04(1, Fo) = ¢3(Fo) (11
and
6; .0, Fo)=0 (12)

where A4; and B; (i = 1, 2, 3) are aggregates of known thermophysical coefficients in the dimensionless forms and
¢i(Fo), i =1,2,3 are prescribed fluxes which are to be determined by the experiments. Subscript “,x” stands for
the partial differentiation with respect to x.

For a complete statement, we shall assume that the transfer potentials are arbitrary functions of space
coordinate at the initial moment of time, i.e.

bi(x, 0) = fi(x); (13)

where f;(x) are some known functions in the dimensionless form.

SOLUTION OF THE PROBLEM

The set of differential equations (5)—(7) through the boundary and initial conditions (9)-(13) are solved by the
application of Laplace transform technique. The solutions under the Laplace transform can be put as
1

B )=
10) x(Q1 P~ P1Q5)s
x {[s(Qy sinh v,(/s)x —Q; sinh v1(./5)x)P1(s) — (Py sinh v,(/s)x — Py sinh vy(y/8)x)d2(s)] — (v —v3) ~*
x [(Sy — So)(P; sinh v,(y/s)x — P2 sinh v1(y/5)x) — (R; — Rz) (@1 sinh v,(y/s)x — @ sinh vy ({/5)x)]
+(1/eKon) [(F, x(1)+ B, F(1))(P; sinh v,(y/s)x — P sinh v;(\/s)x)+ B; F(1.,)
x (Q2 sinh v;(\/s)x —Q; sinh v, (\/5)x)]}
1 X
+ m L R(2) [Uz(\/s) sinh(x — 5)01(\/5) - (\/S) sinh(x— f)Uz(\/s)] dé. (14
and
_ 1 ~
Ox(x, s) = {[5(Q1(1 —v3)sinh v;(/s)x — Q2(1 — v}) sinh vy(\/5)x)p1(s)]

eKomx(Q1 P2 — P, Q2)s
— (Py(1 —v3)sinh v;(/s)x — Py(1 — v}) sinh v,(\/8)X) b2 (s) + (v} — v3)
x [(81 — $;)(Py(1 — v3) sinh v5(/5)x — Py(1 — v sinh vy ({/5)x)
—(R; — R)(Q1(1—v})sinh v5(\/s)x — @2(1 —vf) sinh v, (/5)x)] + (1/eK 0,,)
x [(1—vf)(Py sinh vy(/$)x — Po(1—v)sinh v \/s)x (F,x(1)+ B, F(1))
+ B F(1){Q2(1 —vl)smh v1(/8)x — Q1(1—v3) sinh v,(\/5)x)]}

1 —v?
+8K0m ( —vz)x J;{ (é’ 1(\/ )smh T é)vl(\/S)

smh(x é)vz(\/s)}d§+ F(x) (15)

2(\/

2 1 1 ; 1\? 4
vj =§ 1+8K0man+ZlT +(—1) 1+8K0,,,an+§ —m
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and the other functions are defined as

R(x) = s/Lttn[ xf1(x)+ Lug Kog Gexf(03)]— x11"(x) = 2H(x) + Ko xf3 (x) + 2K 0 f3(x)
— Llld GeKo,,xf”((b)— 2LudGeKodf'(03},

F(x) = —xfi(x)+¢eKo,, xf>(x)— Lu,GeKo, f(83).

Pj=(—-1+A1+(1——L2) >s1nhvj(\/s)+vj(\/s)coshv (y/s)

2

1-0v} 1-v;
Q= <A2 + sKo,J,,> Ui(v/s) cosh vj(\/s) + ((Bz -1) Ko, — A2> sinh v; (\/s)

1

1
J R(¢&, s)sinh(1 = &)v(,/s)dE + J R(¢, 5) cosh(l — {vj(y/s)d¢
0

Ri=|—-1+A;+(1—v}
i < T v)sKo,,,)v (/9

and

= — —p? ~__1 — — &
_<(B2 1)t vj)sKom A)v,(\/ JR({ s)sinh(l — &)vy(\/s) dé

1—v 1 ]
* <8K0m +4 >L R(¢, s) cosh(1 — &)vj(y/s)dE.

The expression for the transfer potential of the gaseous product is obtained by solving the differential equation
(7) through the boundary condition (11) by the Laplace transform technique and thus

sinh(s/Lug)?x

Oals, x) = x[(s/Lug)* 00sh(s/Lud)* + (B3~ 1)sinh(s/Lug)*]

[053( )-——— Lu ),} j [££4(8)+ Luta Prg(8 5x(8)+ 201 (8)) +(E/ Wo) f(65) ] sinh(s/Lug)t (£ — 1)dé

— A0+ (1/Luy) L [ f2(&)+ LuPny(0; (&) + 20, () +(&/Wo) 165))]
1

x(sLuy)*

Llld

0

1
(( Lt Sinh(s/Lua)* (€~ 1) —coshis/Lua)* (¢ - 1)>dé} +

x J [E/alE)+ Luag Pra(By 1o()+20, O] + ® 7(65) sinh(s/Lug? (¢ x)dd; (16)
0

where the values of 4 , and 8, ., are determined by (14). B
The expression for the functions ,(x, s) contains the terms ¢;(s) and f(6s), the true nature of which is not yet
defined in the context. Therefore, to determine the inverted form of these expressions we shall apply.

(i) The inversion theorem of the complex analysis, where the expressions contain all the well-defined terms.
(ii) The convolution theorem for terms of ¢;(s} and f(8).

To apply the inversion theorem, we shall suppose that the expression in the denominator has only simple
roots and its degree is always greater than that of the expressions in the numerator. Now the zeros of the
denominator are obtained from

Y(s) =s(Q, P~ P Q,) =0.
This gives
(i) s=50,=0 (azero root)

(i) s=s,, where s, satisfies the equation:

0, P,—P1Q,=0
or more clearly

O Pra— Py Q2 =0 (17)
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where the hyperbolic sines and cosines are changed into sine and cosine by substituting s, = —u2. The values
of p,; and Q,; are given by
B .
Py = [ ; COS o0y + (—1+A1+(1—uf) K‘ )sm,u,,vj (18)
ER O
and
i +(Ba= ) 2% 4, )sinpnn (19)
= U W Uj - - sin y,v;.
an 2 SKOM HnU; COS U, U; 2 SKOm 2 Ha¥j
For determination of the residue, we need the value of the derivative of the denominator at s = — u2. This gives
Yo(sn) = $tnWn; (20)
where
Un =01 Q2 Am + 02 Py Anz =02 Q1 Anz — 0y Pz By 2n
The quantities A,; and B,; are
B
Ay = <A1 —2+(1—vd eKé,,,) COS [y U+ iy Uy SIN p1, 0 (22a)
and
1 5 1-vf .
B,,j = 2A2 — gKom (Bz - 1)(1 - Uj) COS U, v;— Az + gKom HaUj SN Uy U} (22b)
The inverted expression of the transfer potentials ;(x, Fo) can be written as
23 Fo . . . .
0i(x, Fo) = z— j [(Qu1 $in 1y 02 X — Qs SI0 1 01 X) b3 (1) — (Pry SN 1,03 X — P S11 t, 01 X) 2 (1) ]
Xn=1¥nJo
x exp(—u2Fo—u)du+ Bil [f(l) K f(l)]+ 2 i L
—uFo— _— eKo,,
A Bz ! z Uz)xn l;unl//n
X [(S% — S5 (P Sin s 03 X — P sin 1,0y X) — (RY — nz)(in $in 102 X — Qna S0 p, vy X)]

x exp(— s Fo) —

B 22 1
K [ = +- Z ( nl sin HpU2 X — PnZ sin Hn Uy X) exp( —ﬂfFo):I
Om

AIBZ X n= 1#»‘/’;:

B
x [By Fy(1)+ Fy ()] + eK;

Lu;GeKo, [F°
x[F1<1)J+"—vz—“ Hy(1)
—U2 Jo

11 ) 1 ( 0 ) exp(— s Fo)
+— w2 SI0 0y X — Q,yq Sin g, o F
. "l"an Un 'y 1 8in g, v, x) exp(—uiFo

X +— E u .llﬂ Uy X — I l U, v x)eX])( Up J ’ d
n1 SL n¥U2 n2 SIN U, 1 o—u u
B

L GeKo, B
. ev dJ‘ _Z (QnZSln#nle in SlnﬂnUZX)exp( [l,,FO u):ldu
—v2 \_ X p=
LudGeKOd Bl 22
+— P, sin y,v P, sin p, vy x) ex 2Fo—u) |du (23
Koy, J Ale Xz 1#nl//n( 1 SIN fty U3 X — Py 81N 1, 01 X) €XP(— p Fo—u) [du (23)

> &J {[Qni(1 —v3)sin p,v3x — Qua(1 — vf) sin p, vy x] 1 ()
0

eKopmx =1 ¥n

— [Puy(1—v3) sin i, v x — P, (1 — vf) sin i, 01 x] 2 (w)} exp(— p2 Fo—u)du

62(x5 FO) =

1
eKop, (v —v3)x

1 1 g
+ Ko [fl(l)—f1(0)+8K0mfz(1)—6K0mfz(0)—B—zfn’(l)+£ B‘: fz’(l)}+

K

x
n=1 H n'l’n
X [Qu1(1—v3) sin p,v; x — @z (1 —vf) sin p, vy x]} exp(— uZFo)
2 o

B e —
SZKO,%lx n;I HUn ‘//n

{(Sh — SB[ Put(1 — v3) sin p,v; x — Pyl —vf) sin vy x]— (R% — R

[a- 03) Py 8I0 1,05 X — (1 — 0}) P, sin vy x]exp(— uiFo){B2 Fi(1)+ Fy, =(1)]
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2B, X Fi(

 ?Kopx nzl Hatn
Lu,GeKo,
(v —veKo,x

[gxom v

nlnn

[(1 —02)0,a 8in 1,0y X — (1~ 03)Q,y sin 1, v, x7] exp(— pZFo)

Fo
[ H(Fo—u)
0

(1 —v3) sin w, v; x — Poo(1—v7) sin g, vy x| exp(— pzu) jdu
5 [Pall=od Poo(1—vd)si (—uu) |d

(Fo

0 n=1

2LuyGeKo, J‘F" =

(02— Ko x v2x—Qua(1 —vf)sin p, v x] exp(— pru) du

LusGeKo, [ T°

——i“’—e—“j sz(é,u)(x—é)dudé+
0

eKop,

Lu;GeKoy

Fo
Hi(Fo—
e?KoZx JO s(Fo=uw

8K0m . .
=2 Z [Pn1(1 v3) sin g, v x — Pya(1—07) sin p,v; x] exp(— pzu) [du

nlnn

Lu,,GeKod >
+2———8B H,(Fo—
e2KoZx L 2 ! ,.21 UnWn

[ﬁ(x)—gKOmfZ(x)_J‘ fl(é)d‘:+8KomJ fz(f)df] (24)
0 0

[Qn2(1 — v}) sin gty vy X — Qa1 —v3) sin pt, 02 X] exp( — p7u) du

+ Hg(x, Fo)—
eKo, x ol ) eKo,

Equation (8) can directly be integrated as

Fo
03(x, Fo)— f3(x) = —LudGeJ f(63)du. (25)
0

To obtain the inverted expression of 04(x, 5), we have to obtain the roots of the equation
(s/Lug)* cosh(s/Lug)* +(Bs — 1) sinh(s/Lug)* = 0, (26)

which has an infinite set of simple zeros at s = s,,. For a more precise value of s,, changing the hyperbolic sine
and cosine into ordinary sine and cosine, we obtain

N 2.
Sp = — Vs

where v,, are the roots of the characteristic equation

v V
L S gr T B DS (L i @7
and thus the inverted expression for the transfer potential 84(x. 5) becomes
Fo o . ) 3
= — + Vy Si0 [V /( Lg)¥x]
04(x, Fo) 2(Luy) L "; x{ B3 cos[vn/(Lu D] [vm/(Lud)i] sin[v,, (Lugt])
—_ 2 Fo
x exp(—viFo—u)¢s(u)du— N J Y EB(E)fal&)exp(—va Fo)dE
- 0 m=1
2L o 1 . _ _
“ Py Z J J B(&) sin[vy/(Lugx] [0y, < (E)+201 ()]
0
” o Fo 1 1>
x exp(—v2iFo—u)dédu—2 y '[ j B(&) f(6;)dudé +-j Gix, &, Fo)d¢; (28)
\WO m=1 JO 0 X Jo
where

1

B\ 1 [
R,‘,’;=<—1+A1+(1—uf) ! > j R*(é)sin[(l—f)y,,v,-]dé+j R¥(&)cos[(1 — &) u,v;] dE.
0

eKom/ pin;
2

1 1 1—vj !
Sk = ((Bz—l)(l—vj2 Ko ——A2>u f R*(é)sm[(l—é)u,,v,]dé+< KU’ +A2)J R*(&)cos[(1 —&Eyppv;]dE,
m n 1 (4] Om 0

R¥®) = —

(&)~ E A =210 —2f(&) + eKon & f3() + 26K, f31(E)
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B(¢) = {(1 = By)sin[vpu/(Lus*1(¢ — 1)} — [vm/(Luug)*] cos{[vm/(Lugp*1 (£ — 1)}
X {BS cos[v,,,/(Lu,,)*] - [Vm/(Lud)*] Sin[vm/(Lud)*]}

Hi(Fo) = L'[gi(s)~§2(9)].  Ha(Fo)= L™ '[Fi(s)—ha(s)],
H3(Fo) = L''[ f1,+(65)— (1+B3)f(6:)],  Ha(Fo) = L*{~[f(65)]<=1},
Hs(Fo) = L™ [(s/Lun)xf(63)— xf"(05) = 2"(65)],

H¢(Fo) = —Lu;GeKo, Lt |} ](83)] ;

G(Fo) = {(Lua/S)* [Pna[(% (&) + 801 ()] + é = f (03)]}

1 1
g1s) = ((Bz—l)(l—vf)s—ﬂ)——A ) ()*j (5](93)“—51’”(93) 2f'(6s >Slnh1 (st d¢

_v?\ [!
+ (Az 1oy ) f (é.f(ﬂa) [P $710)-2f ’(93)) cosh(1 —&)(s)* d¢;
0

eKop, -

1
) J (éf (63) ~——&7"(0:)—2f '(93)) sinh(1—&)v;(s)* d¢

ﬁj(s)=<1+A1+(l—v ) o

&Ko,

+ J (L% cf(oa)—f"(os)—Zf'ws)) cosh(l—§)u(s)* d¢

and 0

Fi(x,8) = —xfi(x)+eKo, f2(x).

ANALYSIS OF THE RESULT
For a n*th order chemical reaction equation (8) becomes

00;(x, Fo .
;ﬁ(Fo—) = —Lu,Ge[0s5(x, Fo)]", n*>0. 29
The solution (25) is thus modified as under:
Os(x, Fo) = fa(x)[1—(n*— 1)LuyGeFoff* V(x)] ™ D" p*x1 (30)
and
03(x, Fo) = f3(x)+exp(— LuyGeFo), n* =1, (31)

Generally it is found that the chemical reactions of order greater than two are rare, and, in various power
plants, the chemical reaction of order one takes place frequently. Therefore it is of common interest to reduce the
complicated expressions (23), (24) and (28) for the first order chemical reaction. Further we shall suppose that the
transfer potentials are initially uniform:

8:(x,0) = fo;(constant).

Therefore, the expressions (26), (27) and (31) reduce to

2 n [T . . . .
0,(x, Fo) = Z"— J [(Pr2 Sif 101 X~ oy 81 102 X)p2(FO— ) = (@2 it 01 X — Qo 0 10 X)by (Fo — )]
X p=1¥nJo
22 1
x exp(— p2u)du — =~
p( K xngl ”nwn

x {[(Pa2 B;— By Qu2) fo2 ~ Qnz A1 fo01] 5in pt 0y X+ [ Ay Qut fo1 —(By Qs — B3 Poy) f0] sin p1, 02 x}

x exp(—p2Fo)— Koa{1 +[Ay/x(Q, P, — B, 0,)]
x [@, sin(Lu, Ge)tv,x — , sin(Lu, Ge)*v,x} exp(~ Lu, GeFo)}

+2A, Lu;GeKoy Z (1/ bt ) (@2 S1N iy 0y X — Qg $iN 03 X)/[ X(Luig Ge — u2Y] exp(— p2Fo); (32)
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o Fo
ﬁ"J. {[Paa(1 — v?) sin pty 0y x — (1 — 03) Py 8i0 03 x ]2 (Fo — 1)
0

eKonx n=1 ¥ ~[Q@ual —vf) sin pr 1y X — Q{1 — v3) sin p, v, x] 1 (Fo—u)}
’, .
x exp(— pyu) du T eKonx 21 oy [(Py2 B2~ Qn2By) fo2 —(1—v3) sin p, 02 x]

x exp( — p2Fo)— A1 [Koy/x(Q2 P, — 0y P))][01(1 —v) sin(Lu, Gey v, x]— 0 (1 — o)

x sin[(Luy Ge)tv, x] exp(— Lug GeFo)+2A; LusGeKoy Y, [ptan(LusGe—p3)x] ™"

n=1

% [Quz(1 — v7) 8in 0y x — Qi (1 — v3) sin p, v, x] exp(— p2Fo),  (33)

03(x, Fo)— fo; = exp(— LuyGeFo) (34)
<3 Fo
~1/x Y j Apsin[v,/(Lug*x] exp{—vi Fo—u)¢3(u) du
m=1 JO
Bsf04 d

Z (A, /v2) siti[ xv,/(Lug)*] exp(—v2 Fo)

+ (Ba/Wo) {sm(Ge)*x/x[ Ge)? cos(Ge)?t +(B; — 1) sin{Ge)? ]}
x exp(— LuyGeFo) — (1/Wy) exp(— LuyGeFo) — (LuyGe B3/ W, x)

w©

X Ap/[vi(LugGe—v2)} sin[ v, x/(Lug)*] exp(—vZ Fo)

m=1

+2 3 Gt j (B D= B D)) @ D= 0 D]
X (Pot Oz — Ot Pn2) ™! sin[vp x/(Lug)*] exp(—vZ Fo—u)du
-~ % .21 (1/tn¥n) [(B2 Paz — Qn2 B1) Dy 02+ (Qut By — Py B2) D3 f05~ A1 f01(Qn2 Dyt = @t Di2)]
x {[ptn/(Lug)*] cos[ptn/(Lug)* ]+ (B3 —1) sin[,/(Lug)*1} ~* exp(— pa Fo)

|
+ o Y (Am/Va) [(B2 Pz — By Qm2) 02 Dy +(Qm1 B ~ Py B3) f02 D — (Qmz Dt — Qi Dinz) Ay f01]

o1
X (Pt Qmz— Qm1 Pn2)7! exp(— v Fo) + (2/x)Lu,,GeK0,,A, Z

n=1Hn¥n

(in n2 QnZDnl) Sln[,unx/ Lud)i] eXp( Ha FO)
X { [un/(Lttg)*] cos[ ptn/(Lua)* 1+ (B3 — 1) sin[ u,/(Lug)* ]} ~* —(1/x) Luy GeKoy 4,

X Z m/vm) Omz2 Dy~ Qi Din2) (Pt Oz — Qs Pn)7? Sin[me/(L“d)i] exp(— - Fo).
—(1/x)4, Koo(@, D, — 01 D) (P, 0, — P, 01) " sin[(Ge) x] [(Ge)? cos(Ge)t + (B3 — 1) sin(Ge)*] !

x exp(— LuyGeFo)+2Pny i (¢n/r )
n=1
Fo
X j {[(Pw1 v3/(v3 — 1/Lug)) sin pt, 03 X — (P2 /(07 — 1/Lug)) 8in pra 01 x]p2 ()
° - [(in v3/(v3 - 1/Luy) )511'1 Hn sz—(anv (v} — 1/Lu,,)) sin g, vy x]¢1 }
x exp(—p2Fo—u)du+2Pny Z (tn/ Y1)
n=1

X {[(B2 Pz~ B1 Qn2) for — Ay fo1 Q2] [012/(”1 - 1(Lu,,)*)] Sin g, v X
+ [(B1Qni — B2 Pyy) fos + A; f01Qni ] [Uz/(vz —1/Lug)] sin , sz} exp(— u?Fo)

+2A;Lu,GeKoyPny z (1 patpn) {[an 1’12/(Uf - l/Lud)] sin p, vy x— [in U%/(U% - 1/Lud)] sin pt, v, x}
n=1

x (LugGe — p2) exp(— u2Fo)+ Ay PnaKoy
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X Z {[Qz vlz/(vf - l/Lud)] sin(Luy Ge)*l’l X— [Ql L’%/(U% - I/L“d)] sin(LudGe)*vz x} (Pl Qz - Pz Ql)'l
n=1

x exp(— LugGeFo) + [Bs Luy(vf — 1/Lug) (v3 — 1/Lu,)] "' PnseKop fo,.  (35)
where
Am = 20 (Lug)t {B; cos[ v /(Lugt] — [vu/(Lug¥ ] sin[v,/(Lug)? ]} (35a)
and
D,; = Pny(Bssin pt, v;+ p, v;08 p, v 0f /[vF — I(Lug)*] + A3, v; cOS p, v;—sin ). (35b)

Prjs Qmj. Dmjand B;, @;, D; are written in the same form as P,;, Q,;, D,;; the characteristic root being replaced
by v,, and (Lu, Ge)* respectively.

Since the quantity of gaseous products of decomposition in the system is small in comparison to the quantity
of the associated matter and the transfer of matter through the gaseous products is also inconsiderable, the
term Pn, and the corresponding thermophysical coefficient A3 have no importance. In this case the expression
for the potentials of heat (32) and for the associated matter (33) remain unchanged and the expression for
gaseous products (35) takes the form:

f04

© Fo
04(x, Fo) = —:lc y J A SIn[ vy x/(Lug)*] exp(—v: Fo—u)¢s(u) du — Z (A vE) Sin[ vy x/(Lug)t]
A m=1J0

Lu,G i
x exp(~-vZ Fo) + ;j ¢ By Y (Aw/vE)(LusGe—v2)~ " sin[v,x/(Lug*] exp(— vZFo)

0X m=1

1 sin(Ge)*x

— B .

W, x[(Ge)t cos(Ge)t + (B — 1) sin(Ge)]

+

- 1] exp(— LuyGeFo).  (36)

The expressions for transfer potentials 6;(x, Fo) contain a convergent series. Further, as the generalized time
Fo increases, the terms of the series containing the exponential function of the criterion Fo diminish rapidly.
For a certain value of Fo > Fo,, the nature of the transfer potentials is mostly determined by retaining only
first two terms of the series.

For the constant prescribed fluxes, ie. ¢,(Fo) = Ki,, ¢,(Fo)= Ki,, and ¢3(Fo) = Ki,,, where Ki are the
Kirpichev criteria for the exchange of heat, matter and gaseous products respectively, the expressions (32), (33)
and (36) reduce to:

B,Ki;— B, Kiy,

o 2
01(x, Fo) = — Z Z sm,u,,v]xexp( uzFo)
A B, n=1 j=1
0, sin(Lu, Ge)*vy x — §, sin(Luy Ge)tv, x:|
— Koy 1+ 4 exp(— LuyGeFo) (37)
|: ' X(szx “Pzgx) ‘
Km -] 2 En .
8,(x, Fo) = ! -y 3y M 1—v?) sin p, v;x exp(— p2Fo)
n=1 j=1 X
0:(1 —v3) sin(Luy Gelrv, x— §,(1 — v?) sin{Lu,y Ge)t v, x
—A4,Ko exp(—Lu;GeFo)  (38)
re x(QzE—Ple ‘
Bs(x, Fo)— fos = exp(— LuyGeFo) (39)
and
Kl.ﬁ 1 . Lu;GeB; .V
04(x, Fo) = B, ; Z=: —g[szz—B3fo4— WO(LudGe—v,ﬁ):‘ sin L )*xexp( vZ Fo)
1 sin(Ge)*x
——1|1=-B - — Luy;GeFo); (40
WO[ > X[(Ge)t cos(Ge)® + (Bs— 1) sin(Ge)F] | *PL~ LuaGeFo) (40)
where
1 Lu,GeKo
Ey = Po3(Kin— B2 F03)+ Qua(Ay for + By fo, — Kig)— A1 —————5 Q0
HnWn Lu,Ge—py
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and

EnZ =

. LuyGeKoy
Po(Kip— B3 fo3) + Qu(A; fo, + By fo, —Kip)— nl

,Lt,, Wn ! Lud Gg— f

The mean values of the transfer potentials in case of the sphere are obtained from the relation
1
(B\(Fo)> = 3 J 0.(x, Fo)dx. (41)
0

The characteristic roots v,, only affect the transfer potentials of the gaseous products 6,(x, Fo) and the
characteristic roots u, affect the transfer potentials of heat and matter. Since the gaseous products are formed
only due to chemical reaction, the quantities Kiy,, v,,, B; and W, can be associated with the process of chemical
reaction. The quantities Lu, and Ge come together in the expressions of the transfer potentials of heat and
matter and they govern the rate of chemical reaction; so they are responsible for the transfer of heat and mass
due to thermal destruction. The quantity Ko, is the Kossovich criterion for the gaseous products and it defines
the nature of the chemical reaction. For Ko, > 0, it signifies that the reaction is endothermic and proceeds
with the absorption of heat and for Ko, < 0 it signifies that the reaction is of exothermic type and proceeds
with the evolution of heat.

Now we shall consider the approximate solutions for these transfer potentials applicable for small value of the
generalized time, Fo. At small values of Fo, we have

sinh v;5* x coshv;st ~ $exp(y; s?).

Under these approximations and restricting up to the terms of order s¥? only, the expressions (14)-(16) for
uniform initial distribution of transfer potentials give

2 .
O1(x, Fo)— fo, = m{(lefoz“Ax N3 for)(Fo)t ierfc[vy 1 — x/2(Fo)*] — (Ny; Fo, — Nay A, fo,)(Fo)*

x ierfc[vy 1 —x/2(Fo)¥] + (Nay Kip— Ny Kig)(Fo)
x ierfe[v, T—%/2(Fol] = (Ns, Kin— Na; Kig)(Fo)*
x ierfc[ vy 1—x/2(Fo)*]} + Ko4[1 —exp(— LuyGeFo)]  (42)
0x(x, Fo)— fo, = ?{W {(N12fo2— Ay Np3)(1 —vf)(Fo) ierfc %
x ierfe[v; 1—x/2(Fo)*]+ (N3; Kin— Noy Kig) (1 — v3)(Fo)? ierfc[v, T— x/2(Fo)t]
= (N3 Kip— N2 Kig)(1 —v})(Fo)ierfc[v, [—x/2(Fo)t]}  (43)

— N1y f03— Ay Ny fo (1 — v3) (Fo)t

and
2
O4(x, Fo) = < (Kig,— B3 fo4)(Lug Fo)* ierfc(1—/2/Luy Fo). (44)
where
—(_1)1[(B2+A Bl)U +Bl j }/SKOm]
Ny;=[4,+ l—uf)/sKom]uj, N3j=(=1)* 1y,
and

M = (v} —v})(Lun)?/cKoy,.

The expressions for these transfer potentials at the centre can be obtained by approximating sinh v;(sx) =
v;(sx)?, thus the expressions (14)—(16) become,

6,0, Fo)— fo, = {[(1 v} +eKop A2)Ki;— K0y Kiy, ] erfc[v,/2(Fo)?]
—[(1 —v3+¢Ko,A;)Ki,— eKop, Kiy] erfe[ v, /2(Fo)*]
+[eK0, B, fo, +(Ay fo; — By fo,)(1 — 03 +eKo,, A5)] erfe[v,/2(Fo)]
— [eK0m B3 fo; +(Ay fo1 — B, f0,)(1 — v} + eKo,, A2)] erfc[v,/2(Fo)t ]}

+ Kog[1—exp(—Lu,GeFo)], (45

(Uz
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1

Kol =07 {(1 =0 [(1 —v? +eKon A2)Ki, — Kiy,] exfc[v,/2(Fo)*] — (1 —v})

x [(1—v3+eKon A2)Ki,— Kiy,] erfc[v,/2(Fo)t]
+ B, f0,+(A, fo, — By fo2) (1 — v} + eKo,, A2)](1 — vd) erfc[v,/2(Fo)t]
—[Bafo,+(A; fo, — By fo,)(1— v3 +8K0,,,A2)] (1—vd erfC[Ul/z(Fo)f]} (46)

02(0, FO)—fOZ =

and
64(0, Foy = 2Luy(Kiy,— B fo,) erfc[1/2(Luy Fo)?]. (47

The expressions (42) and (45) contain the terms like i erfc x which are sufficiently small. From the expression
(42), neglecting the influence of these terms, we find that the excess of temperature over the initial distribution in
the process is due to chemical reaction in the body and it varies almost linearly for small values of the generalised
time. From the expression (45) it can be seen that the formation of the gaseous products is directly proportional
to the square root of the generalised time, Fo at the surface of the body.

Figure 1 shows the relation between (0, — f0,)/Ki,, and Fo at the surface and centre of the sphere (Ki,, = Ki,)
under the simple boundary conditions of second kind (4; = B, = B, =0, =0-5, Ko,,= 1-2, A, = P, =05,
Wi = 0-9437, V, = 1-9346). The transfer potential of matter is unaffected with the chemical reaction for small
values of the generalised time. In the small range of the generalised time, the matter is transferred from the
surface speedily in comparison with the transfer of matter from the centre. Figures 2 and 3 show the
distribution of matter and its gradient inside the body. From the figures, we observe that the transfer of matter
from the layer nearer to the surface towards the surface occurs comparatively at a fast rate and the rate is slowed
down as the layer moves farther from the surface.
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FiG. 1. Relation between (0, — fo,)/K;, and Fo for the surface FiG. 2. Distribution of matter in a sphere (K;,, = K;,).
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F1G. 3. Variation of gradient of matter in a sphere.
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CONCLUSION

The boundary conditions appearing in the equations (9)—(11) are of most general type and describe all
possible interaction laws including radiation heat effect. By particularizing these thermophysical coefficients
and surface fluxes in terms of known criteria, the specific interaction law of practical interest can be obtained.
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