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Abstract--The development of a mathematical model is presented, which simulates the performance of a 
non-isothermal packed-bed membrane reactor. The model takes into account the various heat exchanges 
that take place inside the reactor. A set of partial-differential conservation equations, coupled with the 
appropriate boundary and internal conditions describing the physical problem considered is solved, using 
finite-volume techniques. In this study, the developed mathematical model is applied to investigate the 
endothermic dehydrogenation of cyclohexane in a packed-bed membrane reactor, where a permselective 
porous glass membrane is embodied. It is shown that the assumption of isothermal conditions, or even the 
omission of certain thermal phenomena that take place inside the reactor, lead to a significant overe- 
stimation of the predicted temperature field and of the membrane reactor conversion. © 1997 Elsevier 

Science Ltd. All rights reserved. 

1. INTRODUCTION 

The majority of chemical reactions do not reach com- 
plete conversion of the reactants, but, in general, they 
reach an equilibrium conversion below 100%. The 
shift of conversion beyond its value at equilibrium can 
be achieved by co~atinuous removal of the reaction 
products with membrane reactors, a modern tech- 
nology that has bee:a of growing interest lately. Besides 
the experimental work, some efforts have been 
reported concerning the numerical simulation of the 
process. In most o# these, the mass and components 
balances have been successfully solved. However, in 
most cases the problem of heat balance has not been 
realistically described. The majority of the reported 
studies assume isothermal conditions inside the reac- 
tor [1-3], neglect the effect of radial and axial heat 
dispersion [4] and ,suppose that the resistance to heat 
transfer between the membrane wall and the fluid is 
negligible [2]. These assumptions may lead to unreal- 
istic simulation of the reactor operation. 

The objective of the present study is to develop a 
numerical code for the simulation of the performance 
of a packed-bed raembrane reactor, under non-iso- 
thermal condition:~; and to investigate the thermal 
effects on reactor simulation. This has been achieved 
by the development of a two-dimensional math- 
ematical model which simulates the flow, chemical 
reaction and separation through the membrane taking 
into account the various heat phenomena that take 
place inside the reactor. 

Two operation modes are studied: (i) adiabatic 
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operation; and (ii) non-adiabatic operation, where 
the outer wall of the reactor remains at a constant 
temperature. A comparison is also made with the per- 
formance of a membrane reactor operating 
isothermally. Two further cases are finally studied, 
one with heat dispersion conditions and the other with 
heat dispersion free conditions on both sides of the 
reactor. 

2. DESCRIPTION OF THE MATHEMATICAL 
MODEL 

2.1. Posin# the physical problem 
The analysis of the physical problem is presented in 

this section according to which the mathematical model 
was developed. The membrane reactor is considered as 
an annulus, divided into two compartments: (i) the 
inner tube (feed side), formed by the membrane and 
packed with a catalyst, where a gas mixture is fed to 
and the reaction takes place; and (ii) the free space 
between the two tubes (separation side) where a sweep 
gas is fed to, being enriched with the separated gases 
all the way to the outlet (permeate stream) (Fig. 1 (a)). 
Inside the membrane reactor and especially in the area 
close to the membrane the following heat effects may 
be important and are all taken into account (Fig. 2, 
Table I) : (i) enthalpy input by the two gas streams ; 
(ii) consumption of heat by the endothermic reaction ; 
(iii) heat transfer through the membrane by conduction 
and by the diffusion of molecules passing through the 
membrane; (iv) heat transmission between the mem- 
brane walls (and the outer tube wall, when non- 
adiabatic conditions are considered) and the fluid in 
contact; (v) simultaneous heat dispersion within the 
two separate parts of the reactor. 
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NOMENCLATURE 

A heat exchange area [m 2] 
Cp specific heat of the fluid [J kg ~ K -  1] 
do equivalent diameter [m] 
dp particle diameter [m] 
D2 is the diameter of the feed side + the 

membrane layer [m] 
D 3 is the total diameter of the reactor [m] 
Dh = 03 -- Ds 
Dr radial diffusion coefficient [m s s-l] 
D. axial diffusion coefficient [m s s -~] 
D 0 mass dispersion coefficient [m 2 s-J] 
Fm total permeation rate through the 

membrane [kg s-  1] 
Gr Grashof number 
h,  hr coefficients of heat transmission 

between the membrane surface and the 
fluid on separation side and feed side, 
respectively [W m -2 K 1] 

h's coefficient of heat transmission 
between the external reactor wall 
and the fluid on the separation side 
[Wm 2K-1] 

nmemf specific enthalpies of the mixture 
Hm~m~ passing through the membrane 

material calculated at membrane 
wall temperatures on the feed side and 
separation side, respectively [J kg-~] 

k membrane thermal conductivity 
[ W m - '  K -l] 

kc constant of rate equation 
[mol m -3 Pa -1 s -l] 

Ks constant of rate equation [Pa ~] 
Kp constant of rate equation [Pa 3] 
1o reactor length [m] 
L length of packed column [m] 
/14,. molecular weights of  the components 

[kg gmol-  1] 
MW mixture mean molecular weight 

[kg gmol-  1] 
N u  Nusselt number 
ef total pressure on the feed side [Pa] 
P~ total pressure on the separation side 

[Pal 
Qf inlet feed rate [kg m -~ s-1] 
Q~ inlet sweep gas rate [kg m 2 s-  1] 
Q~ separation rate of component i 

[kg m -2 s-~] 
Qhl transmission rate of heat from the fluid 

on the separation side to the outer 
surface of the membrane [J s-1] 

Qml rate of enthalpy input to the separation 
side by the molecules passing 
through the membrane [J s-l]  

Q~ond rate of heat conduction through the 
membrane [J s -l] 

Qhs transmission rate of heat from the 
inner surface of the membrane to 
the fluid on the feed side [J s -l] 

Ore2 

r 
rout 
R,, R2 

Re  

R e Dh 

T 

Tf, Ts 

Tmemf 
Tmems 
UC,i 

UC,o 

UC,o 

Vs 

V 
Xi 

Yi 

X 

rate of heat output by the molecules 
passing through the membrane and 
leaving the feed side [J s -l] 
reaction rate [mol m -3 s -~] 
outer radius of reactor [m] 
inner and outer membrane tube radii, 
respectively [m] 
( =  d~u/v) Reynolds number 
is the Reynolds number corresponding 
to equivalent diameter Dh 
absolute temperature [K] 
fluid temperature near the wall on the 
feed side and separation side, 
respectively [K] 
wall temperatures on the feed side and 
separation side respectively [K] 
cyclohexane at feed side inlet 
[molC6H12 s 1] 
cyclohexane at feed side outlet 
[molC6Hu s-1] 
cyclohexane at separation side outlet 
[molC6Hi2 S -I] 
velocity vector 
superficial velocity, v~ = v ' e  [mol s -1] 
where v is the interstitial velocity 
feed side volume [m 3] 
molar fraction of the component i on 
the feed side 
molar fraction of the component i on 
the separation side 
membrane reactor conversion. 

Greek symbols 
c~i permeability coefficient 

[kg m-2 s-I  pa- l ]  
F~ effective exchange coefficient of ~b 

[kg m - 1 s -  i] 

AH heat of the reaction [J mol C6H ~-z I ] 
bed porosity 

~.g heat conduction coefficient of the fluid 
[W m -I K - q  

2.f axial effective heat dispersion 
coefficient on the feed side [W m -1 K -~] 

2a~ axial effective heat dispersion 
coefficient of the fluid on the separation 
side [W m - l  K -1] 

•rf radial effective heat dispersion 
ceofficient on the feed side 
[W m- t  K 1] 

2~ radial effective heat dispersion 
coefficient of the fluid on the 
separation side [W m -  ~ K - 1] 

# laminar viscosity [Pa s-~] 
v kinematic viscosity [m 2 s-1] 
p density of the mixture [kg m-3] 
0 dependent variable [units ~] 
~bz ( =  1/lo), dimensionless reactor length 
~bR ( =  r/rout), dimensionless radius. 
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Fig. 1. (a) Representation of the physical problem considered ; (b) typical numerical grid (31 x 50) used in 
the simulation. 
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Fig. 2. RepresentatJton of the heat fluxes in the area close to 
the membrane. 

2.2. Model deveh~pment 
2.2.1. Mathematical formulation. A two-dimen- 

sional, single-phase mathematical model is considered 
which simulates the flow, chemical reaction and sep- 
aration through the membrane, taking into account 
the heat effects that take place inside the reactor. The 
model is considered two-dimensional because both 
mass and energy flow not only in the direction of the 
bulk flow, but also in the vertical direction. 
The main assumptions made for the application pre- 
sented in this work are : 

• Plug flow of mass on both sides of the reactor. 
• Steady-state operation. 
e The permeabifities of the components passing 

through the membrane were considered independent 
of temperature for the temperature range studied. 

• Co-current flow of sweep and feed gas. 
• Atmospheric pressure conditions. 

Forming the heat balance equation in the neigh- 

bourhood of the membrane and assuming that the 
temperature on the separation side is greater than the 
temperature on the feed side (which is generally the 
case when the two fluid streams enter at equal tem- 
peratures), the general form of the heat balance is 
(Fig. 2, Table 1) : 

Qh] +Oral = Qeond = Qhz+Qm2 (1) 

where : 

Oh1 

Ocond 

Qh2 

Ore2 

transmission rate of heat from the fluid on 
the separation side to the outer surface of 
the membrane ; 
rate of enthalpy input to the separation side 
by the molecules passing through the mem- 
brane ; 
rate of heat conduction through the mem- 
brane ; 
transmission rate of heat from the inner sur- 
face of the membrane to the fluid on the feed 
side ; 
rate of heat output convected by the mol- 
ecules passing through the membrane and 
leaving the feed side. 

Conservation equations. The mathematical model 
developed in this study describes the balance of the 
relevant quantity (dependent variable), expressed by 
the following partial differential equation : 

Opq~/~t+div(P~dp+F~gradck ) = S¢,. (2) 

The dependent variable ~b may be : the mixture pres- 
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Table 1. Expressions used to describe the heat balance inside the reactor and the area 
close to the membrane 

• Heat consumption by the endothermic reaction 

Qreact = rVAH 

r reaction rate [mol m -3 s 1] 
V feed side volume [m 3] 
AH heat of the reaction [J mol C6H 72~]. 

• Transmission rate of heat between the membrane walls (and the outer tube wall, when 
non-adiabatic conditions are considered) and the fluid in contact 

Qh~ = ± h s A ( r s -  Tmems) Qh2 = -k h fA(r f  rmcmf) 

hs, hf heat transfer coefficients between the membrane surface and the fluid 
on separation side and feed side respectively [W m - :  K - ~] 

A heat exchange area [m ~] 
Tr, Ts fluid temperature near the wall on the feed side and separation side, 

respectively [K] 
Tmomf, Tmem~ membrane wall temperatures on the feed side and separation side, 

respectively [K]. 

• Heat conduction rate through the membrane material. 

Ocond = k2nZ(Tmems -- Zrnemf)/In(Re/RI ) 

k membrane thermal conductivity [W m -] K ~] 
L reactor length [m] 
Rt, R2 inner and outer membrane tube radii, respectively, [m] 
Zmemf , Tmems membrane wall temperatures on the feed side and separation side, 

respectively [K]. 

• Enthalpy transfer rate due to the molecules' motion through the membrane : 

Qml =fm'nrnems Om2=Fm'Hmemf 

Hmernf, Hmems specific enthalpies of the mixture passing through the membrane 
material calculated at membrane wall temperatures on the feed side and 
separation side, respectively [J kg-~] 

Fm total permeation rate through the membrane [kg s- ~] 

sure P (N m-2), the radial and axial velocity com- 
ponents v, w (m s-~), the mass fractions of  chemical 
species ci (kgj kg-1) and the mixture specific enthalpy 
h (J kg- l ) .  

The term Opd~/~t is the unsteady-state contribution 
(in the particular problem its value is zero, as steady- 
state conditions are assumed). The term div(pg~b) 
expresses the transfer of  the quantity ~b due to con- 
vection with the fluid. The term div(F0grad ~b) ex- 
presses the transfer of  ~b due to diffusion. Finally, the 
term S 0 expresses the consumption or the production 
of  ~b inside the domain of  interest. The exchange coeffÉ- 
cient F 0 in the diffusion term, in the case of  mass 
fraction equation, is equal to : F~ = pDo .where  D o is 
the mass dispersion coefficient. The plug-flow pro- 
file is achieved assuming that the radial disper- 
sion coefficient is much greater than the axial one. 

In the enthalpy equation, F 0 is equal to:  
F o = 2e~tCp (kg m -z s 1). In particular, heat is not 
only "diffused" inside the reactor (i.e. transmitted by 
conduction), but, in general, is "dispersed" (i.e. trans- 
mitted both by conduction and by other mechanisms, 
such as turbulence, mass diffusion, velocity gradients, 
etc.) and that is why the coefficient 2 e~ is called "effec- 
tive". Thermal dispersion is studied separately, 

according to whether it takes place in the longitudinal 
(axial) or the radial direction. The presence o f  axial 
thermal dispersion is indicative of  the fact that heat is 
not  only transferred by convection, but furthermore 
is transmitted by dispersion, whereas the presence of  
radial thermal dispersion indicates that the radial tem- 
perature profile is not  uniform, due to resistances in 
the heat transmission radially. Both phenomena indi- 
cate that the assumption of  plug conditions is not  
valid for heat. 

Thermal dispersion on the separation side is attri- 
buted only to heat conduction within the fluid, 
because the low flow rates do not imply the appear- 
ance of  turbulence, whereas other phenomena,  such 
as mass diffusion, are considered negligible. Thus, the 
coefficient F~ is substituted by the fluid mean thermal 
conductivity coefficient. On the feed side, where fluid 
and solid particles coexist, the situation becomes more 
complicated as heat dispersion is attributed to the 
conduction within the fluid and solid phase, the inter- 
phase influence and the effects o f  the fluid movement.  
All these can be described either separately (two-phase 
models [5, 6]) or combined to one effect (one-phase 
models [7, 8]). In the present case, a one-phase model  
was selected, giving the so-called "effective axial ther- 
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mal conduction coefficient", ).~ and the "effective rad- 
ial thermal conduction coefficient" elf 2tad, describing the 
overall phenomena (Appendix 1). 

In order to solve the set of conservation equations 
described previously it is necessary to provide 
adequate boundary and internal conditions for each 
of the equations salved, describing the physics of the 
problem examined. These conditions are discussed in 
the description of the application of the model. 

2.2.2. Numerical solution. The solution procedure 
employed to solve the set of the conservation partial- 
differential equations along with the appropriate 
boundary-interna]L conditions embodies the SIM- 
PLEST algorithm, and details on it are found in the 
literature [9-14]. The computational domain of inter- 
est is discretized into a number of finite control vol- 
umes (cells) and tile differential equations for the vari- 
ous $s are integrated over them, providing the 
corresponding set of finite-domain equations. This set 
is solved numerically and yields values of the depen- 
dent variables at the centre of the computational cells. 
Concerning the calculation of the velocities, the con- 
ventional"staggered grid" arrangement is applied [10] 
to calculate them at the middle of the computational 
cell faces to which they are normal. 

3. APPLICATION OF THE MODEL 

3.1. Geometrical details--numerical 9rid 
The membrane reactor geometry, which is a typical 

one for laboratory use [1-4], and the respective com- 
putational grid used in the modelling are illustrated 
in Fig. 1 (a, b). Tile membrane is placed on the inner 
cylinder of the reactor and its dimensions are pre- 
sented in Table 2. The catalyst bed is placed inside the 
inner tube. The calculations were done using cyl- 
indrical-polar coordinates, with a two-dimensional 
grid covering the region of interest and consisting 
of 31 x 50 cells it. the radial r- and axial z-direction, 
respectively. 

3.2. Specification of boundary-internal conditions 
Boundary cona'itions. Inlet-Outlet. Inlet feed rates 

are specified for all dependent variables and for both 
sides of the computational domain. Typical ranges of 
the inlet flows and their compositions are shown in 

Table 2. Reactor d:Lmensions and membrane characteristics 
used in the modelling 

Reactor length [m] 0.391 
Inner tube radius [in] 7.2 × 10 -3 
Outer tube radius Ira] 2.025 x 10 ~ 
Membrane thickness [m] 1.35 x 10 -3 
Mean pore diamete r [nm] 4.0 
Void fraction 0,28 
Thermal conductiwtty [17] [W m t K-I] 1.7 

Table 3. Inlet feed rates and compositions used in the mod- 
elling 

Inlet f l u x  Composition 
[kg m 2 s- ~] [w w 11 

Feed side 7.5 x 10 3_ 34% C6H12, 66% Ar 
12.5 × l0 3 

Separation side 0.~0.22 100% Ar 

Table 3. At the outlet, the external pressure is con- 
sidered equal to the atmospheric and the computed 
pressures in the computational domain are relative to 
it. 

Wall friction. The no-slip condition is used for vel- 
ocities and the fluid-to-wall friction losses are com- 
puted by the log-law functions at all walls [9]. 

Symmetry plane boundary. Zero-flux conditions are 
applied at the symmetry plane for all variables. 

Internal conditions. Gas permeation equation. The 
permeation rate of the chemical species through the 
membrane material is calculated by equation (i) in 
Table 4. Permeability values are a function of tem- 
perature, but in this case, they are considered 
constant, because of the small temperature range stud- 
ied. They are also a function of the nature of chemical 
component and of the size of its molecules. The overall 
permeation rate is the algebraic sum of the com- 
ponents rates. 

Reaction kinetics. The expression used to describe 
the reaction rate of the dehydration of cyclohexane 
over catalyst Pt/AI203 was that of Itoh et al. [3], for 
the temperature range studied (T = 470-490 K) and 
it is shown in Table 4. 

Momentum loss in packed bed. The well-known 
Ergun equation was used to describe the momentum 
loss in the packed bed, in terms of pressure gradient 
[15] as it is shown in Table 4. 

3.3. Calculation of thermal properties 
The formulation of the basic conservation equa- 

tions, requires the calculation of thermal properties 
(e.g. thermal conductivities, heat transfer coefficients) 
given in Appendix 1. 

3.4. Overview of cases examined 
The developed numerical code was applied to study 

the following cases : 

• Adiabatic packed-bed membrane reactor where : (i) 
heat dispersion effects were neglected on both sides 
of the reactor (simplified model) ; and (ii) heat dis- 
persion effects were taken into account (heat dis- 
persion model). 

• Non-adiabatic packed-bed membrane reactor where 
the outer cylinder wall remained at a constant tem- 
perature and: (i) heat dispersion effects were neg- 
lected on both sides of the reactor ; or (ii) heat dis- 
persion effects were taken into account. This case 
corresponds to experiments where the isothermal 
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Table 4. Gas permeation equation (i), reaction kinetics (ii), catalyst characteristics (iii) and Ergun equation (iv) used in the 
modelling 

(i) Qi = ~i(xgPf-y~Ps) Qi separation rate of component i [kg m -2 s -l] 
c~ permeability coefficient of component i [kg m 2 s-~ Pa-l] 
x~ molar fraction of the component i on the feed side 
Yi molar fraction of the component i on the separation side 
Pf total pressure on the feed side 
P~ total pressure on the separation side. 

(ii) r =  

k~ = A1 exp(-4270/T) 

[Pal 
[Pa] 

[mol m -3 Pa -l  s -I] 

1 +KBKp Pc KB = 2.03 x 10-1°exp(6270/T) [Pa l] 
p3 Kp = 4.89 x 10 -5 exp(-26490/T) [Pa 3] 

where A1 = 0.221 [mol m -3 Pa -I s -l] 
Pi, is the partial pressure of component i. 

(iii) Pt/A1203 0.5% [w w-~] 
particle diameter 3.55 x 10 -3 [m] 

bed porosity 0.38 

(iv) 
Ap (1 --e)2 uv~ (1 --e)v2p 
~ -  = 1 5 0 - -  + 1 . 7 5 - -  

e3 d~ e3 dp 
Ap the pressure drop 
L the length of the packed column 

the void fraction equal to 0.38 
# the laminar viscosity of the gaseous mixture 
vs the superficial velocity which is equal to : vs = v" e and v is the interstitial velocity. 

[Pa] 
[m] 

[m s-  1] 

conditions in the reactor are controlled at the reactor 
outer tube surface. 

• Isothermal operation. 

3.5. Computational details 
Runs were performed on a Silicon Graphics R4000 

XS24 Indigo Workstat ion and convergence was easily 
obtained by applying relaxation of  the false-time step 
type [11] in the mass fraction equations, and linear 
relaxation for the other variables. About  4500 sweeps 
of  the computat ional  domain were needed in order to 
obtain full convergence, using a grid of  31 × 50 and 
each sweep took about  2 s. 

The choice of  the computat ional  grid used in the 
performed runs was related to the physical problem 
considered and it was selected finer on the feed side. 
The final choice was made performing independence 
runs as shown in Figs. 3 and 4, and the decision was 
based on a trade off between the computer  time and 
the expected accuracy for a certain number of  iter- 
ations. It is noted, that as reactor conversion did not  
essentially change using a grid finer than 31 × 50, the 
latter grid was adopted as the best one to be used in 
the simulation runs. 

4. SIMULATION RESULTS AND DISCUSSION 

In this section results from the application of  the 
mathematical  model, in terms of  membrane reactor 
conversion, X ( X =  {1-(Uc.o+Vc.o)/Uc.i}) and tem- 

perature profiles, are presented and discussed. The 
analysis is achieved by varying either the inlet rates or 
the inlet temperatures on both sides of  the reactor. 

In Figs. 5-12, it is easily remarked that the use o f  a 
packed-bed membrane reactor causes an important  
increase in reactor conversion in relation with that 
achieved in a conventional reactor for Qs = 0 (2-8 
times the conventional reactor conversion). It is also 
obvious, that : (i) an increase in inlet feed rate induces 
a decrease in reactor conversion ; while (ii) an increase 
of  the inlet sweep gas rate causes an increase in reactor 
conversion, until a maximum value of  the latter is 
reached. In that case, the partial pressure difference 
of  gases takes its maximum value. 

In the numerical simulation of  the performance of  
a membrane reactor, heat effects taking place inside 
the reactor (heat dispersion on both sides of  the reac- 
tor, heat transfer through the membrane material, 
heat consumption from the endothermic reaction) 
have to be studied. Assuming isothermal conditions 
or even neglecting heat dispersion results leads to an 
overestimation of  the calculated temperature field 
and, thus, an overestimation o f  the reactor conversion 
(Figs. 9-12). 

High errors are observed when : (i) the heat of  the 
reaction is neglected (Figs. 9-12) in the isothermal 
case ; and (ii) heat dispersion effects either in radial or  
in axial direction are not  taken into account (Figs. 5-  
8). On the separation side, it is observed that there is 
high resistance to the heat transfer from the fluid to 
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Fig. 9. Membrane reactor conversion vs inlet sweep gas rate. 
Inlet feed rate = 12.5 × 10 -3 kg. m -2- s -1. Inlet temperature 

on both sides : T = 470 K. 
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Fig. 11. Membrane reactor conversion vs inlet sweep gas 
rate. Inlet feed rate = 12.5x 10 -3 kg .m-2 . s  -~. Inlet tem- 

perature on both sides : T = 490 K. 
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Fig. 13. Radial temperature profile on the feed side at three 
axial points. Adiabatic operation. Qf = 12.5 × 10  - 3  

kg.m 2-s 1, Qs= 1.2x10 i kg .m-2 . s  i. Inlet tem- 
perature on both sides : T = 470 K. Heat dispersion model. 

the outer  m e m b r a n e  wall (Figs. 13-14) and  radial  heat  
dispersion effects are more  intensive, in compar i son  
with those on  the feed side, where catalyst  particles 
and  fluid coexist. Thus,  in the case of  dispersion con- 
ditions, lower values of  the m e m b r a n e  reactor  con- 
version are predicted (in compar i son  with the case of  
the simplified model) ,  as the quant i ty  of  heat  t rans-  
ferred th rough  the m e m b r a n e  decreases, inducing a 
lower shift of  the equi l ibr ium values ( endo thenn ic  
reaction).  

In Figs. 15-16 typical axial t empera ture  profiles on  
bo th  sides of  the reactor,  in case of  heat  dispersion 
condit ions,  are presented.  On  the feed side, the tem- 
pera ture  close to the reactor  inlet  decreases, reaching 
a m i n i m u m  value, bu t  then it increases a long the axis 
to the outlet. This behav iour  is easily explained con- 
sidering the two heat  effects tha t  take place sim- 
ul taneously : (i) heat  consumpt ion  f rom the react ion ; 
and  (ii) heat  t ransfer  th rough  the membrane  f rom the 
separat ion side to the feed side. 

A n  increase in inlet  sweep gas tempera ture  induces 
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Fig. 17. Membrane reactor conversion vs inlet temperature 
of sweep gas. Inlet temperature on the feed side : T = 490 K. 
Inlet feed rate = 12.5 × 10 -3  k g ' m - 2 . s  ~. Inlet sweep gas 

rate = 6x  10 -2 k g ' m  ~'s -~. 

an  increase in heat  t ransfer  t h rough  the membrane ,  
and  thus an  increase in m e m b r a n e  reactor  convers ion  
because of  the endothermic  na ture  of  the react ion 
(Fig. 17). Also, because of  the lat ter  reason,  an  
increase in inlet feed tempera ture  increases the reactor  
convers ion (Figs. 5-12). 

5 .  C O N C L U D I N G  R E M A R K S  

This work focased on  the development  of  a two- 
d imensional  mathemat ica l  model  for the s imulat ion 
of  the per formance  of  a packed-bed membrane  reactor  
under  var ious  opera t ing condit ions,  taking into 
account  the heat  effects tha t  take place inside the 
reactor.  

The  model  is applied for the dehydrogena t ion  of  
cyclohexane. Based on  the results of  the numerical  
s imulat ion presemed and  analysed in this study, the 
conclusion drawn is tha t  in the s imulat ion of  the per- 

formance of  a membrane  reactor,  heat  effects taking 
place inside the reactor  have to be taken into account ,  
because possible omission of  them will induce an  
overes t imat ion in the predicted tempera ture  field and  
in the calculated reactor  conversions.  
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APPENDIX 1: CALCULATION OF THERMAL 
PROPERTIES 

(a) The coefficient o f  heat transmission between the f luid 
on the feed side and the internal membrane surface, hr was 
calculated by the relation [16] : 

hr = 5 "(2g/dp)Re °'365 

where : 

Re is the Reynolds number  (Re = pv,dp/lt) 
p is the fluid density [kg m -3] 
# is the viscosity of the fluid [Pa s] 
dp is the mean diameter of the catalyst particles [m] 
v~ is the fluid axial superficial velocity [m s-  ~] 
2g is the heat conduction coefficient of the fluid [W m -  

K - ' ] .  

(b) The coefficient o f  transmission o f  heat between the f luid 
on the separation side and the external membrane surface, h,, 
was calculated by the relation [5] : 

hs 2g/Dh" 1 "02" 045 05 04  08 005 = Reb~, Pr" (D~/L) ( D 3 / D 2 ) ' G r  

where : 

L is the reactor length [m] 
Dz is the diameter of the feed side + the membrane layer 

[m] 
D3 is the total diameter of the reactor [m] 
Dh = D3 -- D2 
Reoh is the Reynolds number  corresponding to equivalent 

diameter Dh 
Gr is the Grashof  number, given by: Gr = 

L 3 . p2 .g .  ft. At/,tt2 where g, is the gravity acceleration 
[In s :], fl = 1/Tis the expansion factor [K-I]  and At, 
is the temperature difference causing the heat transfer 
(considered to be ~ 10 grads) 

Pr is the Prandtl  number  ( = Cpl~/2,). 

(c) The coefficient o f  heat transmission between the f luid on 
the separation side and the external reactor wall, h~. In the 
case of  adiabatic performance, h~ is zero. In the case of heat 
exchange between the fluid and the outer wall of the annulus, 
h~ was calculated from the value o f N u  = 4.4 [18]. 

(d) The heat conduction coefficient o f  the fluid, 2g was 
calculated by the relation [W m -~ K i] [19] : 

2, = xi2gt xiA,j . 
i = l  L / \ / 5 1  / J  

xt are the molar fractions of the mixture components 
2,~ are individual heat conduction coefficients [W m -I 

K -l] 

A~j = / 4 ( 1  +[(Mj/Mi)3/*(T+ Si) / (T+ Sj)]°'5} 2 

× (T+S~/)/(T+St)  

Mi are the molecular weights of the components [kg 
gmol-  i] 

T is the absolute temperature [K] 
St = 1.5" Tbi and Sq = (St" Sj) °'5, where, Tbi are the nor- 
mal boiling points of the components [K]. 

(e) The radial effective heat dispersion coefficient on the 
feed side, 2rf was calculated by [7] : 

2rf = /~o ~- Art 

where : 

20 is the effective heat conduction coefficient of the 
quiescent bed [W m -  ~ K - 1] 

Art is the dynamic contribution to the radial heat dis- 
persion [W m -  l K - l]. 

These are given as functions of  the following parameters : 

(i) 20 =f(2g, e,2~) where e, is the feed side porosity and 
2,, is the heat conduction coefficient of the solid par- 
titles [W m - i  K -  l] and 

(ii) 2~t = f(2,, Cp, v,, p, dp, D0,  where Dl, is the inner tube 
diameter [m], v, is the superficial axial velocity, Cp is 
the specific heat [J kg-1 K -  1], and dp is the particle 
diameter [m]. 
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( f) The axial effective heat dispersion coefficient on the 
feed side, 2~f was calculated by the relation [W m - '  K - *] [8, 
20] : 

2~ := 2o+0.7pCpdpu. 

(g) Theaxialandradialeffectiveheatdispersioncoefficient 
o f  the fluid on the separation side, )-~s, )-~ were calculated 
on the following basis. The heat dispersion is attributed 
exclusively to heat conduction inside the fluid, because of the 
low flow rate and the laminar flow mode and both the axial 
and the radial heat dispersion coefficients are assumed equal 
to the value of the heat conduction coefficient of the fluid, 2g. 

(h) Specific heat o f  the fluid, Cp. The mean specific heat 
of each component is calculated by the form [Btu lbmol-  
OF-,]: 

Cpi =: A,~ + A2iT+ A3jT 2 

where the constants A, are given below. The specific heat of 
the gas mixture is calculated by [J kg - '  K-~]:  

Cp = (4.19/MW) [ZxiA l i '~ "~xiA 2i T+  "~xiA 3i T2 ] 

where MW is the mixture mean molecular weight [kg 
gmol-  ']. 

Values of  constant A~ used in the calculation of mean specific 
heat of each component [Btu lbmole- '  ° F -  *] [21] 

Ai A2 A3 

Ar 4.96 0 0 
CeH~: 21.00 5.62 × 10 -3 1.13 × 10 -5 
(]686 16.39 4.02 × 10 -1 6.9 × 10 -6 
H2 6.64 2.5 x 10 -3 - 4 . 5  × 10 -6 

(i) The heat o f  the reaction, AH, was calculated by: 

AH = AH ° + ~ ' V i  ° Cpi" d T 
98 

where : 

AH ° = E H  ° of  products - E H  ° of  reactants. The values 
of  the enthalpies of formation are [kcal/gmol] [17] : 
H2: 0.0, Ar:  0.0, C6HI2: -29.43,  C6H6:19.82 

Hf ° is the enthalpy of  formation of  a compound (zero for 
an element) and 

vi are the coefficients of  the components participating in 
the reaction ( -  1 for C6Ht2, 1 the C6H 6 and 3 for H2). 


