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Condensation-evaporation hysteresis associated with the internal wetting of cat- 
alystparticles is examined here by the Kelvin and Cohan equations. It is shown that 
in the absence of information on the thermal history, it is difficult to predict the 
extent of internal wetting and the associated reaction rate, for states with partial 
internal wetting, with the actual rate lying anywhere between the limits specified by 
the Kelvin and Cohan equations. Hysteresis effects arising from thermal cycling are 
discussed, and the predictions are shown to agree with the experimental data of Kim 
and Kim ( 1981a). Experimentally observed transitions between states with markedly 
different extents of internal wetting and with associated sudden evaporation or 
condensation are also rationalized by the theory. 

Introduction 
The phenomenon of partial internal wetting of catalyst par- 

ticles remains one of the less-understood features of three phase 
systems, although it is of immediate concern in the analysis 
of trickle-bed reactors. This is the case despite several exper- 
imental studies reporting the existence of partial internal wet- 
ting and associated hysteresis effects (Sedriks and Kenney, 
1973; Satterfield and Ozel, 1973; Hanika et al., 1975, 1976; 
Kim and Kim, 1981a,b). Unusual and complex behavior arising 
from vapor-liquid transition in trickle beds has also been ob- 
served by various investigators (Hanika et al., 1975, 1976; 
Satterfield and Way, 1972; Germain et al., 1974; Eigenberger 
and Wegerle, 1982; Tukac et al., 1986), making it all the more 
imperative that the physical processes affecting such systems 
be more thoroughly examined. 

Recently, some efforts have been made in the above direction 
(Bhatia, 1988, 1989; Harold, 1988a), in which the interplay 
between capillary condensation phenomena and thermal ef- 
fects has been examined and the resulting effect on multiplicity 
and effectiveness factor elucidated. These works have high- 
lighted the applicability of the Kelvin equation of capillary 
thermodynamics in predicting the degree of internal wetting, 
a parameter used as an independent variable in prior analyses 
(Sakornwimon and Sylvester, 1982; Martinez et al., 1981), or 
arbitrarily assumed to be unity (Ramchandran and Smith, 1979; 
Mills and Dudukovic, 1980, 1982; Herskowitz, 1981a,b; Yen- 
tekakis and Vayenas, 1987; Harold, 1988b; Tan, 1988). An 
important conclusion in the studies of Bhatia and of Harold 
is that the extent of internal wetting has a sensitive dependence 

on thermal effects and strongly influences the :ffectiveness 
factor because of the dependence of transport rates on this 
variable. In addition, the interplay between capillary conden- 
sation phenomena and thermal effects is found t o  give rise to 
multiplicity of degree of liquid filling and effectivr ness factors. 
Although this multiplicity can give rise to some 'iysteresis ef- 
fects, a feature not explored in these works is the hysteresis 
arising from the differences between condensaticin and evap- 
oration equilibria in the pores. While the evaporation occurring 
with temperature increase resulting from a chan:e in process 
variables follows the Kelvin equation, the conc ensation oc- 
curring with temperature reduction follows the Cchan equation 
(Bhatia, 1988). This can lead to additional hyst1:resis effects 
not anticipated in these prior analyses. 

This study attempts to reconcile the ideas contained in the 
works of Bhatia (1988, 1989) with experimental indings. The 
possibility of hysteresis is examined by means of the Kelvin 
and Cohan equations, and the importance of thxmal history 
in establishing the current state of a catalyst particle is dis- 
cussed. The analysis is applied to the data of liim and Kim 
(1981a) on the hydrogenation of cyclohexene, arid it is shown 
that the experimentally observed, but previouslq unexplained, 
hysteresis can be rationalized by this approach. 

Mathematical Model 
In this work, we consider the reaction aA + bB--cC, in which 

A and Care condensable whileBis not. Further, i t  is considered 
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that the reaction rate is zero order with respect to the concen- 
tration of A ,  both in the liquid and vapor phases. Several 
systems have rate behavior consistent with this assumption, 
notable among these being the hydrogenation of cyclohexene, 
in which the rate is independent of cyclohexene concentration 
(Madon et al., 1978; Segal et al., 1978). Since A and C are 
condensable, some internal liquid filling can occur because of 
capillary condensation in the micropores. The segregated liquid 
pockets thus formed would hinder the gas-phase transport 
reducing the effective diffusivity. To study the associated tran- 
sition and reaction effects, we consider a mathematical model 
similar to Bhatia's (1989), for spherical catalyst pellets sur- 
rounded by gaseous reactant B saturated with condensable A ,  
and containing noncondensable inserts I ,  as follows. 

Mass transfer 

transport, yielding: 
Mass transfer is considered to be governed by vapor-phase 

Further, neglecting the external mass transfer resistance: 

In Eqs. 1, 2 and 3, the Thile modulus is given by: 

(9) 

where E is the total porosity, and T, the tortuosity of the totally 
vapor-filled catalyst. We consider the case where the tortuosity 
varies with the extent of liquid filling, so that 

t c w  

C 
(3) in which pc is the critical dimensionless pore radius, below 

which liquid filling occurs, and where it is assumed 

in which the pressure variation is neglected, and any bulk flow 
contribution arising due to reaction is included in the diffusivity 
term of the respective equation. Here, the overall kinetics: 

7* =i= 1 + P E L  (13) 
7 U  

as one would expect the tortuosity to increase with eL,  the 
fractional liquid filling, given by: 

R A  = k ( T )  Prlysm (4) 

has been assumed, accounting for both liquid-filled and vapor- 
filled regions. In the presence of local vapor-liquid equilibrium, 
the vapor- and liquid-filled regions must have the same specific 
rate if surface reaction controls, as explained earlier (Bhatia, 
1988, 1989). However, the two rates may differ, when ad- 
sorption is not rapid or when vapor-liquid equilibrium is ,not 
present. Equations 2 and 3 may be combined with Eq. 1 along 
with the symmetry condition at r )  = 0 to yield: 

where 

is the pore volume distribution. In Eqs. 10, 11 and 12, the 
dimensionless mixture diffusivities, which include bulk flow 
under isobaric conditions, are expressed as in Bhatia (1989) 

( 5 )  

as: 
(6)  D* dye= --D* C - dYA 

eC dr) a eAdv  

which may then be used to replace Eqs. 2 and 3, respectively. 
We consider the case of high Thile modulus, since as pointed 
out by Bhatia (1988), this situation is more likely to result in 
multiplicity of extent of internal wetting. Under this condition, 
the concentration and flux of the limiting reactant, assumed 
to be the condensable A ,  will become zero at some position D* - 1.75 yA B m - [ ? . (  --yB Yc+-YB 
qC, providing the boundary conditions: ) :'( ) 

(7) 
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In Eq. 13,p is a constant parameter. This linear dependence 
of tortuosity on liquid filling is clearly an approximation. The 
effect of liquid filling on tortuosity may be more accurately 
captured by means of percolation and effective medium con- 
cepts (Kirpatrick, 1971, 1973); however, for this discussion the 
linear approximation is used. 

Vapor-liquid equilibrium 

equilibrium across a curved interface is given by: 
Following the earlier derivation (Bhatia, 1988), vapor-liquid 

where 

2 1 1  
r,= [;+GI 

Here r,,, is the mean radius of curvature of the interface, and 
r l r  r, are the two principal radii of the curved interface, as 
defined in the pure-component form of the above equation 
given by Gregg and Sing (1967). By convention, a radius of 
curvature is given a positive sign when its center of curvature 
lies on the vapor side of the interface. 

During capillary condensation in a cylindrical pore, the va- 
por-liquid interface is known to pass through a series of un- 
stable 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 condensation in a vapor-filled pore, the meniscus takes 
hemispherical and cylindrical shapes, respectively (Everett and 
Haynes, 1972). The mean radius of curvature r,,, for these two 
cases is readily related to the radius ( r )  of the cylindrical pore. 
Thus, for a cylindrical meniscus, for which r l  = r and r, = 03 
one obtains r, = 2r. For a hemispherical-shaped meniscus, r, 
can be related to r by: 

where Oc is the contact angle, which may differ from the equi- 
librium property 8. Consequently, for the perfect hemisphere, 
for which 0,=0 and r l = r 2 = r ,  one obtains rm=r .  Thus, al- 
though the vapor-liquid equilibrium 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. However, the 
condition for the inception of condensation in a vapor-filled 
pore and that for evaporation in a liquid-filled pore could be 
given by the modified Cohan and Kelvin equations (Bhatia, 
1988), which are the special cases of the above more general 
result, which applies to any shape of vapor-liquid interface 
having constant curvature. 

Assuming that B and Z are noncondensable, the \i apor-liquid 
equilibrium for evaporation in the presence of a he nispherical 
meniscus is given by (Bhatia, 1988, 1989): 

while for condensing vapor with a cylindrical menisi :us (Bhatia, 
1988) 

in which we have taken the contact angle to be 0 and assumed 
a to be independent of temperature. As before, we assume: 

Heat transfer 

but with external heat transfer resistance, yieldin::: 
As before, the pellet has been assumed internally isothermal, 

Results and Discussion 
Model parameters 

To investigate the hysteresis effects predicted hy the above 
model, parameter values were chosen to represeiIt the cyclo- 
hexene hydrogenation reaction at 295 K, whose h!, steresis data 
appeared in the literature (Kim and Kim, 1981a). 'I hese authors 
reported the transitions and hysteresis effects obtained on vary- 
ing the bulk mole fraction of hydrogen in two similar catalysts, 
but of different activity, and it is the purpose of chis study to 
reconcile the above model with their findings. Cbmsequently, 
the model parameter values were chosen to be consistent with 
the conditions of their experiments. Since the model equations 
are based on the assumption of isobaric conditions, a theo- 
retical demonstration of the validity of this asstimption, for 
the experimental conditions of Kim and Kim, is provided in 
the Appendix. Table 1 provides the values of the physical 
properties that were used in estimating the model parameters 

Table 1. Physical Properties of A ,  B, C and .I at 295 K 

Property 

Vapor pres., kPa 
Latent heat, MJ/kmol 
Liquid molar vol., m3/kmol 
Surface tension, N/m 
Bulk diff. in A x lo4, m2/s 
Bulk diff. in B x  lo4, m2/s 
Bulk diff. in Zx lo4, m2/s 
Knudsen diff. in 36 A radius 

pore lo7, m2/s 

10.27 
30.48 

0.105 
0.0253 

0.335 
0.08 

6.62 

- 
- 

0.335 

0.772 
- 

42.4 

11.33 
29.')8 
0.1108 
0.0253 

0.732 
O.Ci79 

6.<4 

0 . m 8  
- 

0.08 
0.772 

11.3 
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Table 2. Catalyst Pellet Properties 

ProDertv Value 

Size lo3, m 4.6 dia. 
4.8 long 

Weight lo3, kg 0.1157 
Density kg/m3 1.45 
Microporosity 0.528 
Macroporosity 0.0878 
Mean micropore radius, A 36 
Mean macropore radius, A 1,460 

with A taken as cyclohexene, Bas hydrogen, Cas  cyclohexane, 
and Z as nitrogen. The heat of reaction was taken as 117 
MJ/kmol. The properties of their catalyst pellets are given in 
Table 2. Table 3 lists the values of the dimensionless model 
parameters obtained based on the properties given in Tables 
1 and 2. Except for the tortuosity parameter in Table 3, all 
other parameters are known independent of the data, being 
physical- or chemical-property-related. The pore-size distri- 
bution of their pellet was also reported by Kim and Kim and 
is plotted in dimensionless form in Figure 1, with different 
segments being linearized on the coordinates used. 

The kinetics of the hydrogen cyclohexene reaction have been 
studied in the literature by various investigators, and here we 
have used the results of Lee (1980) for the vapor-phase reaction 
reported by Kim and Kim (1981b) as: 

Rate (kmol/m3 cat. s) = k Pz2 (24) 

For T <313 K: 

k =  1 . 0 6 ~  lOI4x (0.133)-"exp[-21,400/RgT] 

m=5.23-0.0151 T (25) 

For T >313 K: 

k =  133,537exp[ -7,930/RgT] 

m=0.5 (26) 

in which PH, is specified in kPa. For completely liquid-filled 
catalyst, Madon et al. (1978) report a first-order dependency 
on partial pressure and provide k = 1,654.13 x exp( - 6,760/ 
R,T), m = 1 for their data, with rates lower (by a factor of 2 
or more) than the values obtained from the above constants 

Table 3. Dimensionless Model Parameters 

Parameter Value Parameter Value 
1 
1 
1 
0.08 
0.34 
4.048 
0.081 
0.035 
0.632 

0.34 

4.097 

12.34 
12.13 
0.101 
0.111 
0.101 
0.0 
0.6 
1.03 
0.6158 

22.71 (low) 
28.41 (medium) 

1.24 

LO 1 0  100 t i 5  7 10 20 
OIMEN5lONLE55 P O R E  R A D I U S ,  9 

Figure 1. Pore-size distribution of pellets used by Kim 
and Kim (1981a) in dimensionless coordinates 
as a plot of p f  (p) vs. p. 

for the vapor-filled catalyst rates, indicating the possibility of 
adsorption proceeding at rates comparable to surface reaction 
in one or both of the cases. The above activation energy for 
the liquid phase and for the vapor phase in Eqs. 25 and 26 
suggests that adsorption effects are significant in the liquid 
phase, while surface reaction controls for the vapor phase 
below 313 K [the region in which the data of Kim and Kim 
lie, as indicated by Kim (1989)J. The former conclusion is 
supported by the results of Madon et al. (1978). However, it 
is also not clear if vapor-liquid equilibrium existed in the con- 
ditions of Madon et al., as their catalyst was completely liquid- 
filled. 

In calculating the Thiele modulus, which varies with tem- 
perature, a constant parameter & was defined so that 

,=,.[ -4 k (  T)PT "* 

where k, represents the value of kP," for the vapor-filled ca- 
talyst at 295 K. The value of 6, is based on a value of 7u,  the 
tortuosity of the vapor-filled catalyst, of 4.0 and a value of 
q, the catalyst activity parameter for the corresponding ca- 
talyst, obtained from Kim and Kim (1981b). The value of p 
was chosen for matching the rate data, as discussed in a sub- 
sequent section. 

Extent of liquid filling 
The extent of liquid filling of the pore structure has an 

important influence on the reaction rate because transport 
rates, being largely determined by vapor diffusion, are hind- 
ered by the presence of the dispersed liquid phase. An inter- 
esting feature of the liquid filling, however, is that the vapor- 
liquid equilibrium condition is not uniquely defined with re- 
spect to pore radius but is bounded by the Kelvin and Cohan 
equations given in Eqs. 19 and 20, respectively. Between the 
limits specified by these equations at a given temperature, a 
range of critical pore radii, below which liquid filling occurs, 
is possible, and imposed changes in temperature will only 
change the curvature of menisci in the existing liquid-filled 
pores without leading to appreciable condensation or evapo- 
ration till the appropriate limiting relation is satisfied. When 
this occurs, the entire volume contained in the pores having 
critical size is filled or emptied. Thus, the current state of 
liquid filling of the particle at any time depends on the history, 
and one can anticipate hysteresis effects. 
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Figure 2. Variation of dimensionless critical pore radius 
below which liquid filling occurs, with dimen- 
sionless temperature rise at To = 295 K. 

To investigate this, we consider the solutions to Eqs. 19 and 
20 depicted on a plot of p c  vs. (0-  l),  as in Figure 2. This 
figure is based on the ambient values of yA and y ,  and other 
parameters specified in Table 3 and applies to  the surface of 
the catalyst pellet. However, it holds very well even in the 
interior of the pellet because of the similarity of the properties 
of A and C (cyclohexene and cyclohexane, respectively) in 
Table 1, and the relatively large diffusivity of B (hydrogen) 
leading to  only a small gradient in its mole fraction. 

As seen in Figure 2, a range of pore radii, below which liquid 
filling occurs, is possible at any pellet temperature 0. Thus, at 
a temperature rise of (0 - 1) = 0.034, the critical pore radius 
can lie anywhere between 0.72 and 1.44, so that history effects 
are important. Consider, for example, the temperature increase 
of a pellet originally a t  A(p,= 2.42, 0 -  1 =0.02) which may 
occur due to change in the external flow rate or bulk mole 
fraction of B.  The critical pore radius will follow the Kelvin 
curve and at point B it will be reduced to  1.44 whence the 
temperature rise is 0.034. 

On the other hand, on heating from point E(p,= 1.19, 
0 - 1 = 0.02), which has the same temperature as A ,  evaporation 
from pores smaller than p = 1.19 will not occur until the pellet 
reaches E" where the temperature rise is 0.041. Therefore, in 
this case, p c =  1.19 at  the temperature rise of 0.034 (point E' 
on path EE"). Similarly, on cooling from a point such as C 
with the temperature rise of 0.051, the Cohan branch is fol- 
lowed and at  a temperature rise of 0.034 the critical pore radius 
is 0.72 (point D on path CD), whereas on cooling from point 
F(p,=0.97, 0 -  1 =0.051) further condensation does not occur 
till the temperature rise has dropped to  0.025 (point F"). So, 
in this case, at a temperature rise of 0.034 p c =  0.97 as at point 
F' on path FF". Thus, the dependence of the critical pore 
radius on the pellet temperature is in the form of a clockwise 
hysteresis loop (e.g., EE"FF"E in Figure 2). 

The variation of the fractional liquid-filled pore volume, 

0 1 
0 0 01 0 02 0 03 0 04 05 3 0 6  

D l M E N S I O N L E 5 5  T E M P E R A U R E  R S k ,  ( 9 -  I 

Figure 3. Variation of fractional liquid filling of pores, 
with dimensionless temperature rise at 
To= 295 K. 

corresponding to the results in Figure 2, depends (In the pore- 
size distribution of the pellet. For the pore-size dis ribution of 
Figure 1, eL may be calculated using Eq. 14, anc the results 
are presented in Figure 3. In this case one sees ather large 
differences in the fractional liquid filling for I emperature 
changes causing only modest changes in the critical pore size 
in Figure 2, as evidenced by the large difference in the pore 
filling level (0.61 and 0.25) between the upper and lower 
branches of hysteresis loop EE"FF"E  in Figure ?. Similarly, 
at a temperature rise of 0.034, the fractional pole filling by 
liquid varies from a lower level of 0 at  D (as th: minimum 
dimensionless pore size is 0.75, as seen in Figure 1, while at 
D only pores smaller than size 0.72 are liquid-filled) to  a value 
of 75% at  B. The actual value of the extent of liquid filling 
at  any time can therefore be anywhere between rhese values 
(0 and 75%), depending on the history. Since transport and 
hence reaction rates are a sensitive function of the extent of 
pore filling by liquid (Bhatia, 1989), one can antizipate large 
differences in the reaction rate for pellets with diffet ent thermal 
histories even when exposed to  the same ambien condition, 
and this is discussed below in terms of effectivvness factor 
hysteresis. 

Effectiveness factor 
In calculating the degree of pore filling above, only Eqs. 19 

and 20 were required for any specified temperatiire. For es- 
timating effectiveness factors, it is necessary, howefer, to  solve 
the model equations in Eqs. 1 and 5-23. This war done using 
the orthogonal collocation method (Finlayson, 1472) for dis- 
cretizing the space variable, and Gauss-Legendre quadrature 
for integrals over the pore-size distribution, for th2 parameter 
values given in Table 3. The effectiveness factor w'ts expressed 
as: 

and represents the ratio of the actual rate to that of the vapor- 
filled catalyst at bulk conditions. 

Kim and Kim (1981a) have provided data on measured re- 
action rates for cyclohexene hydrogenation for two similar 
catalysts but of different activity, showing the hy\teresis with 
respect to the variations in bulk mole fraction hydrogen at a 
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Model predictions vs. experimental data of 
Kim and Kim (1981a) for effectiveness factor 
hysteresis with variation in bulk mole fraction 
hydrogen. 
For low activity catalyst (q=O.23) at To=295 K .  Numbers in 
parenthesis indicate percent liquid filling of the pore structure. 

bulk temperature of 295 K. Since the parameters in Table 3 
were chosen to correspond to the conditions of their experi- 
ments, direct application to their data was possible. Figure 4 
shows the experimental and model-calculated effectiveness fac- 
tor variation with mole fraction hydrogen for their low activity 
catalyst, for which they indicated that q=O.23. The solid lines 
represent the calculated results and the dashed lines correspond 
to the experimentally observed approximate points of transi- 
tion which, given the difficulty in measurements, are well rep- 
resented by the model. 

In performing the calculations for Figure 4, an important 
variable is the heat transfer coefficient imbedded within the 
parameter $. Since the thermal conductivity of hydrogen and 
nitrogen (the inert) differ vastly, this variable, and hence $, 
are a strong function of bulk composition. In applying the 
model to the data, it was found that the correlation tried by 
Kim and Kim (1981a) predicted too high a value of $ to cor- 
respond to the data, and hence the experimental rate data were 
used to estimate the variation of $ with respect to the com- 
position. For this purpose, Eqs. 1 ,  5-22 and 28 were solved 
to provide the effectiveness factor variation with respect to the 
temperature as in Figure 5 ,  for a given mole fraction hydrogen. 
The steady-state effectiveness factor and temperature at that 
bulk composition were then graphically estimated from the 
intersection of the branches in Figure 5 with the line: 

which satisfies Eqs. 23 and 28, with the value of $ so chosen 
as to match the experimental and predicted effectiveness fac- 
tors on all the branches simultaneously as closely as possible. 
Since as many as three steady states exist at a given bulk 
composition, this procedure provided a fairly sharp estimate 
of $ for all the steady states to be approximated satisfactorily. 

To interpret the various branches of Figure 4, we turn first 
to Figure 5 which shows the variation of effectiveness factor 
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Figure 5. Variation of effectiveness factor with dimen- 
sionless temperature rise. 
At PH,= 12.67 kPa, To=295 K for low activity catalyst (q=O.23). 
Numbers in parenthesis indicate percent liquid filling of the pore 
structure. 

with temperature at a bulk hydrogen partial pressure of 12.67 
kPa 01; = 0.125). Kelvin branch PL on this figure was obtained 
on the basis of the rate expression k = 1,654.13 exp( - 6,760 
/RK7)  and m = 1 corresponding to the values for liquid-filled 
pores (Madon et al., 1978), and each point on branch L'L  of 
Figure 4 lies on the branch PL for the appropriate value of 
yg. As seen from Figures 1 , 2  and 3,  for the temperature range 
corresponding to branch PL the degree of internal wetting is 
about 85%, and the critical pore radius lies in the range of 3.2 
to 6 so that all the micropores are wetted while the macropores 
being in the radius range of 10 to 85 are vapor-filled. This was 
the only way that branch L L of Figure 4 could be explained 
and agrees with the prior interpretation of Kim and Kim 
(1 98 1 b). 

Branch BFZ on Figure 5 corresponds to the Kelvin branch 
with the kinetics following the vapor-phase rate expression in 
Eqs. 24-26, and at point B the internal wetting is 75% with 
critical pore radius being 1.44. At this point, it is seen that the 
micropores are beginning to open up to the vapor, so that the 
vapor-liquid contacting inside the microparticles which com- 
prise the pellet will be considerably enhanced. To obtain the 
transition from L to B in Figure 4, it was found necessary to 
assume that when the internal wetting reduces below 85% the 
applicable rate expression shifts gradually from that for the 
liquid phase to that for the vapor phase, and before 75% 
wetting the rate corresponds to that obtained from the vapor- 
phase expression with vapor-liquid equilibrium. In that case, 
the line corresponding to Eq. 29 (line LBR) is tangent to the 
curve PLB at L ,  producing the transition from L to B. 

While the precise reason for the shift in rate expression from 
the liquid-phase expression to that for the vapor phase requires 
more direct investigation and cannot be established from the 
data used, some clue can be obtained from the observation 
that on branch PL in Figure 5 the microparticles comprising 
the pellet are essentially liquid-filled. Since in this case the 
internal surface is almost entirely in the micropores, this sit- 
uation somewhat parallels that of Madon et al. (1978), who 
used totally liquid-filled pellets, and the rate therefore corre- 
sponds to that of the liquid phase in the absence of any local 
vapor. However, with reduction in the degree of wetting, some 
of the micropores open up and, with improved vapor-liquid 
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contacting due to the presence of sufficient local vapor in the 
microparticles, the rate appears to become that corresponding 
to the vapor phase. The specific rates of reaction in the vapor- 
and liquid-filled pores are then therefore equal. Even though 
adsorption may not be in equilibrium in the liquid phase, it is 
possible that with good vapor-liquid contacting, rapid surface 
diffusion of adsorbed species from the vapor-filled pores may 
cause the reaction even in the liquid-filled pores to be at the 
vapor-phase rate. It is very likely that the radically improved 
vapor-liquid contacting at point L is due to a percolation phe- 
nomenon. Thus, with increase in temperature along branch 
PL at point L ,  the vapor-filled part of the microparticles crosses 
the percolation threshold (Mohanty et al., 1982; Wicke and 
Bartsch, 1990) so that the vapor no longer exists in isolated 
pockets but forms a continuous interconnected phase pervad- 
ing the microparticles. However, this is only speculative and 
other alternative explanations may also be proposed. More 
direct studies of this aspect are clearly needed. 

Branch B v i n  Figure 4 is obtained from intersection of the 
line corresponding to Eq. 29 with Kelvin branch BFZ for each 
bulk composition (branch BFZ in Figure 5 corresponds to 
yg=O.125). On branch BV the internal wetting reduces from 
75% to 43% before transition occurs at V. At this point, the 
effectiveness factors at T and V were most closely approxi- 
mated, only when the line corresponding to Eq. 29 was tangent 
to the branch BFZ for yg=O.3, yielding the transition at I/. 

Branch RDE in Figure 5 corresponds to the Cohan branch 
obtained upon condensation, starting with the vapor-filled 
catalyst, and on varying yg produces branch TSQ in Figure 4. 
The transition from V to T produces a vapor-filled catalyst, 
and condensation begins at Q on branch TSQ if yg is reduced. 
On TS, the vapor-filled portion of branch TSQ, one can move 
in both directions on changing y;, consistent with the findings 
of Kim and Kim (1981a). If, however, yg is reduced below the 
value at Q (0.044), capillary condensation rapidly ensues and 
beyond 75% liquid filling, as the vapor-liquid contacting in 
the microparticles becomes poor and the rate expression shifts 
to that for the liquid phase, a transition to point L’ on branch 
L’L  occurs. This is because the line corresponding to Eq. 29 
no longer intersects the Cohan branch on the curve corre- 
sponding to RDE of Figure 5, for the appropriate bulk com- 
position. This transition is seen in Figure 4 to predict 
satisfactorily the corresponding transition observed by Kim 
and Kim (1981a), given the difficulty in observing it precisely 
because of the extreme sensitivity of the effectiveness factor 
at this point. 

Branch BM on Figure 4 is obtained by reducing the bulk 
mole fraction of hydrogen @g), after having undergone tran- 
sition LB. Since this causes a reduction in temperature, further 
liquid filling will therefore not occur till the Cohan limit at 
this level of liquid filling is satisfied. However, when it is 
satisfied (at M) the transition to L ‘ rapidly ensues, as for the 
upper branch. Branch BM therefore corresponds to a constant 
internal wetting of 75%. 

If  just before transition at V, which lies on the Kelvin branch 
and where the internal wetting is 43%, the mole fraction hy- 
drogen is reduced further condensation will not occur till the 
Cohan equation is satisfied. This occurs at point N,  and on 
further reducing yg additional condensation rapidly ensues and 
the transition is obtained at M where 75% of the pore volume 
is liquid-filled. It may be expected that on increasing and de- 

creasing the mole fraction y; the points correspo iding to the 
middle steady state will lie between the boundi ig branches 
VBM and VNM. This is indeed verified in Figure 1, where the 
majority of the middle branch data of Kim and Kim (1981a) 
lie between these two extremes. 

Thus, we see that the data of Kim and Kim (1Wla) can be 
explained on the basis of hysteresis effects related 10 the Kelvin 
and Cohan equations. In particular, the middle steady state 
corresponds to that for partial internal wetting of the micro- 
pores. This differs with one of their speculation, that, since 
two pellets were used, one was in the lower micrc pore-liquid- 
filled state, while the other was in the upper vapon-filled state. 
Clearly, this speculation cannot explain any of the transitions 
from one branch to another. For example, the a1 sence of the 
lower branch above a value of yg of 0.125 and e,uistence of a 
single branch above a value of y; of 0.3 in Figure 4 would 
then imply that starting with a lower value of J ; ,  when mi- 
cropores of both the pellets are filled with liquid t branch L ’ L  
in Figure 4), if yg is increased, at point L @; = 0.125) only one 
of the pellets would always undergo a transition to the com- 
pletely vapor-filled state and the other would continue to be 
filled with liquid, until a value of yg of 0.3 (poi it V, Figure 
4) when the remaining pellet would also undergo a transition 
to the vapor-filled state. For this to be a reality as dictated 
by capillary thermodynamics and indicated in I igure 3, the 
two pellets must be at considerably different temperatures and 
for uniform composition in a differential reactoi such as the 
one used, this may be possible only when each ( I f  the pellets 
is exposed to entirely different heat transfer conclitions (e.g., 
arrangement of packings). However, considering the repro- 
ducibility of the data on unpacking and repacking of the bed 
reported by Kim and Kim (1981a), this speculation for ex- 
plaining the existence of the middle branch appear\ to be highly 
unlikely. The current model, on the other hand, offers a sat- 
isfactory interpretation of the data and all transfions, which 
were previously unexplained. 

We thus see from the above the complexity o the steady- 
state behavior, occurring due to capillary condi nsation and 
evaporation effects, when condensables are involved in reac- 
tion. In particular, the uncertainty in the partial micropore 
wetting, middle steady state, being caused by the hysteresis 
between the Kelvin and Cohan limits is of great interest and 
can have important consequences in the operatic n of trickle- 
bed reactors. This hysteresis is directly evident from counter- 
clockwise hysteresis loop EE”FF”E in Figure 5 vhich shows 
the changes in effectiveness factor with tempera ure at fixed 
bulk composition. Such changes can be induced by cycling 
some variables such as flow rate (which affects the heat transfer 
coefficient) so that history effects play a crucial1 role. While 
the impact may not be so severe in this case, as wen from the 
narrow band of effectiveness between branches VhMand VBM 
in Figure 4, it may be much more important for other more 
complex systems with a larger band. 

Kim and Kim (1981a) have also provided hysteresis for an- 
other similar, but higher-activity, catalyst for whlch q = 0.36. 
Figure 6 shows the calculated and experimental 2ffectiveness 
factor variation with yg for this catalyst. The parameters are 
identical to those in Table 3, with 9, taken as 23.41 because 
of the higher value of q. As before, good agreernent is seen, 
with all the transitions satisfactorily predicted. Figures 7 and 
8 show the predicted steady-state temperature-vvfj plots cor- 
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Kim and Kim for effectiveness factor hyster- 
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responding to  Figures 4 and 6, indicating the jumps in tem- 
perature a t  the transitions. Such jumps have been reported by 
Hanika et al. (1976) in their studies of cyclohexene hydrogen- 
ation in trickle beds. 

In performing the calculations for Figures 4-8, the unknown 
parameter 0, related to the change in tortuosity with liquid 
filling (c.f. Eq. 13) was taken to  be 1.24 and the tortuosity of 
the vapor-filled catalyst, 7 v ,  was taken as 4.0. The values were 
chosen for satisfactory matching with the data of the upper 
and lower branches in Figures 4 and 6. In addition, the pa- 
rameter $ was also obtained at each composition for matching 
of all the branches simultaneously. Figure 9 shows the esti- 
mated variation in $ with bulk mole fraction yg for the two 
catalysts. In addition t o  the rate data reported by Kim and 
Kim (1981a), they also measured actual catalyst temperatures 
and rates for another similar high-activity (q = 1) catalyst, for 
which the data were later provided by Kim (1989). From the 
latter data, the heat transfer coefficient, and hence $, could 
be directly estimated for each composition independent of the 
present model. Figure 9 shows the variation in $ with yg for 
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Figure 8. Temperature-composition hysteresis for cat- 
alyst with activity q= 0.36. 

this case superimposed with those estimated earlier for the 
other catalysts. The values lie within about 20%, well within 
the range of variations reported by Kim and Kim (1981a,b). 
Also superimposed is the correlation used by Kim and Kim 
which is seen to predict considerably higher values of $. 

An assumption in the interpretation of the data of Kim and 
Kim is that the external mass transfer resistance is not signif- 
icant. To verify this, the well known result (Froment and Bis- 
choff, 1979) 

was used along with the analogy j ,  = j , .  The calculations for 
components A and B showed that indeed over the most of the 
range of compositions covered in Figures 4 and 6 the as- 
sumption was valid, although at  the highest value of yg of 
about 0.36, in Figure 4a 15% drop in the mole fraction of A 
(cyclohexene) in the external boundary layer was calculated. 
At lower values of y;, this drop was lower and the assumption 
of negligible external resistance was satisfied even better. This 
observation is consistent with the fits of Figures 4 and 6 show- 
ing the tendency of the experimental values of effectiveness at 

I0 

Figure 9. Estimated variation in $ with bulk mole frac- 
tion y; for different catalysts. 
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the upper and middle branches to  be slightly below the pre- 
dictions at the higher values of y:. This would seem to be due 
to the increasing importance of the external mass transfer 
resistance with increasing value of y:. It is also for this reason 
that the high-activity catalyst data (for which q = 1) provided 
by Kim (1989) were not quantitatively compared with the pre- 
dictions of the present model, as the data cover the range of 
y i  up to 0.9 so that over most of the points the external mass 
transfer resistance is significant and cannot be neglected. Qual- 
itatively, however, calculations did indicate that the middle 
steady state of partial micropore wetting in Figures 4 and 6 
was not present for this catalyst, consistent with the reports 
of Kim and Kim. 

A factor worth noting is that while the literature is replete 
with the models of pore structure the one used here for the 
micropores is the simplest one of these, being based on an 
intersecting cylindrical capillary network. More complex 
models could have been considered but their choice is generally 
motivated by the method of generation of the internal struc- 
ture. Thus, for example, for the interparticle pore space a 
model based on converging-diverging channels often suggests 
itself as a possible alternative. However, for the intragrain 
micropores, in which the partial internal wetting considered 
here occurs, there is as yet no firm physical justification for 
preferring a more complex model and hence recourse has been 
taken to the cylindrical capillary one. The refinement of con- 
sidering other more complex models in analyzing partial in- 
ternal wetting is therefore an open problem, but a priori it is 
not clear if the conclusions would be different substantially. 

Conclusion 
In this work, the unusual behavior shown by catalyst par- 

ticles exposed to  condensable vapor has been investigated. The 
process of condensation and evaporation in porous media d o  
not necessarily take place as exact reverses of each other, so 
that hysteresis effects arise in a catalyst particle leading to  
uncertainty in predicting the extent of internal wetting and 
associated reaction rate. The intriguing and complex behavior 
observed experimentally by Kim and Kim (1981a) in a catalyst 
pellet exposed to condensable vapor could be predicted and 
satisfactorily explained using a mathematical model incorpo- 
rating established capillary condensation theory. The effective 
diffusivity, on which the observed reaction rate depends so 
strongly, is influenced by the extent of internal wetting which 
itself is sensitive to thermal effects and cannot be ascertained 
unless the thermal history of the pellet is known. For a given 
process condition, however, the Cohan and Kelvin equations 
can be used to  obtain upper and lower limits of the extent of 
internal wetting, and hence the two extreme values of effec- 
tiveness factor for a given bulk condition can be determined. 

Notation 
a,b,c = stoichiometric factors 

C, = heat capacity 
CF = total gas-phase concentration at bulk conditions 
d,, = D;,/D$, 
d,, = DSc/DZ, 

~ A K  = D S ~ D ; , A ( P J  

d,, = DRc/D;, 
~ R K  = D$c/D;,H(PJ 

dBc = DplC/D& 

dC, = DSc/D& 

D,] = binary diffusivity 
D ;  = D, at bulk temperature 

dCK = DSc/D;,c(lL,) 

D;, = see Eq. 16 
Dim = see Eq. 17 
DE,, = seeEq. 18 
D,=1 = see Eq. 10 
P& = see Eq. 11 
D:c = see Eq. 12 
Di,8 = Knudsen diffusivity for component i at bulk temperature 

E = effectiveness factor 

h = external heat transfer coefficient 
f(p) = see Eq. 15 

h, = v,/v, 
AH = heat of reaction 
AH: = 

j d  = 
J h  = 
k =  

k,  = 

K P P  = 
in= 

m, = 
M =  
N, = 
NT = 
P, = 
Pp = 

pp' = 

P:, = 

Pr = 
P,  = 

AP;, = 

4 =  
r =  

r, = 
r, = 
r, = 
R =  

R, = 
R, = 
R, = 
S =  

sc = 
T =  

To = 
u, = 
V =  
Y ,  = 

r1,r2 = 

I?, = 

- 

Y: = 

AH,/R,T,, dimensionless enthalpy of vapor1 ,:ation of 
pure i 
mass transfer Colburn j factor 
heat transfer Colburn j factor 
reaction rate constant 
value of kP7 for the vapor-filled catalyst at 295 K 
effective permeability 
order of reaction 
order of vapor-phase reaction at bulk temperature 
mean molecular weight 
molar flux of A 
total molar flux 
film pressure factor 
vapor pressure of component i at temperatu -e T 
Pp/P, 
PP( T,)/P* 
Prandtl number 
total pressure 
see Eq. A4 
constant for adjusting the activity 
pore radius 
principal radii of curvature 
critical pore radius 
mean radius of curvature of the meniscus 
mean macropore radius 
radial position 
see Eq. 4 
radial position at which y,  = 0 
3 ( V / S ) ,  equivalent sphere radius 
universal gas constant 
external surface area of the pellet 
Schmidt number 
temperature 
bulk temperature 
partial molar volume of component i 
pellet volume 
mole fraction of component i 
bulk mole fraction of component i 

Greek letters 
a = 2aUA/p,RgTo 
0 = seeEq. 13 

6, = see Eq. A2 
E = total porosity 

tL = percent liquid filling of the pore structure 
tM = macroporosity 
11 = R/R,  

7 c  = R J R ,  
LL = viscosity 
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Pc = rJP8 
T = tortuosity factor 

T ,  = T for vapor-filled catalyst 
T’ = see Eq. 13 
0 = T/T, 

6, 8, = contact angle 
u = surface tension 
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Appendix: Validity of the Isobaric Assumption 
Since we have assumed isobaric conditions in the interior of 

the pellet for the experimental conditions of Kim and Kim 
(1981a), we theoretically justify here the validity of this as- 
sumption. 

To this end, consider the reaction aA + bB-cC where A ,  B 
and C in this case represent cyclohexene, hydrogen and cy- 
clohexane, respectively. The total molar flux NT( R )  and molar 
flux of component A ,  N A ( R ) ,  at any position R ,  are related 
by: 

N T ( R  ) = ~ A N A  ( R  ) (All 

where 

b c  
6, = 1 + -- - 

a a  

To estimate the pressure drop inside the pellet we express the 
fluxes and viscous species in terms of the respective constitutive 
equations and obtain the upper bound for the pressure gra- 
dient: 

(A31 

where, as stated earlier, the effective diffusivity D,, includes 
any bulk flow arising due to reaction. Considering KPe and 
D,, to be constant, Eq. A3 can be integrated to obtain the 
maximum pressure drop AP&x (dimensionless) corresponding 
to the complete consumption of A in the pellet: 

(A41 

We evaluate the typical maximum pressure drop by considering 
point Von the partial wetting (middle) branch (c.f. Figure 4). 
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Since the dominant contribution to  the permeability will be 
from the macropores, we evaluate Kpo as: 

where rM is the mean macropore radius, and tM the macro- 
porosity, in which the tortuosity factor for bulk flow is taken 
to be equal to  3 .  At point V the computations yielded 
D,, = 2.76 x m2/s (based on Eq. 10) and, using the data 
provided in Tables 1-3 along with the values p =  Pa.s ,  
P T =  101 kPa, we obtain AP,& = 0.0036, a relatively small num- 
ber. 

To establish the validity of the assumption of isobaric con- 
ditions, however, it is necessary also to evaluate the effect of 
the pressure variation on the estimated value of r,. For this 
purpose, we consider the radial position of minimum pressure. 
At this location, where the component A (cyclohexene) is com- 
pletely consumed, we use the Kelvin equation to  obtain 

At the point V on the partial wetting branch, , omputations 
yielded y ,  = 0.1 and T =  308 K [corresponding to I imensionless 
temperature rise (0- 1)=0.044].  Using Eq. 22 arili the param- 
eters listed in Table 3 ,  we obtain 

r, ( = 0.0) 
r c ( A P ~ a , = 0 . 0 0 3 6 )  

= 1.000 

Similar calculations for any point on branch MB ./(c.f. Figure 
4)  show the relative insensitivity of the estimated value of r, 
to the pressure variation. 

Thus, our assumption of isobaric conditions I S  justifiable. 
This analysis, however, is specific to this particular investi- 
gation. For other experimental conditions or systems, r, can 
be very sensitive to even small pressure gradients, and de- 
pending on pore size distribution this may signif cantly affect 
the results. 
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