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Abstract-A two-dimensional transient catalytic packed bed model, incorporating all transport parameters and resist- 
ances, along with boundary conditions based on a catalytic single pellet has been developed. Thermal conduction 
through the solid phase is included in the model. The overall steady state reactor performances of packed bed reactor 
using a model proposed in this study are compared with those from different models which are often used for a 
packed bed reactor. The model presented is very useflil in the presence of internal temperature and concentration 
gradients in the catalyst pellets. The dynamic behavior in feed temperature change is examined during ethane hydroge- 
nolysls. A transient thermal runaway is observed by feed temperature decrease. The sensitivities of the computation 
to each physical parameter and the effects of some simplifying assumptions in the model are also analyzed. The 
magnitude and position of hot spot in catalFtic packedl bed reactor are relatively sensitive to thermal parameters 
and characteristic parameters of a catalyst pellet. 
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INTRODUCTION 

General mathematical models of a packed bed reactor may be 
in principle necessary to include all relevant transport phenomena 
in order to adequately represent a system. Comprehensive tran.- 
sient mathematical models are usually complex due to introduc- 

tion of both intraparticle and interface concentration and tempera- 
ture gradients, and of the heat and mass dispersions in a packed 
bed reactor. This inclusion makes a reactor model very complica- 
ted and needs much computational efforts. A good review of var- 
ious models of fixed bed reactor can be founded in the literature 
[1]. When a two dimensional heterogeneous model i~ used, the 
conservation equations for mass and energy are writter, separately 
for the fluid and catalyst phases in both axial and radial directions 
of the reactor. DeWasch and Froment E2] introduced the need 
to separately specify the fluid-wall and solid-wall heat transfer 

for the energy conservation equation. A heterogeneous model al- 
lows for intraparticle resistance to mass and heat within the cata- 
lyst particles, in addition to external resistance. For a catalytic 
packed bed, unfortunately, there is no widely accepted relation- 
ship between the pellet and continuous solid phase for the energy 
balance. A comparative performance of several models using lump- 
ed and individual thermal parameters has been analyzed by Pe- 
reira Duarte et al. E3]. In computation of model equations, some 
authors ignore intraparticle gradients [4_], or use the effectiveness 
factor for a first order reaction in an isothermal pellet E5]. Some 
studies have shown that the assumption of symmetric concentra- 
tion and temperature profiles provides a good estimate of internal 
effectiveness, even in the presence of steep reactor gradients [-6- 
8]. Cale E9] has discussed experimental results, obtained using 
Nickel Crystallite Thermometw,  which show that the average tem- 
peratures of Ni cwstallite are very. close to those of the catalyst 
support during ethane hydrogenolysis. There howew-~r may still 
be pellet scale intraparticle temperature and concentration gradii- 

ents. 
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Although significant progress has been made in the mathemati- 
cal modeling of packed bed reactors over the last decade, there 
are only a limited number  of studies concerned with unsteady 
state simulations E10-13]. Fewer studies have been published 
which account for both axial and radial dispersions as well as 

intraparticle and interface gradients [4, 14-153. Even for steady 
state simulation, earlier models were generally simplified substan- 
tially because of computational complexity of the modeled system. 
However, the important thing to be borne in chemical engineering 

mind is to establish the model of as realistic physical bases as 
possible, while ensuring that all transport phenomena in a reactor 
are included. Current  mathematical models thus favor more phy- 
sical bases. Moreover, with the advent of large computing availa- 
bility, a computational complexity of the mode]i is no longer draw- 
back of the simulation. Feick and Quon E163 have developed an 
improved model which includes many important transport resist- 
ances. Their  model was solved using a finite difference technique 
that required up to 90 rain computing time. Gatica et al. El5] 
have also put forward a detailed unsteady star.e two phase model 

based on a single particle, which required 15 min computational 
time by the use of orthogonal collocation numerical method. Win- 
des et al. [14] have dealt with quasi-steady state model. They 

showed that both heterogeneous and pseudo-homogeneous mod- 
els can give good agreement with experimental data. All of the 
above models assume that heat is transferred only through the 

flowing medium. 
In this work, more general reactor models incorporated all phy- 

sical and chemical transport processes are studied. The use of 
discrete-pellet model based on a single pellet is well warranted 
when the internal concentration and temperature gradients domi- 
nate the overall behavior of a fixed bed reactor. The purposes 
of this work are to demonstrate a detailed heterogeneous model 
based on a single particle, to interpret the results from a family 
of reactor model, to analyze the parametric sensitivity as suggest- 
ed in the literature El7], and to predict effects of the operating 
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conditions using transient simulations. This scope is limited to 
the case of ethane hydrogenolysis under typical laboratory opera- 
tion conditions of relatively low Reynolds numbers. 

DESCRIPTION OF MODEL DEVELOPMENT 

A discrete-pellet model is used to simulate a non-adiabatic, two- 
dimensional, heterogeneous catalytic reactor. Considering the ra- 
dial thermal transport parameters for the fluid and solid phases 
separately [2], the boundaw conditions of the energs, balance 
in the solid phase should not be limited to a single particle, as 
is generally done. There are several possible descriptions for the 
catalyst particles. The heat conduction in the bed can be split 
into solid and fluid phase contributions. For the solid phase, con- 
sider the energy' transport by both axial and radial conduction 
through the particles as well as by the convection transferred 

between fluid and pellets. 
In developing the model, the following major considerations 

and assumptions are made: 
1. Interface and intraparticle gradients in temperatur,:~ and con- 

centration are considered. 
2. The solid is a pseudo-continuous phase for energy" transport. 
3. Spherical pellets are uniform and identical. 
4. Physical properties of the catalyst particles depend on local 

bed conditions, but not depend on local pellet position. 
5. The fluid velocity and porosity are allowed to yaw with radial 

position. 
6. Gas velocity variations arising from temperature and pres- 

sure changes are considered. 
7. All physical properties of the reaction mixture are permitted 

to vary with bed position, as dictated by local conditions. 
8. The variations of transport parameter arising from tempera- 

ture and pressure changes are permitted to vary with bed posi- 

tion. 
9. There is no radiant energy transport. 
The transient continuity and energy equations representing 

these model simulations are written in dimensionless form as: 

For external fluid phase 
Mass balance: 

Oc,_  O(uc,) + 1 _  ~ (D,OC,) 
0v 0z Pe ...... 3z~ <"Oz/ 

1 1 0 ~,, 0q 
Pe .... r dr 

- t , . ' , . , rT r  " a,.(c, - e ; , )  (1) 

Energy' balance: 

C= 0z Pe,,~ 0z 

1 1 a [ , [k,~ra_T, cta(T 
+ Pe~ r Or Or ,  

(2) 

at ~=0,  c ,= l ,  T 1 (3) 

at z=0 ,  0c,_ =:g~ Pe<<,,,,(c,-1), aT Oz ~ : ~:~ Pe,,h(T 1) (4a) 

at z 1, Oq 0 oT . . . .  , . . . . . . .  0 (4b) 
Oz 3z 

at r=0 .  0c, =0, 0T 0 (5a) 
Or Or 

at r = l ,  0c. ::0, 0T Bi<,,(T,-T) (5b) 
Or ar 

For the pellets 

Dc~, " 1 1 a i :,acp,~ . . 
Mass balance: ) 4  F g ~  ~7 8 ~ / { ~ )  ~',,,Otq, Tp) (6) 

r " l 1 a f.,aT,,, ) ;g,,O(c,.,. Te) (7) Ener " balance: IG e7', 7 7 

at v:-0.  c,,: 1. "l'p 1 (8) 

at ~ 0, 0 ~ z ~ l  }, ~ : : 0 ,  0T' 
0<r_<l )~ -  = 0  (9a) 

O~z:(1 
} 0q. Bi,,,.(c c'~,) (9b) 

at ~=1,  0<_r.<_l ' 0c. 

at (, 1, 0 < z < l  } 
0 < r < l  ' 

aq Oz:' Or ' 

Z0<r<10, z 1 } vaT, at 1, ,-)~-=Bi~,('l" T~') (10b) 

Oe"T,, 
at { 1, 0 < z < l  t r : 1 ' -a-r .... Bi,,,(T,< Tp) (lOc) 

where subscript i denotes the reactant species. A mass balance 
is written for each species. Detailed descriptions for each dimen- 
sionless parameter are given in the Nomenclature. For brevity, 
the differential equation for pressure is not listed, but it is includ- 
ed in the model and accounted fur variations in temperature and 
density. The axial fluid phase boundary Equation 4a has been 
extensively discussed in the literature [18-21], and is widely 

used. The boundary Eq. (10a). for the single pellet problem, in- 
cludes heat transfer with convection and disperskms in the solid 
phase, where ~ is the pellet average temperature, as dictated 
by local bed position. If the dispersion terms are omitted in Eq. 
(10a), it gives a simple single pellet boundary condition like that 
for mass. Eq. (10c) is written, as early indicated, in order to ac- 
count for existence of heat transfer located at the solid-tube wall. 
Therefore. the use of boundary conditions developed here are 
feasible to overcome disadvantage of cnnvenl:ional single pellet 

boundary equations. 

N U M E R I C A L  SOLUTION 

The simultaneous sohition of this set of noulinear partial differ- 
ential equations is considered to be a formidable challenge. Or- 
thogonal collocation method (OCM) is used to solve the set of 
transient equations. This approach is very attractive in terms of 
the required computational effort and accuracy [_22-26]. The spa- 
tial derivative terms can be removed by the use of OCM, such 
that the governing equations are reduced to a set of first-order 
ordinary differential equations, and that the hounda W equations 
to a set of linear algebraic equations. 

After transforming Eqs. (1)-(2) and (6)-(7) at the jth, kth. and 
lth collocation points for axial, radial, and pellet radial directions, 
respectively, the resulting equations are: 
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0C~;# _ 0 "~ ( M * 2  M §  ,) 
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The Eqs. (4a)-(5b) and (9a)-(10c) for the boundary conditions are 
transformed as: 

M+2 M + 2  

E A~t.c/,,~=e~ Pe~,.i,~(C,.L~--I), X A%T~,=e~ P e ~ , ( T ~ - I )  
n = l  n = l  

(4a') 

M * 2  M + 2  

Z A%.2~,c,,~=O, Z AzM,2..T.~=0 (4b') 
n 1 n - 1  

L + I  L ~ I  

E A't .L,cv,=0, Z A'L.I,TI.=Bi~.,L~I(T~sL~I-T,L+0 (5b') 
n = l  n - I  

N ~ 1 

E A~u. L,Cmk, = Bim,.jk(Ctj~ -- cr t) (9b') 
n 1 

E A~x-~.,Tp.~,=Bi,.jd%k-Tp.j~..~ + ]) (10a') 
n - I  

M + 2  L + I  

+ 13 x B#.%,.~+ p' X B'~.%,,. 
n - 1  n - I  

N ~ I  

Z A~u ~ L,Tp.,k, = Bihjk(T~ - Tp.,x+ l) (10b ~) 
n 1 

L + I  
X A'L, I~T,.,. = Bi~,KT,.,k-]',.,,) (10c') 

n 1 

N ~ I  

where ~pjk = E W,Tp.~k, (10d') 
n 1 

where c~ = c(z, r,). and cr = cr r,, ~), and a similar expression 
is used for the temperature. The matrices A and B, the collocation 
points, and the quadrature weights W are obtained by the algori- 
thm demonstrated by elsewhere [25-26]. Note that the boundary 
conditions at r = 0  and ~=0 are not described because the sym- 
metry condition is already built into the trial function, and those 
ones are satisfied by the trial polynomial function. The above 
nonlinear coupled ordinary differential equations are integrated 
in time using the IMSL subroutine DIVPAG based on Gear meth- 
od [27]. 

S I M U L A T I O N  O F  A P A C K E D  B E D  R E A C T O R  

The transport parameters need to be estimated. The numerical 
values of many parameters vary with the empirical correlation, 
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Table I. Physical parameter estimation sources 

Physical parameter Source 
Energy dispersion coefficient 
Fluid-solid heat transfer coefficient 
Fluid-wall heat transfer coefficient 
Solid-wall heat transfer coefficient 
Thermal conductivity of the solid 
Mass dispersion coefficient 
Pressure drop 
Velocity profile 
Porosity profile 

31-33 
34,35 

36 
37 
38 
39 
40 
41 

42, 43 

TabLe 2. Simulation conditions 

Operating conditions 
Inlet feed temperature 520 K 
Reactor wall temperature 520 K 
Reactor pressure 1 atm 
Inlet superficial velocity 31.5 cm/s 
Reactor length 8 cm 
Reactor diameter 1 cm 

Feed mole fractions 
Ethane 0.23 
Hydrogen 0.37 
Helium 0.4 

Other operating conditions 
Catalyst diameter 0.2 cm 
Bed voidage 0.43 
Pellet voidage 0.5 

experimental data source, the chosen mathematical model, or esti- 
mation of physical properties. The fluid physical properties were 
determined using the methods suggested by Reid et al. [28]. 
Intraparticle effective diffusivities were estimated as proposed by 
Satterfield E29]. The source for other parameter estimation 
methods used is listed in Table 1 and elsewhere [30-43]. Typical 
values of the major parameters utilized in the computation are 
summarized in Table 2, in which units are based on centimeter, 
gram, and second. 

The simulation of the system is carried out for ethane hydroge- 
nolysis reaction 

C2H6 + H2~2CH4. (11) 

The rate expression used in this work is: 

~ =  7X 107 exp(-20400/T) CC2Hf/C2H2 �9 (12) 

The kinetic numerical values are obtained in the literature [-30]. 

R E S U L T S  A N D  D I S C U S S I O N  

The simulation results using the modified discrete-pellet model 
(MDPM) proposed in the present study is compared with those 
using a family of packed bed model; i.e., the conventional discrete- 
pellet model (CDPM) and the continuum solid phase model 
(CSPM). The latter two models have commonly been used for 
a packed bed reactor modeling [1]. As mentioned early, the major 
difference between the MDPM and the CDPM is that the MDPM 
involves both convective and dispersion heat transfer terms for 
the boundary conditions at the pellet surface, as dictated in Eq. 

January, 1995 
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Fig. 2. Response to a step change in feed temperature from 520 K 
to 500 K using the MDPM. 

A. Cross-sectional average solid temperature profiles as func- 
tions of reactor length, B. Ethane conversion profiles as func- 
tions of reactor length. 

Fig. 1. Comparison of model predictions at steady state. 
A. Cross-sectional average temperature profiles as functions 
of axial position, B. Cross-sectional average conversion profiles 
as functions of axial position, C. Radial temperatLLre profiles 

at the hot spot. 

(10a), whereas the CDPM contains only the convection terms. 
In addition, the MDPM allows for the heat transfer between the 
solid and reactor wall, which is proposed by DeWasch and Fro- 
ment I-2-1. On the other hand, the CDPM is based on simple 
single-pellet boundary conditions E15, 35], this therefore can not 
account for an existence of the solid-wall heat transfer. The CSPM 
generally considers the solid phase to be continuum El, 4-1, as 
in Appendix. Intrapellet isotherrnality is often assumed in the 

calculation of effectiveness factor for the CSPM. For purposes 
of comparison with each model, the rate expression of the Eq. 
(12) is considered to be first order with respect to ethane during 
ethane hydrogenolysis, having the pre-exponential factor of 4.1X 
1017 . This assumption helps estimate an effectiveness factor for 
the system used. For computations, six collocation points in the 
axial, four in the external radial, and four in the pellet radial 
directions are used. The independence of the collocation point 
on the results has been checked using a refined point for some 
representative situations. The local temperatures obtained on the 
fined point differed less than 1% everywhere at the reactor center 
from those obtained on the standard point. The computing times 
were about 1 min for the CSPM, 18 min for the CDPM, and 
23 min for the MDPM on the IBM/MVS main frame. The com- 
bined Eqs. (10a)-(10c) have required more computational effort 
and proven to be long to get the steady state profiles. 

Fig. la shows the cross-sectional average temperatures as func- 
tions of axial position for the simulation conditions as given in 
Table 2. The cross-sectional average temperature is calculated 
using 

f f f' Tj= 4T,(r)dA/ 4dA=2 Tj(r) rdr. (13) 

A similar expression is used to compute the average concentra- 

Korean J. CIr. E.(Vol. 12, No. 1) 
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tion. The magnitudes of the cross-sectional average temperatures 
predicted by the CDPM is much higher than those of the MDPM 
near the hot spot position. There is less heat transfer through 
the reactor wall in the CDPM than the MDPM, even though the 
recommended effective lumped parameters [35] are used in the 

CDPM, causing relatively high fluid and solid temperatures. Al- 
though the average temperature is higher for the CDPM, the exit 
temperature is slightly lower. It is not too suprising that the 
MDPM predicts results similar to those calculated using the 
CSPM which involves convective and dispersion terms in the solkl 
phase energy balance, as shown in Appendix. The computed differ- 
ences between local solid and fluid temperatures are drastically 
greater for the CDPM than for either of the other models. Quali- 
tative agreement between the predicted temperature from the 
MDPM and the experimental data [9] is observed. The hot spot 
occurs at 3 cm from the reactor inlet for the CDPM, and 3.6 

cm for both the CSPM and the MDPM. Fig. lb  shows the cross- 
sectional average conversion profiles as functions of the axial po- 
sition. The predicted conversion profile for the CSPM is much 
higher than that for the MDPM corresponding to the trend as 
the temperature. The radial temperature profiles at the hot spot 
are shown in Fig. lc. At the center of the reactor diameter, the 
local solid temperature obtained from the CDPM is higher by 
approximately 30 degree than that obtained form the MDPM. The 

temperatures at the reactor center are much higher than those 
at the reactor wall. 
~ Fig. 2a shows the time revolution of cross-sectional average 

solid temperature profiles predicted by the MDPM after a step 
change in feed temperature from 520 to 500 K. Immediately follow- 
ing the decrease in the inlet temperature, the transient maximum 

reactor temperature goes up. Such transient temperature rises, 
referred to as a *wrong-way" behavior, complicate reactor contro, l 

schemes. This type of behavior has been noted [11, 14, 15,44Z, 
and has been predicted theoretically [45, 46]. The cooler feed 
gas results in a gas stream with higher reactant concentration 
passing into the hot region of the catalyst bed, before it has a 
chance to heat the early part of the bed because the cool reactor 
wall remains unchanged and acts as a heat exchanger. A reduction 
in the feed gas temperature results in an increase of exit solid 
temperature as the hot spot travels downstream. As can be seen 
in Fig. 2b, the response of conversion profiles is a little slower 
than that of the temperature profiles. The difference in propaga- 
tion speed of the temperature and concentration disturbances in 
the reactor causes the temperature to exhibit "wrong-way ~ beha- 

vior. 
Fig. 3a and 3b show the transient responses of temperature 

and conversion predicted by the MDPM, respectively, for the op- 
erating conditions of 520 K inlet temperature and 1 atm reactor 
pressure. The rate expression of Eq. (12) is used in this computa- 
tion. Notice that the conversion profiles change more rapidly than 
temperature profiles at the beginning of startup for t -  0. Thereaf- 

ter the temperature changes much faster than conversion due 
to more heat produced in the catalyst. The highest temperature 
and conversion are observed at the steady state during the tran- 
sient operation. The temperature difference between solid and 
fluid is much greater towards the entrance of the reactor through- 
out the whole operation. Fig. 3c shows the axial mean temperature 

as functions of the reactor length. The trend corresponds to Fig. 

3a. 
Sensitivities of the reactor responses have been studied with 

Fig. 3. Temperature and concentration profiles at unsteady state using 
the MDPM for the operating conditions of 520 K inlet temper- 
ature and 1 atm reactor pressure. 
A. Cross-sectional average temperature profiles as functions 
of reactor length, B. Cross-sectional average conversion pro- 
files as functions of reactor length, C. Axial mean temperature 

profiles as functions of reactor radius. 

varying the transport parameter values by a factor of 20%, both 
higher and lower. For the MDPM, predictions of temperature 
and concentration profiles are relatively sensitive to the inlet fluid 
temperature, which is evident with the inclusion of axial disper- 
sion in the boundary conditions at the entrance. On the other 
hand, the predictions are not too sensitive to the fluid axial ther- 
mal conductivity. In contrast, the radial fluid heat transfer and 
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interfacial heat transfer coefficients affect reactor behavior predic- 
-'tions drastically. These results agree with those of Odendaal et 

al. [-53. Predictions are more sensitive to the wall-solid heat trans- 
fer coefficient than the wall-fluid heat transfer coefficient. An ap- 
parent influence of intraparticle diffusivity effect on hot spot mag- 
nitude and position is observed. This influence depends on the 
particle size. A decrease in the particle size increase the maximum 
solid temperature rise in the bed. The reason is the fact of that 
a smaller particle reduces the intraparticle diffusional resistance, 
causing more heat of reaction. Complete conversion can be obtain- 
ed by adjustment of pellet size. The use of radial wdocity and 
porosity profiles affects the hot spot temperature and its position 
as well as exit conversion, as expected in low value :)f d,/dp. It 
increases the difference between fluid and solid teraperatures 
at hot spot region. 

CONCLUSIONS 

It is common to apply simplifying assumptions for mathematical 
models of the packed bed reactor. The most general two dimen- 
sional heterogeneous model with modified single pellel boundary 
conditions has been discussed, avoiding some simplifying assump- 
tions of earlier models. A detailed comparison is made between 
the different types of models. The MDPM is consistent with the 
CSPM under any given considerations. Since the CDPM does 
not present any programming advantage over the MUPM, more- 
over, the MDPM is of free calculation of effectiveness factor fl)r 
any formidable reaction expression, it is preferable to use the 
MDPM for the simulation of the packed bed reactor. The magni- 
tude and position of the hot spot in the reactor is different be- 
tween the MDPM and the CDPM. Conduction in the solid is con- 
sidered to be imlxJrtant in packed bed at low ReynoMs number 
and should also be included for mathematical models. 

The dynamic effects of the operating condition are examined. 
Undesirable wrong-way behavior in the transient maximum tem- 
perature has been observed for feed temperature decrease. 

Parametric sensitivity is examined for several heat and mass 
parameters as well as for the effect of common simplifying hypo- 
theses. Intraparticle effective diffusivity and particle size have 
been shown to be important for the hot spot magnitude and its 
position. The inclusion of radial velocity and porosity profile has 
been studied in this system. 
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APPENDIX:CONTINUUM SOLID PHASE MODEL 
EQUATIONS 

Each phase for 
as a continuum. The dimensionless form is: 
For external f lu id  phase 

Mass balance: 

o c  
0v Oz ,,, �9 

1 1_ 0( i ) . r~r~  ) ~ ( r  
Pe~, r Or 

continuum solid phase model (CSPM) is treated 

(A1) 

Energy balance: 

aT uaT + 1 0__(k,oeT ) 
0r 0z Pe, h 0z \ Oz 

1 1 O (ksr 0T'-~ ~ ( T  + 
Pe.~ r Or \ O r / -  

at v=0,  c ,= l ,  T = I  

OG at z=0,  ~ - : : e e  Pe,,mJc,- 1), -OT = ~ " 0 z  Pe,,~('r-1) 

0c, 0T 
at z : l ,  ~ = 0 ,  O~-=0 

at r=0, 0c ,  0, 0 T  0 
Or Or 

at r 1, 0~  = 0, 0_if_ = Bi,,.,('I',, - T). 
Or Or 

For the solid 

Mass balance: 0c., =6~(c, c.,) 8,.q0(c, T.) 
0v 

Energy balance: 

OT~ : ) `__0_(k  03:.)+),21 . 0 { ) "  OT 
Or Oz \ " OZ " Or " , k ' r ~  , 

-~ ),:~(T T,) + Z,rl0(C,, %) 

at r  c,, 1, T~ 1 

0T~ 
at z 0, ~ z  = P e , h ( % - l )  at z = l .  0%=00z 

at r = 0 , - a T e : : 0  at r = l ,  O--'I'~::Bi.,(T=,--TJ 
Or Or 

where effectiveness factor q is defined as: 

1 3~coth(3qa)- 1 Rp 
q ~ - -  3qo with o ~ V')e,,/D ..... 

NOMENCLATURE 

a, :catalyst interfacial surface area per catalyst volume 
A :matrix representing first derivative 
B :matrix representing Laplacian 
Bi,, :Biot number of pellet for mass (k~R,/D,,3 
Bi~ :Biot number of pellet for heat (hRp/Kr) 
Bi,,, :fluid-wall Biot number (h,.R,/K3 
Bi,,,, :solid-wall Biot number (h.,,,RJKJ 
c, : heat capacity 
c :dimensionless concentration (C/C,,) 
C : concentration 
d : diameter 
[) :dimensionless diffusivity of the fluid (,/9/s 

:diffusivity in the fluid 
~ , .  :effective diffusivity in the pellet 
h :interfacial heat transfer coefficient 
AH :heat of reaction 
k :dimensionless conductivity (K/K,) 
K : conductivity 

k~ : interfacial mass transfer coefficient 
/<, : pre-exponential factor 

(A2) 

(A3) 

(A4a) 

(A4b) 

(A5a) 

(A5b) 

(A6) 

(A7) 

(AS) 

(A9) 

(A10) 
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L : reactor length 
L :number  of collocation point in the axial direction 
M :number  of collocation point in the radial direction 
N :number  of collocation point in the pellet radial direction 
Pea,, : Peclet number for mass in the axial direction ~Ld~eb)  
Pe,,~ : Peclet number for mass in the radial direction (UI~2/,~,Le^) 
Pea :Peclet number for heat in the axial direction (ULp&:/ 

K~eb) 
Pe,~ : Peclet number for heat in the radial direction (l_[Rt2p~//K~ 

Le,) 
Pe~ : Peclet number for mass in the pellet (URp2/,~L~) 
Peph :Peclet number for heat in the pellet (UR~p:~/K~L) 
r :dimensionless radial coordinate in the bed if/K) 
r :radial coordinate in the bed 
R : radius 
r :reaction rate per catalyst volume 
t : time 
T :dimensionless temperature (T/%,) 
T : temperature 
u :dimensionless velocity (U/Uo) 
U :superficial fluid velocity 
W : weights 
z :dimensionless axial coordinate (z/L) 

:axial coordinate in the bed 

Greek Letters 
ct~ :defined in Eq. 
a .  :defined in Eq. 

:defined in Eq. 
[3' :defined in Eq. 

: voidage 
8~ :defined in Eq. 

(2) [ L~ha,,( 1 - ~:b)/Upf~jeb } 
(1) {bko , (1 -  e~)/UEb} 
(10a) {RpkJKpa~R,2(1- eD} 
(10a) [RpkJKpaJ~2(1 - ~)} 

(A6) (ko~L/U) 
:defined in Eq. (A6) (L/UC~o) 

r :dimensionless reaction rate {~(G, Tp)/~(Co, T,)} 
),~ :defined in Eq. (7) {b(-AH)/ToOpc~pUer 
7,. :defined in Eq. (6) (L/CoUep) 

: effectiveness factor 
L~ :defined in Eq. (A7) {I'~/bUp~c~,(1-eb)} 
kz :defined in Eq. (A7) {K, LJP~2Uo~c,.,(1-e~)} 
k3 :defined in Eq. (A7) (ha.LJUp~c~) 

:defined in Eq. (A7) {(-AH)Lt/Up~c~To} 
p : density 
z :dimensionless time (Ut/LO 

:dimensionless radial coordinate in the pellet (x/Rp) 

Supersc r ip t s  and  Subscr ip t s  
a : axial direction 
b : bed 
f : fluid 
h : heat 
i : species 
j : index 
k :index 
l : index 
m : mass 
n :index 
o : feed condition 
p : pellet 
r : radial direction 
s :solid or surface 
t : reactor tube 

w : tube wall 
z : axial position 
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