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Abstract—The drying of a semi-infinite porous body in contact with the moving fluid has been studied
theoretically. The equations of Luikov and Mikhailov for unsteady internal heat and mass transfer in
the porous medium together with energy and flow equations of the fluid including the frictional heating
have been solved. The fluid has been taken to be incompressible and the motion is assumed to have
started impulsively. The effect of Eckert number on the temperature and the mass-transfer potential
has been exhibited graphically for a given set of values of various non-dimensional parameters.

NOMENCLATURE Lu = ajpg/ass Luikov number;
length co-ordinate perpendicular to the Ko = pema020 — Op)fege(tio—1t20) Kossovich
direction of flow [m]; number;
temperature [°C]; Pn = 8(t10 — 120)/(f20 — 6p) Posnov number;
moisture-transfer potential [°M]; Bip, = apl/Aym Biot number for mass trans-
air velocity [m/s]; fer;
thermal diffusivity coefficient [m2/h]; Pr = v/ag Prandtl number;
diffusion coefficient of moisture in E = vifcn(tic — t20) Eckert number;
capillary porous body [m2/h]; Fo = agr/L? Fourier number;
coefficient of moisture internal evapora- V = p/vg dimensionless velocity;
tion; T = (t — t20)/(t10 — t20) dimensionless tem-
specific heat of evaporation [kcal/kg]; perature;
thermal gradient coeflicient [1/degC}; 0 = (020 — 9)/(620 — 6p) dimensionless mass-
= 8/cm Soret coefficient [°M/degCl; transfer potential;
specific isothermal mass capacity of Bp,  equilibrium value of mass-transfer
moist body [kg/kg °M]; potential;
specific heat capacity of moist body X = x/L dimensionless length co-ordinate;
[kcal/(kg degC)]; k= 2nfhp;
mass-transfer coefficient Ko(x), modified Bessel function of second kind
[kg/(m? h °M)]; and of order zero.
dynamic viscosity [kg/(m h)];
kinematic viscosity [m2/h]; Subscripts
time [h]; 1, fluid;
thermal conductivity [kcal/(m h degC)]; 2, porous body;
= amcmy moisture conductivity 0, initial value.
[kg/(m h °M)];
the density of dry porous medium 1. INTRODUCTION
[kg/m3}; Luikov and Mikhailov [1] have studied a number
an arbitrary depth of the porous body of problems of drying of capillary-porous bodies
[m]; where the set of coupled equations of internal
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heat and mass transfer have been solved with
various boundary and initial conditions. The
most general boundary conditions are those of
the third kind which take into account the
thermo-diffusion and the heat loss due to
evaporation of the liquid moisture at the surface
of the body. Lebedev [2] has discussed some
empirical formulae for heat and mass transfer
in the drying of a moist porous body in air.

In this paper we discuss the problem of drying
of a capillary-porous body of infinite extent by
means of air flowing on its surface. In all the
cases of drying hitherto discussed the surround-
ing medium is taken to be at a constant tempera-
ture or at a temperature given as a function of
time. In general, the flowand the energyequations
for the moving fluid are coupled through non-
linear convective terms and no analytical solu-
tion to the heat transfer in a fluid can be obtained.
In one-dimensional flow, however, the convective
terms vanish identically and the velocity satisfies
a diffusion type of equation. In this case the flow
equation can be solved independently and the
solution can be substituted in the energy equation
to obtain the temperature time history in the
solid and the fluid. In this case the solid and the
fluid regions can be treated as a composite
medium satisfying the continuity relations at the
interface. In the problem discussed here the
porous medium is supposed to be dried at its
surface by air (considered as incompressible
fluid) moving with initial velocity vg. At the
surface we consider the boundary conditions of
continuity of temperature and of heat flux. As
for the boundary conditions of mass transfer
we consider the interface to be a free surface
and assume that the body is in contact with a
surrounding medium with a different mass-
transfer potential which is constant. The
equations of internal heat and mass transfer
(including the cross effects) have therefore been
solved along with the unsteady flow and energy
equations of the fluid.

For a particular case, numerical estimates of
the heat- and mass-transfer potentials at the
surface of the porous body for various values of
Eckert numbers and the variation of these
potentials with the Fourier number and non-
dimensional distance inside the body have been
graphically exhibited.

2. THE PROBLEM

Consider a semi-infinite porous body (x < 0)
initially at a temperature f3¢ and moisture trans-
fer potential 8¢ in contact with a fluid occupying
the space x > 0. The fluid (air) is initially at a
temperature ¢y, and it suddenly starts moving
with a velocity vp. Assuming that moisture
transfer at the interface follows the convective
transfer lIaw and the continuity conditions of
temperature and heat flux hold, determine the
temperature and mass-transfer potential in the
porous body and the temperature in the moving
fluid at any time,

For the solution of the above problem we
consider the following system of equations and
boundary conditions. Equations of internal heat
and mass transfer in the porous medium:

ot % o0
’5;2 = agz a—g + (GPC'mz/qu)g;2 H
a6 20 &
5;2 = amzé}'; + Gmse Ssg;i 2)
x<0, >0
Flow and energy equations of the fluid:
v 2
PR ®
ot 2%t or\?
F-wgat e (5) @
x>0, >0
Initial conditions:
2 = Iz &)
b2 =020]x<0 (6)
ty = to (7)
v = ] x>0 ®
Boundary conditions at x = 0:
h==0 ®
ot
~ A ~ (1 = ) pamz (02 — )
on
= ,\qlﬁ (10)
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o otz
M+ Amady 52+ amalfy — 0) = 0 (1)

v=20 (12)

The boundary condition (11) is the usual mass-
balance equation,* while equation (10) is the
energy-balance equation at the interface where
the heat loss due to evaporation has been taken
into account.

The above equations can be represented in the
non-dimensional form as below:

3T2 82T2 602

ko~ ot ~ KR, (13)
392 a2 92 a2 T2
aFo ~ M axe ~ LiPr gy (19)
X<0, Fo>0
ov 4
3Fo = ¢ }’raX2 (15)
Ty b2 XY oV\2
7Fo = ag——z-}-Pr.E.a(—é—;) (16)
X>0, Fo>0
Initial conditions:
T =0 an
o] ¥<0 as)
I1=1 (19)
V=1 ] X>0 20)
Boundary conditions at X = 0:
=T 2D
oT:
72 (1= 9 LuKoBin (1 - 6) = kot (22)
96, aTs
— Syt Proy + Bin(l )= (23)
V=0 29

where the dimensionless temperature, mass-
transfer potential, etc., have been defined in the
nomenclature,

* See reference 1, p. 498.
HM,—G.

3. SOLUTION OF THE PROBLEM

Let the Laplace transform of a function
(X, Fo) be defined as

#X,p) = ? (X, Fo) exp [~ pFo]dFo (25)

Multiplying the above equations (13), (14) and
also the boundary conditions (21)-(23) by
exp [— pFo] and integrating [with the initial
conditions (17}, (18)] we get

pT: = % — eKoply (26)

Pl = Lu s~ LuPn 32 @n
Ti=T 29)

‘gf + (1 = ¢) LuKoBin, (1 — 05) = k‘;{% 29)
giz'* P 37;?1“ Bin(1 —62) =0 (30

The solution of (15) subject to the initial con-
dition (20) and boundary condition (24) is well-
known and is given as

X
V= erd [2\/(Pr.a.Fo)} @D
where
Xi2+/(Pr.a.Fo)
g RS S
ot P Fo)| ~ AV

o
exp [~ £]d¢ (32)
Substituting ¥ from (31) into equation (16) and
taking the Laplace transform we get
dzhy

axe ~plaTy

= — 1/a — 2E/ma Ko [\/(pr ) } (33)

The solution of simultaneous equations (26) and
2D is

T = Arexp [B; X+/p] + Az exp [B2 X+/p] (34)

62 = — 1/eKo {A4; (1 — D exp[B1 X+/P] +
Az (1 — B exp [B2 X+/p}
X<0 (35
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and of equation (33) is
T; = Byexp [~ qX] — Ejnagexp [qX]

i Ko [V(2/Pr) g exp [~ gé] d¢
+ Efragexp[— qX] f Ko [/(2/Pr) q¢]

exp [g§] d¢

. (36)

X>0 |

where
BL=(1/2% {(1 + 1/Lu + <KoPn) +
V(1 + 1/Lu + «KoPn)® —
Ba = (1/2) {1 + 1/Lu + «KoPn) —
V{1 + 1/Lu + <KoPn)? — 4/Lu]}}

4/Lu}}t

and

9 = V{(pla)

Satisfying the transformed boundary con-
ditions (28)-(30) by {34)—(36) we get

Nu

N2y Nz
* [p(q +B alg+ h)] el Xavl
X<0 39
. Nt Nz )
bo= (-1 ""K"){[p(q s o k)}

(1 -8 exp [B1 X+/pl

Nz _ Nz (38
[P(? +h qlg+ ﬁ)] 8
— B exp B X «/’pl}
X <0 |
and
Nay N3z ]
T = [p(q + B qlg + ﬁ)} “xpl- aX]

— (Elnag)exp[gX]] Koly/(2/Pr)q€]
* 39
exp [— g€l d¢ + (E/mag)exp [~ qX] 9

]:Ko [(2/Pr) g¢] exp €] dé

X>0 ]

where
va Ni1Si
{132(1

= BaBim — (1 ~ €) LuKoBiy
8 k
Ko + BaP ] + :V;;

A + 2EM/) B]’{’"(l

40

k
2 — Ry
- B3+ va Bip,.

k
a.Ni.51 =——(1 + 2EM/7)

\a
[B 2(2]’;”9 D Ban] @
1/(1 N21S}_ = (1 _ e) LIJK()Bfm 7
B ]
» Biw . (D
—;/7;( + 2EM/7T):E:5(1 - B8H
— Bipp — ;/%Bim ]
a.NapSy = Vka(l + ZEM/?T)

PO hm] @

Va Nusi = 5 T Enln) 61 - £

— {1 — ¢ LuKoBiy,

Ba(1 — B3) — Bl — B
[ eKo +

B2 — ) Pn] + Bin (B2 = P)

+ 2R (s EMm [l ~ B

a : 9 LuBin

—BY(1 — B (81— B2)
Ko

r (44)

— Bl — I +

(1 + EM/z) {(1

+ Pyl — B — Pl — B%)]}
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a.NsS, = % (EM|m)

[ﬁz(l =B — Bl
eKo

+ (B2 — By) Pr] + (1 + EM|m)
(B1Pe/ <Ko) (B3 — B}) J

- A

- (45)

and

2
h=tTa 5 8

where

k
S1=%[

(B2 — BY) Pn] + (Bufe)<Ko)BE — B (47)

Be(1 — B ~ Bi(1 ~— B3
Ko

~

e R

(1)

Sz =

e F17.1 Im

B1)

Y. 5%)]

{(1 =B -8 (/32 -
Ko

s (48)

+ PuBa(l — BD) — full —ﬁg)l}

~

M has two different values [3] according as the
Prandtl number is less than or greater than 2,
namely

B 1 1+ /(1= 2/Pr)
My = VA =2/P 1°g[ D) }
Pr>2 (49)
1
My = W—_—-ﬁ cos™1 [+/(Pr/2)]
Pr<2 (50)

Applying the Laplace inversion theorem [4] to
(3739

(X, Fo) =
Ny By
h {erfc ( 2Fo

+ aFoh®] x erfc[-

)exp[ Buva) hX

BLX
5 \} o +h\/(aFo)]}

+ aNygexp[— Bi(v/a) h . X + aFoh?]

B X
2+/Fo

x erfe [-— + hv/(aFo) + %2}

{erfc ( szX) exp[—BvVaO)h. X

+ aFoh?] x erfc [ 5 \/ o + h\/(aFo)]}
~ Nag.aexp[— BAr/a) h. X + aFoh?)

PoX + hy/ (aFo)]

x erfc {—

2+/Fo
X<0

-

N (1 - 8D A
B Ko

) — exp[~ u(va)h. X

BX
2vFo

G(X, Foy = —

- P X
{erfc ( 3vFo

-+ aFoh?] x erfc [

+ hy/ (aFo)] }

ha.Nm(I - B)

o Lo~ BV h. X

4 aFoh?] x erfc [ 27'81—— + h\/(aFo)}

Noi (1 — BD) = B X
T h <Ko {erfc( 3y/Fo )

— exp [~ Ba(+v/a) h. X + aFoh?]

Sups Vi )] }

x erfc [

a. Nas
eKo

+ (1 = B)exp[—Bao(Va)h. X +

~ B X
24/Fo

aFoh?] x erfc [ + k\/(aFo)].

o
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L (51)

L (52)
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X
WX, Fo) =1+ ——~ Na1 { erfc [2V(aFo)]

X
- 2
exp [h. X + aFoh?] x erfc [2 (aFo)

+ hV(aFo)]} + a.Nszexplh. X

X
+ aFoh?] . erfc [m + hy/ (aFo)]
£ ye)
2

Fo

0
~ V/[Pr(Fo — §)] . X
-erfe (2\/{a§[Pr(Fo 5+ 28] }) d
X>0

where the convolution theorem [5] has been
applied to invert the last two terms of (39).

X2
exp {“ 2a[Pr(Fo — §) + 25]}
VA{(Fo — & [Pr(Fo — &) + 2¢]}

4. NUMERICAL RESULTS AND DISCUSSION

From the exact solution to the equations of
internal heat and mass transfer in a porous body
together with the flow and energy equations of
the moisture removing fluid, taking into account
the frictional heating, we can write down the
temperature and moisture potentials in terms
of the various non-dimensional parameters

Ty = To(Lu, Ko, Bin, Pn, ¢, Fo, a, k, Pr, E)
By = 8y(Lu, Ko, Bin, Pn, €, Fo, a, k, Pr, E)

For illustration we choose the following set of
values for the non-dimensional parameters

Luy=02 Ko=12 Pn=05 Pr=07
Bip =01 a=40 k =0-1.

The corresponding potentials 7> and 8y are
shown graphically in Figs. 1-4.

Figure 1 exhibits the values of the non-
dimensional moisture transfer potential 6
plotted against the non-dimensional porous
body depth for various values of the Fourier
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Log,, (1-X) (X<0)

Fic. 1. Variation of 62 along porous body depth for
various values of Fo. (E= 1, e =05, Ko = 12, Lu =
02, Pn=05,Pr=07k=01,a= 40, Bin = 0-1).
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Loq‘o Fo

Fic. 2. Effect of Eckert number on the value 8: at the

porous surface,
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£2=001

0-05

Fig. 3. Variation of T2 along porous body depth for
various values of Fo.

-0-5 i ! ! !

FiG. 4. Effect of Eckert number on T at the porous body
surface.

number. The effect of the Eckert number
E = v}ca(tio — t20) on the drying process is
exhibited in Fig. 2 where the difference in the
values of 62 corresponding to a given Eckert
number and that corresponding to zero Eckert
number is plotted against Fo. Figures 3 and 4
depict the values of non-dimensional temperature
in the porous body for variation in X and Fo and
the effect of the Eckert number on the tempera-
ture of the porous surface respectively. It is seen
from Fig. 2 that an increase in the Eckert
number results in quicker drying though the
steady state values of the moisture potential at
the surface is independent of the Eckert number.
The effect of frictional heating on the surface
temperature seems to be more pronounced and is
reflected even in the steady state values of
temperature at the porous surface. It is observed
(Fig. 3) that for the values of non-dimensional
parameters chosen for the numerical example
illustrated here the temperature of the porous
surface rises only slightly above the initial
temperature in the beginning but later the cool-
ing due to moisture evaporation from the surface
is dominant and the temperature falls down to a
steady state value which is dependent on the
Eckert number. The rise of temperature of the
porous body surface above the initial value is
greater for larger Eckert numbers.
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Résumé—Le séchage d’un milieu poreux semi-infini en contact avec un fluide en mouvement a été
étudié théoriquement. Les équations de Luikov et Mikhailov pour le transport de chaleur et de masse
transistoire 4 P'intérieur du milieu poreux ont été résolues en mémet emps que les équations de
Pécoulement et de I'énergie du fluide en tenant compte de I'échauffement dit au frottement. Le fluide a
été supposé incompressible et I'on a supposé que le mouvement a démarré brutalement. L'effet du
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nombre d’Eckert sur la température et sur le potentiel de transport de masse a été présenté graphique-
ment pour un ensemble donné de valeurs de différents parametres sans dimensions.

Zusammenfassung—Die Trocknung eines halbunendlichen pordsen Koérpers der sich in Beriihrung

mit einem bewegten Medium befindet wurde theoretisch untersucht. Die Gleichungen von Luikov

und Mikhaliov fiir instationdren inneren Wérme- und Stoffiibergang im pordsen Korper wurde

zusammen mit den Energie- und Bewegungsgleichungen, die Reibungserwirmung einschliessen,

gelost. Das stromende Medium ist als inkompressibel angenommen und die Bewegung soll plétzlich

begonnen haben. Der Einfluss der Eckertzahl auf die Temperatur und das Stoffiibergangspotential
ist fiir mehrere dimensionslose Parameter grafisch dargestelit.

Annoranua—IIpoBefleHO TeOpeTHYECKOE MCCIEOBAHME CYIIKH IOJy0eCKOHEYHOI'O II0-
PUCTOTO Texa, HAXONAIIErOCA B KOHTAKTE C [ABIMKYIIelicA cpemoit. Pemenn ypaBHenus
JImkoBa 1 MuxaiiioBa #iA mpouecca HECTAMOHAPHOTO BHYTPEHHEr0 TeIlJIO-U MACCOMepeHoca
B IIOPHCTOIf CPefie COBMECTHO C YPABHEHUA SHEPTUHN U ABHIKEHHS KUAKOCTH, BRIIOYALIIUMU
B ceba Harpes oT TpeuuA. IIpu ananmse GHII0 DPHHATO, YTO UAKOCTH HECKUMAEMA M 4TO
JBUKEHNEe HAYMHAETCH MMITYIbCUBHO. JIJIs JaHHOTO pANA BHAYeHUIT pasianiHEX 0e3pasMepHEIX
TapaMeTpoB NpeAcTaBieHa rpaduyecKasd 3aBUCMMOCTL TEMIEPATYPH U IOTEHIMANA MAaCCO-
IepeHoca OT KPHUTEPHA DKKepTa.



