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Abstraet--Simultaneous heat, mass and momentum transport phenomena accompanying phase transition 
and exothermic chemical reaction in unsaturated capillary porous media are investigated in this study with 
respect to a partially externally wetted nonisothermal catalyst pellet. The internal wetting efficiency, on 
which the effectiveness factor is strongly dependent, is determined by the internal and external transport 
processes, and is sensitive to the extent of external wetting as well as the degree of saturation of the 
surrounding gas. Adsorbate and capillary condensate transport, generally ignored for catalytic reactions, 

can have a dominating influence on the rate of reaction in the vapor-filled region. 

INTRODUCTION 

Partially filled (unsaturated) porous media occur in 
a wide variety of fields of scientific and technological 
interest. In such media transport may occur by 
diffusion and viscous flow in both liquid and vapor 
phases, and also by surface diffusion in an adsorbed 
phase. The literature on the subject is rather extensive, 
and since this study analyses the effects mainly in 
partially wetted catalyst particles, such as in trickle 
bed reactors (TBRs), we focus our attention on the 
relevant issues in this field• In such reactors, due to 
liquid maldistribution, the catalyst particles see a var- 
iety of wetting environments. In addition to different 
flow features the catalyst particles in different regions 
in the bed are wetted by the liquid film to different 
extents and, as a result, are subjected to different heat 
and mass transfer conditions. Hence, for better under- 
standing of TBRs, it is necessary to study the per- 
formance of particles subjected to each of these 
environments [1]. However, while some studies exist 
[2-6] on catalyst particles in the dry region of the 
trickle bed, most studies are primarily focused [7, 8] 
on partially externally wetted pellets, internally filled 
with liquid. A key assumption in these latter studies 
is that strong capillary forces cause complete filling of 
the pores by liquid imbibition from the externally 
wetted surface. Although the pore filling assumption 
is probably valid for isothermal or endothermic reac- 
tions, the assumption may not hold for exothermic 
reaction systems with volatile reactants and/or gas 
phase unsaturated in condensable component. Yet 
several modeling studies of exothermic reaction sys- 
tems involving volatile liquid reactants have assumed 
isothermal conditions, or treated the degree of internal 
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wetting as an independent parameter [9-11]. More 
realistic analyses [4-6, 12], however, considor the 
interplay between capillary condensation phenOmena 
and thermal effects in predicting the degree of internal 
wetting. Among these the work of Harold [12] also 
considers the effect of external wetting, but simplifies 
the problem by choosing one-dimensional geometry. 

The present work addresses several important !ssues 
such as two-dimensional formulation, variable exter- 
nal wetting efficiency, pore size distribution, cal~illary 
imbibition, capillary condensate and adsorbate trans- 
port in the vapor-filled region, and external traOsport 
resistances which were never simultaneously con- 
sidered previously. Various important ideas and 
findings reported in several earlier studies are recon- 
ciled and, while the physical picture chosen p~rtains 
to that for a multiphase catalytic reaction, the model 
is quite general. Indeed, the additional feature~ such 
as occurrence of  (an exothermic) chemical reaction 

• . . ~ . 
and the partial external wetting, inherent m the ismgle 
particle studies in trickle bed reactors, add to the com- 
plexity and make this problem more generalized than 
other studies in this area. 

PHYSICAL PICTURE 

The model single catalyst pellet is depicted i~a Fig. 
1. The two-dimensional slab of lengths Lx and',2Ly is 
wetted on one side by a flowing liquid film, a rivulet, 
comprised only of the volatile species A. The (est of 
the pellet is directly exposed to the bulk gas co~prised 
of species A and other noncondensables. This two 
dimensional geometry and wetting configuration is a 
simplification of  partially wetted spherical Or cyl- 
indrical pellet, as seen in Fig. 1. The dimension s of the 
pellet and external wetting efficiency r/,x can be varied 
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NOMENCLATURE 

a empirical constant in equation (8) 
am molecular area [m 2] 
C g~APo/RTto 
CTg total gas phase molar concentration 

[mol m 3] 
CT] liquid phase molar concentration [mol 

m -s] 
C~r] adsorbed phase concentration [mol m 3] 
dAK D~m/D~,A(r~) 
D~m diffusivity of component A in mixture 

at bulk temperature [m 2 s ~] 
D~,A Knudsen diffusivity of A at bulk 

temperature [m 2 s-~] 
D~* o 2 DaA/(DAmg.a) 
D*  o 2 OiA/(D Amg, a) 
D~* ~ o 2 DiA/(DAmGa ) 
DI* I o 2 DiA/(D Amg.a) 
OeA effective diffusivity [m 2 s i] 
De* A o 2 Oea/(D Amga) 
EA activation energy [J mol ~] 
E. effectiveness factor, equation (58) 
f (p )  equation (30) 
F r~NamCTi/2 
h empirical constant in equation (8) 
hg~ gas-solid heat transfer coefficient 

[Wm 2K-I]  
h~ liquid-solid heat transfer coefficient 

[ W m  2 K - l ]  

HI e~rJ Po CT, Cp,/8p, K~, 
AHr heat of reaction [J mol-J] 
k r reaction rate constant 

[mol ~' n)mSm ,)s-l] 
Keg effective thermal conductivity in gas- 

filled region [W m -I K -1] 
K~ effective thermal conductivity in 

liquid-filled region [W m-t  K-~] 
Kg~ gas solid mass transfer coefficient 

[ms '1 
Kp intrinsic permeability for laminar flow 

[mq 
K*ig 8Kpig/e2~i 
K ~il 8 Kpil / r2 g, i 
L Lx/L,. 
L,. length of the slab along X direction [m] 
L, half the length of slab along Y 

direction [m] 
n order of reaction with respect to A 
M, CT, r~Po/8#,D~,mCTgo 
NUg~ hg~Lx/K¢, 
NUI~ hl~L~/K¢l 
Pg gas phase pressure inside the pellet [Pa] 
Po bulk gas phase pressure [Pa] 
P~ capillary suction pressure [Pa], 

equation (9) 
P* Pc/Po 
PAo vapor pressure of component A at 

temperature T~o [Pal 

P~o PAo/Po 
PK liquid phase pressure in region L [Pa] 
PII liquid phase pressure in region LL [Pa] 
P I* PL/ Po 
P* PIjP,, 
Q Keg/K~, 
r pore radius [m] 
r,, r2 principal radii of curvature [m] 
rc critical pore radius [m] 
rcp equation (6) [m] 
~, mean micropore radius [m] 
rM mean radius of curvature of the 

meniscus [m] 
ra mean macropore radius [m] 
R universal gas constant [J tool -l K-L] 
S surface area per unit particle volume 

[m '] 
Si* Siggi/2e i 
SH Kg~L~/~D;m 
T Tgo/Tj,, 
Tg temperature in region G 
Tgo bulk gas phase temperature [K] 
TI temperature in region L 
T]~ temperature in region LL 
Tto bulk liquid phase temperature [K] 
~A partial molar volume of component A 

[m 3 mol- ' ]  
V Cs,r~,:~P,,2A/8p, K,,T,o 
WA .;tA/RT,,, 
W~ a/RT~o 
X abscissa in physical coordinate system 

[m] 
x X/L~ 
Xg equation (61) 
x] equation (62) 
x, equation (63) 
Y ordinate in physical coordinate system 

[m] 
y Y/L,. 
YA mole fraction of condensable species A. 

Greek symbols 
equation (49) 

fl [-AHrlD~me~CTgo/K~gTgo 
A X coordinate of interracial point [m] 
6 A/L~ 
e.~ microporosity 
~a macroporosity 
~o [L~kr(Tgo)C'~go' /D~,me~] 1/2 
F length of external liquid film in X 

direction [m] 
7 F/Lx 
t/~ external wetting efficiency 
q~ internal wetting efficiency 
0 angle between tangent to the interface 

and the X axis [rad] 
0c contact angle [rad] 
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0 equilibrium contact angle [rad] 
o~ Tgtrgo 
O, T~I T~o 
01, T./TIo 
O number of molecular layers in 

adsorbed phase 
19" 19 / F p i 
2A latent heat of vaporization of pure A 

[J mol- l] 
#~ viscosity of liquid [Pa s] 

EA/Rrgo 
p r/r~ 
p~ rJr~ 
Pcp rcp/ra 
Pi ri/ra 
cr surface tension [N m-t] 
tr~ standard deviation in micropore 

distribution 
q~ L x - F - A ( I ) ,  thickness of region L on 

pellet surface 

~k ~P / Lx. 

Superscripts 
* dimensionless quantity 
1 liquid phase 
s surface phase. 

Subscripts 
A condensable component A 
a macropore 
g gas phase 
go bulk gas phase 
i micropore 
ig gas-filled portion of the microparticle 
il liquid-filled portion of the 

microparticle 
1 liquid phase 
lo bulk liquid phase 
o bulk condition. 

0 
Region G 1 Region L 

2L Y 

J_ 
i "1 

Fig. 1. Model catalyst pellet. 

I L L  

X 

by adjusting Lx, Ly and the dimensionless rivulet width 
7- 

The catalyst particle is considered to comprise of 
compressed microporous microparticles. All pores are 
assumed to be of cylindrical shape, and while the 
intraparticle micropores are ascribed a size distri- 

bution, the interparticle macropores are considered 
to be of uniform size. Since the macropores form a 
continuous network, the gas-filled region is considered 
to be one in which all the macropores are filled with 
vapor. Thus, the interface separates the comp etely 
liquid-filled portion from the region in which all the 
macropores are vapor-filled. However, due to capillary 
condensation some of the micropores in the micro- 
particles surrounded by gas would be liquid-filled. 
Although, surface diffusion may not be important 
in catalysis at elevated temperatures (involving only 
gases), it is known to be of considerable importance 
in the low temperature reaction of a condensable 
vapor, as in the catalytic dehydration of ethanol [13]. 
Thus, surface diffusion and capillary condensate 
transport as subsequently discussed, can significantly 
alter the overall permeability of the micropartides. 

For the wetting configuration described above, for 
certain conditions, the pellet may be completely or 
almost completely filled and the interface may reside 
at the corner of the pellet. For simplicity we focus 
only on those conditions for which the interface is in 
the interior of the pellet, away from the X = 0 face of 
the pellet. 

THEORETICAL CONSIDERATIONS 

Vapor-liquid equilibrium 
The vapor-liquid equilibrium and the mechanism 

of condensation and evaporation in cylindrical capil- 
laries is well understood [14, 15], and is given by the 
generalized Kelvin equation across a curved interface : 

xiP~.O ~ -~- exp (1) RgTgrM A 
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in which rM is the mean radius of curvature, expressed 
a s  

- -  = + ( 2 )  
r M 

where r I and r2 are the principal radii of curvature. 
During capillary condensation in a cylindrical pore, 
the vapor-liquid interface is known to pass through a 
series of unstable configurations before the final stable 
hemispherical shape is attained. However, at the two 
extreme situations, namely, evaporation of liquid 
from a liquid-filled pore and inception of con- 
densation in a vapor-filled pore, the meniscus takes 
hemispherical and cylindrical shapes, respectively 
[141. The mean radius of curvature rM for these two 
cases is readily related to the radius (r) of the cyl- 
indrical pore. Thus, for a cylindrical meniscus, for 
which r~ = r and r2 = oo one obtains rM = 2r. For a 
hemispherical shaped meniscus, rM can be related to r 
by 

r 

rM cos (0~) (3) 

where 0~ is the contact angle, which may be different 
from the equilibrium property 0, when the meniscus 
is at the pore-mouth. Consequently, for the perfect 
hemisphere, for which 0c = 0 and r~ = r2 = r, one 
obtains ru = r. Thus, although the vapor-liquid equi- 
librium in a porous body is uniquely defined with 
respect to the curvature of the meniscus, it is not so 
with respect to the pore radius. 

In a partially internally wetted particle having a 
continuous pore size distribution, depending on tem- 
perature and partial pressure of condensable com- 
ponents, pores having radii smaller than a particular 
value called critical pore radius are filled with the 
condensed liquid. Although, the curvatures of the 
liquid menisci are the same in all liquid-filled pores (in 
agreement with the generalized Kelvin equation), the 
largest liquid-filled pores (of critical pore radius) are 
on the verge of emptying, with contact angle 0, during 
evaporation process or are just liquid-filled during 
condensation process. Hence, the curvature of menisci 
in the porous solid, during the process of evaporation 
and condensation can be related to the critical pore 
radius r® Thus, for evaporation, substituting 
r~--rc/COS (0) in the generalized Kelvin equation 
[equation (1)], we obtain 

[ 2°'/7i COS (0)] 
xi P°)'iP~g = exp R~Tr  ~ J (4) 

which is referred to, in this work, as the Kelvin equa- 
tion. For  condensation, which is initiated with cyl- 
indrical meniscus, substituting rM = 2re in equation 
(1), yields the modified Cohan equation 

YiPg [ flY, ] 
Xi P° - -  exp RgTgrcJ" (5) 

Accounting for the presence of adsorbed layer the 
actual critical pore radius r~p could be related to r~ in 
equations (4) and (5) by 

r~p = re + t (6) 

in which t is the thickness of the adsorbed layer. 
Assuming that the adsorbed layer has liquid-like 
density, the thickness I may be written as 

® 
t - (7) 

amNCTI 

where ® is the number of molecular layers in adsorbed 
phase, am is the molecular area and Cvl the liquid phase 
molar concentration of the adsorbate component. ® 
in equation (7) may be related to the partial pressure 
of condensable component in bulk gas phase by a 
Frenkel-Halse-Hill  equation for multilayer adsorp- 
tion [16]: 

In ~ - RR®" (8) k A(T~)J 
in which a and h are empirical constants. 

Capillary suction pressure 
A curved liquid-vapor interface not only reduces 

the saturation vapor pressure but also presents a capil- 
lary suction pressure at the interface, due to the action 
of surface tension at the meniscus, causing imbibition 
of liquid from the external liquid film, which is at 
higher pressure, and capillary condensate transport 
due to the gradient in capillary suction pressure. This 
capillary suction pressure can be calculated from the 
Laplace equation [151 

2{r cos (b) 
P~ - (9) 

rc 

Transport of condensable eomponent in vapor:filled 
region 

Adsorbate ,[tow in micropartiele. There are three 
possible ways in which a condensable (or an adsorb- 
able) vapor can flow though a microporous medium : 
gas phase and surface flow through vapor-filled pores 
and capillary condensate flow through liquid-filled 
pores. However in the range of pressures where capil- 
lary condensation occurs, surface flow and capillary 
condensate flow usually dominate over bulk vapor 
flow [17]. 

The simultaneous transport in the coexisting sur- 
face and capillary condensed phases is represented 
here by a modified hydrodynamic model [18]. In the 
model, both the surface and the capillary condensate 
flow are separately treated like viscous flow through 
a capillary. While the flow in surface phase is rep- 
resented by Flood's hydrodynamic model [19], the 
capillary condensate flow is considered to obey 
Darcy's law. The resulting transport coefficients 
D{A and D~A for the flow in liquid-filled pores and in 
surface phase, respectively, are given [18] by 
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and 

D~A _ Kp~,RTgCT, (10) 
~IYA CTg 

D~A -- ( l l )  
#IYA CTg 

in which Kpit and Kpig are the local average intrinsic 
permeabilities for laminar flow in liquid-filled region 
and gas-filled region, respectively, and C~-i is the 
adsorbed phase concentration, expressed as moles per 
unit volume of pore space. The effective microparticle 
diffusivity D~A is thus given by 

Dim = DilA+D~A (12) 

Effective diffusivity in vapor-filled region. While gas 
phase diffusion on the pellet scale generally occurs 
predominantly through the macroporous structure, 
because of the relatively small size of the micropores, 
the flux of condensable components in the micro- 
structure may be considerably enhanced because of 
capillary condensate transport and surface diffusion 
[19, 20]. Since the transport resistance of  the point 
contacts is generally relatively large, MaxweU's equa- 
tion offers a convenient means of  modeling the overall 
transport of condensable species A. While developed 
[21] for the case of a dilute suspension of spheres, the 
equation has been found to be applicable for a broad 
range of void fractions [22]. In the present analysis, 
we consider the microparticle effectiveness factor to 
be unity, and adopt Maxwell's model for obtaining 
the effective diffusivity DcA of condensable component 
A:  

DeA = OaA 

× f2/D,A +_ 1/DaA --2(1 --,%) (1/DiA -- 1/DaA)'( 
(2/D,A+I/D~A+(1--e.)(1/D,A--I/D~A) J" (13) 

In equation (13) ~ is the macroporosity, and D~A is 
the macropore diffusivity expressed as 

D.A = C.(1/DAm + l/DK.A(r~)) t (14) 

in which DAm is the bulk mixture diffusivity and 
DK.A(ra) is the Knudsen diffusivity in a macropore of 
radius r~,, and macropore tortuosity is taken as 1/~.. 

MATHEMATICAL MODEL 

In this work we consider an exothermic reaction, 
effectively of the type A --, products, in which A is the 
liquid phase reactant and the products are non- 
condensable. Also, we assume that the reaction in the 
gas-filled portion of the partially internally wetted 
catalyst pellet dominates the overall reaction rate, and 
the reaction rate in the liquid-filled region is negligible 
in comparison. An example of such reaction system is 
the catalytic decomposition of hydrazine [23]. Alter- 
natively, the reaction can also be considered to be of 
the type A(1)+ B ( g ) ~  products, in which the non- 
condensable reactant B is sparingly soluble in the 

liquid phase, and is the limiting reactant in the liquid- 
filled portion. This latter reaction system is supported 
by at least two experimental studies, that of Sedriks 
and Kenney [9] on the hydrogenation of cro- 
tonaldehyde on a palladium-supported catalyst, and 
of Satterfield and Ozel [24] on the hydrogenation of 
benzene, where the direct vapor phase reaction domi- 
nated even when the extent of internal wetting was 
large. For simplicity, it is further assumed that the 
reaction in the vapor-filled region is pseudo nth order 
with respect to the condensable species A, and that 
the products of reaction are noncondensable. 

The other important assumptions involved in 
modeling are as follows: 

(1) Micropore effectiveness factor is unity every- 
where in both the capillary-condensed liquid and 
vapor phases. 

(2) lntraparticle transport in liquid-filled portion is 
dominated by capillary imbibition. 

(3) Gas phase transport is dominated by diffusion 
and the gaseous transport is sufficiently rapid to pre- 
vent a pressure build up in the gas filled pores. 

(4) Reaction rate is controlled by surface reaction 
and is the same in liquid-filled pores as in the sur- 
rounding vapor-filled pores. 

(5) Contribution of convective heat transfer in gas 
phase is considered negligible as compared to conduc- 
tion. 

(6) Intraparticle liquid velocity is assumed to be 
linearly related to the pressure gradient according to 
Darcy's law. 

(7) Macropores are of uniform size and all the 
pores in the pellet are of cylindrical shape. 

Since the wetting configuration of the slab is sym- 
metric about the X axis (Fig. 1) we consider only 
the upper half, for the mathematical analysis. For 
computational purposes the actual physical space of 
the pellet is divided into three distinct regions: the 
gas-filled region (region G), a liquid-filled region, the 
external boundaries of which are directly exposed to 
the bulk gas phase (region L), and a liquid-filled 
region, the external boundaries of which are covered 
by the flowing liquid film (region LL). Further, the 
fictitious L-LL interface, separating region L and LL, 
is assumed to be parallel to the ga~liquid interface 
(G-L interface). In what follows we present the 
dimensionless mathematical model for each of these 
regions. 

The gas-filh, d region: region G(0 < x < 6(y); 
0 < y < l )  

The diffusion equation for reactant A is given by 

[D*A ¢')VA\ L2 C~ ['D*A O)'A\ 
(~X ~ Og ~)~- (~y ~-g ~ )  

= q~0/-- /  exp (15) \0~/ ~ - - /  
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The dimensionless effective diffusivity D*A in this 
equation is obtained as discussed in the preceding 
section. The dimensionless macropore diffusivity, 
D,A, and the microparticle diffusivity, D*,  of com- 
ponent A are expressed as follows : 

1 (  1 dAK~ -i  
D.* = e7 0g ~5~75 + 0 ~  s ] (16) 

D* ~* ]* = DiA +DiA , (17) 

where D~* and DI* represent, respectively, the dimen- 
sionless diffusivities for the adsorbate and capillary 
condensate transport of species A in the micro- 
particles, and are given by the following equations 

DS . MlOgpi g'i Kpig (18) 

2-2 
D{~, M'OgA g'iK~'i' (19) 

in which 

~ig "~- ei --  Ell (20) 

= fi'¢"f(p) do (21) £il 

Pi®* 
P~P=P~+ 2 (22) 

ec~C (n  , //P~o'~ WA } I 
p<= - i . -  iio,,n t ,-;7) + l). (23) 

= : 0gin - -  - T - ( 0 g - 1 )  . (24) 
W~ 'h ( Ao~÷ WA ®* 
¢5iF \ YA J 

The dimensionless surface area in gas-filled region of 
the microparticle is given by 

= p~ ( ~  1 
S,* --  J, p f ( P )  dp. (25) 

~i Pep 

The dimensionless permeability of the gas-filled 
region, K'g,  and that of the liquid-filled region, K*,, 
are expressed as follows 

K~,g - p2f(p) dp (26) 
cp 

and 

l (~P~P 2 • 
K*,I -- 2 ] P.I~(p) dp (27) 

"qiP~ ei go 

in which ~,g and T~I are the tortuosities in the gas-filled 
region and in the liquid-filled region of the micro- 
particle, respectively. The effect of liquid-filling on z,g 
and r~] may be more accurately captured by means of 
percolation and effective medium concepts ; however, 
for the present study we use the following simple 
relationships : 

r , ~ -  1/~;,~ (28) 

ril = I/E,. (29) 

For pore volume distribution in microparticles, we 
assume a log-normal form : 

d~:idp - P v '/~1 {si _) f (p) - ta~exp [ -  [In (p/~j]2./232, ] . 

(30)  

The energy balance within the gas-filled part 
includes the conduction and heat generation terms : 

8x 2 + L 2 _ _  = _ fl~b~ exp . <v \o=) \ ) 

(31) 

The liquid-filled region (external boundaries directly 
exposed to the gas) : region L (6(y) < x < 6(y) + ¢ ; 
0 < y <  1) 

Using Darcy's law to relate the velocity and 
pressure gradient, the capillary driven liquid imbibi- 
tion inside the pellet is given by the following equation 

(~2p* L 2 O2pi, - 1 +  - - = 0 .  (32) 
8 x  ~ 8~, z 

The energy balance in the liquid phase includes con- 
tributions due to conduction as well as convection : 

820i gO1 8P* 2 8201 801 8P* 
+HI E ~ + L  - -  ÷L2HI - 0. 8x 2 ,. 8v 2 8y (~)' 

(33) 

The liquid-filled reqion (external boundaries covered by 
the liquid film): region LL ( 6 ( y ) + ~ < x <  l :  
0 < y < l )  

The equations in this region are similar to those in 
region L : 

cq2p, (22p, 
8x ~ + L  2 -  = 0 (34) 8), 2 

020, 80. 8P* 820, 80, gP* 
Ox-- 2 + H I ~  8~-r + L 2 - - + L 2 H ]  - 0 .  

&.z 8y @ 

(35) 

The gas-liquid interlace (G-L interlhce) :(x = 6(y), 
0 < y < l )  

The G - L  interface separates the completely liquid- 
filled region (region L) from the macropore vapor- 
filled region (region G). In the macropores on this 
surface the liquid-menisci would be situated in the 
interior of these pores, and their contact angle 0c, at 
this dynamic equilibrium, is assumed to be same as 
the static equilibrium contact angle 0. Therefore, the 
Young-Laplace equation for mechanical equilibrium 
across the hemispherical shaped menisci yields 

PI* = 1 - P* (36) 
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where, the dimensionless capillary pressure, I’:, is 
given by 

p* = 2acos @> 
c 

rap0 
(37) 

in which r, is the radius of the macropores (which are 
assumed to be of uniform size). 

The equilibrium mole fraction of A in the vapor, at 
the interface, is obtained by combining the Kelvin and 
Clausius-Clapeyron equations as 

yA = P&exp 

The continuity of the net flux of component A at the 
interface is given by 

F Lli”cos(0)-gsin(0) 
*( ?y > 

= M, 
( 

LTcos (0)- zsin (0) 
1 

(39) 

The energy balance accounting for the latent heat of 
vaporization yields 

( al9 ae 
QT LBcos(Q)-Bsin(Q) aJ ax ) 

= L$cos(0)-zsin(D) 

-V Lzcos(H)-zsin(R) 
( > 

Further, the continuity of temperature demands that 

B, =;. (41) 

L-U interface : (x = 6(y) + II/ ; 0 < y < 1) 
The continuity of energy and mass fluxes yields, 

respectively 

( . L$cos(0)- gsin(8) 
> 

= L%cos(Q-$sin(R) 
( > 

(42) 

( ap: ap: 
L F ~0s (0) - x sin (4 

> 

= LTcos(R)-zsin(8) (43) 
i > 

In equations (39), (40), (42) and (43) above, 0 is 
the angle at the interfacial point defined such that 
tan (6) represents the slope of the tangent to the inter- 
face [i.e. tan (0) = dY/dX = l/L(dS/dy), where X = 

A(u)]. 
The boundary conditions for region G, region L 

and region LL are as follows : 

x=O;O<y<l 

NU,,(l -e,) = -Q$ / (4.4 

MYA, _YA) = _ $L !g (45) 
g ,” 

y = 1; 0 < x < S(I) 

NU,,(l-0,) = QLZ (46) 

SWY,, - l.A) = && 2! 
0, a], (47) 

y = 1; 6(l) <x < s(l)++ 
The external surface of the liquid-filled region 

(region L) is directly exposed to the bulk gas. The 
vapor-liquid equilibrium condition at this surface is 
given by 

in which 

c( _ cos (0,) 

cos(8) 
(49) 

The macropores on this surface would be completely 
liquid-filled with liquid-menisci residing at the pore- 
mouths. Although the macropores are (assumed to 
be) of uniform size, the liquid menisci at the pore- 
mouths would acquire different curvatures in com- 
pliance with the generalized Kelvin equation [equa- 
tion (l)], for different temperatures and/or partial 
pressures [ 141. Thus, unlike the case for the gas-liquid 
interface which is in the interior of the pellet, for which 
the contact angle is assumed to be the equilibrium 
contact angle 6, the menisci in the macropores at the 
external surface can acquire a contact angle 0, greater 
than 8. The condition of mechanical equilibrium of 
the liquid meniscus provides the additional equation 
for the unknown CL : 

1-p: 

c(=p,*’ 
(SO) 

Further, the vaporization of liquid into the unsatu- 
rated surroundings is balanced by the capillary driven 
liquid imbibition : 

SH(YA, -J?,+) = LM, 5. (51) 

The energy balance at this surface includes the con- 
tributions due to conduction, the sensible heat of the 
imbibing liquid and the latent heat of vaporization 
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L( o,  e,*x 
= \ 6 '  - (52) q~ = 1-- cS(y) dy. (60) 

0 

y =  1;3(y)+~,  < x < 1 
At this boundary the energy supplied by the intra- 

particle conduction and convection is removed by the 
external liquid film : 

) ~" Jr "1 -0 . )  (53) NUI~(1-O.) = L \ @  +Ht ( 

The liquid phase pressure, P., in the external liquid 
film is assumed to be the same as the bulk gas pressure 
Po, yielding 

P* = 1. (54) 

x = l ; 0 < y < l  
As for the previous case, the boundary conditions 

for this liquid covered surface are given by 

((?O~j + OP* 
mu,~(1-O,,) = \ ~  Ill (?-Tv (1-0u)/ /  (55) 

and 

P * =  1. 

y = 0 ; 0 < x <  1 
The symmetry about the x axis demands that 

~'J'A 00~ _ ~?01 _ (?P* (?011 _ c~PI* _ O. 
8y 83' (?y (?y 83' ~2y 

NUMERICAL SOLUTION 

Coordinate transJbrmation 
The problem is fully defined by the model equations 

(15)-(57). The numerical solution of this coupled set 
of equations in YA, 0~, 0~, P* 0H and P* is complicated 
by the fact that the position and shape of the gas- 
liquid interface is unknown. Consequently, the 
approach used here is to simplify the numerical analy- 
sis by transforming the nonorthogonal free boundary 
(G-L interface) to an orthogonal fixed boundary at 
the expense of complicating the governing partial 
differential equations [25]. The following trans- 
formations are used for this purpose : 

In r eg ionG(0~<x~<8(v)  0~<y~< 1) 

X 
.re - 6(y) " y unchanged (61) 

In region L (d(y) ~< x ~< 8(.v) +~,, 0 ~< y ~< 1) 

(56) 
x - b ( y )  

y unchanged. (62) XI - -  I~t 

l n r e g i o n L L ( a 0 9 + ~ < x ~ < l , 0 ~ < y <  I) 

(57) x -  (30') + ~9) 
xH - 1 --(8(y) +qJ)" y unchanged. (63) 

Parameters Jbr performance evaluation 
EfJectiveness factor. The catalyst effectiveness fac- 

tor (Ee) is defined as the ratio of the observed rate to 
the rate of the completely utilized pellet evaluated at 
the bulk conditions. In dimensionless form 

- -  17.71 cry 
E .  = ~o~y L \ c x / , - = ,  " 

; } , oP,*X + dx+l L-i l \ (?v ],, #~,, \ Y I,. dx 
O ) + g ,  - = l = 

Wetting efficiencies. The external wetting efficiency 
(r/~) is defined as the fraction of the external area of 
the pellet covered by the liquid film : 

1 + L 7  
q ~ - -  2 + L "  (59) 

The internal wetting efficiency (r/3 is defined as the 
fraction of total volume of the pellet completely filled 
by liquid : 

Solution methodology 
The general methodology used to solve the trans- 

formed equations is as follows. By fixing the interface 
position, the combined set of field equations in various 
regions and boundary conditions is discretized, using 
two-dimensional orthogonal collocation [26], and 
solved to obtain the profiles of 0g VA. 0~, 0,, Pr* and 
P*. These are then used to evaluate the residuals of 
the discretized energy balance equations at the inter- 
face, which are then used to obtain an improved inter- 
face position and iteratively reduced. All integrals 
were evaluated by Gauss-Legendre quadrature, and 
the system of nonlinear equations resulting from the 
discretization was solved using a Marquardt-Lev- 
enberg method. Numerical experiments indicated that 
a 3 x 3 square grid of interior collocation points in 
each region was adequate. For iterative searching of 
the interface position, pseudo-transient energy bal- 
ance equations were formulated with residuals rep- 
resenting the false accumulation terms written as 
w~d6jdt. Here the w~s are weight factors chosen by 
trial and error to accelerate the convergence. The sys- 
tem of pseudo-transient equations at the interface 
points is integrated using Gear's method, with the 
accumulation terms becoming negligible as the true 
interface position is approached. 
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Table 1. Base-case parameter values 

Geometric and structural parameters 
L = 4.0 ai = 0.2 
~' = 0.15 Pi = 0.1 
~ = 0.3 dAK = 0.55 
~ = 0.5 

Kinetic parameters 
v = 10.0 0o = variable 
l~ = 0.05 

Thermodynamic parameters 
p7 = 5.0 WA = 12.0 
P*o = 0.1 Ws = 3.0 
T = 1.0 F = 75 
C=0.004 h =  1.5 

Transport parameters 
V = 0.01 Yao = 0.06 
HI = 0.035 NUgs = 0.7 
Ml = 0.4 NUIs = 1.0 
Q = 1.0 SH = 100.0 

< 

r~ 

(a) 
60 - 

4 0  - 

2 0  -- 

( b )  
50 - -  

0.6 

0 . 4  

0.2 

Ol . z  . 

I I I I I 
0.2 0.4 0.6 0.S 1.0 

(YA/PAo) 

RESULTS AND DISCUSSION 

The base-case parameter values used for the 
numerical study are .listed in Table 1. These par- 
ameters are evaluated for a typical realistic case at 
atmospheric pressure. Parameters other than those 
whose values are indicated on the figures that follow 
assume the values indicated in Table 1. 

Transport of condensable component in the vapor ffilled 
reyion 

Since the observed rate of  reaction in a catalyst 
particle is strongly influenced by intraparticle mass 
transfer, surface and capillary condensate transport 
may be expected to play a significant role in vapor 
phase reactions carried out at temperatures near the 
boiling point of  reactants or  products [27]. The rep- 
resentation of  these phenomena in the catalyst pellet 
is therefore a unique feature of  this study, hitherto 
not  considered. Figure 2(a) shows the variation of  
dimensionless microparticle diffusivity with relative 
saturation of  the gas phase, predicted for the base- 
case parameters used in this work. Indeed, the 
reported slight fall in diffusivity in the multilayer 
region followed by the anomalous rise, at higher rela- 
tive saturation, in the capillary condensation region 
[28] are well represented by the model. Further,  as 
seen in Fig. 2(b) and (c), the model also predicts 
adsorpt ion~lesorpt ion hysteresis similar to that 
observed [28, 29], and also the maximum in diffusivity 
as saturation is approached, reported by some 
workers [28, 30, 31]. Of  particular significance is the 
strong influence of  micropore size distribution, seen in 
Fig. 2(a), and the several-fold enhancement in effec- 
tive pellet diffusivity over the normal (nonadsorbable) 
gas phase value [cf. Fig. 2(c)], due to the higher rate 
of  transport in the microparticles. The detailed ex- 
planations for these trends, including the peculiar 
maxima in Fig. 2(a)-(c),  are provided elsewhere [18]. 

40 

30 

20 

10 

13 
( c )  

Hysteresis l / / J  

(Cohan branch) 

l I I I I 
0.2 0.4 0.6 0.8 1.0 

(YA/P~o) 

< 

11 Desorption 
- (Kelvin branch) ~ 

- Hysteresis ? ~  -.Z z 
- -  Adsorption 

( C o h a n  b r a n c h )  

I I L I I 
0.2 0.4 0.6 0.8 1.0 

(VA/P~o) 

Fig. 2. Variation of dimensionless diffusivity with relative 
saturation, at 08 = 1. (a) Kelvin branch in microparticle, for 
various values of a~, (b) hysteresis in microparticle and (c) 

hysteresis in pellet. 
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Fig. 4. Position ofG L interface for various values of Thiele 
modulus (~b0) and [3 = 0.01. 
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Fig. 3. Effect of/~ on the Thiele modulus (4~o) dependence of 
(a) effectiveness factor (E~) and (b) internal wetting efficiency 

Steady state behavior of the catalyst pellet 
Since a large number of parameters are involved 

only the role of the key parameters is reported here. 
Further, only stable steady states are reported as the 
pseudo-transient solution strategy did not permit 
attainment of unstable steady states. Also, the numeri- 
cal solution method was most effective for states with 
internal wetting between 40 and 90%, with solutions 
corresponding to mostly dry states not being attained. 
This, however, is a reasonably wide range essentially 
covering the region of practical interest. As usual the 
performance of the catalyst pellet is represented by 
the effectiveness factor (E~), which is a net result of 
the sensitive balance between the different phenomena 
occurring in the various regions of the two-dimen- 
sional pellet. 

Effect of/3. Figure 3(a) and (b) shows the impact 
of the dimensionless heat of reaction (Prater number 

/3) on the dependence of effectiveness factor (E~), and 
of internal wetting efficiency (q,), on the Thiele modu- 
lus (q~o). It may be anticipated that for sufficiently 
small 4~o values (i.e. low reaction rate) the impact of 
the dimensionless heat of reaction,/3, is negligible, and 
En- and r/~ approach constant values independent of/3. 
This is evident in Fig. 3(a) and (b), and the influence 
of/3 becomes more significant at smaller ~bo values for 
larger values of/3. With further increase in q~o the rate 
of reaction becomes increasingly sensitive to ~bo, and 
for sufficiently large/3 [/3 = 0.08, in Fig. 3(a)] the reac- 
tion heat exceeds the demands of the latent heat for 
vaporization, causing net heating of the pellet, thereby 
raising the saturation vapor pressure at the interface. 
The increased supply of the condensable reactant from 
the interface and the higher temperature further inten- 
sifies the reaction rate, and this may lead to 'reaction 
run-away' and eventually to a "hot-spot'. 

For  smaller values of/3 [/3 = 0.01, in Fig. 3(a)] the 
reaction heat is not sufficient to overcome the cooling 
caused by vaporization, and the initial increase in E~- 
with ~bo is mainly due to the increase in gas-filled 
volume (in which the reaction occurs) caused by the 
higher vaporization rate accompanying the higher 
reaction rate. The intra-pellet diffusion time increases 
as the gas-filled portion penetrates further inside the 
pellet. Further, the higher intrinsic rate at higher qS,, 
leads to the depletion of A in the interior of the pellet 
and, as YA decreases, the liquid-filled pores in the 
microparticles in the vapor-filled region start opening 
up, reducing the effective diffusivity. Consequently, 
at high ~bo the overall reaction rate is controlled by 
intrapellet diffusion, indicated by the descending por- 
tion of En- vs q~o curve, for/3 = 0.01. 

Shape of the interface. Figure 4 shows the location 
and shape of the interface at different q~o values, cor- 
responding to /3 = 0.01 in Fig. 3. At low ~bo the 
vaporization is mainly due to the existence of unsatu- 
rated surroundings, and occurs more near the faces of 
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Fig. 5. Variation of effectiveness factor (E~) with Thiele 

modulus (4)0) for various values of Ws and fl = 0.05. 

the pellet than in the interior, where the additional 
intrapellet diffusion resistance becomes important. 
Both of these factors lead to the convex shape at low 
4~,,. With increasing ~bo the gradient of mole fraction 
YA becomes steeper leading to increased vaporization 
in the interior of the pellet, and therefore to flattening 
of the interface. At very high ~bo values the reactant 
(A) is almost completely consumed within the pellet 
and the interface shape becomes slightly concave. In 
this situation the pellet is starved of condensable com- 
ponent A which consequently also diffuses into the 
pellet from the unsaturated surroundings. 

Effect of Ws. As discussed above, for intermediate 
values offl (e.g. fl = 0.05, in Fig. 3) and high 4)0, in the 
vapor filled region the rate is governed by intrapellet 
diffusion and YA is lOW. In this condition most of the 
vapor-filled region is devoid of capillary condensate 
and the transport is mainly due to surface diffusion 
through the microparticles. Figure 5 shows the E~ vs 
~bo plot for fl = 0.05, for different values of the extent- 
of-adsorption-related parameter IV=. Other par- 
ameters remaining unchanged, a higher IV= implies 
greater extent of adsorption (that is greater ®*), and 
hence higher Dr* [equations 08)  and (24)]. Thus, the 
effect of Ws is more prominent at high ~o where sur- 
face diffusion is more important. At lower tko, where 
the pellet is colder, transport in the vapor-filled region 
is dominated by capillary condensate transport in the 
microparticles, and the curves for different Ws in Fig. 
5 merge into each other. 

Effect of SH. Figure 6(a) and (b) shows the effect 
of Sherwood number, SH, on the variation of E~ with 
Thiele modulus ~bo, for two different values of the 
parameter V (which signifies the relative importance 
of phase change-related heat transfer to conductive 
heat transfer in the liquid phase). At low tho incom- 
plete internal wetting, despite the negligible reaction 
heat effects, is due to the surroundings being unsatu- 
rated. With increase in the Sherwood number the 
transport of condensable component A into the sur- 

(a )  
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0.60 j SH = 5 

SH = 100 /¢/¢/¢~ 
Elf 0.40 ~ ~ / / /  SH'r-40 

/ / I  
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I I 
0 4 8 

0o 

(b) 
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0.60 -- (61.8%y / 

Eft J J (65%) 
(67'2%)~ ¢ / 

0.20 ~ ( ~ 2 . ~  (83.6%) 

/ I I I I 
0 2 4 6 8 

~o 

Fig. 6. Variation of effectiveness factor (E~) with Thiele 
modulus (q~0), for various values of SH and (a) V ~= 0.01, 
(b) V = 0.002. Numbers in parentheses indicate the internal 

wetting efficiency. 

roundings increases, and hence the internal wetting 
decreases. Larger V prevents vaporization by cooling 
of the liquid front, thereby reducing the saturation 
vapor pressure and hence the driving force for vapor 
transport. Thus, for V = 0.01 (base-case value), the 
cooling effect due to latent heat removal is much more 
significant than that for V = 0.002. For  SH = 40 and 
50 and V = 0.01, in Fig. 6(a), a 'completely estab- 
lished' interface (that is, the interface located: away 
from the x = 0 face of the pellet) does not exist for 
low 4)0 values. The numbers in brackets in Fig. 6(a) 
and (b), indicate the extent of internal wetting for 
the corresponding values of ~bo. For  SH = 40 and 
V = 0.01 [Fig. 6(a)] qSo = 8 represents the 'extinction 
point',  for on slight reduction of q~o thermal instability 
sets in, and the pellet is almost completely filled with 
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liquid. On the other hand, because of smaller cooling 
effects at lower V IV = 0.002, Fig. 6(b)] a completely 
established interface is possible, even for SH = 25 and 
qL=l. 

The unusual trend for SH = 25 in Fig. 6(b) can be 
explained as follows. At low qSo, because of the smaller 
gas-filled volume available for reaction, evaporation 
due to reaction heat effects is delayed up to ~bo = 4.0, 
so that the effectiveness factor is only weakly sensitive 
to q~o. As 4)0 increases the gas filled volume gradually 
increases, and the intrinsic reaction rate becomes 
increasingly sensitive to 4~o. Beyond qSo = 4, the tem- 
perature starts rising and rapid evaporation ensues. 
However, as temperature rises the capillary held liquid 
in the microparticles in the vapor-filled region (region 
G) starts vaporizing, and the effective diffusivity 
decreases. This slightly retards the rate, explaining the 
slight deviation from the normal trend in the range 
~bo = 4-6. Beyond q~o = 6, however, the reaction rate 
and internal temperature as well as evaporation rate 
increase rapidly, and En- is again more sensitive to ~bo. 

Effect of  Mr. The parameter Mj represents the ratio 
of the resistance to transport in vapor filled pores to 
that in liquid filled pores. At low ~bo it may be antici- 
pated that the internal wetting (rh) is greater for larger 
values of M~, so that the smaller gas filled volume 
available for reaction results in smaller E~r. Further, 
for smaller Mt the external mass transfer resistance 
becomes less important  as compared to the resistance 
for the imbibition transport  of  liquid on the surface 
of region L [equation (51)]. Hence, for sufficiently 
small Mj, the evaporation is controlled by the slower 
imbibition of liquid, and the liquid in the pore-mouths 
attains thermodynamic equilibrium with the bulk gas. 
Thus, YA near the external surface of region L is 
smaller for smaller value of M~ and so is the equi- 
librium temperature of the liquid in the pore-mouths. 
Because of this restriction, the temperature and the 
saturation vapor pressure at the interface are smaller 
for smaller M~. Furthermore,  the smaller the M~ the 
smaller is the dimensionless effective diffusivity D*A 
[equations (17)-(19)]. For  these reasons, as discussed 
before [for [] = 0.01 in Fig. 3(a)], at higher q5 o and 
sufficiently small M~, the overall reaction rate is con- 
trolled by the intrapellet diffusion process, which is 
evident from the descending portion of the E~- vs q~,, 
curve in Fig. 7 for M~ = 0.05. On the other hand, for 
larger M~ the restriction mentioned above is less 
severe, and the interface can attain higher tem- 
peratures at larger q~o, so that greater saturation vapor 
pressures and higher effective diffusivities result in 
larger E~-. 

Effect of  external wettin 9 eJficiency. Figure 8 shows 
the effect of  dimensionless capillary pressure P* on 
the variation of effectiveness factor with the external 
wetting efficiency-related parameter 7 [cf. equation 
(59)], for qSo = 6. Larger P ' impl i e s  greater wettability 
of the pore structure due to greater driving force for 
imbibition, and also due to enhanced capillary con- 
densation caused by the reduced vapor pressure. 
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Fig. 7. Variation of effectiveness factor (E~-) with Thiele 
modulus (~b0) for various values of Mj. Numbers in par- 

entheses indicate the internal wetting efficiency. 
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Fig. 8. Variation of effectiveness factor (E,.) with dimen- 
sionless length of liquid film in x direction (7), for various 
values of P* and ~0 = 6. Numbers in parentheses indicatc 

the internal wetting efficiency. 

Consequently, at constant 7, the effectiveness factor 
factor decreases with increase in P*, due to the attend- 
ant decrease in the vapor-filled space which dominates 
the rate. Also, as expected, for a fixed P*, as I' increases 
the gas-filled volume decreases due to increased imbi- 
bition from the liquid covered portion of the pellet, 
and hence the effectiveness factor decreases. Such an 
effect has been reported [32], but prior analyses con- 
sidering only liquid-filled pores, in spite of evidence 
to the contrary [32], could not associate this with the 
partial internal wetting. 
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